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Preface

This volume of Advanced Structured Materials contains selected papers presented
at the 2nd International Conference on Materials Design and Applications 2018
(MDA 2018), held in Porto, Portugal during 5–6 July 2018. The goal of the con-
ference was to provide a unique opportunity to exchange information, present the
latest results as well as to discuss issues relevant to materials design and applica-
tions. The focus is on fundamental research and application areas in the field of the
design and application of engineering materials, predominantly within the context
of mechanical engineering applications. This includes a wide range of materials
engineering and technology, including metals, e.g. lightweight metallic materials,
polymers, composites and ceramics. Advanced applications include manufacturing
of new materials, testing methods, multi-scale experimental and computational
aspects. Approximately 140 papers were presented by researchers from nearly 30
countries.

In order to disseminate the work presented in MDA 2018, selected papers were
prepared which resulted in the present volume dedicated to ‘Materials Design and
Applications II’. A wide range of topics are covered resulting in 34 papers dealing
with: metals, ceramics, composites, design, power generation, additive manufac-
turing, machining, fracture mechanics, joining, tribology and forming. The book is
a state-of-the-art of materials design and applications and also serves as a reference
volume for researchers and graduate students working with advanced materials.

The organizer and editor wish to thank all the authors for their participation and
cooperation, which made this volume possible. Finally, I would like to thank the
team of Springer-Verlag, especially Dr. Christoph Baumann, for the excellent
cooperation during the preparation of this volume.

Porto, Portugal Lucas F. M. da Silva
September 2018
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Comparison of Artificial Neural Network
and Adaptive Neuro Fuzzy Inference
Systems for Predicting the Life
of Blanking Punch

Sachin Salunkhe, D. Rajamani and E. Balasubramanian

Abstract Predicting the life of blanking punch is one of the major concerns in
designing compound dies. Finite element analysis is performed to determine the
maximum and minimum principal stresses through which fatigue limit of punch is
estimated. The factors affecting the life of punch are examined and a mathematical
model is established using artificial neural network (ANN) and adaptive neuro fuzzy
inference systems (ANFIS). The developed model is utilized to evaluate the life of
punch for varied load conditions. Comparative evaluation of ANN andANFIS results
suggested that the later model is superior in predicting the life of punch and it can
be effectively utilized in machine tool applications.

Keywords Blanking punch · Compound die · Finite element analysis · ANN
ANFIS

1 Introduction

Compound dies are extremely useful to stamping industries because of the follow-
ing: (1) high dimensional accuracy (2) superior surface finish (3) adequate structural
integrity and (4) reduction in material wastage. However, design of compound dies
are considered to be challenging task due to the involvement of various compo-
nents such as punches, die block, stripper, knockout bar, die gage, die-set, etc. in
stamping industries to meet the functional requirement. Current market (stamping
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industries) demands that the blanking punch of compound die should produce more
accurate sheet metal parts without any internal or external defects. Estimating the
life of blanking punch is considered to be critical aspect in die design. The punch life
of compound die mainly depends on punch force, sheet thickness and punch area.
Generally, life of punch is predicted through experienced die designers with its per-
formance characteristics and it can cause severe penalty when misjudgment occurs.
In the last two decades, researchers have realized that ANN and ANFIS are most
reliable techniques to provide viable solutions in sheet stamping. Di and Thomson
[1] employed ANN model for identification of wrinkling behavior of formed sheet
metal parts. Greska et al. [2] used neural networks and fourier descriptors to iden-
tify various categories of sheet metal parts. Inamdar et al. [3] developed an ANN
model to study the behavior of bending parts and prediction of springback. Djurisic
and Manic [4] proposed trained neural network for shape recognition of sheet metal
parts. Yilbas et al. [5] formulated an ANN model for study of formed kerf surface of
laser cutting corners in sheet metal parts. Process parameters and tool geometry of a
springback of cylindrical deep drawing process [6] are constructed in ANN model.
De and Klingenberg [7] used a combination of neural network for the detection of
tool wear and blanking force measurement in sheet metal forming process. Babu
et al. [8] incorporated ANNmodel and expert system to predict the behavior of deep
drawing sheet metal parts. ANFIS and FEM method [9] is utilized to arrive an opti-
mal shape of sheet metal bending die. Lin et al. [10] formulated ANFIS algorithm
to measure the springback angle of forming parts. Ashhab et al. [11] investigated
the combination of deep drawing and extrusion processes using an ANN model.
Kashid and Kumar [12, 13] developed ANN model for predicting the life of com-
pound die components. Liu et al. [14] evaluated the bending radius of sheet metal
parts through back propagation ANN strategy. Kashid et al. [15] developed ANN to
estimate the life of stripper. Zhou et al. [16] proposed convolutional neural network
(CNN) to examine the defects on metal parts. Yaghoobi et al. [17] combined ANFIS
and genetic algorithm of hydroforming process of cylindrical-spherical sheet parts.
Radial Basis Function (RBF) neural network are effectively utilized by Wang et al.
[18] to envisage and optimize the location layout of sheet metal fixtures. Panthi et al.
[19] estimated the velocity of spring back using a backpropagation ANN model in
straight flanging process. Naranje et al. [20] assessed the life of deep drawing die
with an ANN model. Dilan et al. [21] examined the springback effect of sheet metal
bending process through an ANN strategy. Aleyasin [22] proposed ANFIS algorithm
to determine forming limit diagram (FLD) of sheet metals. Mekras [23] proposed
ANN for modeling of aluminum based sheet metal tools. Kannadasan et al. [24]
used ANN and ANFIS model to determine optimal strain factor of aluminum alloy
sheet metal. It is evident from these review of literature that, estimating the life of
blanking punch is not yet investigated. In particular, the development of ANFIS and
ANN algorithms is useful to predict the life of punch in compound die effortlessly
with less human intervention to save time and cost.
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2 Analytical Model for Blanking Punches

Life of blanking punches of compound die is dependent on sheet material, thickness,
shear strength of punch and number of parts to be produced on blanking punches.
Initially, 3-DCADmodel of blanking punch is designed inCATIAplatform (Dassault
Systèmes, Vélizy-Villacoublay, France). Further, finite element analysis (FEA) of
blanking punch is performed in ANSYS workbench tool. From the output of FEA
(maximum and minimum principal stress), S-N method is used to calculate number
of mathematical cycles (one cycle means one parts can be manufactured). Mean
stress (σm) and amplitude stress (σa) are an important equations to calculate number
of mathematical cycles. They are calculated using the following relations which are,

σa � σmax − σmin

2
(1)

σm � σmax + σmin

2
(2)

Based on these two parameters (σm) and (σa), number of cycles of blanking punch
is determined using Haigh diagram. Utilizing these approximations, a generalized
S-N curve can be drawn as shown in Fig. 1. The endurance strength is calculated
from following equation:

Se � 0.5 × Su (3)

The number of cycles is calculated by using the following relation,

N �
(
Sn
Se

) 1
b

× 106 (4)

where,

N Number of cycles
Sn Fatigue strength (from Goodman equation)
Se Endurance strength

Fig. 1 S-N for tool steel
[25]

Fatigue
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Cycles

St
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ss
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b � −1

3
log

(
σa

Se

)
(5)

Goodman relationship is given as,
(

σa

Sn

)
+

(
σm

Su

)
� 1 (6)

These empirical relations are utilized to construct the ANN and ANFIS model
to estimate the fatigue limit of blanking punch and Fig. 2 depicts the framework of
proposed ANN and ANFIS.

3 Proposed ANN and ANFIS Models to Estimate the Life
of Blanking Punches

The relations given in Eqs. 4–6 are considered to perform initial calculations. Neural
network toolbox in MATALAB™ is used for the development of proposed model.
The ANN model of analytical data is divided into three sets (1) training the system
(60%) (2) testing of data (20%) and (3) performing validation (20%). The weights
of neural network are adjusted through set of training and testing data. A supervised
ANN, Lavenberg-Marquardt backpropagation is used. In the present study, eight
layers of neurons with four input parameters, three hidden layer and one output layer
is utilized as depicted in Fig. 3.

The selection of input and output parameters are influencing the ANN framework
and it depends upon the nature of a problem. The input parameters of proposed
ANNmodel are maximum and minimum principal stress, amplitude stress and mean
stress. Similarly, the output parameter is number of cycles. Based on input and out-
put parameters of ANN, the neurons of hidden layer are chosen. The learning rate
of proposed ANN model is set as 0.01. ANFIS is amalgamation of neural network
and fuzzy logic for mapping the relationship between inputs and outputs. The fuzzy
inference system contains the fuzzy sets and membership functions, fuzzy implica-
tion operators and linguistic if-then rules. There are several membership functions
viz. Triangular (trimf), generalized bell (gbellmf), trapezoidal (trapmf), Gaussian
(gaussmf), etc., used in fuzzy inference system. The ANFIS model consists of five
layers, and each layer is connected through several nodes. The structure of ANFIS
model is shown in Fig. 4.
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Define Inputs to be Developed ANN and ANFIS Model

1) 3D CAD Model of Blanking Punch 2) FE Analysis Results 

(Maximum and Minimum Principal Stress)

Start

Mathematical Calculated Number of Cycles

ANN and ANFIS Technique for Prediction of Life of Blanking 
Punch

for training of ANN and 
for ANFIS of data

Define Training Criteria

Upload mathematical data 

Selection of Training Function of ANN and MF’s for ANFIS

Normalization of Analytical Data for ANN

Define Training, Testing and Validation Data for ANN and ANFIS

Selection of Learning Algorithm for ANN and ANFIS

Selection of Training Function of ANN and MF’s for ANFIS

Train ANN and ANFIS Model

Recall Model for Testing

Testing Model to Get Minimum Error

Testing 
Successful? 

Mathemat-
ical Data

ANN Pre-
dicted Da-

ta

Validation

End

Yes

No

Yes

NoANFIS 
Predicted 

Data

Fig. 2 Framework of proposed ANN and ANFIS model
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O/P

I/P 1

I/P 2

I/P 3

I/P 4

I/P Layer Hidden Layer O/P Layer

Direction of Flow

Fig. 3 Feed forward ANN structure

Fig. 4 ANFIS model structure

4 Testing of Proposed Models

The proposed ANN and ANFIS models are tested on various blanking punch of
compound dies. The present study considers a blanking punch of compound die of
sheet metal industry M/s Panchmahal Dies and Tools Pvt. Ltd. Vadodara, India. A
sample 3D model of blanking punch is depicted in Fig. 5. FEA is performed and the
results are shown in Figs. 6 and 7 and also summarized in Table 1.
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Fig. 5 CAD model of blanking punch

Fig. 6 Maximum principal stress
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Fig. 7 Minimum principal stress

Table 1 Outputs of blanking punch
Blanking punch stresses in [MPa]

Sr. no. Max.
principal
stress

Min.
principal
stress

Amplitude
stress
(σa)

Mean stress
(σm)

Analytical
results
(Cycles)

ANN
predicted
results
(Cycles)

ANFIS
predicted
(Cycles)

1 −65,663 −439,060 187,187.5 −251,872.5 656,590 647,674 651,851

2 −64,685 −437,426 186,859.5 −250,566.5 654,112 646,001 649,714

3 −63,707 −435,792 186,531.5 −249,260.5 651,626 643,987 647,763

4 −62,729 −434,158 186,203.5 −247,954.5 649,131 641,126 644,725

5 −61,751 −432,524 185,875.5 −246,648.5 646,627 638,981 642,586

6 −60,773 −430,890 185,547.5 −245,342.5 644,115 636,125 640,358

7 −59,795 −429,256 185,219.5 −244,036.5 641,593 633,985 638,542

8 −58,817 −427,622 184,891.5 −242,730.5 639,062 631,009 634,461

9 −57,839 −425,988 184,563.5 −241,424.5 636,522 628,124 632,864

10 −56,861 −424,354 184,235.5 −240,118.5 633,974 625,983 630,251

11 −55,883 −422,720 183,907.5 −238,812.5 631,416 623,202 627,896

12 −54,905 −421,086 183,579.5 −237,506.5 628,849 620,126 625,486

13 −53,927 −419,452 183,251.5 −236,200.5 626,272 618,933 622,245

14 −52,949 −417,818 182,923.5 −234,894.5 623,687 615,037 619,827

15 −51,971 −416,184 182,595.5 −233,588.5 621,092 613,789 616,534

16 −50,993 −414,550 182,267.5 −232,282.5 618,489 610,748 615,238

17 −50,015 −412,916 181,939.5 −230,976.5 615,875 607,669 610,562

18 −49,037 −411,282 181,611.5 −229,670.5 613,253 605,741 607,543

19 −48,059 −409,648 181,283.5 −228,364.5 610,621 602,458 605,879

20 −47,081 −408,014 180,955.5 −227,058.5 607,979 599,764 602,358
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Fig. 8 Number of layers 2 and 3 neurons

5 Results and Discussion

After training the ANN (Fig. 8) and ANFIS model (Fig. 10), for a typical loading
conditions, life of the punch is estimated as 647,674 and 651,851 cycles, respec-
tively which is considerably higher than the manufacturer recommendation of about
600,000 cycles. Figure 9 shows the results of trained, validated, tested and best
performance of the ANN model.

Predicting the life of blanking punch usingANFISmainly consists of three stages:
training and testing. In this study, 45 data set cited in analytical results have been
selected for training the ANFIS network with 300 epochs. The trained network is
tested with other 45 datasets which is not accounted during training. Further, ANFIS
model is divided into three phases to predict the number of cycles effectively. The first
phase is to define the type of fuzzy rules. Then the set of all fuzzy subsets of variables
withmembership functions (MFs) are formed. In the third phase, appropriate number
of MFs have been selected for estimating the life of punch. Triangular membership
(trimf ) function is selected due to its low mean square error (MSE) in comparison
to other MFs. The error tolerance during the training of ANFIS network is kept as
0.01 to obtain low error in prediction. For training, numerical results are loaded to
the ANFIS model until a value reached<0.001. It is found that the 300 number of
epoch with a 0.01 error shows that there is no further error reduction is pertinent. In
addition, the trained ANFIS network is tested to validate the accuracy of prediction.
Figure 9 shows the performance of testing and it has an average testing error of
10,495.39, which shows the accuracy of prediction. A total number of 81 fuzzy rules
are generated which is shown in Fig. 11. From the ANFIS rule, the first four columns
indicates the input parameters and last column represents the predictor variable. The
ruler can move from minimum to maximum levels of selected variables to calculate
the predictor variables.
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Fig. 9 Minimum error for 2 layers and 3 neurons

Finally, the ANN and ANFIS models predicted parameters are compared with
analytical results as depicted in Fig. 12. It is observed that, the error difference
between the mathematical with ANN and ANFIS are 1.26%, 0.66%, respectively.
Therefore, it can be concluded that the ANFIS model performance is superior to the
ANN model to predict the life of blanking punches of compound die.

6 Conclusions

In this paper, ANN and ANFIS models are developed to estimate the life of blanking
punch of compound dies in which ANFIS model required less time than ANNmodel
in prediction. The results of this developed model can be summarized as follows:

(1) The results obtained from ANFIS model shown 99% confidence level. In addi-
tion to that, average percentage of error between the analytical and predicted
ANFIS model is found to be 0.66%, whereas ANN model obtained an average
error of 1.26%.
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Fig. 10 Testing ANFIS model

Fig. 11 Proposed ANFIS rules
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Fig. 12 Comparison of analytical result, ANN and ANFIS predicted

(2) ANFISmodel demonstrated better robustness compared tomathematicalmodel.
Hence, the proposed ANFIS model is effectively predicting the life of blanking
punch of compound die compared to ANN model.

(3) These results indicate that ANFIS technique is reliable to predict the life of
various dies including bending and progressive.
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and PM/HIP Processed Duplex Stainless
Steel UNS S31803
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and Sérgio S. M. Tavares

Abstract Duplex stainless steels (DSS) are corrosion resistant alloys (CRA) which
became largely employed due to its excellent combination of high strength, pitting
corrosion resistance and toughness. The steel with basic composition 21.0–23.0%Cr,
4.5–6.5%Ni, 2.5–3.5%Mo, 0.08–0.20%N was developed in the 1980s and became
the most popular DSS used in the oil and gas industry. The mechanical properties
and corrosion resistance are optimized with a microstructure containing equal parts
of ferrite (δ) and austenite (γ). This balanced microstructure is obtained by the chem-
ical composition control and heat treatment. A solution treatment at 1050–1100 °C
followed by water cooling is recommended. Although other heat treatments are not
common in DSS, a significant hardening effect can be obtained by short duration
exposition to 475 °C. Long thermal aging in the 350–550 °C interval has been exten-
sively studied by many authors, and was proved to cause embrittlement and decrease
of corrosion resistance, due to spinodal decomposition of ferrite into Cr-rich (α′)
and Cr-depleted (α′′) regions. However, a heat treatment at 475 °C for 4 h or 8 h
may increase the yield and ultimate tensile strength without significant decrease of
toughness and corrosion resistance, as observed previously. The goal of this work is
to compare themicrostructure, mechanical properties and corrosion resistance of two
duplex stainless steels with similar composition, but produced by different methods:
hot rolling and powder metallurgy PM/HIP. These two fabrication processes may be

J. V. S. Matias
Instituto Federal Fluminense, Campus São João da Barra, Núcleo de Ciência e Tecnologia dos
Materiais, BR 356 - KM 181, Perigoso, São João da Barra, RJ CEP: 28200-000, Brazil

H. M. L. F. de Lima · W. S. Araujo
Departamento de Engenharia Metalúrgica, Universidade Federal do Ceará, Bloco 729 do Campus
do Pici, Fortaleza, CE CEP: 60440-900, Brazil

J. M. Pardal · S. S. M. Tavares (B)
Departamento de Engenharia Mecânica, Universidade Federal Fluminense, Rua Passo da Pátria,
156, Niterói CEP: 24210-240, Brazil
e-mail: ssmtavares@terra.com.br

J. M. Pardal · S. S. M. Tavares
Centro Federal de Educação Tecnológica Celso Suckow da Fonseca, Av. Maracanã, 229,
Maracanã, Rio de Janeiro, RJ 20550-144, Brazil

© Springer Nature Switzerland AG 2019
L. F. M. da Silva (ed.), Materials Design and Applications II, Advanced
Structured Materials 98, https://doi.org/10.1007/978-3-030-02257-0_2

17

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-02257-0_2&domain=pdf
mailto:ssmtavares@terra.com.br
https://doi.org/10.1007/978-3-030-02257-0_2


18 J. V. S. Matias et al.

concurrent for some applications, such as manifolds in the oil and gas industry. The
response of both materials to short duration aging at 475 °C was compared.

Keywords Duplex stainless steel · HIP process · 475 °C aging

1 Introduction

Duplex stainless steels (DSS) are Fe-Cr-Ni-Mo alloys, with extra low carbon con-
tents, and are considered corrosion resistant alloys (CRA) which became largely
employed due to its excellent combination of high strength, pitting resistance and
toughness [1, 2]. The steel with basic composition 21.0–23.0%Cr, 4.5–6.5%Ni,
2.5–3.5%Mo, 0.08–0.20%N, designated UNS S31803, was developed in the 1980s
and became the most popular DSS used in the oil and gas industry. The mechanical
properties and corrosion resistance are optimized with a microstructure containing
equal parts of ferrite (δ) and austenite (γ). This balanced microstructure is obtained
by the chemical composition control and heat treatment. The solution treatment at
1050–1100 °C followed by water cooling is recommended.

Although other heat treatments are not common in DSS, a significant hardening
effect can be obtained by short duration exposition to 475 °C, where the precipitation
kinetics is higher. Long therm aging in the 350–550 °C interval has been extensively
studied by many authors [3–6], and was proved to cause embrittlement and decrease
of corrosion resistance, due to spinodal decomposition of ferrite into Cr-rich (α′)
and Cr-depleted (α′′) regions. However, a heat treatment at 475 °C for 4 h or 8 h
may increase the yield and ultimate tensile strength without significant decrease of
toughness and corrosion resistance, as observed previously [7, 8].

DSS componentsmaybe produced by different fabrication processes, such as cast-
ing, forging, hot and cold rolling, and powder metallurgy with hot isostatic pressing
(HIP). Since these processes may be concurrent, it is useful to identify the advan-
tages and limitations of each process. For instance, powder metallurgy with HIP is a
near net shape process, i.e., the components are produced with shape and dimensions
very close to the design. Just finishing machining operations are performed to obtain
the final dimensions and rugosity. On the other hand, rolled products present excel-
lent mechanical properties due to grain refinement by thermomechanical treatment.
However, there is a tendency to obtain anisotropic microstructure and properties, due
to the elongation of austenite and ferrite phases along the rolling direction.

Short duration heat treatments at 475 °C can be an interesting option to some DSS
components, especially those in which thermomechanical treatment cannot be used
to increase the mechanical resistance.

The goal of this work is to compare the microstructure, mechanical properties,
such as hardness and toughness, and corrosion resistance of two duplex stainless
steels with similar composition, but produced by different methods: hot rolling and
powder metallurgy (PM) with HIP. These two fabrication processes may be concur-
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rent for some applications, such asmanifolds in the oil and gas industry. The response
of both materials to short duration aging at 475 °C was compared.

2 Materials and Methods

The two UNS S31803 DSS, wrought (Hot rolled) and HIP, present chemical compo-
sition according to Table 1. C, S and N were analyzed by combustion method, while
the other elements were analyzed by plasma spectroscopy.

The materials were solution treated at 1060 °C for 1 h and water quenched. After
this treatment some specimens were cut and machined to the dimensions of sub-size
Charpy impact specimens (55× 10× 7.5mm3) [9]. Specimens for the critical pitting
temperature (CPT) tests were cut and machined with approximate dimensions 15 ×
15 × 10 mm3. Some specimens were subjected to aging heat treatments at 475 °C
for 4, 8 and 12 h, followed by water cooling.

The microstructures were analyzed by optical microscopy. Specimens were pre-
pared by grinding and etching with Behara’s solution (80 ml H2O, 20 ml HCl, 0.3 g
potassium metabissulfite). Vickers hardness with 10 kgf load and Charpy impact
tests at −46 °C were performed in samples to evaluate the degree of embrittlement
in each condition. After the tests some samples were selected to fractography in a
scanning electron microscope (SEM).

The effects of the aging on the pitting corrosion resistance of each condition were
evaluated by CPT and cyclic potentiodynamic polarization tests (CPP). The cyclic
polarization tests were conducted in 3.5% NaCl solution at room temperature in
a potentiostat-galvanostat AUTOLAB (Amsterdam, Netherlands) model PGSTAT
302 N. A conventional three-electrode electrochemical cell using a platinum (Pt)
grid as the counter electrode, saturated KCl silver/silver chloride (Ag/AgCl) as the
reference electrode and theworking electrodewas constructed using the steel samples
embedded in epoxy resin. The working electrode area exposed to the test solution
was approximately 0.5 cm2. The tests were started after a nearly steady-state open
circuit potential (Eocp) had developed (60 min). After that, a potential sweep was
applied in the anodic direction at 1 mV s−1 until a current density of 1 mA/cm2

was reached at which point the scanning direction was then reversed. Prior to each
experiment, the specimens were abraded with silicon carbide paper up to 600 mesh,
degreased with alcohol, washed with distilled water and dried with hot air. For each
alloy in each experimental condition, at least three CPP curves were recorded.

TheCPT testswere carried out using a conventional three electrode cellwithwork-
ing electrode, saturated calomel electrode (SCE) as reference and aPtwire as counter-
electrode. The test was controlled and the data were collected in a potentiostat-
galvanostat μ-AUTOLAB (Amsterdam, Netherlands). The test solution was 1 M
NaCl, without prior deaeration, heated at a rate of 4 °C per minute, from the temper-
ature of 10 °C. During the test, a 700 mVSCE constant potential was applied to the
samples in relation to the reference electrode. Finally, the values of current density
versus temperature are plotted. Thus, in accordance with ASTM G150 [10], CPT
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Fig. 1 Determination of the
critical pitting temperature
(CPT) of the hot rolled (W)
DSS aged at 475 °C for 4 h

Table 2 PREN values and volumetric fractions (%) of ferrite and austenite phases of the DSS
analyzed

DSS PREN Ferrite (δ) Austenite (γ)

Wrought 33.5 60.9 ±0.7 39.1 ±0.7

HIP 33.4 54.8 ±0.7 45.2 ±0.7

is the temperature at which the current density (δi) increases above 100 μA/cm2,
remaining above this critical value for at least 60 s, as shown in Fig. 1 for the 4 h
aged wrought DSS.

3 Results and Discussion

The chemical compositions of the two UNS S31803 DSS studied are shown in
Table 1. The Pitting Resistant Equivalent Number (PREN) of the steels, calculated by
the formulae PREN = (%Cr) + 3.3(%Mo + 0.5(%W)) + 16(%N), and the volumetric
fractions of the ferrite (δ) and austenite (γ) phases are presented in Table 2. As
observed, the PREN values are very close due to the similar chemical compositions
of steels. Although the hot rolled DSS exhibits a more uneven balance of phases δ/γ
compared to the HIPped DSS, both steels are in an acceptable range according to
Norsok M-601 standard [11], thus optimizing its properties [1, 2].

Figure 2 shows the microstructure of the materials after the solution treatment.
Deleterious phases were not detected in the specimens under this condition. Themor-
phological difference of microstructures presented evidences the variation of manu-
facturing processes by which these steels were submitted. As expected, the wrought
DSS has elongated grains on the rolling direction (horizontal) and the HIPped has
some equiaxial shaped grains due to isostatic pressing process.
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Fig. 2 Microstructure of the hot rolled DSS (a) and HIP DSS (b), both solution treated. Austenite
is light and ferrite is dark. Beraha’s etching

Fig. 3 Curves of hardness and toughness at −46 °C as function of aging time at 475 °C for a
wrought (hot rolled) and b HIP DSS

Figure 3 shows the variation curves of hardness and impact toughness as func-
tion of aging time at 475 °C for the two materials. Both materials exhibit a similar
behavior among themselves and in relation to the previously obtained results with
duplex and super duplex stainless steels, with distinct designations, in different works
[3–6]. As observed, the aging at 475 °C promotes a substantial increase in hardness
accompanied by an unfortunate sharp decline in toughness, already in the first 4 h
of heat treatment, due to the strong α′ precipitation kinetics resulting from spinoidal
decomposition of the ferritic matrix (δ) [1–6]. However, the values found for 8 and
12 h of treatmentwere very close, showing no significant variations in themechanical
properties analyzed in these cases.

It should be noted that the impact toughness values obtained in the wrought DSS
are higher compared to the HIPped material, in all conditions. This fact is probably
due to the orientation of Charpy specimens, with the notch perpendicular to the
elongated grains. This orientation gives a higher toughness because the crack’s path
is through finer austenite and ferrite grains. Likely, if the notches were positioned in
the rolling direction, toughness values would be lower. This difference should not
be high in the HIP, because there is no preferential direction of alignment (Fig. 2),
as result of the manufacturing process.
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Fig. 4 Fracture surfaces of Charpy specimens: Wrought (hot rolled) DSS, a solution treated and
b 475 °C/12 h; HIP DSS, c solution treated and d 475 °C/12 h

When analyzing the fracture surfaces of the specimens, it was possible to display
differences in the type of fracture between the two steels studied. The wrought DSS
presented a predominantly ductile appearance, with dimples, under all conditions
analyzed, even after 12 h of aging (Fig. 4b). However, the DSS produced by HIP
presented ductile behavior only in the solution treated condition (Fig. 4c), showing an
increasingly brittle aspect, with cleavage facets, with the increase of heat treatment
time up to 12 h (Fig. 4d).

The more ductile behavior of the hot rolled steel can be attributed to the lower C
and S contents in its chemical composition. It was possible to observe, in this same
material, the occurrence of openings with de-lamination characteristics in specimens
aged for 4, 8 and 12 h. Delaminations were not present in the solution condition of
wrought DSS, neither in HIP DSS under any heat treatment conditions.
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Fig. 5 Presence of delaminations on fracture surfaces of wrought (hot rolled) DSS Charpy speci-
mens aged at 475 °C for 8 and 12 h

Fig. 6 Critical pitting
temperature (CPT) as a
function of aging time at 475
°C

According to Straffelini et al. [12] delaminations are formed due to the brittle
cracking of ferrite lamellae at low temperatures and have the effect of deflecting the
propagation of cracks, which justifies the high amount of energy absorbed under
these conditions, besides the presence of the ductile phase austenite. The delami-
nations are more evident in mechanically worked materials. Regions with ductile
fracture characteristics and areas with brittle fracture appearance, due to delamina-
tion, indicate that although the material presents good toughness at this temperature
(−46 °C), it is close to the ductile-brittle transition of ferrite phase (δ) [12]. Figure 5
shows the presence of delaminations in the specimens of wrought material under the
conditions where they are more apparent: 8 and 12 h of aging.

Figure 6 shows the critical pitting temperature (CPT) as a function of aging time
at 475 °C for the two DSS studied. Both materials showed no evident decrease on
CPT as the aging time increased. Also, showing close values between the two steels,
approximately 50 °C, under all conditions analyzed, in agreement with values found
in other studies [1, 2, 13]. This can be explained by similar values of PREN.
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Fig. 7 Cyclic polarization curves in 3.5% NaCl of a Hot rolled and b HIP DSS

Fig. 8 Determination of
electrochemical parameters
by polarization curves

Therefore, there was no evidence of influence of α′ phase, up to 12 h exposure,
on pitting corrosion resistance of these steels. However, the mechanical properties
were more sensitive to this deleterious phase, evidencing changes already in the first
4 h of treatment.

Figure 7 shows the potentiodynamic polarization curves of duplex stainless steel
under the different heat treatment conditions in 3.5% NaCl solution. Figure 8 gives
an example of how the electrochemical parameters were obtained from these curves.

Typical anodic polarization behavior of a stainless steel in 3.5%NaCl solution con-
sists of active dissolution (around the anodic peak), passivity, and a rapid increase of
the current density. Table 3 shows the corrosion potential (ECORR), corrosion current
density (ICORR), passivation current density (IPASS), breakdown potential (EBD) and
repassivation potential (EREP) obtained through the polarization curves of Fig. 8. It is
worth noting that no significant changes occur in the corrosion (ECORR), breakdown
(EBD) and repassivation potentials (EREP). Samples annealed and aged presented a
low current density, around a few μA cm−2 up to 1.0 VAg/AgCl. The abrupt increase
of current, for these samples, was felt in the potential range where oxygen evolution
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Table 3 Electrochemical parameters calculated by polarization curves of HIP and wrought (W)
(hot rolled) DSS

DSS ECORR
(VAg/AgCl)

ICORR (A
cm−2)

EBD
(VAg/AgCl)

IBD (A cm−2) EREP
(VAg/AgCl)

IREP (A
cm−2)

HIP_Annealed −0.140 2.58E−07 1.030 1.08E−05 0.978 1.03E−05

HIP_475
°C_4 h

−0.147 1.16E−07 1.060 8.95E−06 0.970 7.22E−06

HIP_475
°C_8 h

−0.146 2.19E−07 1.103 9.97E−06 0.985 8.05E−06

HIP_475
°C_12 h

−0.166 2.15E−07 1.089 1.19E−05 1.00 1.06E−05

W_Annealed −0.129 1.56E−07 1.101 9.00E−06 1.006 8.07E−06

W_475
°C_4 h

−0.140 1.82E−07 1.093 1.69E−05 1.001 1.82E−05

W_475
°C_8 h

−0.155 1.01E−07 1.070 9.49E−06 0.997 8.44E−06

W_475
°C_12 h

−0.129 1.79E−07 1.119 1.35E−05 1.001 1.07E−05

could already thermodynamically take place. At higher potentials, the oxygen anodic
reaction seemed to participate in pitting nucleation through the formation of a triple
interface between the metal, electrolyte, and oxygen bubbles [14]. Indeed, a previous
measurement performed on a Pt electrode in this test solution had indicated that the
evolution of O2 was about 1.05 VAg/AgCl at 25.0 °C. Therefore, the steep increase at
~1.0 VAg/AgCl (EBD in Table 3) for these samples is likely due not to pitting corrosion
but to the onset of oxygen evolution. These results are in accordance to the CPT
values of Fig. 6.

4 Conclusions

The main conclusions about the effect of thermal aging at 475 °C on two duplex
stainless steels with similar composition, but produced by different methods (hot
rolling and PM-HIP), are:

• There is a substantial increase on hardness of the analyzed steels in the first 4 h
of thermal aging at 475 °C as a consequence of the spinodal decomposition of the
ferritic matrix;

• The impact toughness, in both materials, decreased considerably in the first 4 h
of aging at 475 °C, which means that these steels are very susceptible to α′ for-
mation through the δ spinoidal decomposition. The toughness values obtained for
the wrought (hot rolled) DSS are higher than for HIPped steel, under all condi-
tions, probably due to the orientation of Charpy test specimens notch, which was
perpendicular to the rolling direction;
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• The fracture surface of specimens of the hot rolled steel remained predominantly
ductile even after 12 h of aging, being less influenced by the 475 °C embrittlement
than the DSS produced by HIP;

• De-laminations appeared in wrought DSS specimens aged for 4, 8 and 12 h, not
occurring in the solution condition of this material, neither in HIP DSS, under any
conditions. This phenomenon, which is common in wrought materials, is due to
brittle cracking of ferrite at low temperatures;

• Both materials showed critical pitting temperature (CPT) values close to each
other, approximately 50 °C, under all conditions analyzed, due to their similar
values of PREN. Besides, no evident decrease of CPT was observed with the
increase of aging time at 475 °C;

• The results of potentiodynamic polarization tests in 3.5% NaCl solution at room
temperature were in accordance to the CPT tests, i.e. the electrochemical parame-
ters from both steels were similar and no deterioration was observed with aging at
475 °C. All breakdown potentials were slightly superior to 1.0 VAg/AgCl and were
attributed to the onset of oxygen evolution.

• The results show that, for bothmaterials, mechanical properties, such as toughness
and hardness, aremore sensitive to aging at 475 °C, having been affected already in
the first 4 h of heat treatment, whereas pitting corrosion resistance was not altered
by the precipitation of α′ phase, even after 12 h of exposure.
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Determination of Previous Austenite
Grain Size 9%Ni Low Carbon Steel
and Its Effect on Impact Toughness
at −196 °C

Sérgio S. M. Tavares, Rachel P. C. da Cunha, Cássio Barbosa,
Manoel R. Silva and Rafael A. Vinhosa

Abstract Low carbon steel with 9%Ni is used in cryogenic services, in which high
toughness and strength are required. One of themain concepts of physical metallurgy
is that the toughness and strengthmaybe increased bygrain refinement. Inmartensitic
steels, the grain size that can bemeasured is the previous austenite grain size (PAGS).
The goal of this work is to reveal and measure the PAGS’s of different specimens of
9%Ni low carbon steel and correlate these results with hardness and low temperature
toughness. The decrease of PAGS’s improve the toughness of specimens quenched
and quenched and tempered.

Keywords PAGS · Previous austenite grain size · 9%Ni low carbon steel

1 Introduction

One of the more solid concepts of physical metallurgy is that the grain refinement is
a strengthening mechanism which also increases the impact and fracture toughness
of metallic materials, including steels. This is the basis for many researches and
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developments in high strength low alloys steels (HSLA) with ferritic or bainitic
structures [1–5]. However, in quenched and tempered (Q&T) steels, the grain size
that can be measured by metallographic techniques is the previous austenite grain
size (PAGS). The toughness of the final product can be function of the PAGS, but is
also strongly influenced by other microstructural features that are controlled by the
tempering treatment.

Some previous works investigated the effect of PAGS on the toughness of high
nickel alloys. The more common behavior is the increase of toughness with the
decrease of average grain size, and this is also expected for PAGS refinement. How-
ever, exceptions to this behavior can be found in some specificmaterials. For instance,
Sinha et al. [6] observed the increase of fracture toughness of a maraging steel solu-
tion treated. In a previous work, Tavares et al. [7] also observed the increase of impact
toughness of maraging 300 with the increase of austenitizing temperature and PAGS.
However, in aged specimens, the toughness was much lower, and the influence of
PAGS could not be determined.

Steels with 9%Ni and low carbon are used in cryogenic services, in which high
toughness and strength are required. According to ASTM A333 [8], standard, pipes
and tubes of these steels must be quenched and tempered or double normalized and
tempered. Tempering temperature must be in the 565–605 °C range. If the tempering
is carried out some degrees above the A1 temperature of the steel, some austen-
ite is formed and retained on cooling to room temperature. The high strengths of
martensitic steels are attributed to high density dislocation martensite laths with
body-centred cubic (BCC) structure, while their good ductility results from the
retained austenite flakes with face-centred cubic (FCC) structure between laths [9].
A microstructure of tempered martensite with 6–10% of reverse austenite is so pro-
duced. On the other hand, the tempering at 400 °C may promote temper embrittle-
ment of 9%Ni low carbon steels. Temper embrittlement may occur if these steels are
subjected to tempering at 370–540 °C for prolonged periods [10].

The measurement of PAGS is an important issue. The careful metallographic
preparation and the choice of the etching reagent and procedure are the main chal-
lenges for an accurate measurement. In this work, the previous austenite grains
boundaries of a 9%Ni low carbon steel were revealed to obtain a reliable quantifica-
tion of PAGS in function of the soaking (austenitizing) temperature in the quenching
treatment. The correlation of impact toughness and PAGS was determined for spec-
imens un-tempered and specimens tempered at 400–600 °C.

2 Materials and Methods

Specimens of a 9%Ni steel (composition shown inTable 1)were cut froma forged and
machined to dimensions close to the sub-size Charpy specimen (11×8.0×56mm3).
The pre-machined pieces were heat treated by quenching and tempering and then
machined to final dimensions (10×7.5×55 mm3) with V-notch.
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Table 1 Chemical composition of 9%Ni-low carbon steel studied (mass %)

C Mn Ni Si P S Ti Al

0.062 0.64 9.54 0.259 0.01 0.01 0.014 0.023

Table 2 Heat treatments performed and specimens identification

Austenitizing
temperature (°C)

Tempering

Un-tempered 400 °C/1 h 600 °C/1 h

820 Q1 Q1-T400 Q1-T600

1000 Q2 Q2-T400 Q2-T600

1150 Q3 Q3-T400 Q3-T600

Heat treatments and specimens’ identification are described in Table 2. Three
soaking (austenitizing) temperatures were used in order to obtain different PAGS’s.
Specimens of each soaking temperature were tempered at 400–600 °C, or un-
tempered.

Impact toughness was measured at −196 °C with sub-size V-notched Charpy
(7.5 mm) specimens. Two specimens were produced per each heat treatment and
average results are presented. The fractured specimens were observed by scanning
electron microscopy.

Charpy impact tests at −196 °C were performed in an Universal Pendul, with
maximumenergy 300 J.After the tests the surfaces of fracturewere collected and pro-
tected against corrosion for observation in the scanning electron microscope (SEM).
Vickers hardness tests with load 10 kgf were performed in all specimens.

Previous austenite grain boundaries were revealed by immersion in a solution
composed of 15 g picric acid, 5 ml of potassium chromate, 625 ml of distilled water
and 275 ml of neutral detergent solution.

The optical microscope images were treated using software ImageJ [11]. The
PAGS was quantified with the intercept method described in the ASTM E-112 stan-
dard [12].

Austenite formation was evaluated in small samples carefully cut from the un-
deformed portion of fractured Charpy specimens. The austenite volume fraction was
determined by the magnetization saturation method [13], using a vibrating sample
magnetometer (VSM) with maximum applied field 1 T, at room temperature. A
specimen quenched and deformed by cold rolling was produced to determine the
value of the magnetization saturation intrinsic of martensite (mS(i)). This value was
found to be 230.4 emu/g. The austenite volume fraction (AVF) was estimated by:

Cγ � 1 − mS

mS(i)
(1)

where mS is the magnetization saturation of the specimen analyzed.
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Fig. 1 Optical microscope images after chemical solution—previous austenite grain size images
a Q1 b Q1-T400 c Q1-T600

3 Results and Discussion

Figure 1a–c shows the micrographs of specimens Q1, Q1-T400 and Q1-T600, which
were austenitized at 820 °C. Although all specimens were etched with picric acid
and potassium chromate solution, the best results to reveal the PAGS were obtained
in specimens tempered at 400 °C. The image of the quenched specimen shows that
austenite grain boundaries were partially revealed (Fig. 1a). On the other hand, speci-
mens tempered at 600 °C had new boundaries due to the tempering reactions, includ-
ing recrystallization and reverse austenite formation. It is believed that the PAGS is
not changed with tempering at 400 or 600 °C.

Images from Q1-T400, Q2-T400 and Q3-T400 were used to measure the PAGS
by intercept method and mean Feret’s diameter (the longest distance between any
two points along the automatic selection boundary) after treatment with ImageJ. This
software has the tool Automatic Particle counting, which was used to quantify the
PAGS. Before application of this tool the images need to be cleaned to show only
the grain boundaries. Three resources inside ImageJ [11] were used to improve the
original images: the plugins Clahe, Threshold andWatershed. Figure 2a–c shows the
images of specimens Q1-T400, Q2-T400 and Q3-T400, after cleaning.

Figure 3 shows the variation of PAGS with austenitizing temperature before
quenching Q1, Q2 and Q3. Figure 4 shows the impact toughness as function of
heat treatment, with PAGS indicated. As can be seen, the increase of PAGS pro-
vokes a general decrease of toughness. Although this is an expected result, Cao et al.
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Fig. 2 Optical microscope images on software ImageJ, after treatment with ImageJ tools. a Q1-
T400 b Q2-T400 c Q3-T400

Fig. 3 Variation of PAGS
with austenitizing
temperature

[14] reported that the coarse grained heat affected zone (CGHAZ) of a 8%Ni steel
showed higher toughness than the fine grained region (FGHAZ). Possibly, other
microstructural features exert influence on the HAZ toughness.

Very low toughness is obtained with tempering at 400 °C. At this tempering
temperature the material shows a temper embrittlement effect [10]. This effect is
enhanced with the increase of PAGS, as shown in Fig. 4.
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Fig. 4 Variation of
toughness with heat
treatments

The higher toughness values were obtained in specimens tempered at 600 °C,
but the grain coarsening also decreased the impact toughness. Figure 5a–c, d–f and
g–i compare the surface of fracture of specimens Q1-T600, Q2-T600 and Q3-T600,
respectively. The main difference between the three specimens was noticed in the
images taken from the center of fractured Charpy specimens, since near the surface
they all showed ductile features. In the center region, specimen Q1-T600 showed
a completely ductile fracture (Fig. 5a), while specimens Q2-T600 and Q3-T600
showed typical cleavage facets and rivers (Fig. 5d, g).

Figure 6 shows the variation of Vickers hardness with the heat treatment.
Comparing the results of as quenched specimens, it was observed the decrease
of the hardness with the increase of tempering temperature. After tempering at
400–600 °C the hardness values were very close.

Figure 7 shows the Austenite Volumetric Fraction (AVF) as a function of heat
treatment temperature. In general, the specimen quenched from 1150 °C and tem-
pered had less austenite than the specimens quenched from 1000 to 820 °C. In low
alloys steels, such as SAE 4340, the increase of PAGS increases the harden ability
but also results in a higher retained austenite content [13]. This was only observed
when comparing specimens quenched from 820 °C (Q1) to 1000 °C (Q2). Also,
according to some previous works [15, 16], the increase of reverse austenite formed
in the tempering treatment improves the toughness of 9%Ni steels. This austenite
formed during tempering is different form the retained austenite un-transformed
in the quenching treatment. Specimens Q2 and Q3 have high contents of retained
austenite, but it does not contribute to improve toughness.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 5 Scanning electron microscopy images of fractured charpy specimens tested at−196 °C a–c
Q1-T600 d–f Q2-T600 g–i Q3-T600

4 Conclusions

Previous austenite grain sizes (PAGS) of specimens quenched and tempered of 9%Ni
low carbon steel were determined by quantitative metallography. Three austenitizing
temperatures (820, 1000 and 1150 °C) were tested. Previous austenite grains were
revealed by etching in a solution composed of 15 g picric acid, 5 ml of potassium
chromate, 625 ml of distilled water and 275 ml of neutral detergent solution. The
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Fig. 6 Hardness as function
of heat treatment temperature

Fig. 7 Austenite volumetric
fraction as a function of heat
treatment

images from specimens quenched and tempered at 400 °C were the most suitable
for PAGS quantification. ImageJ software [11] was used to treat the images and
determine the PAGSs.

The increase of PAGScaused the decrease of toughness of specimens as quenched,
quenched and tempered at 400 °C, and quenched and tempered at 600 °C.
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Corrosion Study of Ti5Al4V and Ti6Al4V
in Different Simulated Body Fluids

M. P. Nikolova and E. H. Yankov

Abstract The (α + β) Ti6Al4V alloy is widely used in different industrial applica-
tions and in medicine. The decrease in the content of the α-strengthening element Al
in Ti5Al4V as opposed to conventional Ti6Al4V alloy reduces the hardness as Al is a
solid solution hardener but simultaneously, the alloy is expected to have lower cyto-
toxicity, improved plasticity and low precipitation hardening ability at precipitation
temperature. The role of the alloying elements and the influence of heat treatment
on corrosion resistance of Ti5Al4V and Ti6Al4V alloys have been studied after a
short and long-term immersion in Ringer (RS), phosphate buffer saline (PBS) with
and without the addition of H2O2, and 5 M HCl at 37 ± 0.1 °C. It has been found
out that lower pH and higher Cl− concentration in RS make the surface of the alloys
more prone to pitting corrosion and showing nobler corrosion potentials at the same
time, in contrast to PBS where salt films of insoluble products are formed on some
pits. The potentiodynamic polarisation measurements show higher anodic reaction
rate after a 30-days’ period of immersion in PBS and H2O2 for both alloys. The
dissolution of Ti, Al, and V and oxidation in 5 M HCl are the highest for solution
treated Ti6Al4V and Ti5Al4V alloys, while the corrosion rate for the 10-days’ period
in the acid was the lowest for the as-received Ti5Al4V.

Keywords Ti6Al4V · Heat treatment · Microstructure · Pits · SEM-EDS
Corrosion behavior

1 Introduction

The most common α + β titanium alloy is Ti6Al4V (Ti-64). It is widely used in
medicine for implants and prosthesis replacing or stabilizing various parts of the
body, such as joint replacements, dental implants, heart valves, surgical equipment,
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etc. By using heat treatment the alloy could be straightened by β → α′ diffusionless
transformation andprecipitation of intermetallics.Al is anα-phase stabilizer although
it has a significant solubility in β phase. The isomorphous with β-Ti V, Mo and Nb
stabilize the β-phase. Nag et al. [1] discovered that the elastic modulus of Ti tends to
increase with increasing the content of Al and with increasing the volume fraction of
α-phase in the alloy. The higher mismatch between the bone and the implant results
in higher “stress shielding effect” [2] at their contact interface and substantial bone
resorption. Therefore, the alloy having a lower Al content like Ti5Al4V (Ti-54) could
be more favorable for mating with bone.

The interaction between the metallic implant and the body environment deter-
mines the service life of the component and is strongly dependent on the corrosion
behavior of the alloy [3]. The properties of the surface oxides are essential for the
corrosion behavior as they affect the ion exchange events, re-passivation processes,
and fracture. The properties of the oxide film depend on the different kinds of point
defects, dislocations, grain boundaries, etc. Therefore, not only the chemical com-
position but also the microstructure, along with the topography, could modify the
electrochemical behavior of the implant material. The body fluids consist of differ-
ent inorganic ions (Na+, Ca2+, Cl−, PO3

4−, etc.), organic acids, proteins, enzymes,
etc. and pH buffered at 7.15–7.35 [4]. During inflammatory reactions and wound
healing, bacteria or inflammatory cells release hydrogen peroxide (H2O2) or other
superoxides into the extracellular environment in order to defend from foreign bodies
[5, 6]. Dissemond [7] found out that in the context of wound healing the pH lowers
down to pH 5 during the first two weeks and then shifts back to normal pH values
of 7.4–7.6. The use of infusion or buffer saline may give insight to some aspects of
passivation behavior of materials without the presence of enzymes and other reac-
tive species which are expected to be present in vivo environment. Additionally, for
a better understanding of the electrochemical behavior under inflammatory condi-
tions, the processes have to be simulated in biologically relevant electrolyte solutions
and conditions. Wang et al. [8] discussed that as the anodic currents for Ti alloys
do not exhibit considerable densities, the high potentials (> +1 V vs. SHE) are not
considered as relevant because of the oxygen evolution. Therefore, more aggressive
solutions could be used in the vicinity of open circuit potential. For that reason, in the
particular study, except simulated body fluids, we use 5 M HCl to check the weight
losses and changes in the surface chemical composition.

Examining the behavior of a Ti-64 alloy, Brunette [9] claimed that alumina pre-
sentedmainly in the outer region of the oxide layer, while vanadium oxides are closer
to the bulk material. Auger measurements show that the native passive film of Ti-64
alloy contains roughly 10 at. % Al(Al2O3) and small quantities of V [10]. Alumina
forms at the outer oxide/electrolyte surface and tends to segregate above the α-phase
[11]. According to Metikoš-Hukovic et al. [12] the Cl− ions deteriorate the passivity
of the oxide film especially in the presence of V oxides that preferentially dissolute
in contrast to TiO2. Therefore, the phase distribution and their chemical composition
will affect the corrosion behavior of Ti–Al–V alloys.

The Ti-64 alloy is most commonly used in wrought and cast form. The thermal
processes are able to change the properties of these alloys by altering the amount,
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distribution or type of the β-phase. The fast cooling (water quenching) within the α

+ β range usually forms primary equiaxed α-grains and acicular martensite acquired
by the β-transformation. The ability of the alloy to age by separation of Ti3Al phase
could additionally increase the strengthening of titanium alloy. There have been
no systematic investigations regarding the corrosion behavior of Ti-64 and Ti-54
in different heat-treated conditions. Therefore, in the present work, the corrosion
behavior of the as-received and heat-treated Ti-64 and Ti-54 alloys in Ringer, PBS
with and without added H2O2 and 5MHCl saline have been explored and compared.

2 Experimental Procedures

The chemical compositions of bothmaterials (Etropole, Bulgaria) used for the exper-
iment, determined by JEOL JXCA-733 Microprobe scanning electron microscope
(SEM) equipped with wavelength dispersive spectrometers (WDS), were shown in
Table 1. Samples with dimensions 14 × 14 × 4 and 15 × 15 × 4 mm were cut out
using electro-erosion cutting method.

The variation in the composition of the modified Ti-54 alloy changes the tem-
perature of the solution treatment and that of the decomposition of the quenched
structures as opposed to the conventional Ti-64 alloy [13]. The temperature of the
solution treatment and precipitation of both alloys was adapted to obtain bimodal
microstructure with low volume fracture of primary α-grains and high hardness. The
as-received (AR) samples were single solution treated (ST) for 30 min at 920 and
950 °C for Ti54 and Ti64, respectively andwater quenched. Half of the ST specimens
were precipitated (P) for 4 h at 500 and 540 °C for Ti54 and Ti64, respectively and
slowly cooled down. All treatments were carried out in ≤1 Pa vacuum. The surfaces
of the samples were groundedwith 220 up to 1500 grit SiC paper, polished, and ultra-
sonically cleaned in ethanol and deionizedwater for 5min before the electrochemical
tests.

A standard three-electrode cell was used for the electrochemical measurements
with Ag/AgCl reference electrode and a large pure Pt foil—as a counter elec-
trode. Both electrodes together with the working one with 1 cm2 exposed area were
immersed in 70ml naturally aerated solutions—Ringer solution (RS) (8.60 g/LNaCl,
0.3 g/L KCl, and 0.33 g/L CaCl2.2H2O with pH 5.7 (infusion bank)) and PBS (8 g/L
NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4, 0.24 KH2PO4 (Sigma Aldrich)) with pH
7.4) maintained at body temperature (37 ± 0.5 °C). To assess the long-term stability
of both alloys another set of experiments were conducted for the 30-days‘immersed
samples in RS and PBS solution, whereas the samples were kept at 37 ± 1 °C. In
order to simulate inflammatory conditions for another set of samples, the PBS solu-
tion was acidified to pH 5 and H2O2 (37%) was added to the saline, up to reaching
150mMperoxide concentration. After twoweeks the peroxide solution was replaced
by a fresh PBS solution which time corresponded to the inflammatory process and
the experiments continued 16 days more.
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Table 2 Hardness values (HRc) of Ti-54 and Ti-64 in AR, ST and ST+P conditions

Alloy AR ST ST+P

Ti54 29.2 ± 1.1 36.7 ± 0.8 37.9 ± 0.4

Ti64 32.8 ± 0.7 40 ± 0.5 41.5 ± 0.6

The open circuit (OC) potentials for all samples were monitored for 30 min by
using potentiostat EG&G Princeton Applied Research Model 173. Subsequently,
the potentiodynamic measurements were carried out at a scan rate of 0.5 mV/s from
−0.3 V up to +0.5 V versus Ag/AgCl electrode. All OC potentials and potentiody-
namic measurements were repeated at least twice in order to ensure repeatability of
the experimental results. Before and after the electrochemical tests, the specimens
were cleaned with ethanol and the surface morphologies were observed by scanning
electron microscopy (SEM—LYRA I XMU, Tescan) equipped with energy disper-
sive spectroscopy (EDX—Quantax 200, Bruker) under an accelerating beam voltage
of 20 kV.

The corrosion resistancewas also assessed by performingweight loss experiments
in 5 M HCl at 37 ± 1 °C. Three samples of each AR, ST, and ST+P condition of
both alloys were used. After grinding all sides with 1500 grit SiC, the specimens
were ultrasonically cleaned in ethanol and deionized water. During that experiment,
the alloys were removed every 2 days over a 10-days’ period, ultrasonically cleaned
in deionized water for 5 min, dried weighed and then placed in a freshly prepared
solution for the next 2 days. The weight losses were calculated from the initial weight
wi and the on-going dried weight value wo using the Eq. 1:

Weight loss(%) � wi − wo

wi
· 100 (1)

3 Results and Discussions

The secondary electron image of the AR Ti-54 alloy obtained in form of plate dis-
plays thermo-mechanically treated bi-phase coarse lamellar (basket wave) structure
(Fig. 1a) as opposed to the more equiaxed α and intercrystalline β within the AR Ti-
64 microstructure (Fig. 1b). For ensuring the straightening, both alloys were quickly
cooled down in water (solution treated (ST)) from temperatures high in the α + β

phase area but below the β-phase transformation temperature. The hardness values
obtained are shown in Table 2. Consequently, in ST condition both Ti-54 and Ti-64
alloys contain elongated (Fig. 1c) or equiaxed (Fig. 1d) primary α and acicular α′-
martensite formed by the diffusionless β → α′ transformation. The martensite laths
are thin, long and orthogonally orientated. The precipitation treatment produces fine
Ti3Al intermetallic compounds and disperse β-phases acting as age-hardening parti-
cles that are not clearly seen in Fig. 1e, f but proved by the measured slight increase
in the hardness values.
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Fig. 1 Secondary SEM images of the microstructure of a AR Ti-54; b AR Ti-64 (α phase in dark
gray and β phase in white); c ST Ti-54; d ST Ti-64; e ST+P Ti-54; f ST+P Ti-64 samples. The
samples were etched with Kroll’s reagent

The potentiodynamic polarization curves (PDCs) in Ringer solution (RS) for each
alloy in AR, ST and ST+P condition are shown in Fig. 2. The last EOC values of the
30 min test are plotted in Table 3. All OC potentials’ plots (not shown) display an
increase in the potentials towards the more positive values for all samples regardless
of whether the samples have been initially immersed or not. This effect could be
explained by the spontaneous passivation during the stay in the solutions.
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Table 3 The electrochemical parameters of the alloys in different solutions and immersion times

Sample Solution Time of
immersion

Ecorr,
mVAg/AgCl

Icorr, μA/cm2 EOC, (mV)
versus
Ag/AgCl

AR Ti54 RS 30 min −183.37 0.066 −113

AR Ti64 −259.55 0.059 −182

ST Ti54 −156.89 0.122 −139

ST Ti64 −81.02 0.140 −119

ST+P Ti54 −51.58 0.078 −118

ST+P Ti64 −61.08 0.144 −144

AR Ti54 RS 30 days −35.49 0.104 −157

AR Ti64 −41.35 0.116 −155

ST Ti54 −28.64 0.108 −147

ST Ti64 −32.19 0.129 −157

ST+P Ti54 −49.86 0.114 −153

ST+P Ti64 −45.74 0.130 −147

AR Ti54 PBS 30 min −11.26 0.047 −110

AR Ti64 −43.28 0.124 −125

ST Ti54 −58.33 0.135 −109

ST Ti64 −88.27 0.102 −138

ST+P Ti54 −98.87 0.091 −111

ST+P Ti64 −93.94 0.090 −204

AR Ti54 PBS 30 days −60.82 0.083 −139

AR Ti64 −85.95 0.101 −195

ST Ti54 −41.65 0.103 −145

ST Ti64 −67.37 0.104 −159

ST+P Ti54 −50.58 0.090 −144

ST+P Ti64 −70.10 0.126 −145

AR Ti54 PBS and H2O2 30 days −37.71 0.088 −141

AR Ti64 −56.23 0.114 −156

ST Ti54 −40.54 0.22 −132

ST Ti64 −79.92 0.13 −141

ST+P Ti54 −10.50 0.13 −139

ST+P Ti64 −40.57 0.11 −143

The anodic polarization behavior of the alloys in RS shows no breakdown poten-
tials for most of the 30 min soaked samples except for the ST Ti-54 where this
potential reaches a value of 0.27 V versus Ag/AgCl (Fig. 2a). The heat-treated sam-
ples of both alloys show nobler corrosion potentials after the short term immersion in
RS. These results comply with those reported in [11, 14, 15]. The phenomenon could
be explained by the higher localized breakdowns of the oxide layer of theAR samples
because of micro-galvanic cells formation at α/β interface. According to Hack [16]
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Fig. 2 Potentiodynamic polarization curves in RS after 30 min (a) and 30 days (b) of immersion
at 37 °C for the AR, ST, ST+P conditions of Ti-54 and Ti-64 alloys
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the strength of the galvanic coupling that exists between α and β phase, is mainly
determined by the composition of the constituent phase and the effective interphase
area between them. The spectroscopic characterizations of the oxides formed on the
surface of a Ti-64 alloy [17] show that the oxide films consist predominantly of
TiO2 and small amounts of Ti2O3, Al (in form of Al2O3) and V oxides (in form of
V2O5, VO2, V2O3 or VOx (readily soluble in water)) with lower surface amounts.
Milosev et al. [18] reported that in the presence of Cl− ions, the V (IV) oxides form
soluble complexes with chlorides containing vanadyl ions (VO2+). The same authors
commented also that the presence of V is related to high cation vacancy diffusivity
across the oxide layer which effect according to Macdonald [19] plays a central role
in susceptibility to pitting. These V-rich oxides are formed over the β-phase of the
AR structures that could destroy the passivity by proving conduction channels in the
alloy. It is obvious that the bi-modal structure of the AR Ti-64 alloy with higher V
and Al content is less stable in the solution when soaked for 30 min as compared
to the AR Ti-54 alloy. However, the corrosion current densities of both AR alloys
show lower values than those of the heat-treated samples (Table 3). In contrast, the
unstable α’ microstructure has an increased number of surface defects but forms a
more stable layer due to the uniform distribution of the alloying elements. The uni-
form distribution of the alloying elements suggests a more homogeneous oxide layer
formation resulting from the finer structure which promotes better passivation and
barrier protection along the interphase regions and phase boundaries. Additionally,
the post heat treatment retains the laths structure but reduces surface defects.

In general, after 30 days of immersion, the shift of the anodic curve toward lower
current densities up to about 0.2 V versus Ag/AgCl as compared to the 30 min
soaked specimens evidences the more protective oxide film formed on the surface as
it grows (Fig. 2 B). The nobleness of the Ecorr potentials observed after a longer stay
in the RS indicates better corrosion resistance for the soaked samples. The potentio-
dynamic polarization results indicate nearly identical behavior for all samples with
well-defined passive-like regions with slowly increasing current densities. Critical
potentials were observed after 0.28, 0.33 and 0.39 V versus Ag/AgCl for the ST+P
Ti-64, ST Ti-64 and AR Ti-54 samples, respectively, indicating the formation of
stable pits on their surfaces. That breakdown potential depends on the stability of the
passive film. It follows that the oxide layers on the heat-treated Ti-64 samples and
ARTi-54 alloy have a high tendency of dissolution with pit formation. The estimated
Ecorr and Icorr values are given in Table 3. The measured low values (<1 μA/cm2) of
the Icorr are typical for the passive metals and are also determine by other authors [20,
21]. Considering the expected Ecorr scattering during the potentiodynamic test, one
could conclude that after the 30 days of immersion in RS all specimens show similar
corrosion potentials of around −28 ÷ −50 mV versus Ag/AgCl. The similar values
of the cathodic current densities of all samples after 30 days of immersion suggest
that the slight differences in the alloying elements content and microstructure do not
influence the cathodic reactions.

To characterize the re-passivation behavior of theTi alloys the local breakdowns of
the surface oxide layers were examined and shown in Fig. 3. The pit on the surface of
the 30 min soaked ST Ti-54 alloy (Fig. 3a) displays that Ti, Al, and V were dissolved



48 M. P. Nikolova and E. H. Yankov

Fig. 3 Micrograph of the pit on the surface and corresponding element mapping of a ST Ti54 after
30 min immersion in RS; b ST Ti64 after 30 days of immersion in RS at 37 °C and potentiodynamic
tests

from the surface after the breakdown potential while chlorides and oxygen actively
incorporate in the corroded place. Calcium was almost homogeneously distributed
on the surface after the test. A smaller pit with less dissolved Ti, Al atoms and V but
highly oxidized was seen on the surface of the ST Ti-64 sample tested after 30 days
of immersion in RS at 37 °C (Fig. 3b). Metikos-Hukovic et al. [17] noticed that
the adsorption of Cl− to the surface oxygen vacancies enhances the flux of cation
vacancies from the oxide/electrolyte towards the metal oxide interface where they
annihilate. If the annihilation reaction does not consume the cation vacancies at the
metal/oxide film interface, these excess vacancies coalesce and when the condensate
formed reaches a critical size, localized breakdown occurs.

After the short time immersion in PBS solution (Fig. 4a) all samples show re-
passivation at potentials from 0 up to 0.5 V versus Ag/AgCl. The passive current
densities vary between 6.2× 10−6 – 1.2× 10−5 A/cm−2 except for the ST Ti64 alloy
that shows higher values. After the longer stay in PBS (Fig. 4b) the variation in the
Ecorr values decreases and the process of passivation at the beginning shifts towards
lower values (1.1 × 10−6 – 2.16 × 10−6 A/cm−2). Subsequently, the protective
properties of the formed oxides are worse following a monotonous increase of the
current density with the increase of the potential. The increase in the passivation
current density could be related to the presence of more vacancies and increased
diffusivity of oxygen.
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Fig. 4 Potentiodynamic polarization curves in PBS after 30 min (a) and 30 days (b) of immersion
at 37 °C for the AR, ST, ST+P conditions of Ti-54 and Ti-64 alloys

The precipitation of insoluble products on the nucleating pits could explain the
hindered cathodic reaction and low values of the anodic current density of the AR
Ti54 alloy immersed for 30min in PBS. A change in themechanism or kinetics of the
oxygen reduction reaction could, therefore, occur in the PBS solution when soaking
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Fig. 5 Micrograph of the pits on the surface of AR Ti54 alloy and corresponding element mapping
after a 30 min and b 30 days of immersion in PBS at 37 °C and potentiodynamic tests

certain samples for shorter immersion times. The X-ray map of the corroded area
indicates that these products have phosphate nature (Fig. 5a) mainly containing Ti
and some additional Na, K, and Ca ions. The salt film formed on the pit surface limits
the pit growth rate by a mass transport out of the working electrode [22]. For that
reason, the pit looks hemispherical with polished surfaces. In that case, the healing
of the breakdown is not inhibited by the chloride ions because the salt film forms at
the pit surface at the very early stages of pit growth as suggested by Frankel [22].

After 30 days of immersion, the results from the elements mapping in the pits and
the matrix (Fig. 5b) indicate that while the Ti and Al are decreasing, the oxygen and
chloride concentrations are increasing within the pit. Hang et al. [23] suggested that
in PBS solution hydrolysis could occur:

Ti4+ + 4H2O → Ti(OH)4 + 4H+

The hydrogen produced could lower the pH near the reaction sides, increasing
the solubility of the oxide. Additionally, the Cl− attacks the positively charged ions
at the reaction sides and accelerates the dissolution of the oxide. The SEM images
demonstrate much smaller pit formation on the surface of the AR Ti54 alloy after
30min of immersion in PBS as opposed to that on the surface of the 30 days immersed
sample. That effect can be correlated with the PDCs’ character shown in Fig. 4. The
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very similar behavior of all samples soaked in PBS for 30 days suggests higher
unification of the corrosion potentials varying from about −40 ÷ −80 mV versus
Ag/AgCl for all samples.

It is obvious that the concentration of Cl− ions and pH of the solution have a
significant influence on the stability of the oxide films and the tendency for pits’
formation—higher in RS than in PBS. The rupture of the oxide film could occur as
a result of the formation of titanium chloride metal-oxide interface as well as the
higher ionic radius of Na, Ca, K cations in the solution as compared to those of the
Ti ions leading to vacancy condensate formation [24]. Not only the lower Al and V
content, but also the presence of a slightly higher amount of Nb and Mo in the two-
phase Ti-54 alloy could improve the stability of the passive film at lower potentials.
The alloying additions such as Mo and Nb could reduce the active anodic dissolution
rates of the Ti-54 alloy by enhancing atomic bond strength among Ti-Nb-Mo [2]. In
contrast, Hack [16] found out that if Al3+ substitutes some Ti4+ ions in TiO2, more
anion vacancies will be formed in the passive film which increases the diffusivity
of oxygen. The vacancy deficit may result in a reduction of the passivation current
density [25], which effect is observed for most of the Ti-54 samples as opposed to
the Ti-64 specimens in both RS and PBS. However, the higher Al and V content in
the Ti-64 alloy has a positive influence on the resistance to pitting corrosion at higher
potentials for the AR sample.

The TiO2–H2O2 interaction has been widely studied in the literature [26]. The
H2O2 is known to be strong oxidant modifying the surfaces of the Ti alloys. The
H2O2 concentration measured in the extracellular environment is in the μM range
but in certain micro-environment created by immune cells and microbial biofilms the
concentration could rise up tomM [27] together with acidification of the environment
during inflammation process. The H2O2 forms Ti-H2O2 complexes with the Ti alloys
which process increases the corrosion of the latter because of the formation of thicker
but more porous oxide films [28]. As seen in Fig. 6, the addition of H2O2 to the PBS
solution and its acidification for 14-days period is associated with resultant higher
anodic reaction rate. The large increase in the anodic current densities occurs because
the oxide could not balance the potential difference across the film. The increased
rate of the anodic reaction due to the presence of H2O2 was observed also by [8,
29]. This fact the authors attribute to higher ion release and dissolution. Another
explanation could be the reaction of OH− with the oxide leading to the formation of
hydroxide layer at lower pH with porous structure [30].

The surface micrograph of the ST+P Ti-54 sample indicates some cracks located
close to the pit boundary aswell as seen in the detailedmicrostructure from the central
area of the pit (Fig. 7). The crack morphology of the corroded surface, as along with
the higher oxygen concentration all over the surface, confirm the formation of a
thicker corrosion oxide layer. The elements that decrease their concentration in the
pit are Ti and Al, while V concentration is much lowered down to 1.82 ± 1.2 wt% in
the pit and 1.95± 1.3wt% on the surface (Fig. 7). Similar observations were reported
by Yu et al. [31] and Shukla et al. [32] claiming that H2O2 preferentially attacks the
β-phase of the Ti-64 alloy. According to Ferraris et al. [33], the passive film of Ti-64
alloy contains a significant amount of Al2O3 above the α-phase, whereas the passive
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Fig. 6 Potentiodynamic polarization curves in PBS and H2O2 after 30 days of immersion at 37 °C
for the AR, ST, ST+P conditions of Ti-54 and Ti-64 alloys

Fig. 7 Backscattered SEM image and corresponding element mapping of the corroded ST+P Ti54
alloy after 14 days of immersion in PBS and H2O2 with pH 5 and 16 days in PBS solution at 37 °C
and potentiodynamic tests

film on the β-phase consists of almost pure TiO2 with which the H2O2 forms Ti
complexes.

According to the results from the potentiodynamic polarisation measurements in
both solutions, it could be determined that without the presence of H2O2 as the pH
increase from 5.7 to 7.4 together with a decrease in Cl− concentration, the potential
dependent passivation of both Ti-54 and Ti-64 alloys decrease. Similar observations
were reported by Khan et al. [34]. The authors explain that fact with the higher
release of metal ions in the solution. As the corrosion potentials indicate the stability
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Table 4 The elements concentration on the surface of the alloys after the test in 5 M HCl

Element Ti 54 alloy Ti 64 alloy

AR ST ST+P AR ST ST+P

Ti 91.17 ±
0.11

89.59 ±
0.68

90.97 ±
0.29

91.23 ±
0.09

87.98 ±
3.86

90.5 ± 0.72

Al 5.18 ± 0.05 5.05 ± 0.12 5.16 ± 0.36 5.65 ± 0.04 5.29 ± 0.44 5.48 ± 0.52

V 2.72 ± 0.08 2.56 ± 0.28 2.89 ± 0.15 2.83 ± 0.01 2.61 ± 0.32 2.86 ± 0.1

O 0.36 ± 0.01 2.58 ± 0.25 0.56 ± 0.32 0.12 ± 0.06 3.97 ± 4.35 0.997 ±
1.24

of the surface in the particular conditions, their more positive values as compared
to the EOC for almost all samples indicate a tendency of slow corrosion processes
(Table 3). The ST Ti-64 sample immersed for 30 min in RS has the highest Icorr
values, while the AR Ti-54 soaked in PBS for 30 min shows the lowest Icorr values.
Since the corrosion current density is proportional to the corrosion rate of the system,
the results suggest that ST Ti-64 immersed for 30 min in RS has a higher tendency
of corrosion reaction.

The average measurements of the tested samples in 5 M HCl at 37 °C for each
testing time (10-days’ period) are presented in Fig. 8. For both alloys, the weight
losses were almost linear suggesting that the corrosion rate was merely constant
in time. The calculated average corrosion rate for the whole time period is 111.1,
131.08 and 124.12 mpy for the AR, ST and ST+P Ti-54 samples, respectively and
135.9, 137.9 and 146.67 mpy for the AR, ST and ST+P Ti-64 samples, respectively.
Comparable results for the corrosion rate of the Ti-64 in 5 M HCl alloy at 37 °C
were reported by Atapour et al. [3]. The similar slopes after approximately 8-days’
period of exposure of the ST and ST+P Ti-54 and Ti-64 samples indicate a similar
corrosion kinetic behavior.

Elmer et al. [35] reported that in equilibrium state the α in Ti64 alloy contains
91.2 wt% Ti and 6.73% Al, while β-phase contains 80.7% Ti and 2.92% Al. From a
microstructural point of view, after the fast cooling of the ST samples, the amount of
α-phase significantly decreases and the concentration of Al in the remaining phases
drastically increases while that of the V, Nb, etc. in α′-martensite is increased. Al
and V atoms are trapped in the martensite structure because of the fast cooling of the
ST materials. In 5 M HCl where the concentration of Cl− ions is extremely high, the
high concentration of defects above the α- and α′-phase and the depletion in α-phase
grains lead to a decreased stability of TiO2 in the acid. The ST structure of both
alloys (Fig. 9c, d) is more prone to metal ion release (especially Al and V) in the 5 M
HCl (Table 4) and more highly oxidized.

During the precipitation treatment, α′ is depleted in β-stabilizing element (V)
and enriched in α-stabilizing elements (Al). The precipitation process allows the
transformation of α′-martensite to α′ + Ti3Al precipitates and the increase in β-phase
content. The appearance of Ti3Al due to partitioning could explain a local decrease in
Ti concentration in themicrostructure or enrichment inV content. The agglomeration
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Fig. 8 Weight losses in time on exposure in 5 M HCl at 37 °C of Ti-54 (a) and Ti-64 (b) alloy in
different conditions: AR, ST and ST+P

of the phases leads to reducing the α/β interface area and the sides of corrosion
decrease. The increased β-phase percentage reduced α/β interface and coarsening of
α laths (Fig. 9e, f) reduce the corrosion dissolution of the Al and V in the 5 M HCl
solution. It was also reported by Yu et al. [36] that the V rich phases are less prone
to corrosion reaction as compared to α-phases. The temperature of precipitation and
alloy composition will determine the extent to which the aforementioned processes
has taken place. Despite the higher corrosion rate of the ST+P Ti-64 alloy, the ion
release from its surface is comparable to that of the ST+P Ti-54 but showing a
slightly higher oxygen content (Table 4). A comparable high content of Ti, Al, and
V is determined on the surface of both AR Ti-54 and Ti-64 alloys on the account
of low oxygen concentration and low weight losses as opposed to the heat-treated
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Fig. 9 SEMmicrographs of the corroded surface in 5 M HCl at 37 °C of: a AR Ti-54; bAR Ti-64;
c ST Ti-54; d ST Ti-64; e ST+P Ti-54; f ST+P Ti-64 samples
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samples of the same alloys. However, the weight losses are the lowest for the AR
Ti54 alloys in 5 M HCl at 37 °C.

4 Conclusions

The corrosion behavior of two biomedical alloys in different conditions was investi-
gated in Ringer, PBS, PBS andH2O2 and 5MHCl solution at 37 °C for different time
periods. From the particular study is evident that not only the chemical composition,
but also the fabrication method and heat treatment could influence the surface film
formation, density, chemistry, stability or even oxide structure.

The lamellar structure of the Ti-54 alloy gives rise to a better corrosion resistance
in the tested solution as compared to that of the Ti64 alloy with equiaxed grains but is
more prone to pits formation at higher potentials. The comparison among the PDCs
of the examined as-received and heat-treated samples reveals that the long-term stay
in PBS with pH 7.4 causes slightly worse corrosion resistance than that in RS with
pH 5.7 where, however, more samples become prone to pitting corrosion when the
potential is increased to a higher value. The long-term stay in the PBS with H2O2 has
a negative effect on the re-passivation behavior of both alloys. The heat treatment
deteriorates the corrosion resistance of the alloys in 5 M HCl solution. The average
corrosion rate during the 10 days of exposure in the acid solution shows the lowest
values for the AR Ti-54 sample and the highest—for the ST and ST+P Ti-64 alloy.
The finer grained, thermodynamically unstable and more homogeneous structures
of the ST and ST+P samples indicate increased dissolution kinetic in 5 M HCl as
opposed to the AR samples of the same alloy.

This research highlights the need for examination not only of the time-dependent
influence of the chemical composition of the implant alloys, but also that of the
microstructural differences on the stability of the material, since there is a clear
change in the corrosion behavior of the examined samples.
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Abstract In sand casting of metallic alloys, the cooling rate is a key parameter that
affects the microstructure and the appearance of defects and residual stresses in the
end cast components. In this work, a numerical model was developed to simulate the
cooling of a duplex stainless steel casting on a furan-bonded sand mold. The heat
transfer coefficient (HTC) as a function of temperature was determined by an inverse
method. A good agreement between experimental and numerical cooling curves was
achieved, showing the importance of estimating HTC as a function of temperature.
On the basis of these results, it is possible to calculate thermal residual stresses and
model the microstructure of duplex stainless steel castings with complex geometries.
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1 Introduction

During sand casting of metallic alloys, the cooling rate is a key parameter that affects
the microstructure and the occurrence of defects (hot tears, shrinkage, porosity) and
residual stresses in the final cast components. In the particular case of high alloy
duplex stainless steels, the cooling fromhigh temperatures promotes the precipitation
of brittle intermetallic secondary phases. This problem becomes worse when the
cast components have a complex geometry. In those cases, thermal cycles can vary
significantly from point to point in the cast parts, inducing non-uniform precipitation,
which in turn influences the fatigue behavior, fracture strength, and even the corrosion
resistance of the component [1]. In extreme situations, residual stresses can result in
distortions or even cracking, affecting the quality of near net shape cast components.
In this context, the role of numerical simulation as a tool to predict the thermal
residual stress distribution is very important, since time and costs can be reduced.
However, to obtain meaningful simulations, it is absolutely necessary to employ
accurate and reliable cooling curves [2]. In this respect, the knowledge of the heat
transfer coefficient (HTC) as a function of temperature is essential, but such data is
not easily obtained from the literature. Some authors [3–5] have reported HTC as a
function of time in a particular setup, but this is not easily applicable to a different
set of conditions. On the other hand, the HTC values are not easily determined by
direct measurements. In fact, the experimental determination of the HTC is affected
by several factors such as the component geometry, the formation of an air gap at
the metal/mold interface, surface roughness, contact pressure and composition of
both the metal and mold materials [4, 6]. The inverse heat transfer approach has
been used before for the description of boundary conditions in thermal processing
of metal alloys [7–10], thus it can be considered a valuable tool in the determination
of the HTC.

In this work, an inverse methodology for the estimation of the heat transfer coef-
ficient in the casting process is presented. The proposed approach consists first of
generating a numerical model by finite elementmethod. The twomajor inputs for this
procedure are the geometry of the cast component and the thermal properties of the
materials (duplex stainless steel and furan-bonded sand), which are known parame-
ters. In this procedure, the temperature-dependentHTC is considered unknown, being
adjusted in such a way so as to adequately simulate the temperature distribution in
the cast component. For that purpose, in a second step, the simulation-generated
data is compared with cooling curves obtained from experiment, in an iterative pro-
cess where the HTC function is modified until a good fit between the numerical and
experimental cooling curves is obtained.
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2 Experimental Procedure

The casting material studied is a 25Cr-7Mo-Ni-N super duplex stainless steel cast
in furan-bounded sand molds. The chemical composition of the alloy melted by
induction is given in Table 1.

The heat transfer is strongly dependent on the alloy properties, specifically den-
sity, specific heat and thermal conductivity. Thus, the numerical analysis took into
account the thermophysical properties of the duplex stainless steel obtained from the
JMatProTM software (Sente Software Ltd., Surrey, United Kingdom). Furthermore,
the same properties of the furan-bonded sand were obtained by using the MPDBTM

software (JAHM Software, Inc, North Reading, USA). All these properties were
obtained as a function of temperature and are shown on Fig. 1.

Table 1 Chemical composition of the 25Cr-7Mo-Ni-N (wt%)

C Si Mn Ni Mo Cr Cu W N

0.02 0.7 0.7 7.9 3.8 25.3 0.9 0.7 0.2

Fig. 1 Thermophysical properties of the 25Cr-7Mo-Ni-N steel and furan-bonded sand (red: duplex
stainless steel, blue: furan-bonded sand)
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Fig. 2 C-ring specimen (dimensions in mm)

3 Methods

a. Experimental cooling curves

The inverse analysis model was based on experimental cooling curves, which were
applied to calibrate the numerical model. For this purpose, an experimental set up
was built using a C-ring specimen as illustrated in Fig. 2. This geometry provides
different cooling rates along the thickness gradient, thus simulating the real casting
conditions of a complex component with a variable cross-section.

The holes for inserting thermocouples were drilled on specific positions of the
furan-bonded sand molds. The C-ring temperature was measured for 6400 s with a
frequency of 1.1 Hz, using R-type thermocouples on the thin and thick sections (see
Fig. 3).

b. Numerical Model

The numerical model was generated in AbaqusTM/CAE (Dassault Systèmes, Vélizy-
Villacoublay, France),which consisted of two assembled parts: a parallelepiped block
with a cavity inside, representing themold and the designed C-ring. Themeshes were
built from 4-node linear heat transfer tetrahedrons (DC3D4). The mold has 18052
elements, while the C-ring has 30316 elements. The meshes for both parts are shown
on Fig. 4.

The initial condition for the thermal problem is the initial temperature for both
C-ring and mold parts. Therefore, on C-ring it was two zones, with respect to the
maximum values of temperatures observed in the thick and thin cross-sections: 1462
and 1106 ºC, were considered. For the mold part, the initial temperature was set to
25 ºC. Another necessary input was the initial estimate of HTC for duplex stainless
steel and furan-bonded sand, which was obtained from the literature [11]. The time
increments were controlled by the specification of the maximum allowable temper-
ature variation of 10 ºC for the heat transfer analysis. The inverse analysis is based
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Fig. 3 Position of thermocouples on C-ring specimen (dimensions in mm)

on the minimization of the difference between experimental and numerical cooling
curves. Those curves were compared and, each time, if the agreement between the
curves was not satisfactory, the parameters HTC for the thin and thick C-ring sections
were modified. The cycle stops when the convergence among curves is verified. This
inverse analysis is able to estimate the mold/metal interfacial HTC as a function of
temperature and consequently to solve the thermal problem adequately.

4 Results and Discussion

c. Experimental cooling curves

The cooling curves of the C-rings starting from the pouring are shown in Fig. 5.
The maximum temperatures measured were 1462 and 1106 ºC, for the thick and
thin sections respectively. These values are below the peak temperature (1630 ºC),
which can be explained by the heating inertia of the thermocouples, due to the outer
ceramic sheath that embeds the hot junction. Practically, the thermocouple response
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Fig. 4 Finite elementmesh for furanmold andC-ring. For computational cost saving, half ofmodel
was considered

time is inadequate in the initial period of the casting. In our work, the time needed
to reach the maximum temperature was 150 s, after the start of the pouring, for both
sections.

Regarding the cooling curves of thick section (Fig. 5a), the agreement between
the twomeasured curves is generally good, however, the second measurement shows
a slight deviation on the first 300 s. This may be a consequence of an uneven dis-
placement of the thermocouple caused by the liquid metal entering the mold cavity.
Concerning the thin section (Fig. 5b), there is a small deviation of the cooling curves
between the two cases, which we attribute to a small variation of the thermocouple
position between experiments. Since the thin section is narrow compared to the ther-
mocouple diameter, any slight variation on its position could result in a measured
difference. Still, it can be concluded that there is a reasonable agreement between
the results.

d. Numerical Model

As described in the “Methods” section, theHTC is estimated using an inverse analysis
approach, on a model where the applied initial temperatures were the maximum
temperatures measured for each section. For that purpose, the inverse analysis started
with a direct heat transfer analysis, in which the HTC values for a similar system
(a duplex stainless steel with a different geometry cast in a silica sand mold), were
considered [11].
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Fig. 5 Cooling curves for
the two measurements: a
thick section and b thin
section

The results of considering those HTC functions as initial guesses are shown in
Fig. 6, which underlines the differences between experimental and numerical curves.
The direct approach using generic values available in the literature cannot be applied
to solve a specific problem, particularly involving complex shapes. In this case, the
numerical cooling curves display a faster cooling rate, than the measured curves.
This difference could lead to errors regarding the calculation of residual stress dis-
tribution. For example, Kang et al. [12], discussed how faster and uniform cooling
rates result on a decrease of residual stresses and solve the deformation issues during
cooling of larger casting components. So, if the thermal model is inaccurate, the
design engineers cannot properly solve the residual stresses problem and improve
the castings quality.

Another issue is related with prediction of phase transformations, which is deter-
mined by the cooling rate. If this parameter varies along the casting thickness, the
eventual formation of secondary phases is a function of geometry. If an incorrect
thermal model is considered, the formation of secondary phases cannot be accu-
rately predicted. In the literature there is research, which describes the formation
of brittle intermetallic secondary phases in a duplex stainless steel, at temperatures
ranging between 700 and 1000 ºC [13, 14]. Hence, it is particularly important to
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Fig. 6 Experimental (red)
and numerical (blue) cooling
curves, using HTC from the
literature: a thick section and
b thin section

obtain accurate thermal results in that temperature range. However, to the authors
best knowledge, it is not available in the literature a description of the HTC functions
for the duplex stainless steel and furan-bonded sand system. The available work on
the subject usually considers simple geometries, as plates [15, 16] and bars or cylin-
ders [3, 11, 17]. For this reason, an inverse methodology is proposed, to determine
the HTC function for this particular casting system, comprising the C-ring shape.

The inverse methodology allowed us to obtain a good correlation between numer-
ical and experimental results, as shown on Fig. 7. The numerical results for the thick
section (Fig. 7a) are very close to the experimental cooling curves, for the considered
dwelling time. As for the thin section (Fig. 7b), the numerical result matches the real
cooling curve, until the temperature of 680 ºC is reached. For lower temperatures
there is a slight deviation between the curves. However, in general, the agreement
between the thermal model and expected behavior for the casting process is good.
From a metallurgical point of view, the numerical model provides a good prediction
for the formation of secondary phases, since a good correlation between numerical
and experimental results is achieved until 700 ºC.
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Fig. 7 Experimental (red)
and numerical (blue) cooling
curves in the context of the
inverse analysis: a thick
section and b thin section

The results from the thermal model were obtained by the application of separate
HTC functions on the thin and thick sections. Note that each function is affected by
both experimental readings. The consideration of two functions, one for each region,
instead of a single global function for the whole domain was considered adequate,
as it leads to a better match with experimental data. Besides, the heat transfer regime
is expected to be different in each of those sections, due to the geometric factors
previously discussed, so it seems appropriate to have a separate HTC function for
each one of those domains. If thermocouple data is available for more points, more
functions (one for each respective section) can in principle be generated.

The resultingheat transfer coefficient functions, under the experimental conditions
of this work, are shown in Fig. 8.

These results show that the casting geometry and other affected variables, such
as shrinkage, deformation and interface clearance, may influence the heat transfer of
the system that was investigated.
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Fig. 8 HTC as a function of
temperature, for thick (blue)
and thin (red) sections

5 Conclusions

In this work, an inverse analysis methodology has been used to estimate the heat
transfer coefficient as a function of temperature for a duplex stainless steel cast in a
furan-bonded sand. The major conclusions from this work are summarized below:

• The HTC functions cannot be generalized and must be determined for a particular
casting geometry, alloy chemical composition and the composition of the mold
sand mixture. The HTC functions available in the literature are not adequate to
replicate experimental thermal data obtained for casting a complex shape, such as
a C-ring.

• Inverse analysis can be used as a calibration process for a numerical model in
order to determine the HTC for a particular setup. This is particularly critical if
the temperature distribution is the main input for further studies such as residual
stress calculations or the prediction of microstructure.
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Fluid Based Protective Structures

Dawid Pacek

Abstract This paper describes rheological tests, drop tests and bulletproof tests of
materials which are planned to be used as elements of bulletproof vests as well as in
high impact protective equipment. Rheological tests of a homogenous composition
of methyl-, phenyl-, borosiloxane polymers (KM material) performed for variable
values of stress and strain at a fixed frequency of 1 Hz showed that the loss modulus
exceeds the storage modulus throughout the whole tested range of shear stress so
that the energy is more dissipated than stored. In the drop tests, same-mass samples
of three materials, i.e. the KM material, the shear thickening fluid STF1 and the
commercial shear thickening polymer ZB were tested. For a given impact energy
(Ei �35 J) and impact velocity (Vi �1.9 m/s), the ZB material shows the best
protective capability. In the ballistic tests, the samplewith theKMmaterial was tested
with the use of .44 Magnum SJHP (semi-jacketed hollow-point) bullet following
NIJ Standard-0101.04 for IIIA bulletproof class. The results were compared to the
bulletproof tests of the ZBmaterial from previous works. Better protective capability
was achieved in the case of a commercial material. However, the tested KMmaterial
also exhibited the energy dissipation capability. Further work is needed to investigate
the effectiveness of the KM material in a different type of casing.

Keywords Body armor · Rheological test · Drop test · Ballistic test
1 Introduction

Since contemporary weapons are becoming more efficient, body armor needs to be
improved accordingly. If we want to provide protection against increasingly danger-
ous threats, we have to take into consideration that high flexibility and low weight
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are particularly important, and consequently modern armor cannot be simply scaled
by adding more layers of the same material or thickening it. It is necessary to work
towards new solutions by designing new ballistic pads. Thus the concepts of flexible
armor based on fluids are being developed.

So far, themost described has been the idea of using shear thickening fluids (STF).
Results of ballistic tests, knife stab and puncture-resistant performance as well as
numerical simulations were studied by University of Delaware in cooperation with
the U.S. Army Research Laboratory (ARL) [1–6], NASA Johnson Space Center and
the University of Texas [7–9], ARL and the University of Texas [10, 11], University
of Rome [12], Seoul National University [13], University of Science and Technology
of China [14], Military Institute of Armament Technology in Poland [15, 16].

The article [4] presents the results of firing standard fragment simulating projec-
tiles FSP (m�1.1 g) at different variants of armor with STF and—for comparative
purposes—at armor consisting solely of Kevlar® layers. When same-mass samples
were tested, the best protective capability was obtained for impregnated layers. Tak-
ing into consideration that themass and ballistic efficiency of 4 layers of impregnated
Kevlar® were approximately the same as for 10 layers of non-impregnated Kevlar®

as well as that 4-layered Kevlar® impregnated with STF is more flexible (deflection
angle of 51°) that 10-layered non-impregnated Kevlar® (deflection angle of 13°),
it has been concluded in [4] that impregnating Kevlar® with STF can be useful for
improving its protective properties.

The other studies carried out by the University of Delaware and ARL concerned,
for instance, the influence of carrier fluid viscosity as well as size and shape of the
particles [2] in the impregnated Kevlar® layers on its protective properties (ballistic-
penetration resistance). What was also examined was the possibility of applying
softer particles [1] instead of hard silica particles that had been used before.

Experimental studies and numerical analyses focusing on the possibility of using
STF in armor were also conducted by NASA Johnson Space Center and the Univer-
sity of Texas [7–9]. These studies concerned the hypervelocity impact of aluminum
projectiles (2.8–3.2 mm in diameter) on multi-layer aluminum-Kevlar® armor. In
this case, the impregnation of Kevlar® with STF has not improved its protective
properties.

The properties of shear-thickening-fluid Kevlar® were also investigated by ARL
in cooperation with the Department of Mechanical Engineering at the University of
Texas [10, 11]. These studies aimed at developing the so-called soft wall containment
system which would provide protection against fan blade off event in engines. In
comparison to the previous experimental studies, projectiles used in this research
were larger:

1. a steel disk with a diameter of 38.1 mm, height of 6.35 mm and mass of 56.7 g;
2. an aluminum cylinder with a diameter of 12.7 mm, height of 25.4 mm and mass

of 8.69 g.

Samples consisting of 1–24 layers of STF-impregnated or neat Kevlar® were
tested for two different boundary conditions:
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1. all edges of the material fixed;
2. 2 edges of the material fixed, 2 edges free.

Three series of tests were carried out:

1. with projectile no. 1 and boundary condition no. 1;
2. with projectile no. 2 and boundary condition no. 1;
3. with projectile no. 2 and boundary condition no. 2.

When comparing same-mass samples of neat Kevlar® with shear-thickening-fluid
Kevlar®, the following results have been obtained for the latter [11]:

1. in the first and second series of tests—decrease of protective capabilities;
2. in the third series, where samples were fixed along two edges—similar protective

capabilities.

On the basis of the third series of tests, it can be concluded that adding STF to
the material improves its protective capabilities owing to the fact that the absorption
of projectile impact energy is largely influenced by friction between warp and weft
of the material—although insufficient due to the mass increase.

In research described in paper [15], the ballistic resistance of armor samples to
perforation by .44MagnumSJHP (semi-jacketed hollow-point) bullet was examined.
The testswere carried out followingNIJ Standard-0101.04 [17] requirements for IIIA
bulletproof class. Among all shear-thickening-fluid armor variants, the best energy
absorption and the lowest backface signature with respect to the mass of a sample
were achieved for the armor with the anti-trauma pad consisting of a foam produced
with the addition of the STF1 (areal density Ad �4.98 kg/m2; average backface
signature for impact angle of 0° from the surface normal—BFSav �38.8 mm).

The capability to dampen the impact energy of high strain rates is also exhibited
by a homogenous composition of methyl-, phenyl-, borosiloxane polymers with
the addition of fillers and lubricating mediums—i.e. KM material which is used
in railway dampers [15, 16]. The presented study aimed at comparing protective
properties of this kind of material and shear thickening fluids.

2 Rheological Behavior of KMMaterial

Rheological tests were performed with a rotational rheometer operating in the stress-
controlled mode. In plate-plate configuration (plate diameter − ϕ�20 mm) in
dynamic mode (oscillatory test for variable values of stress and strain at a fixed
frequency of 1 Hz), storage modulus G′, loss modulus G′′ and complex modulus
G* were determined. This kind of test defines what properties (elastic or viscous)
are predominant in the material for given loads. In the case of the KM material,
the loss modulus exceeds the storage modulus throughout the whole tested range of
shear stress (Fig. 1). Consequently, the viscous properties, characteristic of fluids,
are predominant in this material. After initial fluctuations, from the complex stress
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Fig. 1 Dynamic test results for KM material

of approximately 45 Pa the ratio of loss modulus to storage modulus (loss factor)
remains stable and falls within the following range: tan(δ)∈<2.9, 3.2>. As shown
on the graph, when the stress exceeds 600 Pa, for which the complex modulus is
152 kPa, a drop of G*(τ�125 kPa)�102 kPa can be observed until the limit value
of stress is reached. It means that in this range the complex strain grows quicker than
complex stress, which in turn indicates that the material is weakened.

3 Drop Tests

After investigating rheological properties of the KM material, samples (4.5 kg/m2)
with this material and two kinds of STF—one produced in Warsaw University of
Technology (Poland) marked as STF1 and a commercial product (USA) marked as
ZB—were examined in the drop tests with a free fall shock machine (Fig. 2a, b). The
20 kg carriage with accelerometer (Fig. 2d) was dropped onto samples placed on the
pulse-shaping device (Fig. 2c). The height was adjusted to obtain the right amount
of impact energy Ei �35 J (impact velocity Vi �1.9 m/s). Carriage acceleration
curves obtained for all materials and without a sample are presented in Fig. 3.

When impact on the base was tested for an uncovered sample, the average max-
imum acceleration was 921 g. Adding a sample with the KM material reduced the
value by 74%. For STF1, a similar result was obtained. The smallest maximal accel-
eration of 80 g (mean of three drops) was obtained for the ZBmaterial. In comparison
to the test without a sample and with the KMmaterial, the values were lower by 91%
and 67% respectively.
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Fig. 2 Drop tests: a free fall shock machine, b exemplary sample, c pulse shaping device, d
accelerometer

Fig. 3 Carriage acceleration curves

For a given energy and impact speed, the commercial product marked as ZB
proves most useful as a protective element. In further research, the free fall shock
machinewill be used to compare protective capabilities ofmaterials for higher impact
velocities.
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4 Ballistic Testing of Anti-trauma Pads

In order to test the utility of theKMmaterial in comparison to the ZB shear thickening
polymer, an anti-trauma pad was formed with the KM material placed in the cover
of the commercially available interlayer (ZB-7® ballistic pad) with the ZB material
(Fig. 4). The commercial pad will be labeled as X. The polymer was removed from
the cells of the interlayer X and then replaced in each cell with a same-mass sample
of KM material. The interlayers were prepared to allow the removal of the polymer.
The created incisions were glued after the addition of KM. A sample with this pad
(which we now refer to as X′) was constructed analogously to the sample previously
tested with the original interlayer X (the same number and layering) [17].

A 400×400mm sample was tested with the use of .44 SJHP (semi-jacket hollow-
point) bullet following NIJ Standard-0101.04 for IIIA bulletproof class considering
the boundary conditions, shot locations, bullet velocity (436±9 m/s) and impact
angles (0° and 30° from the surface normal). Table 1 and Fig. 5 show the results of
the ballistic tests of X′. For comparative purposes, Table 1 also shows the previous
results of anti-trauma X interlayer firing. Detailed results from X are described in
[17].

For the KM interlayer, the average deflection of a backing material (oil base
modeling clay) was 23% higher than of the original interlayer and in two cases the
backface signature exceeded the permissible value of NIJ 0101.04. This may be due
to the lower energy absorption capacity of the KM compared to the ZB polymer, but
also because the insert casing and the cell size were matched to a ZB polymer with
a density 58% lower than KM.

Fig. 4 Filling the interlayer with KM material: a original interlayer ZB-7® filled with the ZB
polymer; b the interlayer with partially removed polymer, c X interlayer filled with KM material
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Table 1 Results of ballistic tests of samples with X and X′ interlayers
Sample construction Areal density,

mp (kg/m2)
Impact spot
(1angle)

Impact
velocity,
Vi (m/s)

Backface
signature, BFS
(mm)

19 l. Dyneema®

SB71/X′ �casing of
X+KM/
2 l. Dyneema® SB71

6.1 1 (0°) 451 56 41.3

2 (0°) 437 41

3 (0°) 447 42

4 (30°) 433 30

5 (30°) 446 30

6 (0°) 443 49

19 l. Dyneema®

SB71/X/
2 l. Dyneema® SB71

6.1 1 (0°) 445 38 33.7

2 (0°) 440 34

3 (0°) 440 33

4 (30°) 439 28

5 (30°) 446 28

6 (0°) 444 41

Fig. 5 Base and sample with X cover filled with KM material after firing a sample; b base, c
interlayer X′ (filled with KM)

5 Conclusions

On the basis of carried out tests the following conclusions have been drawn:

1. In the case of the KM material, the loss modulus exceeds the storage modulus
throughout the whole tested range of shear stress (tan(δ)<2.9, 3.2>)—energy is
dissipated to a greater extent than stored.
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2. In the case of the drop tests withEi �35 J andVi �1.9m/s (same-mass samples),
the smallest carriage peak acceleration is exhibited by the ZB material.

3. Replacing theZBmaterialwith theKMmaterial of the samemass in a commercial
cover designed for the ZB material does not improve protective properties of the
anti-trauma pad dedicated for bulletproof vests.

4. Both in the drop tests and the ballistic test described in this article, better pro-
tective capability (of the same-mass samples) was achieved in the case of a
commercial material used for reference purposes. However, the tested KMmate-
rial also exhibited the energy dissipation capability. In the research described in
publication [16], which was conducted on a sample with a different structure,
the KM material exceeded the effectiveness of the ZB material. Therefore the
works focusing on the construction of a shield based on the KM material shall
be continued.
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Synthesis of Mg–Zn–Ca Alloy
by the Spark Plasma Sintering

Sabina Lesz, Joanna Kraczla and Ryszard Nowosielski

Abstract Mechanical alloying (MA) and spark plasma sintering (SPS) was
employed to synthesize the Mg60Zn35Ca5 alloy. SPS, which is also known as the
field-assisted sintering technique, plasma-activated sintering, pulsed electric current
sintering, or plasma pressure-compaction, appears to be promising formanufacturing
a biodegradable Mg60Zn35Ca5 alloy. SPS is a sintering technology that utilizes Joule
heating via a pulsed electric current to achieve densification. SPS allows very fast
heating and cooling rates, very short holding time, and the possibility of obtaining
fully dense samples at comparatively low sintering temperatures, typically a few hun-
dred degrees lower than normal hot pressing. The Joule heating could lead to further
improved densification via localized plastic flow at the necks of connected parti-
cles during sintering. The structure and compressive strength of the Mg60Zn35Ca5
alloy were investigated. In the X-ray diffraction (XRD) patterns of the representative
Mg60Zn35Ca5 powder after 13 h ofMA, a broad diffraction peak corresponding to the
amorphous phase is noticed. The results by XRD show that the Mg60Zn35Ca5 alloy
after sintering has a multiphase structure. The investigated alloy shows a slightly
higher compressive strength (264–300 MPa) compared to the crystalline Mg-based
alloy (250 MPa) and exhibits properties appropriate for medical applications.

Keywords Magnesium alloy · Spark plasma sintering (SPS)
X-ray diffraction (XRD) · Scanning electron microscopy (SEM)

1 Introduction

Magnesium alloys have been widely studied as potential biomaterials. Since tradi-
tional metallic biomaterials are biocompatible but not biodegradable, the magnesium
alloys have attracted the attention of biomaterial scientists [1–8]. Degradable bioma-
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terials should have sufficient strength, matching degradation rate with tissue healing
rate and good biocompatibilities [9]. Magnesium is the fourth most abundant mineral
found in the human body, with an estimated 25 g of magnesium stored in the human
body and approximately half of the total content is stored in bone tissue. Magnesium
is a cofactor for many enzymes and stabilized the structures of DNA (deoxyribonu-
cleic acid) and RNA (ribonucleic acid) [4, 10, 11]. Magnesium has a standard elec-
trode potential of −2.37 V. From the perspective of mechanical features magnesium
has good compatibility with human bone since Mg density of 1.74 g/cm3, Young’s
modulus of 41–45 GPa and compressive yield strength between 65 and 100 MPa
are close to those of natural bone (1.8–2.1 g/cm3, 3–20 GPa and 130–180 MPa) [4].
The specific design of alloys intended for the repair of bone fractures is based on
the introduction of biologically important elements such as Ca and Zn. The small
addition of Ca to a magnesium alloy is an effective way to improve the mechanical
properties and corrosion resistance [12, 13]. Zn enhances the strength of Mg by solid
solution strengthening [14]. Binary Mg–Ca, Mg–Zn alloys and ternary Mg–Zn–Ca
alloys, fully crystalline or amorphous, have been thoroughly studied and also show
improvements on mechanical strength [15–19].

To achieve higher strengths of conventional crystalline magnesium alloys, rapid
solidification (RS) and mechanical alloying (MA) methods have been successfully
utilized to decrease grain size and to obtain amorphous matrix [20–22]. However, the
glass forming ability (GFA) of Mg–Zn–Ca bulk metallic glasses (BMGs) is limited
(critical size diameter (Dc)≈ 5mm) [23]. MAwas used to produce binaryMg70Zn30
[24], Mg50Ti50 [25] and ternary Mg–Y–Cu [26] amorphous Mg-based alloys.

Most commercial magnesium alloys contain Al and impurities. Al is a neurotoxi-
cant [27]. The presence of impurities in magnesium alloys can have dramatic effects
on the properties of thematerial. In magnesium, the twomost common impurities are
intermetallic (containing iron, nickel, cobalt) and magnesium oxide inclusions. Even
at low concentrations, intermetallics significantly reduce the corrosion resistance of
magnesium and easily reduce the specifications to a sub-standard level [28, 29].

Therefore, another research highlight is the exploration of the new magnesium
alloy system containing nontoxic or low toxic elements. High purityMg-based alloys
can be obtained by spark plasma sintering (SPS). SPS, which is also known as the
field-assisted sintering technique, plasma-activated sintering, pulsed electric current
sintering, or plasma pressure-compaction [30–32], appears to be promising for man-
ufacture biodegradableMg60Zn35Ca5 alloy. SPS is a sintering technology that utilizes
Joule heating via a pulsed electric current to achieve densification. SPS allows very
fast heating and cooling rates, very short holding time, and the possibility to obtain
fully dense samples at comparatively low sintering temperatures, typically a few
hundred degrees lower than normal hot pressing [30]. Joule heating could lead to
further improved densification via localized plastic flow at the necks of connected
particles during sintering [31, 32].

The purpose of the paper was to investigate the structure, density and compressive
strength of the Mg60Zn35Ca5 alloy. Previous work reports the results of a study
conducted to explore the influence of milling time on amorphization of Mg–Zn–Ca
powders synthesized by MA method [33].
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2 Materials and Methods

2.1 Material

Pure magnesium (99.8 wt%, −20+100 mesh), zinc (99.9 wt%, −100 mesh) and
calcium (99.5wt%,−16mesh) powders were used as startingmaterials to the desired
composition of Mg60Zn35Ca5 (60 at.% Mg–35 at.% Zn–5 at.% Ca) alloy.

Samples were prepared by a mechanical alloying (MA) process. SPEX 8000
(Metuchen, U.S.A.) high energy shaker ball mill was used for MA at room tempera-
ture. The milling was performed in an Ar atmosphere. Milling was carried out with
a ball to powder weight ratio of 10:1 in a stainless steel vial using 10 mm stainless
steel balls for 13 h milling time. TheMA process was performed with 0.5 h intervals.
The powders and the milling balls were loaded into a stainless steel vial under an
argon atmosphere and all the powder handling was performed in a glove box.

Then the powder mixture was sintered by spark plasma sintering (SPS) using
the equipment of FCT firm (Frankenblick, Germany). The mixed powders to be
consolidated were poured into a cylindrical graphite die (10 mm inside diameter).
A graphite foil between the sample and the internal surface of the die was placed
in order to facilitate sample extraction after the SPS process. In addition, the die
was covered with a layer of graphite felt to minimize heat loss by thermal radiation.
The pressure level on the compacts was kept constant at 51 MPa throughout the
sintering process. The samples were heated (with a heating rate of 100 K/min) to the
temperature of 573 K. The vacuum level of the sintering chamber was<1 hPa. After
a hold time of 15 min, the Mg60Zn35Ca5 bulks were cooled to room temperature for
10 min.

The morphology with EDS spectrum of the elemental metal of Mg, Zn, Ca and
blended Mg60Zn35Ca5 powders after 13 h of high energy MA was examined by
scanning electron microscope (SEM) and is shown in Fig. 1a–d.

2.2 Experimental Procedure

The following experimental techniques were used: X-ray diffraction (XRD) phase
analysis method to test the structure [34], density measurements and compression
test. The morphological characterization of the powder and sintered samples were
made by scanning electron microscopy (SEM).

X-ray phase analysis was conducted on a PANalytical X-Pert PRO (Almelo, The
Netherlands) diffractometer usingCo-Kα radiation. The result of the analysis consists
of an identified phase list with experimentally observed X-ray patterns and known
diffraction patterns from various sources. The sources and the notation describing
the quality of data are maintained by the International Centre for Diffraction Data
(ICDD) [35].
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Fig. 1 The morphology with EDS spectrum of the elemental metal powders of Mg (a), Zn (b)
shots of Ca (c) and blended Mg60Zn35Ca5 powders after 13 h of high energy mechanical alloying
(MA), (d) SEM
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Densitymeasurementswere carried out using the helium pycnometerMicromerit-
icsAccuPyc II 1340 (Norcross,U.S.A.). The density determined by heliumpycnome-
ter is termed the absolute (ρa), real and helium density. In order to limit measure
error, measurements were repeated five times. The value of porosity of three sintered
Mg–Zn–Ca sample was measured based on the following Eq. (1):

P �
(
1 − ρc

ρa

)
· 100% (1)

where ρc was the calculated value of density and ρa was an absolute density of
the sample. The calculated value of density ρc of samples were determined from
weight and dimensional measurements, which were accurate to within±0.001 g
and±0.001 mm, respectively.

The deformation behaviour of the Mg60Zn35Ca5 sintered alloy was investigated
using compression test. The compression tests were carried out according to the PN-
H-04320 standard [36] at a displacement rate of 0.5 mm min−1 using a Zwick/Roell
multifunctional Z100 testing machine (Ulm, Germany). Compression force was 2
kN. Three samples were taken in the form of rolls with a base-to-height ratio of
approximately 1:1.5.

The morphological characterization of the powder and the sintered samples were
made by scanning electron microscope (SEM) SUPRA 25, Carl Zeiss (Jena, Ger-
many), equippedwith an energy-dispersive X-ray spectroscopy (EDS). Fractography
investigations was carried out by SEM on the failure surfaces of sintered samples
after decohesion in compression test, to determine the character of fracture.

3 Results and Discussion

Examination of blended Mg60Zn35Ca5 powders after 13 h of high energy MA by X-
ray method shows a broad peak corresponding to the amorphous phase (Fig. 2a). The
X-ray diffraction (XRD) pattern in Fig. 2a and previous results of ourwork [33] verify
the amorphous nature of blended Mg60Zn35Ca5 powders after 13 h of high energy
MA. Figure 2b shows XRD pattern of the Mg60Zn35Ca5 alloy sintered by SPS at
temperature of 573 K for 10 min. The Mg60Zn35Ca5 alloy has a crystalline structure,
as demonstrated by a strong intensities Bragg peaks obtained in the diffraction pattern
(Fig. 2b). The Mg60Zn35Ca5 alloy presented characteristic diffraction spectra of a
hexagonal close-packed Mg phase. For the samples sintered at 573 K for 10 min
besides the Mg phase, a few of Bragg peaks of MgZn2, Mg2Zn3, Mg7Zn3, MgZn,
Ca2Mg5Zn13 phases have been detected. No peaks correspond to any metal oxides
were detected from XRD for samples sintered in SPS method at 573 K.

Table 1 shows the calculated and absolute density and porosity values of three
sintered Mg–Zn–Ca samples. Results of the compression test of three sintered
Mg–Zn–Ca samples are shown in Table 1, too.
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Fig. 2 XRD patterns of
Mg60Zn35Ca5 powders with
different states: a blended
powders after 13 h of high
energy mechanical alloying
(MA), b alloy sintered by
SPS at temperature of 573 K
for 10 min

Table 1 The calculated (ρc) absolute density (ρa) porosity (P) and compressive strength (σ c)
values of three sintered Mg–Zn–Ca samples

Samples No. Calculated
density ρc
(g/cm3)

Absolute
density ρa
(g/cm3)

Porosity P
(%)

Compressive
strength σ c
(MPa)

Young’s
modulus E
(MPa)

1 3.2102 3.3365 4 300 6605

2 2.9792 3.3406 11 264 7042

3 3.1941 3.3327 4 297 6728

As it can be seen in Table 1, little change is observed in the density of sintered
samples. It can be observed that the calculated density value have a greater spread
in relation to the absolute density value.

However, the calculated density value is based on the geometry of the sample,
not taking into account the presence of the pores and void spaces within the bulk
sample. Therefore, the absolute value of sinteredparticles is higher than the calculated
density value. The porosity value between samples was not significantly different.
Only sample No. 2 has the higher value of porosity equal 11%.

The compressive curves of the Mg60Zn35Ca5 alloy samples are shown in Fig. 3.
The typical compressive curves for a brittle material were observed. The compres-
sive strength (σ c) of the samples exhibited increasing tendency with the increase
of the strain. The mechanical parameters obtained on compression testing of the
Mg60Zn35Ca5 alloy are from 264 to 300 MPa (compressive strength) and from 6605
to 7042MPa (Young’s modulus). The results of compression test show that the high-
est compressive strength (σ c = 300 MPa) and lowest elasticity (E = 6605 MPa) is
found in theMg–Zn–Ca sinter for sample No. 1. The highest elasticity is found in the
Mg–Zn–Ca sintered sample No. 2. For this material the longitudinal elastic modulus
E was 7042 MPa.
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Fig. 3 Compressive curves
of the Mg60Zn35Ca5 alloy
samples Nos. 1, 2 and 3
sintered by SPS at the
temperature of 573 K for
10 min

The correlation between porosity (P) and compressive strength (σ c) was observed.
While the porosity (P) decreased from 11 to 4%, the compressive strength (σ c)
increased from 264 to 300 MPa. The relationship between porosity and strength are
in good agreement with those obtained by Dewidar [37] for porous 316L stainless
steel. The high elasticity of the sample No. 2 is attributed to the porosity which
phenomena was also confirmed by the Zhang and Zhang [38]. For comparison, the
highest values of compressive strength (σ c) and Young’s modulus (E) of Mg-rich
alloys was found in the bulk metallic glasses (BMGs) by Zberg et al. [39]. For
the Mg66Zn30Ca4, ranges from 716 to 854 MPa and E ranges to 48 GPa. Similar
mechanical parameters was obtained by Zhao et al. [23] for the more Mg-rich bulk
BMGs. Our earlier research showed that the Mg60Zn35Ca5 alloy produced in MA
process and sintered at temperature 523 K by conventional powder metallurgy and
SPSmethod get lower values of compressive strength (σ c) equal 50MPa and 80MPa,
respectively [40]. Our earlier research showed that with the Gd addition is possible
to improve the mechanical properties Mg–Zn–Ca sintered alloy [41].

The value obtained for the density (~3.33 g/cm3) of the samples correlates well
with bone density and shows only slight differences. The density of selected bones
of the human skeleton is in the range of 1.8–2.1 g/cm3 [4, 42]. In light of such
results, it can be concluded that the tested of theMg60Zn35Ca5 sintered alloy exhibits
slightly higher mechanical properties (σ c from 264 to 300MPa) than the human bone
(strength of 130–180 MPa) [4, 42]. Although in the case of medical applications of
these materials, attention should be paid to the closest approximation of material
properties and mechanical parameters to the tissues of the organism, so that the
implants made of such biomaterials would not generate additional stress and provide
negative affect on the host’s body [42].

Fractographic investigations of failure surfaces after decohesion in compression
test showed, in all samples sintered at temperature 573 K, the same morphology
(Fig. 4a–f).
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Fig. 4 Morphology of the fracture section after a compression test of samples of the Mg60Zn35Ca5
alloy in different magnification: sample No. 1 (a, b), No. 2 (c, d) and No. 3 (e, f)

The SEM fractographs of the fractured surface revealed that cleavage fracture are
presented (Fig. 4a–f). The nearly closed sintered sample surface with no pores is
observed. The SEM image (Fig. 4a, c, e) shows a large cracks in compression test
sample surface. Besides the cracks, generated during compression test, the material
is nearly perfectly sintered, showing a suitable choice of sintering parameters.
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Fig. 5 SEM images of representative sintered sample of the Mg60Zn35Ca5 alloy (250× magnifi-
cation) (a) and corresponding elemental composition observed by energy dispersive X-ray (EDS)
analysis (b)

The elemental composition of sintered samples, determined by microanalysis
using energy dispersive X-ray spectroscopy (Fig. 5) indicates the presence of Mg,
Zn, Ca and O. The presence of oxygen was also reported by other researchers [43].
In this case oxygen may be introduced during preparation of samples to SEM study.

4 Conclusions

Based on the results of the investigations aiming at the determination of the structure,
density and compressive strength of the Mg60Zn35Ca5 alloy, obtained by MA and
SPS methods, it can be concluded that:

• The Mg60Zn35Ca5 has been successfully synthesized by MA and SPS methods.
High energy MA and SPS methods eliminate the potential environmental risks
of Mg-based alloys production via liquid metallurgy route with high production
volumes of powder viable formass production of parts for biomedical applications.

• On the basis of the XRD it is concluded that the structure of samples after 13 h
of high energy MA process is amorphous. The Mg60Zn35Ca5 alloy after the SPS
process has a crystalline structure, consisting of a hexagonalMg phase andMgZn2,
Mg2Zn3, Mg7Zn3, MgZn, Ca2Mg5Zn13 phases.

• The average density between the samples was not significantly different. The
density of the sintered samples (~3.33 g/cm3) is similar to that of a human bone.

• The mechanical properties that can be achieved using SPS of the Mg60Zn35Ca5
alloy are very promising. The compressive strength (~300 MPa) of the samples
with the lower porosity (4%) is higher than the compressive strength (264 MPa)
of the samples with the higher porosity (11%). Therefore, the improvement of
compressive strength is determined by porosity.
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• Fracture morphology of the Mg60Zn35Ca5 alloy is characteristic for brittle crys-
talline materials.

• Future works will be focused on investigating corrosion resistance of the
Mg60Zn35Ca5 alloy.
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The Effect of Ceramic Application
in Design of Ceramic-Based Plasters

M. Čáchová, L. Scheinherrová, M. Doleželová and M. Keppert

Abstract The main aim of this article is to find a progressive composition of plas-
ter mixture consisting of lime hydrate, siliceous aggregates and a waste material
admixture. Recycled finely ground brick powder appears to be a suitable material
for lime or cement plasters. It exhibits good pozzolanic characteristics and actively
participates in creation of bonds within the material structure. The brick dust pri-
marily comes from the production of thermal insulating brick blocks. Therefore,
recycling of this waste leads to improvement of ecological and economic aspects.
In our previous studies, the effect of ceramic waste on properties of ceramic-based
plasters has been studied and it was found out that the most promising solution is
to partially replace fine aggregates and lime hydrate by ceramic powder as it can
participate in pozzolanic reactions and it also plays a role of a filler. Ceramic pow-
der significantly improved all studied material parameters presented in this article.
Therefore, this article is an extension of previous studies and brings new insights to
the topic, for example time horizon of the study. The first part of this article is focused
on the analysis of the pozzolanic reaction. The effectivity of the ceramic waste on
pozzolanic reactions was studied on pastes prepared only from lime hydrate with
different amounts of ceramic powder replacement (from 10 to 70 mass% of ceramic
waste). The pastes were stored in a climatic chamber under constant temperature and
humidity conditions. The pozzolanic reactions were studied after 28 and 360 days
of hydration using selected experimental measurements, namely characteristics of
the pore system, mechanical properties and thermal analysis (DSC/TG). Based on
the obtained results, the best paste was selected for the design of the plaster mixture
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enriched by siliceous sand. The same properties of the newly designed plaster were
studied to confirm the effectivity of this mixture.

Keywords Pozzolana · Ceramic waste · Pore system ·Mechanical properties
DSC/TG

1 Introduction

Nowadays days, there is a wide variety of plasters, which are used either for external
or internal walls. The binder material can be clay, gypsum, gypsum-lime, magne-
sium, quicklime, hydraulic lime, lime-pozzolana, lime-cement or cement. Cement,
which started to be utilized in plasters in 1920s, gives the material higher hardness
and strength, on the other hand the diffusion properties are worsened, which is,
besides its less original appearance the reason why they are not recommended for
use on historical buildings. Lime plasters are commonly the most popular form of
surface finishing. They have good diffusion properties, but they are less resistant to
weathering and other external harmful influences. We are able to see progressive
redirection from classic building techniques and therefore alternative financial and
ecological advantageous solutions are looked for [1, 2].

Pozzolanic materials have been used as a part of binder since ancient times. Their
presence in a mixture is beneficial in many ways, which was known already in the
era of Roman Empire. The Romans used natural pozzolanas such as volcanic ash,
tuff, spongolite or burnt clays. Nowadays, many natural pozzolanic materials and
even pozzolanas of technogenic origin are frequently utilized. Investigation attempts
are mainly focused on ternary systems; which means binder consists of three dif-
ferent components. The paper deals with possibility of recycling ceramic dust as a
component in lime plasters. Many studies proved suitability of finely crushed bricks
for plaster mixtures. Finely crushed brick dust contains pozzolanic-active particles,
which help with formation of better binding bonds. Waste material from brickyards
could become common part of plasters. The problematic issue is an appropriate ratio
to reach the desired properties of a certain plaster, which request a well elaborated
design [1, 3].

As a first step, it is very important for research to understand the emerging links
and chemical reactions between the basic materials. The combination of lime hydrate
and pozzolanic material has also been confirmed from a historical perspective [3].
Therefore, it is important to determine the degree of the pozzolan activity at the
beginning of the research. Any material with a pozzolanic presumption may not
be suitable for usage in a final plaster mix. This is due to the lack of the pozzolanic
reactivity between input basic materials. This knowledge is also the conclusion of the
article from Matias et al. [4]. In the article mentioned before, authors studied many
pozzolanic materials in combination with lime hydrate. The values of the mechanical
properties of the selected materials with good pozzolanic characteristics have been
increased; this is the fundamental trend and conclusion of this research, too.
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There are many methods that determine the pozzolanic activity of the substances.
It is divided into direct and indirect methods. Navrátilová and Rovnaníková tried
combinations of the tests (direct and indirect methods) [5]. They studied mainly
pozzolan activity and assessed the strength characteristics on these samples. The
strength properties were comparable as in the case of indirect methods.

Hydration reactions and carbonation of the hydraulic lime can be studied in detail.
These properties are also important for a future plaster development. Currently, it is
also very important to use the modern methods to determine the pozzolan activity,
for example by thermal analysis. Cizer and colleagues [6] have used this method
in the lime-pozzolan system. They performed thermal analysis (DTG—diffraction
scanning analysis) for their research. Moropoulou et al. [7] studied the determination
of the pozzolan activity by the thermal analysis of malts made of natural and arti-
ficial pozzolan. Diffraction thermal analysis and thermogravimetry (DTA and TG)
were used. Their pastes were also studied at the same time (simultaneously). The
conclusion stated that determining the pozzolanic activity with DTA/TG may be a
good alternative for the future.

In this article, pozzolanic activitywas studied by the lime-brick power systemwith
indirect methods. This easier process proves that we can find the effective compensa-
tion for the lime, which leads to an improvement of ecological and economic aspects.
As indirect methods were employed the mechanical measurement, pore system and
thermal analysis.

2 Studied Material

An influence of ceramic waste on pozzolanic reactions was studied on pastes pre-
pared only from lime hydrate with different amounts of ceramic powder replacement
(Table 1). This effectivity was observed at the results of the pore system and the
carbonation and hydration. The used pastes consist of the lime CL 90 S (by com-
pany Čertovy schody a. s., Tmaň, Czech Republic), brick dust (by company Heluz
cihlářský průmysl, v. o. s., Hevlín, Czech Republic) and water. The pastes were
labeled by the marks MP10 up to MP90. The digits in the names represented the per-
centage of the brick dust in the mixtures. The reference paste was labeled as MPR
(only pure lime). The Table 1 shows amount of water, which was needed to ensure
the constant flow by flow table—140/140 mm (ČSN EN 1015-3) [8]. Some plasters
were selected with respect to the mechanical properties. The pastes mentioned in the
bracket were studied in detail (MPR, MP10, MP50 and MP70).
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Table 1 Materials
composition of studied pastes

Material Lime (%) Brick powder
(%)

Water/Dry
material

MPR 100 0 1.23

MP10 90 10 0.95

MP20 80 20 0.73

MP30 70 30 0.67

MP40 60 40 0.66

MP50 50 50 0.63

MP60 40 60 0.53

MP70 30 70 0.50

MP80 20 80 0.44

MP90 10 90 0.42

3 Experimental Measurements and Results

3.1 Mechanical Properties

The first step in the design of the mixture was the production of samples (dimensions
40×40×160 mm) submitted to tests of the mechanical properties. Compressive
and bending strengths were measured according to standard methods using loading
devises EU 40 and MTS 100 [9]. The first experiment was measured on all ten
samples (Table 1) at 28 days (Table 2). The paste MP10 with the lowest percentage
of the brick powder expressed the lowest value of the strength. The pastes showed
an increasing trend with the increasing content of used pozzolana. However, sample
with the 70% compensation (MP70) decreased in the strength characteristics. This
decrease was caused because the pozzolanic reaction was no longer effective. In
the mixture, there was excess amount of the pozzolan and little calcium hydroxide.
The pastes MPR, MP10, MP50 and MP70 were studied in more detail. Purposes for
detailed study were following: MPR was the reference sample, MP10 contained the
minimum ceramic powder, MP70 as the sample with the highest strength and MP50
as the sample of “mean mix”.

The following experimentswere carried out in varying times (up to 1 year) to allow
longer evolution of the compressive strength due to the presence of pozzolana and its
prolonged pozzolanic reaction. The results of the compressive strength are presented
in Fig. 1. Stefanidou and Papayianni [10] have investigated pastes and pozzolanas
plasters and their study confirmed the increasing strength after the addition of the
pozzolanic active ingredients.
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Table 2 The mechanical
properties of the studied
pastes (28 days)

Material Bending strength
(MPa)

Compressive
strength (MPa)

MPR 0.40 1.25

MP10 0.39 1.20

MP20 0.52 1.23

MP30 0.59 1.72

MP40 0.80 3.55

MP50 0.81 3.71

MP60 0.82 5.83

MP70 1.21 9.61

MP80 0.78 8.49

MP90 0.77 8.07
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Fig. 1 The compressive strength of selected pastes over time

3.2 Pore System

The most influencing property is indisputably porosity of the studied material. How-
ever, more detailed description than just value of porosity is required for better
comprehension. The pore structure of studied plasters was determined by using mer-
cury intrusion porosimetry. For this experiment, measurement apparatus PASCAL
140+440 was used. Results are presented in Figs. 2 and 3. In these pictures, the pore
system of the special pastes in 28 and 360 days are shown.

The sampleMP70 contains more pores with smaller size than pastesMP50,MP10
and reference sample MPR. In the Fig. 3, we can see that the paste MP10 contains
the highest pore size of about 0.3 µm, sample MP50 about 0.45 µm and material
MP70 about 0.65 µm. It is an apparent trend—with the increasing amount of the
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Fig. 3 Distribution curves of the studied pastes

brick powder in paste the volume with the bigger pores increases. The special paste
MP10 after 360 days showed only a slight increase in the peak (represent the pore
size). The paste MP50 after 360 days increased the pore size to 0.55 µm. We have
observed slight decrease in pore volume at sample MP70.

Similar results were obtained by Nežerka et al. The authors studied very similar
brick dust pastes but only after 28 days [11]. This fact affects studied characteristics
which were confirmed by Mary [12]. Arandigoyen and Sharman proved that pore
sizes depend on the amount of water [13]; which was also taken into account in the
proposed mixtures.
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3.3 Thermal Analysis (DSC/TG)

This issue was verified by using a differential scanning calorimetry (DSC) cou-
pled with thermogravimetry (TG). Both analyses were performed simultaneously
using a Labsys Evo (Setaram, France) instrument. Before analyses, all studied mate-
rials were dried. All measurements were executed in the temperature range from
25 to 1000 °C with a heating rate of 5 °C/min in an argon atmosphere (40 mL/min)
[14, 15].

The DSC/TG results of the lime-pozzolana paste over the time are summarized
in Figs. 4 and 5. The endothermic reaction and dehydration of portlandite (calcium
hydroxide) was observed at the temperature approximately 450 °C by all samples
(Fig. 4). The associated mass loss, calcium oxide and water emerge were detected.
The second observed reaction refers to the decomposition of the calcite (CaCO3).
This reaction arose at the temperature about 750 °C. This effect was accompanied
by a change in mass and heat flows, the difference was lower. The DTG curve as of
820 °C temperature by the samples MP50 and MP70 are increased—It is exother-
mic process in which the crystalization arises. Differences in the heatflow values
between time dependencies are increasing. Moropoulou have provided a very simi-
lar study [7].
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4 Conclusion

The studied pastes were researched for better understanding of the lime-pozzolana
system and for effective compensation of the lime in the future plaster mixtures.
Particularly, the lime hydrate of the designed materials was replaced by 10, 50 and
70% brick powder. The following list show the results measured on the studied
lime-pozzolanic pastes within the experimental program mentioned before.

• When we have studied the characterization of the pore system, there was a dif-
ference between MP10 and other pastes containing brick powder. Material MP10
showed significantlymore pores with the smaller size than the other studied pastes,
which had the higher percentage of the brick dust. A clear trend that increasing
amount of the pozzolanic admixture in the pastes increased the volume of the
larger pores can be seen from the distribution and cumulative pore curves. These
trends were evident at all time ranges (28 and 360 days). Only gel pores have been
found in this studied material (MP10).

• TheMPR reference paste achieved the lowest values of the strength characteristics
during the 28-day tests. The pastes presented an increasing trend coupled with an
increasing amount of the brick powder (up to 70% of the replacement MP70).
A significant decrease in the strength characteristics was observed. This decrease
occurred due to presence of excess amount of pozzolan and a little amount of lime
hydrate. The reaction loss efficiency and therefore pozzolana have served more as
filler than binder. It has been shown, in more detailed study of the compressive
strengths values with respect to the time, that the increasing volume of powder
brick in the pastes also increases the strength.
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• The largest relative mass change showed by the thermal analysis (DSC) at the
reference material MPR and at the material with the smallest content of the brick
dust MP10. These mass decreases have been rising and showed the highest values
in the last range (360 days). This trend was observed in all studied pastes. The
weight-loss was also increasing. The trend of significant changes in the heatflow of
thematerialMP10was evident,while the other studied pasteMP70with the highest
percentage of pozzolan showed the smallest changes. This phenomenon can be
seen in the graphs of heatflow (Figs. 4 and 5). The pastesMP50 andMP70, 28 days
old, showed an exothermic process at the temperature 820 °C—crystalization. For
the pastes with the lowest amount of pozzolanMP10 and reference material MPR,
no similar reactionwas recorded. The reaction at 800 °C gradually began to change
to an endothermic process. After 360 days, these peaks had the same size as the
sample MP10.

The influence of brick powder in lime hydrate can be observed from the measured
and presented results of the lime-pozzolanic paste. By themechanical tests it has also
been confirmed that the lime-pozzolanic paste is able to effective replacing the lime
hydrate. It has been found, at the porous system, that pastes contain only gel pores
and that the content and size of pores is changing over time. Thermal analysis has
shown influence of the time and brick dust amount on the reactions occurring in this
system.
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15. Štarha, P., Trávníček, Z.: Termická analýza. Univerzita Palackého v Olomouci, Přírodovědecká
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Visual Analysis of Ceramic
Combinations with Educational Purposes
for the Development of Artisan Products

H. D. Castaño and V. Suárez

Abstract Colombia is a country that frames a great cultural tradition with artisanal
developments throughout all its regions, which allows a different approach to the
use and practice of different materials when it comes to creation processes. One
of the most common materials, or that can be found easily in the vast majority
of regions is ceramics. And ceramics is a great world yet to be explored in terms
of processes, developments and even transformation of raw materials. The main
objective of this research is to analyze and evaluate the final results of the behavior
of different types of clays such as red, black and gray when combined with pigments
from the coloring processes, such as patinas, enamels and engobes. In this way the
pedagogical process will consist of the manufacture of a series of test tubes validated
in a controlled cooking process and including different percentages of pigments in
combinations defined with each of the clays; In this way, a visual catalog of ceramic
finishes will be obtained through which the different desired results can be observed
in a methodical way when carrying out serial crafts processes by the students; result
that will be a considerable input to implement practical classes, talks orworkshops, to
minimize expenses or losses of both products and material and additional is intended
to encourage manufacturing processes of handicrafts in Colombia.

Keywords Ceramics · Teaching · New materials · Design

1 Introduction

Colombia is a country with a great and diverse variety not only of territories, fauna
and flora, but also has the great wealth of possessing in its lands an enormous variety
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of resources through which throughout its history it has been able implement them
for the satisfaction of the main demands both internal and external in terms of the
solution of basic needs, creation of elements, production and even export.

Faced with the great wealth and variety of raw materials existing in Colombia,
there is one that has undoubtedly been applied in a great way throughout the history
of national development, and is no other than ceramics [1]; not only as a source of
creation of artisanal objects, but also at an industrial level, allowing the appearance
of large and well-known companies that have managed to position themselves in
Colombia and theworld for their important and valuable developments to improve the
quality of life of communities and promote the economic and social development of
the same; among them stand out: ColCerámica S.A. (Corona Group), Ceramics Italy
(10% of the flats market in the country), Alfagrés S.A. (national) and Euroceramica
(national) [2]; all these companies being fundamental scenarios to inject income into
the country’s economy [3].

The Industrial Design has managed to consolidate throughout history as one of
the fields of knowledge in which you can execute and develop various projects,
products and experiences through which you can solve the existing needs in society
[4]. A desire, a requirement or a need are the starting points from which the designer
in an interdisciplinary field of work manages to think, plan and execute tangible or
intangible solutions to that initial approach.And it is the IndustrialDesign responsible
for creating new spaces, not only for the generation of objects, but to allow the
improvement of processes or their optimization [5].

Understanding clearly a general context in which there should be a link between
the elements presented previously: the economic and productive development of
Colombia, the use of existing resources in the national territory and the applications
and knowledge that Industrial Design allows for the generation of new products,
processes and experiences [6]; The main objective of this research is to expose
in a practical way the findings arising from the different stages necessary for the
production of a ceramic product in an artisanal way [7]; with which seeks to generate
processes of standardization of techniques that both in the field of education and
manufacturing,will be very useful for teachers, students, craftsmen and entrepreneurs
of products and ceramic pieces [8]; thus obtaining a catalog of samples in which there
are evidenced finishes and different techniques that will later be replicated in specific
products.

2 Development

The visual analysis for ceramic artisan products that was executed for educational
purposes; was based on a practical and experimental development in which through
interaction, observation and the result of tests (including hardness, pigment applica-
tion and cooking) [9], different factors are evident that will be crucial at the time of
production in series and the teaching of the different stages and techniques that are
found in the framework of the manufacture of any kind of ceramic products.
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In this way it is important to highlight that the whole process was within the
framework of a proposed methodological development to understand and visibilize
more clearly the different scenarios and moments that allow giving direct results to
the initial approach, which responds to understand how to from the analysis of the
formal aesthetic structure, it is possible to standardize development activities in the
manufacture and subsequent surface finishes of a piece; understanding crucial stages
such as molding, pigmentation technique and even cooking control [10].

The process bywhich the data and the partial results of the researchwere obtained,
was based on a new work methodology, created especially for this project, in which
steps or existing elements were taken from other research and creation methodolo-
gies (as the proyectual and HCD methodology) [5, 6], by means of which in real
time was put in comparison studies, elements and existing developments, compared
to the comparative of the own development of the raw materials and after the manu-
factured specimens; thus demonstrating the necessary steps to determine results on
the execution of the project. In this way, the methodology used was (Fig. 1).

Once the work methodology is proposed, it is important to have the necessary
inputs for the execution of the activities, on the one hand the bibliographic material
or the theoretical part will have a great weight, since this will be the basis fromwhich
it can be split develop the processes; However, in an investigative activity such as
this, it is not only based on following exactly what is already written, but also looking
for new alternatives to obtain learning that actually nurture the analysis process; and
this is how it is decided not only to work with clay and traditional liquid ceramics
for the production of pieces such as gray clay, but also to perform tests to know the
behavior of red and black clays and ceramic pastes liquids that arise from this raw
material.

The beginning of any product or ceramic product development process will be
conditioned in the first instance by the use of the base paste [11], which will be the
main input to develop all types of products. Each paste will have different physical
and chemical properties, which will be reflected in the characteristics of the final
product; the viscosity, the thixotropy [12, 13] and even the color or raw materials
with which the paste was prepared will be totally fundamental to understand the
properties by which the final product will be governed (Fig. 2).

For the analysis process, it was based on the premise of handling three types of
liquid ceramic pastes and different clays; the gray clay, the red and the black, and the
liquid ceramic paste or “Barbotina” resulting from each of them [14]. In the market
it is very common that the gray clay and the Barbotina of the same color is the most
common in the manufacture of different ceramic products; however, clays of other
colors provide the initial capacity to start with a much more striking color compared
to gray, giving them a uniqueness; not only in the final color [11] but also in the whole
process by means of which the colored liquid ceramic pastes are obtained which are
not commercial in the Colombian ceramics market (Fig. 3).

Due to the delay involved in the manufacturing process of the liquid ceramic
pastes, since a process of a change of state from solid to liquid of the clay is necessary
(which will take into account the moisture content of the base raw material up to
more than a week) [15]; in parallel the process of manufacturing a series of test
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Fig. 1 Methodology of work

pieces was started using the three types of clays, in which different characteristics
that the pigment will acquire in contact with each of them will be tested and that
the technique and the visual properties will generate contrasts that will allow your
evaluation.
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Fig. 2 Preparation of liquid
ceramic pastes, mix of
ceramic powders with clay
and water

Fig. 3 Fabrication of clay
pieces in an artisanal way

The pieces of clay must be made one by one, since it is necessary to have a
posterior control over the structure in which you work, however, to maintain the
same line in the similarity of the forms, a counter mold is used that serves to cut the
clay leaving the silhouette marked and the final finishes on each of the test pieces
are much simpler to execute [10] (Fig. 4).

For the tests, it was decided to manufacture five specimens of each color, so it will
be better to later evaluate the different techniques and pigment quantities applied to
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Fig. 4 Dry clay pieces

Fig. 5 Burned clay pieces

each of the specimens, and a general condition of how thematerial should be handled
and apply the additives; This is because, if only one or two specimens of each color
were used, it would have a much lower degree of veracity in relation to performing
more tests.

Once dry, each of the specimens should be prepared to polish the surface and
work on the remaining details [16], porosities, cracks, irregularities, among others,
reaching a similarity between each of the elements considerable, and any type of
defect not interfere with the performance of the following tests. When all the pieces
are polished, and handling a great similarity between them, the first burning process is
carried out, in which the texture known as “Bizcocho” or raw pieces will be observed
(Fig. 5).

As shown in the image on the left, once each piece is burned, they handle a great
visual similarity to its dry state [16], however, its chemical composition when sub-
jected to the cooking process for a period of around 5 h with a controlled temperature
that reaches 1100 °C, they manage to increase the union of their internal molecules
which allows the percentage of stiffness to increase, giving it a more consistent struc-
ture and that does not fracture so easily unlike the crude state where it is more prone
to a break [17] (Fig. 6).

After having the pieces burned, it is time to apply the different pigments that
will allow us to differentiate the finish that each of them generates compared to the
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Fig. 6 Painting process

Fig. 7 Comparison between pieces with one and two cooking process

basic rawmaterial, enamel (glossy finish), engobe (matt finish) and patina (oxidation
effect) [15] are the three types of pigments with which the test specimens will be
evaluated. These will be applied with different proportions and styles [7], but all in
a brush technique, this is because the primary objective of the research is related
to artisanal practices; in this way it will be possible to understand which is the best
application for the final result and thus optimize resources obtaining excellent results
in relation to the pigments, this speaking in applied quantities and the way in which
these will be arranged on the raw pieces.

The following test pieces show the contrast between two painting techniques
before and after undergoing an oven burn process; in them it can be evidenced clearly
how the application factor of the surface pigment, regardless of the type, changes
its texture in relation to the homogenization of the application process [18]. In both
images in the top row, the application of the pigments was thick and irregular, leaving
amuch thicker layer of the three pigments; while in the lower row the thickness of the
pigments is much lower, there they are polished and the surface is left more smooth,
this using water to dilute the pigments in a few proportions (Fig. 7).
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Fig. 8 Gray and Black Barbotina’s pieces in blaster molds

After the second firing, each piece acquires a surface finish much more visually
pleasing. The part that remains with the raw material is observed in a lighter shade
[18] while the pigmentation of each piece has some different dimensions, however,
they are not very pronounced. It should be noted that in all the cooking processes in
each of the three basic rawmaterials, there is a shadow that appears after the pigment
is cooked, this shadow is reflected in relation to the color of the base paste, and is
only present in the sections where the patinas were used (Fig. 8).

In relation to the pieces of Barbotina, the fundamental difference lies in two
essential aspects; On the one hand, the process in which the liquid ceramic is poured
into the mold to remove the pieces is almost twice as long as in the process with the
gray Barbotina, in addition to obtain a considerable thickness the process can take
much more. In contrast to the other differentiating element, it lies in the relation to
the pigment, because the red and black slip makes the dark colors of the pigments
look more vivid, but the light tones lose their appearance considerably [12].

In this way using both resources, the elaboration of test pieces and the develop-
ment of pieces using plaster molds, it is possible to reach the end of the experimental
process which sought to present finalized elements so that from them it is possible
to start the characterization and study of the characteristics that are presented in the
design process [17], some findings have been shown previously; However, educa-
tional applications will emphasize how the objects and elements acquired will be of
great use for the teaching of these processes.
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Fig. 9 Initial catalog

3 Educational Applications

Once all the theoretical and practical process of the investigation has been executed,
the resulting objects and pieces will function as the fundamental element to imple-
ment a catalog with which one can have tangible and visual references to accompany
the processes of ceramic development, both in the educational field as the productive
one, differentiating the existing needs between the commercial and the academic
sector, both with different purposes and results, but based on a similar development
process (Fig. 9).

Each of the test pieces made both in the ceramic paste and in clay are very useful
to show both the behavior in the drying and cooking process [11], where the pieces
of “Bizcocho” are obtained, where the texture and superficial appearance should be
highlighted. Both acquire in their first stage of cooking; It will be there the first
moment in which it is shown how the pigments can be reflected [18] in a second
cooking process, and how the raw texture will be without any surface additive, which
is often used for products such as ornamentals, ornamental elements of garden and
even busts or ceramic crafts with indigenous and prehispanic styles, which are very
common in the Colombian national scope throughout the different departments [19].

The catalog of parts and samples should be well-known and prolonged, because
not only the application ratio of the different pigments is important, since to find
characteristics such as hardness, fragility among other characteristics of the material
will be of great use for subsequent applications [9]. Next, it is shown as facing
a rupture test, each of the pieces is fragmented differently, and even the piece of
gray clay had to undergo two impacts, because the first one that received did not do
anything to him, while each of the other pieces immediately fragments [14] (Fig. 10).

As in the aesthetic component, a great focus must be made, the manufacturing
process [18]; This should not be neglected, as this will be responsible for giving
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Fig. 10 Fullmanufacturing process: plastermolds, Barbotina’s pieces, pigmentation process, cook-
ing (left to right)

hundreds of guidelines that will govern the work to be done during the production
stage, which, while it may be the most important, will be the one that opens the doors
to the final finishes.

The test pieces are not the only necessary inputs in the development of the edu-
cational process; the manufactured and painted pieces with the different pigments
will also help to give guidelines regarding the production of products that can be
serialized with greater ease [14]; giving way to see how a product can be produced
in any of the three types of clay or Barbotina, what type of pigment will stand out
better and even which process would be the fastest to develop.

However, although the process was largely advanced, and there is a large amount
of information captured, it is necessary to continue with the analysis of the research,
adding the functional component, thus seeking the form of a globality of how the
processes should be improved, facilitating the development of productions in relation
to the teaching of it [20].

4 Conclusions

All thework developed from the conceptualization of the idea to the elaboration of the
test tubes, allows to clearly visualize different results that are easily applicable in the
educational processes and serial production; The most notable results are presented
below:

• The existing processes within the development of any product regardless of its
material, nature, function or appearance should be thought from its conception
according to the existing technologies and resources within the area in which they
plan to develop; in this way, its design, execution, standardization, production and
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distribution will be much more successful understanding from a strategic planning
analysis [21, 22].

• The different application techniques of the pigments on the ceramic pieces will
have adifferent finish in relation to thequantity applied, to the thickness of the layer,
the consistency of the pigment and even to the viscosity of the initial preparations
as well as pigments and ceramic pastes to use.

• The red and black Barbotina intensify the pigments of dark tones in great quantity,
in which the application of somuchmaterial is not necessary to achieve the desired
color, while, in light tones, the applied layer is very thick, not the strength of color
is so marked.

• The patinas generate a shade at the time of cooking against any type of rawmaterial
base; leaving a yellowcolor in relation to the gray clay pastes and a shadowbetween
brown and black in the red and black pastes.

• Generating guide elements, tables, catalogs or support material is of vital impor-
tance to improve standardization processes and that, both in the educational process
and in industrial manufacturing, users of the material and those who use the tech-
niques have a point of departure through which they can be guided throughout the
process.

• The ceramic paste chosen for any process or development must be analyzed from
both its physical and chemical properties, as these will be responsible for condi-
tioning the final results that the product achieves.

• Each of the stages of the ceramic development process must be well planned from
the beginning, as these will be responsible for giving a successful result in the final
product that you want to make.

• The creation of a newmethodology ofwork from the blending ofMunari’smethod-
ology and Human Centered Design is a space of development to a thousand of
new projects, not only at the ceramic field, but also in any product development.
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Design of the Ternary Gypsum-Based
Building Composite Using Simplex
Optimization

M. Doleželová, J. Pokorný and A. Vimmrová

Abstract The main disadvantage of gypsum as a building material is the loss of
its mechanical properties in a wet environment and therefore the use of pure gyp-
sum is limited only to the interior of buildings. The resistance of gypsum materials
against moisture can be improved by the addition of any pozzolanic material and an
activator of the pozzolanic reaction to the gypsum. The water-resistant CSH phases
are formed by the reaction and the resulting gypsum-based materials evince bet-
ter behaviour in a wet environment. Several ternary materials, composed of gypsum,
lime, several types of pozzolans (silica fume, ground bricks, granulated blast-furnace
slag) and silica sand were studied. The best resistance against water was achieved
by the material containing silica fume, but its strength was lower than the strength
of the other materials. Simplex optimization was used to design a composite with
better mechanical properties. Maximum compressive strength was set as the goal
of the optimization with regard to the fact, that silica fume is a relatively expensive
material. After several steps, an optimized material with greater strength, containing
reasonable amount of silica fume was designed.

Keywords Gypsum-based composite · Silica fume · Mechanical properties
Optimize · Simplex method

1 Introduction

Gypsum is one of the most environmentally friendly materials, firstly because it
needs very low temperatures during production (under 200 °C) compared to other
building binders (e.g. cement or lime—over 1000 °C) and secondly because it can be
produced from a large range of secondary materials originating many in industrial
processes (e.g. from flue gas desulphurization in coal-fuelled power plants or from
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production of fertilizers or titanium oxide) [1–4]. Other advantages of gypsum also
include its very good behaviour in fires [5, 6], good workability and aesthetics.

On the other hand, gypsum has one principal disadvantage in that it can be used
only in a dry environment, because it suffers from considerable loss of its mechanical
properties when wet [7]. A solution to this problem could be the use of ternary
gypsum-based materials, composed of gypsum, some kind of pozzolan, containing
amorphous SiO2 [8] and an activator of the pozzolanic reaction [9–12]. In these
materials, gypsum first reacts with water and establishes the initial strength of the
material according to Eq. (1). This is followed by two strengthening reactions, the
carbonation reaction (2) and the pozzolanic reaction (3), in which pozzolan reacts
with an activator and the CSH and CAH water-resistant structures are formed in the
material.

CaSO4 · 0.5H2O + 1.5H2O → CaSO4 · 2H2O (1)

Ca(OH)2 + CO2 → CaCO3 + H2O (2)

Ca(OH)2 + reactive aluminosilicates + SiO2 →
calcium silicate hydrate amorphous phases(CSH)+

calcium aluminate hydrate(CAH)

(3)

Setting and hardening of gypsum starts immediately aftermixing and is completed
within a few hours after the production. The carbonation and pozzolanic reactions are
substantially slower (several months or even years), until all the calcium hydroxide
in the material is spent.

Many materials can be used as pozzolan components, e.g. blast furnace slag,
metakaolin, silica fume. The activator of the pozzolanic reaction has to contain
calcium hydroxide, because its presence is necessary for the pozzolanic reaction
and it can also form an alkaline environment, which is essential for the reaction.
From this point of view, hydrated lime or cement are the most suitable components.

Thus ternary systems contain at least three solid components and water, in addi-
tion to other additives (such as plasticizers, setting regulators or fibres). It is difficult
to find the optimum composition in such multi-component systems, because all the
components behave synergically. The composition of ternary systems is often for-
mulated randomly (according to previous experiments, with testing of other binders),
but in this case an optimum composition is rarely achieved. Optimization methods
are very rarely used to design gypsum-based materials. Arikan and Sobolev [13]
used stepwise optimization to improve some properties of gypsum-based plasters.
The principle of this method lies in the search for the optimum amount of only one
component.When the optimum amount of the first component is found, then the opti-
mum amount of the second component is sought and the amount of first component
stays constant, and so on. The main problem of this method is that the synergic effect
between the individual components is neglected. Bose et al. [14] used the multifac-
torial method to design gypsum composites. This method is based on testing of all
the combinations of all the components at several dosage levels. In this method, the
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synergic effect is taken into account, but the number of experiments is usually very
large and therefore the testing is expensive. We found that the linear optimization
method, called sequential simplex optimization, can be used successfully to design
gypsum-based materials [15, 16].

This paper describes the design of two ternary gypsum-based materials (paste and
mortar) with silica fume. Sequential optimization was used to find the material with
the best mechanical properties.

2 Principles of Simplex Optimalization

The design of multi-component building materials and especially binders is often
based on previous experience alone and a systematic design method is used rarely.
This type of design is not suitable for ternary gypsum-based material, because the
components act synergistically in the mixture. This fact leads efforts to use more
efficient tools. Therefore, systematic design of the mixture was chosen using the
SOVA 1.0 optimization freeware computer code (Luboš Svoboda, Czech Rep.) [17].
This program works on the principle of sequential optimization using the flexible
simplex method. The simplex optimization method is based on finding the optimum
of the function with m-variables by the creation of a geometrical shape, called a
simplex, with m + 1 vertices in m-dimensional space. For example, a simplex with
two variables could be interpreted as a triangle and a simplex with three variables
as a tetrahedron. Each vertex (e.g. mixture in this case) is evaluated according to
the results of experimental measurements. The vertex with the lowest optimized
value is rejected and projection is performed through the average of the remaining
vertices. The shape of the simplex can be modified. Modification is based on the
successful or unsuccessful projection in order to reach faster convergence towards
the sought optimum. The types of convergence are depicted in Fig. 1. The scheme
of the convergence process towards the sought optimum is shown in Fig. 2. Detailed
information about the principles of simplex optimization can be found e.g. in [18].

Fig. 1 Variants of the simplex modification: a reflection, b expansion, c contraction, d reflected
contraction, e shrinkage
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Fig. 2 The convergence
process of simplex
optimization (in
3-dimensional space)

Table 1 Initial simplex for
three variables

Vertex Representation of the variable

Var. 1 Var. 2 Var. 3

1 L1 L2 L3

2 U1 L2 L3

3 L1 U2 L3

4 L1 L2 U3

Li—lower limit; Ui—upper limit

The optimization was carried out by the SOVA 1.0 freeware computer code. The
algorithm of the method searches directly in the defined space. Each optimization
goes through the following steps:

• Definition of the target criterion: minimum, maximum or the target value.
• Definition of variables: initial values of the variables for the creation of the initial
simplex. Each variable is limited by lower and upper values.

• The computer code composes the initial simplex from the given upper and lower
values. The number of vertices in the simplex is m + 1, where m is the number of
variables. An example of the initial simplex for three variables is shown in Table 1.

• For the optimization of composite materials, each vertex corresponds to one indi-
vidual composition of the mixture. These mixtures are prepared, laboratory tested
and the obtained values are fed back into the computer code. The software evalu-
ates the least favourable result, which is subsequently excluded and a new vertex
is proposed on the opposite side of the original vertex, as described above. A new
simplex is created this way.

• The new simplex is evaluated in the same way as the previous simplex. The worst
vertex of new simplex is again excluded and a new simplex is formulated. This
process is repeated until the required result value is found. The optimization can
be terminated when the optimized values do not improve any more.
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Table 2 The mineralogical compositions of the gypsum and lime

Mineral name Chemical formula Amount [%]

Gypsum Lime hydrate

Bassanite, syn CaSO40.5·H20 95 –

Gypsum CaSO42·H2O 1 –

Anhydrite CaSO4 3 –

Quartz, syn SiO2 <1 –

Calcite CaCO3 <1 6.4

Portlandit Ca(OH)2 – 93.6

3 Materials and Methods

The ternary binder of all the tested materials (pastes and mortars) was always com-
posed of gypsum, lime and silica fume.All thematerialswere commercially available
products. The gypsumwas produced by SGCP CZ a.s., Divize Rigips, Czech Repub-
lic. It is a very pure product as shown in Table 2. The mineralogical composition
was determined by X-ray powder diffraction (XRD). Lime hydrate CL-90-S (pro-
ducer Carmeuse CR, Czech Rep.) is used as the alkaline activator. Historically, this
combination has been used more often than the combination of cement and gypsum.
Silica fume was also a commercial product (producer Stachema, Czech Rep.), sold
under the name Stachesil S; it contained 90% of amorphous SiO2. The sand used in
the gypsum mortars was standardized sand [19], produced by Filtrační písky Ltd.,
Czech Rep., with grain size to 4 mm.

The mechanical properties of the samples were tested on a set of test specimens.
One set included three prismswith dimensions 160× 40× 40mm [20]. The prepara-
tion process was as follows: the homogenized mixture of dry binders (gypsum, lime
and silica fume) was poured into a bowl with a measured amount of water, followed
by short manual mixing. Then mixture was mixed for 60 s in a standard mixer at
low speed, sand was added and mixing continued at high speed for another 30 s.
Then the mixture was whipped of manually and mixed again mechanically at high
speed for another 60 s. The mixture was then poured into the moulds and the samples
were unmoulded after 1 h. The samples were stored under laboratory conditions for
6 days. The ternary systems were tested at an age of 7 days and the samples were
dried at 50 °C to a constant mass before testing.

4 Results and Discussion

The maximum value of the compressive strength was the optimized criterion for the
studied gypsum composites. The amount of gypsum, silica fume (in % of the dry
mass) and water (as the water/binder ratio) were variables which were fed into the
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Table 3 The composition of gypsum pastes

Designation Components Bulk density
[kg m−3]

Gypsum [%] Silica fume
[%]

Lime [%] Water/binder
ratio

GP1 60 6 34 0.65 1024

GP2 80 6 14 0.65 1063

GP3 60 12 28 0.65 1034

GP4 60 6 34 0.85 871

GP5 73 10 17 0.5 Refused

GP6 63 7 30 0.7 990

GP7 76 11 13 0.7 1019

GP8 83 13 4 0.7 1022

GP9 91 5 4 0.8 959

GP10 78 11 11 0.9 862

computer code for the creation of the initial simplex. The amount of lime was calcu-
lated because the sum of all the components cannot exceed 100%. This condition was
not ensured in the computer code and therefore the amount of lime was not included
as a variable for the optimization and it was calculated subsequently according to
(4).

L � 100 − G − SF (4)

where L is the amount of lime in the mixture, G is the amount of gypsum and SF is
the amount of silica fume, [% wt.].

The initial limit values for the gypsum were 60 and 80%, for the silica fume 6
and 12%. The initial values of the water/binder ratio were different for the paste
and the mortar with respect to the different workability. The water/binder ratio of
pastes was designed within the range 0.65–0.85. The amount of water in the gypsum
mortars was greater due to its worse workability, from 1.26 to 1.33. The composition
of the optimized composites is shown in Tables 3 and 4. The first four compositions
of pastes/mortars (GP1–GP4/GM1–GM4) are mixtures of the initial simplex. Some
designed compositions had to be excluded during the optimization. Gypsum paste
GP5 was excluded because the water/binder ratio was too low and it was not possible
to mix the paste properly. The problem during the optimizing of gypsummortars was
different.MixturesGM7 andGM8had to be excluded, because the software designed
gypsum and silica fume in a sum of the amounts exceeding 100% and therefore these
mixtures were not possible.

The dosage of sand in the gypsum mortars was determined according to standard
ČSN EN 196-1 [9] which sets the binder/filler ratio as 1:2. The amount of filler
has been maintained the same for all the mixtures to allow better comparison of the
results.
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Table 4 The composition of gypsum mortars
Designation Components Bulk density

[kg m−3]

Gypsum [%] Silica fume
[%]

Lime [%] Water/binder
ratio

Sand [%]

GM1 20 2 11.3 1.26 66.7 1303

GM2 26.7 2 4.6 1.26 66.7 1329

GM3 20 4 9.3 1.26 66.7 1323

GM4 20 2 11.3 1.33 66.7 1291

GM5 24.3 0.3 8.7 1.19 66.7 1379

GM6 27.3 4.3 1.7 1.21 66.7 1381

GM7 31 5.3 −3 1.19 66.7 Refused

GM8 32.3 2.4 −1.4 1.17 66.7 Refused

GM9 23 3.7 6.6 1.24 66.7 1343

Fig. 3 The results for the compressive strength of pastes

The compressive strength results are shown graphically in Figs. 3 and 4. The
graphical representation is better suited for clarity and comparison of the results and
trends. The presence of aggregates and the higher water/binder ratio lead to lower
compressive strengths of gypsum mortars.

The proportions of dry binder components in the initial simplex (i.e. in the first four
mixtures) are the same for mortars and pastes. The water/binder ratio and presence
of filler was different. The same trend of compressive strength can be observed in the
results of both initial simplexes. Mixtures GP2 and GM2 have the highest values of
the compressive strength and mixtures GP4 and GM4 have the lowest compressive
strength. Despite this similarity, the next step in the optimization is different for the
paste and mortar.

Gypsum pastes GP7–GP9 attain an increase in the compressive strength of around
30%, compared with the best paste of the initial simplex GP2. It can be seen that the
compressive strength does not directly depend on the amount of silica fume. More-
over, paste GP9 has a larger amount of water than pastes GP7–GP8 which, however,
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Fig. 4 The results for the compressive strength of mortars

does not cause a loss of compressive strength in this case. The synergistic behaviour
of the mixtures can be observed on these results. The designed composition of pastes
with greater strength would probably not be found without using the optimization
method.

The compressive strength of last designed paste GP10 is significantly lower than
the strengths of the materials designed in the previous steps. Thus it was decided
that the increase in the compressive strength by 30% achieved in steps 3–5 (mixtures
GP7–GP9) is sufficient and the optimisation was terminated. The results of optimi-
sation of gypsum mortars are even better. A compressive strength about 50% higher
than the best materials from the initial simplex was achieved very rapidly, already in
3rd optimization step. The next step showed a decrease in the compressive strength
and the optimization was also terminated because an increase of 50% (GM6) was a
satisfactory result.

5 Conclusions

This paper describes the optimization of the compressive strengths of ternary
gypsum-based pastes and mortars. The simplex optimization method was used to
improve the compressive strength of all the materials. The simplex optimization
method is not used very often for this type of material, because it could be time-
consuming (only one composition is designed in one step). For the tested materi-
als, the satisfactory results were achieved relatively rapidly and compositions were
designed which could not have been foundwithout optimization. Paste GP9 achieved
a compressive strength about 30%greater than the best composition in the initial sim-
plex, even though it contained a small amount of expensive silica fume (5%) and has
a large water/binder ratio (0.8). In the case of ternary mortars, the material that was
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already designed in the 3rd optimization step had about 50% greater compressive
strength than the best material of the initial simplex.

Because all the components in the ternary material behave synergically, the
achieved results would not have been obtained as rapidly by a conventional design
method (e.g. by multifactorial optimization) and a substantially greater number of
experiments would have to be performed.
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gypsum: study of basic mechanical, hydric and thermal properties. Constr. Build. Mater. 21(7),
1500–1509 (2007)
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Study of the Influence of Sintering
Temperature on Water Absorption
in the Manufacture of Porcelain Cups

T. P. Duarte, J. L. Alves and P. Pereira

Abstract Thefinal quality of ceramic parts is strongly relatedwith the rawmaterials,
which have different origins, are available in nature in different places, and present
heterogeneous characteristics. The particularities of ceramic manufacturing process,
like hardness and moisture of pastes, drying and firing cycles, atmospheres, etc.,
are a multiplicity of factors that causes variability of properties on the final parts,
affecting their use in several applications. This work presents a study carried out in
a ceramic company that produces products for hotelware, namely coffee plates and
mugs. The objective was study the influence of the firing temperature on the porosity,
measured by the water absorption capacity. Taking into account the great influence
of the energy costs on the final price of the pieces, it was intended to determine the
lowest sintering temperature compatible with these ceramics request. It was found
that the highest porosity values (about 23%) occurred at temperatures of 750 °C.
From 850 to 1050 °C, the porosity variation is not significant, ranging from 21 to
22%, so it is not necessary to use higher sintering temperatures, which significantly
increases the cost of the product.
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1 Introduction

The traditional ceramic industry has, as main objective, to satisfy the needs of the
consumers in the production of bricks, tiles, flooring solutions, coatings, sanitary
ware and ceramic objects for utilitarian and decorative purposes. The term “ceramic”
derives from the Greek word “Keramus”, the designation attributed to the product
obtained from inorganic, nonmetallic, cold-formed and heat-hardened [1]. The final
properties of the ceramicmaterials are influenced by their chemical andmineralogical
composition, as well as by the chemical bonds and structure, resulting from the
manufacturing process [2, 3].

The porcelain—one of traditional ceramics groups—is obtained through amixture
of refractory clays, kaolin, quartz and feldspar, that later becomes harder, translucent,
vitrified and sound to the touch, firing at a maximum temperature of 1420 °C. The
VenetianMarco Polo, when passed through China between 1271 and 1295, described
the pieces made with porcelain paste, like objects similar to certain “porcellas”
(shells), giving rise to the word porcelain. The secret of porcelain paste remained in
China for hundreds of years. In the sixteenth century, Europe made several attempts
to obtain this secret. It is mainly in Italy that this research becomes more active, and
in 1708, the secret is discovered by the alchemist Johann Frederic Böttger and the
physicist Walter von Tschirnhaus. The first hard porcelain factory appears in 1773
in Europe [4].

Porcelain is defined as a glassy or unglazed vitreous ceramic, mainly used for
technical purposes [5]. The porcelains are made from triaxial ceramic pastes: clay
minerals (clay and/or kaolin—50%), quartz (10%) and feldspar (40%), which are
thermally treated at temperatures above 1250 °C.At the end of the production process
the products obtained have low porosity (less than 0.5%), low water absorption and
high glass content. They include houseware and hotelware products (dishes, cups,
bowls, etc.), electrical insulators, decorative items, dental prostheses, coatings and
others [6, 7].

To obtain the desired color and thin thickness, it is necessary to use rawmaterials of
high purity and low particle size. According to the properties to be attained in the final
product, namely degree of vitrification, mechanical strength, or others, appropriate
formulation of the ceramic paste are demanded. It is also very important to define
the final firing temperature, because is this parameter, which determines the final
properties [2, 8].

Kaolin, whose chemical formula is: Al2O3·mSiO2·nH2O, where m ranges from
1 to 3 and n from 2 to 4, is defined as a rock composed of minerals of the kaolinite,
and which have at least one of the following properties: high refractory and degree
of whiteness greater than or equal to 76% that resists, without melting, at high
temperatures [2, 5].

Feldspars are alumino-silicates with K, Na, Ca (KAlSi3O8, NaAlSi3O8,
CaAl2SiO2O8). Its use in the ceramic industry is mainly due to its fluxing action. It
allows the formation of a liquid phase at a lower temperature connecting the grains
of the ceramic body to achieve the desired mechanical strength and contributes to
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Fig. 1 Allotropic forms of silica, transformation temperatures and densities adapted from [9]

increase the relative density. Feldspar causes considerable shrinkage in the range of
1140–1350 °C [2, 5].

Quartz is a crystalline silicon oxide (silica—SiO2), very abundant in nature. Its
purity determines the type of application. It is designated as inert, because is less
altered by the action of heat, than clay and feldspar. Therefore, guarantees structural
strength before firing and facilitates the release of water (with less deformation) dur-
ing drying. Silica has three allotropic forms: quartz is stable below 870 °C, tridymite
between 870 and 1470 °C and cristobalite above this temperature, as shown in Fig. 1
[2, 5, 9]. The transition from a stable phase at low temperature to a high temper-
ature phase, leads to volume increase (expansion), due to the fact that the various
polymorphic structures have different densities. These dimensional variations can
cause problems of mechanical stability in the pieces and deserve special care in the
processing of ceramics based on clay [10].

The main steps for the production of porcelain products are described below.

1. Preparation of the ceramic paste

The milling process consists in reducing the particle size of a solid material in order
to increase the free surface to rise the reaction rate and allow a more homogeneous
mixing. There are various types of milling equipment. The choice is made according
to the type of granulometry desired, the need to obtain greater homogenization of
the components, and elimination of impurities [2, 3, 5]. For fine milling of hard raw
materials (quartz and feldspar), ball milling is used.

After the milling operation, particles and products harmful to the ceramic paste
are removed by sieving and desferritization, which is essential in the preparation of
the porcelain paste, since one of its main characteristics is whiteness. The existence
of metallic iron compounds in the slurry causes red to black stains during the firing
of the slurry [11].

The plastic materials (clays and kaolins) are diluted in water to allow a homoge-
neous mixture. After milling the hard materials and diluting the plastics, the blends
are mixed together in blenders. At this stage of the process, the ceramic paste density
is controlled. For the preparation and purification of porcelain pastes, processes such
as dispersion (deflocculation) and sedimentation (flocculation) are used. There are
deflocculants (silicates, carbonates and sodium phosphates, for example) and floc-
culants (substances with an acid character) that allow to control these processes in
the desired way [10, 11].
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Fig. 2 a Extrusion of the ceramic paste through the die and formation of the cylinders adapted
from [12]; b a set of ceramic paste cylinders

After the excess water is withdrawn from the filter press the filter cake falls
under gravity on the treadmill leading to the next stadium. It enters a worm screw,
where it is destroyed, to eliminate the effects of the moisture differences. It is then
extruded under vacuum, in the form of cylinders, with varying diameter and length,
according to the size of the parts for which they are projected (Fig. 2). Hardness
control is essential as, high hardness hamper shaping and lower hardness than that
indicated for the chosen manufacturing process, gives rise to less resistant products
that weakens handling in subsequent operations.

2. Conformation

In the manufacture of porcelain pieces for domestic use, the most efficient process is
counter-molding (plastic). The plastic paste, with a water content of approximately
24wt%, is used in Roller machines, by counter-molding, producing flat and hollow
pieces with an axis of symmetry [10, 13]. A slice of ceramic paste is placed over a
plaster form, which has the inner (or outer) shape of the part to be obtained, and then
the outer (or inner) is molded by means of a rotating metal punch, with the shape of
the part. Figure 3 shows the Roller conformation.

3. Drying

After conformation, the pieces, with moisture contents around 22%, remain adhered
to the surface of the plaster forms. If the demolding was performed, immediately
after the conformation, the demolding efforts would be sufficient to deform the
pieces, or else, they would deform, under the action of their own mass [14, 15]. A
controlled drying process should be carried out in order to ensure the balance between
the diffusion rate of the water from the interior of the piece to the surface and the
evaporation ratio thereof at the surface to a value close to 20%. For this reason, in
the first stage of drying, in which most of the retraction takes place, the mold (in
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Fig. 3 Plastic conformation by Roller: a external and b internal adapted from [14]

plaster) accompanies the part in the Roller dryer. Simultaneously with the drying of
the part also the drying of the mold occurs, which allows to use it again, immediately
after the demolding of the piece. The convection dryers coupled to roller machines
operate with tight limits of relative moisture (40–60%) and temperature (40–60 °C)
to provide easy demolding and ensure that the shaped parts acquire the necessary
consistency so as not to deform in subsequent operations [14, 15].

Thereafter, a rapid drying in afirst dryer is carried out tomoisture contents between
12 and 16%. The parts have still poor mechanical resistance, so they must be handled
carefully. Thereafter they undergo a second drying, at a temperature between 60 and
80 °C, where the moisture is reduced to 2%. The conditions of the drying air are
clearly more violent than those of the previous dryer, and can reach temperatures
between 90 and 120 °C and very low relative moisture. At the end of the second
drying, the dried products become white, and that is why “white dryer” designation
is assigned to the second dryer.

The occurrence of thermal and moisture gradients during the water elimination
process leads to the appearance of mechanical stresses, which can result in product
defects, deformations and cracks, reducing the parts quality. The speed at which
the drying process takes place depends on external factors (temperature, relative
moisture, air circulation velocity, exposed surface area and total pressure) and internal
factors (physical nature, structure, moisture content, temperature and thickness of
the solid) [10, 16].

In this process it is important to know the dimensional behavior of the ceramic
paste as a function of temperature in order to establish a drying cycle, because
when the dimensional variations end, the remaining water is easily eliminated. The
clays havevariable retraction curves depending their nature, dimensional distribution,
degree of packaging of the particles, etc. Ceramic pastes shrink less than pure clays
because they contain non-plastic materials [5, 10, 15]. In brief, the drying operation
is intended to eliminate the processing water present in the shaped parts, to increase
the mechanical strength of the products, in order to support the finishing operations,
and to prepare them for the firing operation.
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Fig. 5 a Cup furniture before firing and b after firing (whiter)

4. Firing

After drying the products are subjected to a first firing operation (Fig. 4), at temper-
atures ranging between 900 and 1050 °C, to consolidate the pieces [5, 13, 17]. The
calculation of the firing curve is dependent on two factors: type of oven available
and physical and chemical reactions desired at this stage [17, 18].

The area between 500 and 600 °C must be highlighted, both in heating and
cooling, as it is the moment when the quartz transformation starts and also between
900 and 1050 °C due to clay crystallization, because they promote volumetric
changes [19, 20].

This phase should allow to obtain parts with porosity around 20%, be carried out
in the shortest time and at the lowest temperatures, in order to reduce the associated
high energy costs. Figure 5 shows parts (cups) before and after firing.

5. Glazing

Glazing consists of covering the pieces with a suspension of glaze, optionally colored
or transparent. After final firing (final processing stage, described after), the glass
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Fig. 6 Glaze firing cycle for
porcelain pieces for domestic
use [2, 17, 18, 24]
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layer gives the surface of the pieces a pleasant brightness and makes the surface
smooth to the touch and easy to clean, creating an ideal support for the application
of paints used in decoration.

As the main feature of porcelain relative to other ceramic materials is their white-
ness, the glass used is usually transparent. This gives it even greater chemical resis-
tance, resistance to abrasion and impermeability. The application of the glaze can
be manual or automated. It is an aqueous suspension of solids (“milky”) with typi-
cal composition: SiO2-67.7%, Al2O3—12.8%, CaO—6.4%, and other less important
oxides [14, 21]. The optimal working density and viscosity of each glaze depends on
the immersion time and the percentage and rate of water absorption of the workpiece
after drying [22, 23]. High porosity values in the pieces, at this stage, consume more
glaze.

6. Final firing

This phase of the process consists of subjecting the glazed parts to high temperature
firing (it can reach 1420 °C) in a reducing atmosphere. Figure 6 shows a glaze firing
cycle suitable for the production of porcelain pieces.

It should be noted that the time period up to 500 °C is lower in relation to the first
firing (see Fig. 4) because the pieces have already been fired, and there are now no
problems regarding the need for water removal [24]. The great difference between
the firing of the glaze and the first firing lies in the period indicated in the graph
(stage from 20 to 30 min). It is the glaze period maturation, in which all chemical
reactions must be completed as well as allowing the removal of gaseous products
[17, 18, 24].

Due to the reducing atmosphere, carbon deposition may occur on products. Thus,
it is necessary to ensure the combustion of the carbon, before the vitrification of
the ceramic paste begins. For this to happen, the atmosphere of the furnace should
be strongly oxidizing when the temperature is between 900 and 1000 °C before the
porosity is eliminated due to the formation of the liquid phase. After removal of
the carbon, the high temperature firing period takes place in a reducing (or slightly
oxidizing) atmosphere, depending on the color desired for the glaze [14, 25].
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Fig. 7 Changes occurring in a porcelain paste as a function of temperature, adapted from [19, 20,
22, 25]

The reducing atmosphere promotes the whiteness of the piece. If the firing is in an
oxidizing atmosphere, the iron (Fe2+ andFe3+) present in the rawmaterials is oxidized
to trivalent iron (Fe3+) and the ceramic pieces acquire a pink coloration. To ensure that
all iron is converted to Fe2+, a concentration of reducing substances in the atmosphere
(2–3% by volume of CO+H2) is required. A too much reductive atmosphere also
causes a change in color paste, making it greyish due to the formation of metallic
iron. Potassium feldspar reacts first with silica, resulting from the decomposition of
kaolinite, and then with quartz at higher temperatures. The liquid phase begins at
985 °C and the melting potassium feldspar is complete at 1150 °C [14, 19]. After this
phase the water absorption should be 0%. Figure 7 shows a summary of all changes
occurring in a porcelain paste as a function of temperature.

Summing up, this paper describes hardness and moisture tests of ceramic pastes
(after forming and next to first and second drying) carried out on pieces shaped
by pressing, in order to analyze the variability of these characteristics in the initial
stages of the manufacturing process. It was verified that the characteristics of the
raw materials are quite homogeneous over time, as well as the values of moisture
and porosity, in the two drying stages, after conformation. Thereafter, tests were per-
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formed at various sintering temperatures between 650 and 1050 °C and the porosity
was determined. Dilatometry tests were also carried out on the paste to identify
the temperatures at which structural variations occur. The purpose is to determine
the lowest sintering temperature compatible with these ceramics request (adequate
porosity and mechanical strength to receive glaze), in order to reduce energy con-
sumption.

2 Experimental Procedure

The experimentalworkwas carried out in a ceramic companywhoproduces porcelain
pieces—cups/mugs and plates/dishes—using samples with shapes and dimensions
identical to those shown in Fig. 8 and also samples of ceramic paste from different
batches (see Fig. 2b).

The ceramic paste used is not produced in the company and therefore the propor-
tions and compositions used (quantities and granulometry of clay, silica and feldspar
and other components) and specific details of their production such as milling time,
mixing, among others are not known or controlled. In Table 1 some relevant char-
acteristics of the ceramic paste are indicated according to the indications of the
technical data supplied by the manufacturer (Mota Pastas, Lda, Vagos, Portugal)
[27]. The ceramic paste hardness is 2.6 bar. Tests were carried out to determine
some characteristics of the ceramic paste in 18 cylinders (see Fig. 2) from 3 different
batches.

Hardness
The hardness of the paste is measured with the aid of a penetrometer model ST207
(Prospectors, Dural, Australia), which when pressed against the paste, indicates its
hardness in bar (unit of pressure measurement). Three measurements were made in
random zones in each ceramic paste cylinder belonging to different batches.

Table 1 Characteristics of
the paste used as raw material
[27]

Chemical analysis wt% (%)

SiO2 64.5

Al2O3 24.0

K2O 3.19

Na2O 0.63

MgO 0.14

CaO 0.19

Fe2O3 0.40

TiO2 0.04

Moisture 21.0–23
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Fig. 8 An example of cup and plate used as samples in experimental work adapted from [26]

Determination of moisture content in the ceramic paste (before forming) and in parts
after forming, 1st drying and 2nd drying
To determine the moisture content, the sample is weighed (slice of ceramic paste
or piece) on a precision weighing-machine model OHAUS PA214C (New Jersey,
USA) (0.01 g) (P1). This sample is then placed in an oven EUROTHERM (Virginia,
USA) at a temperature of 100 °C for 24 h. After this time, the dried sample is taken
from the oven, allowed to cool to room temperature and weighed (P2). The results
presented are the average and standard deviation of 12 samples obtained in the same
conditions.
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Fig. 9 Firing cycle used in the tests

Determination of the influence of firing temperature on water absorption (porosity)
The water absorption by a ceramic body is influenced by the granulometric dis-
tribution of a raw material or ceramic paste, by the chemical and mineralogical
composition of the clay minerals, by crystalline structure and also by the porosity
after drying and firing. Water absorption indicates the level of porosity of a ceramic
part. The smaller the porosity of a piece, the smaller the amount of water it absorbs
[10].

Prior to this work, the percentage of water absorption (porosity) of the pieces after
firing was unknown. Thus, tests were carried out to ascertain the range of porosity
values of the fired pieces, as a function of temperature. The main objective of this
test was to find the minimum firing temperature, to obtain glazing absorption rates of
20–21%, suitable values for this type of products. For each temperature, 12 samples
were used (3 from 3models of dishes and 3 of a cup model). These tests were carried
out in a laboratory oven KLS 10/12 EUROTHERM (Virginia, USA), due to the
impossibility of using the production ovens (because of their size and interruption
in company production).

Samples were collected at the outlet of the 2nd dryer and firing trials were carried
out at 5 different temperatures; 650, 750, 850, 950 and 1050 °C, according to the cycle
shown in Fig. 9. The difference in each test was the stage temperature. In this figure
it was decided to present as an example the average value of the 5 studied (850 °C).

No tests were carried out at higher temperatures to avoid the melting of some raw
materials, namely feldspar (melting temperature of 1140 °C) which significantly
reduces the porosity and makes difficult the subsequent glazing.

In this work these test of water absorption (WA) were carried out according to
the procedure described in [28]. This procedure consists of: remove the samples to
be tested (in this case plates and cups) from the firing oven at room temperature;
weigh the fired samples (P1), introduce the samples into a vessel with water at room
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temperature for 24 h, totally covered. After this time, remove the surface water with
a damp cloth, and then weighed the samples again (P2).

Dilatometric analysis
Dilatometric thermal analysis is of great importance for the ceramic industry as it
allows continuous recording of the volume changes that a specimen suffers when
subjected to heating and cooling cycles, thus allowing the evaluation and control of
the final dimensions of the products and possible occurrences of defects, such as
cracks, deformations and residual stresses [29]. The thermal-dilatometric analysis
allows to highlight the volume variations related to the coefficient of expansion,
elimination of some constituents by the formation of volatile compounds, reactions
and crystallochemical transformations, firing, and formation of the glassy phase or
liquid. It also allows for kinetic studies of certain transformations, if the temperature
is constantly raised and if the dilatometric recording is done as a function of time
[30].

This test can be carried out on raw and/or fired specimens, supplying important
indications about the mineralogical composition, volume variations and the behavior
that the clay raw material has in the glue system. Generally, up to temperatures
around 400 °C, a linear expansion occurs which ends when the water of constitution
is eliminated [29]. This assay was performed on ceramic paste samples at a heating
rate of 5 °C/min until 740 °C, due to equipment oven limit (800 °C), and cooling at
a rate of 5 °C/min, model BAHR, DIL 801L (Guyancourt, France).

3 Results and Discussion

Ceramic paste analysis—raw material

Hardness
The purpose of this test was to verify the values deviation between the hardness
measured experimentally in the ceramic company, with the value indicated by the
supplier (2.36 bar). The analysis of Fig. 10 shows the existence of deviations that are
explained by the storage time before use. However, average hardness of measured
and delivered values are equivalent and the standard deviation is low, which means
that the technical data sheets supplied from the provider can be validated.

Moisture
The results obtained relative to the moisture of the ceramic paste cylinders are shown
in Fig. 11. There is a slight deviation of the mean moisture measured in this work
relative to the one indicated by the supplier (−0.60%). This deviation can be justified
due to the excess of time spent in the warehouse, since it is received until it is
used. The reduction of moisture is strongly influenced by the environment inside
the factory (ambient temperature conditions always around 25 °C). However, this
difference is thought to have no significant influence on the forming process since
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the actual moisture content is around 22%, which is considered adequate for the
forming process used and within the range indicated by the supplier.

In summary, in relation to ceramic paste, the values of hardness and moisture
determined in the company in 18 cylinders and 3 measurements in each of several
batcheswere very close to the values indicatedby the supplier. Therefore, it is possible
to consider that, the raw material is controlled and adapted to the type of subsequent
conformation process.

Moisture after Roller conformation
Figure 12 presents the measured moisture values in cups and dishes after confor-
mation (in Roller CERINNOV – AUTO 45(Limoges, France) cup line) but before
the first drying. The values are in accordance to predicted, because they are around
20–22% (average value of 21.59% and a standard deviation of 0.70%), and are sim-
ilar to those obtained in the ceramic paste (see Fig. 11) used in the conformation,
which indicates that until this phase the process is controlled.
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Fig. 12 Moisture after conformation for 12 plates and 12 cups

Moisture at the exit of the 1st dryer (CERINNOV - SECHOIR DF10CP 08 08/2
PORTES (Limoges, France)) (5 to 10 min between 50 and 70 °C) after forming in
the Roller
Moisture determination tests were also carried out on several pieces at the exit of the
1st dryer after demolding. The results presented in Fig. 13 show that the moisture
values (average values between plates and cups of 18%) are higher than expected
(between 12 and 16%), which means that this first drying does not produce the
adequate results (average of 17.4% in dishes and 19.3% in cups). This effect is
stronger in the cups than in the dishes and may be due to the fact that it is more
difficult to uniformly dry a higher piece (cup) than a (flatter) plate. This difference
may hinder the subsequent drying operation.

Moisture after 2nd dryer—white (CERINNOV - SECHOIR 34 BALANCELLES
(Limoges, France)) (24 h between 45 and 50 °C)
The moisture of plates and cups determined after the second dryer is shown in
Fig. 14. It is found that after this drying the moisture values are quite low (average
about 0.38%) and even lower than that indicated in the literature (about 2%) which
means that although the parts reach this dryer with moisture higher than indicated, at
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Fig. 13 Moisture at the exit of the 1st dryer for 12 plates and 12 cups

the end of this step have lowermoisture which is suitable for the next firing operation.
However, very low values of moisture at the entrance of the oven can induce cracks,
and consequently defects, resulting in rejection of pieces.

Water absorption/porosity with sintering temperature
In order to understand the influence of the maximum firing temperature, in water
absorption/porosity of the pieces, tests were carried out at 5 different temperatures,
using samples from the same batch after 1st and 2nd dryer, in order to eliminate
small differences that may occur in these steps. The results obtained are shown in
Fig. 15.

It can be seen that the maximum porosity is obtained for the temperature of
750 °C (22.56%). This is due to the relevant physical and chemical transformations
of the clay, which makes it more porous, as already mentioned (see Fig. 7). On the
other hand, from this temperature, the porosity decreases, until reaching a minimum
value for 950 °C, near 21%. In a bi-firing process (as is used in the manufacture
of these parts, firing before and after glazing) it is of interest that all the important
transformations occurring in the firing process are carried out in this stage in order to
avoid future defects in the pieces, only detected after glaze firing, since this entails
costs with the processing of pieces that will be rejected. It is considered, therefore,
that the temperature of 850 °C is sufficient to carry out the firing of these pieces,
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Fig. 14 Moisture at the exit of the 2nd dryer for 12 plates and 12 cups

since it gives porosity values between 21 and 22%, suitable for glaze application. It
is not defensible to use higher temperatures because they do not significantly change
porosity, and causes an increase in energy cost.

To clarify this data, dilatometric analysis of the ceramic pastewere used to identify
the physical and chemical changes occurring with increasing temperature (Fig. 16).
The dilatometric curves show a gradual increase in linear expansion, with a rapid
shrinkage around 600 °C, which coincides with the beginning of the firing and vitrifi-
cation processes towhich the particle rearrangements of the clayminerals correspond
after a rupture of their structural order and consequent amorphization. In relation to
the critical temperature of 573 °C, at which the inversion of quartz occurs (changes
from quartz α to quartz β, see Fig. 1), it is possible to verify that during the heating
there is no significant expansion.

With regard to shrinkage as heating begins, the volume oscillation may be asso-
ciated with the release of water associated with clay minerals and the dehydration
of the iron hydroxides. The dilations also occur, due to the natural response of the
ceramic body to the increase in temperature.

From around 150 to 200 °C there is a progressive and considerable expansion up
to 500 °C, at which transformation from quartz α to quartz β occurs. Subsequently,
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Fig. 16 Dilatometric test performed on ceramic paste until 740 °C

a slight stabilization between 500 and 600 °C is observed. This stabilization level is
related to a strongly illitic composition of the raw materials and to the difficulty of
releasing the strongly bound structural water. After stabilization, a slight retraction
of the ceramic body occurs up to 750 °C.
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4 Conclusions

The manufacture of porcelain parts depends on numerous variables from the choice
of rawmaterial, forming process, drying and firing cycles, which determines the final
properties of the products. In thiswork, some relevant parameters of the ceramic paste
used in the conformation of plates and cups were studied and tests were carried out
on the various stages of the manufacturing process to determine the final porosity
before glazing as a function of temperature.

Tests carried out on the ceramic paste (raw material)
The hardness and moisture determination, revealed small deviations between the
experimental value and the one indicated by the supplier, however they are still
adequate for the conformation process. It must be kept in mind that the ceramic
paste, sometimes, remains stored for a few days until its use which changes the
hardness and moisture, and this case these values should be controlled to confirm
that they are still suitable for forming.

Tests on parts—moisture
After the shaping operation, it was concluded that moisture values are as expected,
since the ceramic paste enters the conformation with moisture percentages around
22%, and less than the heat provided by the forming head, which is very residual, the
parts (plates and cups) keep the same levels ofmoisture. It is verified that after passing
through the 1st dryer, the plates lose approximately 4.2%moisture and the cups only
2.7%. After drying in the second dryer the percentage of moisture is reduced to
0.38% for both cups and dishes (less than 2% suitable for the pieces before they are
fired). These values may be too low and cause cracks and fissures to appear during
firing.

Ratio between firing temperature and water absorption/porosity of cooked parts
The temperature of 850 °C produces parts with suitable porosity for subsequent
glazing and therefore it is not necessary to use higher temperatures.
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Design and Characterization of Porous
Collagen/Gelatin/Hydroxyethyl Cellulose
Matrices Containing Microspheres Based
on κ-Carrageenan

J. Kozlowska, K. Pauter, J. Skopinska-Wisniewska and A. Sionkowska

Abstract Polymericmicrospheres have awide range ofmedical and cosmetic appli-
cations and synthesis of these microparticles is the subject of numerous studies. The
strategy of incorporating polymer microspheres into three-dimensional matrices to
construct controlled-release materials have been attracting increased attention in
recent years. The aim of this study was to obtain new materials by means of incorpo-
rating polymer microparticles (containingCalendula officinalis flower extract) in the
three-dimensional polymer matrix with a porous structure. The microspheres were
produced from κ-carrageenan, κ-carrageenan with addition of locust bean gum or
sorbitol by extrusion and 2-phase emulsion methods. In the next step, microspheres
were incorporated into a collagen/gelatin/hydroxyethyl cellulose matrix and materi-
als were cross-linked using EDC/NHSmixture. The mechanical properties (Young’s
modulus) of the obtained materials were characterized. The porous polymeric matri-
ces combined with κ-carrageenan microparticles may become the basis for a new
cosmetic or dermatological formulation. The size of the microparticles, their com-
position and quantity have a significant influence on their mechanical properties.

Keywords Microspheres ·Microencapsulation · κ-carrageenan
Calendula officinalis flower extract · Polymeric matrices

1 Introduction

Microencapsulation is a relatively new and dynamically developing technique.
Microencapsulation technology can be defined as the incorporation process, i.e. clo-
sure of an active substance using thin polymer coatings, resulting in small particles
referred to as microcapsules or microspheres [1, 2]. The incorporated active sub-
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stance is called the core material and the material that surrounds the encapsulated
component is named a coating, shell or wall material [3].

Microencapsulation is mainly used in areas where particular attention is paid to
the stability, efficiency and bioactivity of the obtained materials [4]. This technique
is used, among others things, in the pharmaceutical, medical, food and cosmetics
industries. The quality of the obtained microparticles is influenced by many fac-
tors, including: appropriate choice of wall material (shell), type of the core, as well
as microencapsulation methods [5]. The synthesis and characteristics of polymer
microparticles are the subject of numerous studies [6–9].

The pot marigold flower extract (Calendula officinalis flower extract) can be used
as the internal phase of the microparticles. It is a one-year-old herbaceous plant with
large orange-yellow flowers. The phytopharmacological studies of marigold flower
extract confirm its anti-inflammatory and antiviral activity. In addition, marigold
extract contains salicylic acid with a bactericidal and fungicidal properties [10, 11].

The shells based on natural polymers are relatively popular [12–14]. Carrageenan
is often used in the encapsulation technique [15–17]. This polysaccharide is obtained
by the extraction of some red marine algae (Rodophyceae). Due to a number of inter-
esting features such as: biocompatibility, biodegradability, high water absorption
capacity, as well as good mechanical properties, this polymer has found wide appli-
cation in various fields, including: medicine, tissue engineering, cosmetics industry,
biotechnology, horticulture, as well as agriculture [18–20].

The aim of this paper is to obtain and characterize the mechanical properties
of composite materials for potential cosmetic or dermatological applications. The
materials were prepared by incorporating polymer microparticles (containing plant
extract) in the three-dimensional polymer matrix with a porous structure. The micro-
spheres were produced from carrageen and carrageen with addition of locust bean
gum or sorbitol through the emulsion and extrusion method. In the next step, micro-
spheres were incorporated into a collagen/gelatin/hydroxyethyl cellulose matrix. As
an active compound used in pharmacy and cosmetics, pot marigold (Calendula offic-
inalis) flower extract was loaded into the microspheres.

2 Materials and Methods

2.1 Microencapsulation Procedure

Carrageenan-based microspheres were prepared by extrusion and water-in-oil emul-
sion described by Muthukumarasamy et al. with modifications [21]. κ-carrageenan,
locust bean gum and sorbitol (Sigma-Aldrich Co., Poznań, Poland) were used as wall
materials formicroencapsulation of 0.1%Calendula officinalis flower extract (Provi-
tal S.A., Barcelona, Spain). 1.5% (w/v) carrageenan and 1.5% (w/v) carrageenan plus
0.1% (w/v) locust bean gum (LBG) or 1.5% (w/v) carrageenan plus 20% (w/v) sor-
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bitol were used for microencapsulation by both extrusion and a 2-phase (water/oil)
emulsion system.

κ-carrageenan-based wall materials were maintained at 40 °C to prevent solid-
ification. Extrusion was performed by expression of the wall material/Calendula
officinalis flower extract mixture through a syringe needle (∅ = 0.6 mm) dropwise
into 0.5 M CaCl2. Microspheres were held at 25 °C for 30 min to ensure complete
solidification and then they were separated by filtration through Whatman nr 4 filter
paper.

The (phase separation)method involved adding 1 part ofwallmaterial (with added
extract) to 5 parts of paraffin oil (mineral oil) (v/v) (P. P. H. Stanlab, Lublin, Poland)
containing 0.02% tween 80 (Sigma Aldrich, Poznan, Poland.). The mixture was
warmed to 40 °C and stirred at 800 rpm for 5 min using a mixer (IKA®, model T25
digital ULTRA—TURRAX) to form a uniformwater-in-oil emulsion. The dispersed
polymer was allowed to cool to 25 °C to form microspheres. Then 0.5 M CaCl2 was
added at the sides of the beaker until the emulsion was completely broken. The beads
formed were collected by vacuum filtration through Whatman nr 4 filter paper.

2.2 Production of Collagen/Gelatin/Hydroxyethyl Cellulose
Matrices Incorporating κ-Carrageenan-Based
Microcapsules

Collagen (col) type I was obtained in our laboratory from fish scales of Esox lucius
[22]. Gelatin type A (gel), hydroxyethyl cellulose (hec), carbodiimide (EDC), N-
hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich (Poznań, Poland).

To prepare microsphere-loaded matrices, 0.15 or 1.5 of microbeads were mixed
with 15 ml collagen suspension (0.5% w/v), 15 ml aqueous gelatin type A solu-
tion (0.5% w/v), and hydroxyethyl cellulose (0.15 g), and magnetically stirred for
30 min. The weight ratio of collagen and gelatin to microspheres was 1:1 or 1:10.
Then, the mixtures were frozen (−20 °C) and lyophilized (−55 °C, 5 Pa, 24 h).
After lyophilisation, matrices were cross-linked using a cross-linking mixture. The
chemical modification of the samples was carried out in 96% ethanol in the presence
of 50 mM EDC and 25 mM NHS at room temperature for 4 h. After this time, the
matrices were washed with 0.1MNa2HPO4 (washing was done for 2 h, changing the
solution after 1 h). To remove the residue of the cross-linking mixture, the samples
were washed 4 times with distilled water (washing performed for 2 h, changing the
water every 30min). The cross-linkedmatriceswere frozen (−20 °C) and lyophilized
(5 Pa,−55 °C, 48 h). A matrix without microspheres was used as a control sample.
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2.3 Mechanical Properties

Cylindrical samples with a diameter of ~16 mm and a height of ~21 mm were
produced for mechanical testing by placing each of col/gel/hec and κ-carrageenan-
based microsphere mixtures into polystyrene cylindrical containers, freezing and
freeze drying. All the testing was carried out using a mechanical testing machine
(Z.05, Zwick/Roell, Germany) at room temperature. Dry samples, as well as samples
soaked in PBS buffer at pH 5.7 were used for the analysis. Prior to the measurements,
the samples were carefully measured (diameter and height). Next, the samples were
placed between the compression plates of a computer-controlled testingmachine and
they were pressed with the cross–head speed set at 2 mmmin−1 to 10% deformation
of the material. The results were recorded using the testXpert II computer program.
The compressive modulus (Young’s modulus, Ec) was calculated from the slope of
the stress-strain curve in the linear region (strain from 0.05 to 0.25%). The presented
values are the average values calculated from five measurements for each type of
matrix.

3 Results

Porous collagen/gelatin/hydroxyethyl cellulose-based composites were fabricated
by using freeze-drying method. The microspheres obtained by extrusion method
have significantly larger sizes than the microspheres obtained by emulsion method
(Table 1).

Stress-strain curves for all the samples were similar and they were linearly shaped
to 10% deformation of the material (results not shown). The measurement of the
compressive modulus was carried out for dry col/gel/hec-based matrices. The results
summarized in Tables 2 and 3 are the average of five measurements for each type of
sample.

It can be observed that the incorporation of microspheres obtained by extrusion
into col/gel/hec matrices has a significant effect on the mechanical properties of the
studiedmaterials. TheYoung’smodulus of the control samplewas~5.23kPa and after

Table 1 The size of obtained microparticles (swollen and dry)

Type of microsphere Size of microspheres [μm]

Extrusion method Emulsion method

Swollen Dry Swollen Dry

Carrageenan 962 ± 13 730 ± 9 262 ± 12 187 ± 11

Carrageenan/locust
bean gum

1042 ± 5 923 ± 7 398 ± 9 213 ± 4

Carrageenan/sorbitol 1165 ± 8 1080 ± 7 417 ± 8 332 ± 7
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Table 2 Compressive modulus of matrices with incorporated microspheres prepared by extrusion

Matrices with incorporated
microspheres (the type of
microspheres)

Ec ± SD [kPa]

1:1 1:10

Control sample 5.23 ± 0.94 5.23 ± 0.94

Carrageenan 6.72 ± 0.67 8.73 ± 0.59

Carrageenan/locust bean gum 6.00 ± 0.93 7.03 ± 1.10

Carrageenan/sorbitol 5.70 ± 1.31 6.71 ± 1.06

Table 3 Compressive modulus of matrices with incorporated microspheres prepared by emulsifi-
cation method

Matrices with incorporated
microspheres (the type of
microspheres)

Ec ± SD [kPa]

1:1 1:10

Control sample 5.23 ± 0.94 5.23 ± 0.94

Carrageenan 5.38 ± 0.99 5.25 ± 0.61

Carrageenan/ locust bean gum 5.48 ± 0.23 5.61 ± 0.80

Carrageenan/sorbitol 5.48 ± 0.41 5.99 ± 0.97

an addition ofmicroparticles to thematrix, the values of Young’smodulusweremuch
higher. The highest value of the compression module was observed for the matrix
containing carrageenan microspheres, whereas a carrageenan/sorbitol microsphere-
loaded matrix had lower stiffness. The values of Young’s modulus were higher for
matrices with a higher content of microparticles.

However, in the case of matrices containing microparticles obtained by emulsion
method, we have observed that the incorporation of microspheres into polymeric
matrices does not have a significant effect on the mechanical properties of these
materials. With the increase of the quantity of microspheres in this matrix, the stiff-
ness of the material was slightly higher.

4 Conclusions

Carrageenan-based microspheres with spherical shape were synthesized by different
methods with particle sizes ranging ~187–1080 μm (after lyophilisation). Porous
three-dimensional collagen/gelatin/hydroxyethyl cellulose matrices containing dif-
ferent amounts of microspheres were fabricated and characterized. The size of the
microspheres depends primarily on the method of their obtaining. Microspheres
obtained by extrusion were much larger than those obtained by emulsion tech-
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nique. Moreover, the size of the incorporated particles also affects the stiffness of the
obtained materials. After adding the larger microparticles to the matrix the values of
Young’s modulus were increased. In addition, the composition of the wall material
plays an important role. Thus, during the designing of three-dimensional polymeric
materials containing incorporated microparticles, we can influence their mechanical
parameters by adjusting the size of the used microparticles, their composition and
quantity.
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Effects of Fiber Treatment
on the Properties of Epoxy
Curaua-Reinforced Composites

F. C. Amorim, J. F. B. Souza and J. M. L. Reis

Abstract Natural fiber research is getting attention worldwide due to its sustain-
ability and ecofriendly nature. It combines low density and interesting properties.
Curaua fiber is an abundant natural fiber, which has low cost and several applica-
tions. The mechanical properties have a strong dependence on the interface adhesion
between the fiber and the polymermatrix. In this work, surfacemodifications induced
by sodium hydroxide (NaOH) on Curaua fibers were studied in order to investigate
NaOH as a chemical agent in fiber reinforced epoxy polymer composites. Raw fibers
were treated with 1%, 3% and 5 wt% sodium hydroxide solution for different periods
of time (24, 72 and 168 h) at room temperature. Specimens of treated Curaua/Epoxy
composites were tested and compared in tensile and in flexion to observe themechan-
ical properties. DMA analyses were performed to evaluate the composites physical
properties due to temperature variation. Results showed that fibers treated with 5%
of sodium hydroxide for 72 h produced improved superficial roughness increasing
mechanical properties. The results also showed an increase in the viscoelastic stiff-
ness of the epoxy matrix by the incorporation of Curaua fibers.

Keywords Natural fibers · NaOH treatment · Mechanical properties

1 Introduction

The studies of natural fibers as reinforcement of polymeric composite structures
have been developing in the past few years. The lignocellulosic fibers are a type of
green material that has been used considering some advantages over synthetic fibers,
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such as: low cost, low specific mass, considerable specific strength, low energy
consumption, renewable and biodegradability resource [1–3].

Curaua fiber (Ananas erectifolius) is a Brazilian fiber developed in the Amazon
region (Pará state). Given the competitive industrial market, the research for new
materials is more frequent. Considering the fact that the natural fibers can meet great
mechanical and chemical properties with low cost and weight, they have been used
in place of synthetic fibers as glass and carbon.

Lignocellulosic fibers gain attention in many industrial areas such as automotive,
aerospace and construction. Especially the automobile sector constantly seeks to
reduce the weight and the emissions of carbon dioxide through the manufacture of
its interior components based on natural fibers [4].

Natural fiber polymer composites are materials composed of two phases: poly-
meric matrix and fibers. Polymeric matrix (thermosets or thermoplastics) protects
the fibers against the environmental or chemical factors. The fibers with superior
mechanical strength can support the load. An important mechanical aspect of com-
posites is the load transfer by the matrix to the fibers.

In order to achieve a good performance of compositematerial, the correct adhesion
between fiber and matrix is required. The drop in interfacial mechanical properties
between composite parts commonly decreases the fibers ability as reinforcing com-
ponent. Some characteristics of the natural fibers, are related to the composition
(cellulose, hemicellulose, lignin and waxes) and the elevated capacity of moisture
absorption, which contribute to the weak adhesion between the polymeric matrix
and fibers. The properties of natural fibers have a strong dependency of its chemical
composition [5–7].

A great challenge of composite reinforced with natural fibers is the bonding pro-
cess between fiber and matrix. With a view to improving the adhesion between the
composite phases, surface treatments are needed, in order to remove the residues such
as waxes and other non-cellulosic substances that promote poor adhesion between
hydrophobic epoxy resin and hydrophilic fibers [8, 9].

The treatment with NaOH solution contributes to remove the residues at the inter-
face region of fibers, improving the mechanical properties of the composite.

In this study the mechanical properties, tensile and flexural properties of
Curaua/Epoxy composites with Curaua fibers treated with a different %wt NaOH
solution are investigated and also its viscoelastic behavior from very low temper-
atures, −50 °C, to elevated ones, 180 °C. Viscoelastic behavior was evaluated by
Dynamic Mechanical analysis and also the glass transition temperature.
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2 Materials and Methods

2.1 Surface Treatment with NaOH

The Curaua fibers were treated with different NaOH concentrations (1%, 3% and 5
wt%) and immersion time (24, 72 and 168 h) at room temperature. These parameters
were combined forming a 3×3 result matrix. Thereafter, the Curaua fibers were
washed in running water for 30 min (post-treatment), dried in an electric oven at
80 °C for 24 h and the fibers were reprocessed. Figure 1 shows the NaOH fiber
treatment and it is possible to see that 5 wt% NaOH solution removes more residues
than others concentrations at the same immersion period.

2.2 Materials

To produce the Curaua/Epoxy composite, the natural treated fibers and polymeric
resin were mixed with 50% of fiber content, placed in the 200 mm×200 mm×
4 mm steel frame mold and cured for 7 days at room temperature before testing. The
composite material was post-cured for 8 h at 80 °C in order to speed up the curing
process and improve mechanical properties of composite. Subsequently, the flexural
and tensile samples were produced according to standards.

The polymeric epoxy resin used in this study was provided by Epoxyfiber®.
Based on diglycidyl ether of bisphenol A and an aliphatic amine hardener. The

Fig. 1 Fiber treatment
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Table 1 Properties of epoxy
resin at room temperature

Property Epoxy

Viscosity at 25 °C µ (mPa s) 12,000–13,000

Density ρ (g/cm3) 1.16

Heat distortion temperature HDT (°C) 100

Modulus of elasticity E (GPa) 5.0

Flexural strength (MPa) (ASTM D790) 60

Tensile strength (MPa) (ASTM D638) 73

Maximum elongation (%) 4

Fig. 2 Curaua fibers

epoxy resin has low viscosity and the mix ratio to hardener of 4:1. Resin properties
by the manufactures are shown in Table 1.

Curaua fiber (Ananas erectifolius) from Pará state is a type of lignocellulosic fiber.
The fiber has a diameter of 50 µm and a length of 6 mm and the aspect ratio (L/D)
is 120. The Curaua fibers are shown in Fig. 2. The mechanical properties of Curaua
fiber are presented in Table 2.

2.3 Methods

Mechanical tensile and flexural tests for different weight % NaOH treated Curaua
fibers were performed by Shimadzu®AG-X universal testing machine according to
ASTMD3039/D3039 M-14 [11] and ASTMD790-10 [12], respectively. The tensile
tests were performed with a cross-head speed of 2 mm/min and the three-point
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Table 2 Properties of Curaua
fiber [10]

Property Curaua

Density ρ (g/cm3) 1.4

Modulus of elasticity E (GPa) 11.8

Tensile strength (MPa) (ASTM D638) 500–1150

Maximum elongation (%) 3.7–4.3

Fiber diameter (µm) 50

Fiber length (mm) 6

Fig. 3 Tensile and flexural test set-up

bending with a speed of 1.5 mm/min. Four specimens were tested for each type of
mechanical testing. Figure 3 shows the tensile and three-point bending set-up for
Curaua/Epoxy tests.

Thedynamicmechanical analysis—DMAwasused formeasuring the temperature
influence in elastic properties of all formulations of natural fiber composite. Tests
were performed with three-point bending configuration and the span of the supports
was 40 mm, according to ASTM D7028 [13]. The samples were scanned from −50
to 180 °C with a heating rate of 2 °C/min at different frequencies: 0.01, 0.1, 1, 10
and 100 Hz.
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Table 3 Tensile properties of Curaua/Epoxy composite

Maximum tensile strength (MPa) Young’s modulus (GPa)

24 h 72 h 168 h 24 h 72 h 168 h

1% 26.90 ± 1.64 28.00 ± 2.59 24.66 ± 2.43 2.86 ± 0.07 2.50 ± 0.11 2.49 ± 0.13

3% 26.99 ± 3.41 28.67 ± 3.82 27.37 ± 1.63 2.87 ± 0.23 2.71 ± 0.26 2.70 ± 0.12

5% 29.21 ± 2.28 30.21 ± 4.28 27.94 ± 0.82 2.89 ± 0.20 2.73 ± 0.13 2.74 ± 0.04

Table 4 Flexural properties of Curaua/Epoxy composite

Maximum flexural strength (MPa) Flexural modulus (GPa)

24 h 72 h 168 h 24 h 72 h 168 h

1% 60.24 ± 4.55 61.62 ± 5.36 57.12 ± 4.05 4.76 ± 0.47 5.03 ± 0.28 4.66 ± 0.38

3% 60.41 ± 2.53 62.97 ± 3.21 59.09 ± 2.54 4.84 ± 0.36 5.03 ± 0.35 4.73 ± 0.41

5% 61.99 ± 6.16 63.30 ± 4.55 59.41 ± 4.14 5.29 ± 0.47 5.74 ± 0.57 4.03 ± 0.44

3 Results and Discussion

3.1 Tensile and Flexural Experiments

The tensile and three-point bending test results of composite with Curaua fiber (50%
fiber content) treated with different NaOH concentration (1%, 3% and 5 wt%) and
immersion time (24, 72 and 168 h) are presented in Tables 3 and 4.

From Tables 3 and 4 it is visible that the tensile and flexural maximum strength
and stiffness are dependent of NaOH concentration and immersion time. As NaOH
wt% content increase the tensile and flexural modulus increase and tensile and flex-
ural stiffness also increase. Although the immersion time improves the strength and
stiffness of composite, there is an optimal time (72 h) where the properties reach
their best values, after this period of time occurs the degradation of the Curaua fibers
and thus the mechanical properties decrease.

Figure 4 shows the tensile stress versus strain curves for Curaua/Epoxy composite
with 50% of fiber treated with 1, 3 and 5 wt% of NaOH treatment at a different
immersion time (24, 72, 168 h).

The plots presented in Fig. 4 show a hard dependence on surface treatment and
immersion time inNaOH solution. Bothmodulus of elasticity andmaximum strength
are treatment-dependent.

Figure 5 displays the three-point bending stress vs. strain curves for Curaua/Epoxy
composite with 50% of fiber treated with 1, 3 and 5 wt% of NaOH treatment at a
different immersion time (24, 72, 168 h).

The curves showed in Fig. 5 present the strong influence of chemical treatment
with NaOH solution at different immersion period (24, 72, 168 h). Overall, compos-
ites reinforced with Curaua fibers immersed for 72 h in a 5% wt% aqueous solution
are stiffer and high strength, tensile and flexural, compared to untreated Curaua fiber
composites [14].
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Fig. 4 Typical tensile stress versus strain curves of treated Curaua/Epoxy composite

Fig. 5 Typical flexural stress versus strain curves of treated Curaua/Epoxy composite

3.2 Thermal Analysis—DMA

The DMA results of 1 Hz for 5 wt% of NaOH solution at different immersion time
(24, 72 and 168 h) analysis are presented in Fig. 6. The specimens were tested under
−50 to 180 °C.

According to Fig. 6 it can be seen a typical E′ dependence on temperature for
crystalline material, with the first drop due to the glass transition. High crystallinity
is due to high E′ value. Table 5 shows the storage modulus (E′), glass transition
temperature (Tg) and loss modulus (E′′) of Curaua/Epoxy composite with chemical
treatment of 1, 3 and 5 wt%NaOH at different immersion periods (24, 72 and 168 h).

The increase in NaOH wt% up to 5% and immersion period for 72 h improve the
storage modulus (E′) and unaltered the glass transition temperature (Tg). Higher loss
modulus is also observed for the composites reinforced with Curaua fibers immersed
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Fig. 6 DMA results of treated Curaua/Epoxy composite with 5 wt% NaOH treatment

Table 5 DMA test results of Curaua fiber composites

Storage modulus E′
(GPa)

Glass temperature Tg
(°C)

Loss modulus E′′ (GPa)

24 h 72 h 168 h 24 h 72 h 168 h 24 h 72 h 168 h

1% 4.65 5.46 3.91 83.4 89.0 85.3 1.18 1.60 0.98

3% 4.85 6.41 4.12 91.4 70.5 70.7 1.44 1.55 1.03

5% 5.59 6.83 4.31 89.5 89.2 86.9 1.47 1.84 1.30

in 5% of NaOH for 72 h. Loss modulus (E′′) or dynamic loss modulus, is related to
the predisposition of the material to dissipate energy applied to it [15], a viscous
response of the materials. The dynamic loss modulus is often associated with “in-
ternal friction” and is sensitive to different kinds of molecular motions, transitions,
relaxation processes, morphology and other structural heterogeneities. Therefore,
better surface treatment leads to increase fiber/matrix bonding resulting in better
mechanical properties.

Figure 7 shows the viscoelastic behavior of composite material when it exhibits
a dependency on test frequency; the elastic character is more evident at higher fre-
quencies.

According to Fig. 7 it can be seen the viscoelastic response of Curaua/Epoxy
composites with 5 wt% NaOH treatment for every immersion period. After all expo-
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Fig. 7 Storage modulus (E′) for different frequencies composite with 5 wt% NaOH treatment

sure periods, it can be observed that high frequencies led to higher storage modulus,
which are related to the composite stiffness.

4 Conclusions

In this work, a new composite material based on natural fiber was developed. The
influence of fiber treatment with NaOH solution in Curaua/Epoxy composites was
analyzed. The increase in NaOH content in a chemical solution and the increase in
a period of immersion improve the tensile and flexural properties until the optimal
time of the 72 h, after this time the degradation process of the fibers is more intense.
The best NaOH concentration was 5 wt% since it removed all residues of the fibers
and exhibited the good mechanical properties.

The DMA analysis shows that the DMA properties have a strong relation to
the chemical treatment with NaOH and the immersion time. Extreme temperatures
−50 to 180 °C were used to measure stiffness and phase change of the composite.
The resultant composite material exhibited the viscoelastic behavior when shows
dependence on test rate. The elastic characteristics related to storage modulus (E′)
are more evident at higher frequencies.
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Increase in fiber treatment NaOH concentration increase stiffness, tensile and
flexural strength.

The results of themechanical tests presented a good agreement between traditional
and DMA flexural tests.
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The Effect of the Position of Compression
Screw in Plate-Screws Method Used
in Fracture Treatment on Fatigue
Strength of Joint

R. Cagri Kutlubay, Tezcan Sekercioglu and A. Cagdas Yorukoglu

Abstract A number of combination studies on the use of plate-screws, which has
become a traditional method in fracture treatment, have been conducted to obtain a
more rigid joint. These studies in the literature were reviewed and it was seen that
the effect of the position of the compression screw, used with the aim of making
the fracture line come closer to each other during fracture fixation, on the fatigue
strength of the joint hasn’t been investigated. Within the scope of this study, a screw
combination study by including Limited Contact Dynamic Compression Plate (LC-
DCP) plates that possess combined hole properties was carried out. Three different
combinations were created during the study. In these combinations, the unlocked
screw that was located on the part where the force was applied and that was used for
compression was placed in different holes and fatigue strengths of the joints were
investigated under dynamic bending force. As a result of the study, it was observed
that as the compression screw moved away from the fracture line, fatigue strength
of the joint consisting of plate, screw and bone decreased. In addition, it was found
that all the joints in the 3rd combination got damaged as a result of the fracture of
the bone.
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1 Introduction

Bone is the most important part that provides support in our body. Although the
bones have a durable structure, they can be broken because of various forces it is
exposed to. The broken bones are treated by internal and external methods. One of
the internal fixation methods used in fracture treatment is the plate-screwmethod. As
a result of the treatment, the strength of the joint formed by the plate-screw method
is influenced by many factors like the number of screws, the screw type, the screw
position, the fracture type, the plate type, the plate length, etc. It is aimed to make
the patients healthier in their healing process by conducting many studies on these
factors theoretically, experimentally and in computer environment.

Törnkvist et al. investigated the relationship between the screw fixation strength
and the number of screws and screw distance. The related groups were compared
among themselves and it was found that thewider located screw groupswere stronger
in the four point and beam bending tests and that the screwing strength was inde-
pendent of the screwing system and was dependent on the number of screws used
[1]. Field et al. investigated the effects of decreasing the number of screws on the
tensile strength of the bone surface and structure in plate-bone applications and
they concluded that the reduction of 40% of the total number of screws in a plate-
bone application does not have a significant damage to the structural strength [2].
ElMaraghy et al. investigated the effect of the number of cortical screws on the fixa-
tion strength of the diaphyseal fractures with the plate, and they found out that with
the increase in number of screws a gradual increase in torsion and bending strength
occurred [3]. Sanders et al. looked into the biomechanical effects of screw number
and plate length, and they revealed that all long plates used the experiments having
minimum screws are stronger than the plates including 6-hole plates with 6 screws
[4].

Stoffel et al. investigated how to control stability in locked internal fixators by
means of the LCP plate biomechanical test and it was seen that working length is
the most important factor affecting axial and torsional rigidness. More than 3 screws
that were located on both sides of the fracture line increased the axial strength in a
small amount. When the number of screws was increased to 4, there was a significant
increase in the torsional rigidness [5]. Stoffel et al. investigated the hypothesis that
the oblique screws at the plate ends increased the fixation strength and found out that
the oblique screw at the end of the plate increased the fixation strength in all tests. It
has been found out that in the torsional load, the fixation strength actually depends
on the number of screws [6]. Bekler et al. investigated the contribution of the use of
locking plate and angled screws in osteoporotic bone to the durability of stabilization
and the average pull-out strength was found to be the highest in the group where the
screws were inserted 15° divergently [7]. Freeman et al. conducted a study on how
many locked screws should be attached to fix hybrid plates in osteoporotic bones. It
was found that when 4 or more screws are used, at least 3 of these should be locked
screws [8].
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Hak et al. studied the adequacy of 2 locked screws for each piece in locking plate
fixation used in osteoporotic arm bone shaft fractures and the addition of a third
screw in the locked plate did not contribute to mechanical stability in the axial load,
bending and twisting [9]. Grawe et al. compared the use of three unlocked screws
against two locked screws in fracture fixation and compared unlocked constructions
and fewer cycles were seen for damage in locked structures used in normal density
bones in eccentric axial loading [10]. Lee et al. investigated that the adequate number
and optimal position of the screws used on the plate would be in order to ensure
the fixation stability of the LCP used in the femur fractures. As a result of the finite
element analyses and biomechanical tests performed, it was seen that 6 locked screws
are required for fixation stability [11]. Overturf et al. biomechanically compared
unicortical screws attached to opposite cortex with bicortical locked screws, and no
significant difference was found between them in the experiments [12].

As a result of the literature review, it is seen that it has generally been investigated
how to make the joint more rigid and stable with fewer screws. In these studies, the
screws have generally been reduced symmetrically or non-symmetrically on both
sides of the fracture line and various mechanical tests or analysis by finite elements
method were carried out. In addition, investigations have been carried out on the
effects of angles of the screws, screwing shapes and different distance of the screws
in fracture line.

In the literature review, no study has been found on how the distance to the fracture
line of the unlocked screw, which is used for compression with the same number and
properties screw joints, affects the fatigue strength of the existing joint. In the scope
of the study, it was tried to give an idea on how amore rigid and stable fixation can be
obtained with the same number of screws having the same quality. Also, the effects
of the compression screw’s distance to the fracture line explained on the fatigue
strength of joint.

2 Material and Experimental Procedure

For the study to be conducted, a test rig which is shown in Fig. 1 and works with the
pneumatic system was used. The test period is calculated by means of the system
used in the test rig and so is the number of strokes applied to the sample by means
of the optical sensor attached to the board. The force-applied to the sample can be
measured by the load sensor attached to the force measurement system used in the
test rig. The force measurement system was used to calibrate the instrument on all
samples prior to the start of the experiment. Thanks to the pneumatic conditioner on
the system, the pressure and the number of strokes depending on it can be adjusted.

As shown in Fig. 2, three different combinations were identified to prepare the
test samples. The identified combinations were named according to the presence
of the compression screw at three different locations in the force application area.
In combination 1, the compression screw was placed in the 3rd hole, which is the
furthest one to the fracture line in the force application area. In combination 2,
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Fig. 1 Test rig

the compression screw was placed in the 2nd hole in the force application area. In
combination 3, the compression screwwas placed in the 1st hole, which is the closest
one to the fracture line in the force-applied part. A total of 15 samples were divided
into three groups, including 5 samples in each group. One sample from each group
was used for controlling purposes. The remaining samples were tested.

The sheep bones whichwere one-year-old on average, obtained from the butchers,
were removed of all the soft tissues after the required length and diameter measure-
ments had been made. Once the bones had been cleaned, they were stored in deep
freezes at −20 °C to avoid decay in the outer environment. After the sample to be
prepared for the experiment had been removed from the deep freeze, measurements
were taken for plate settlement and the place to be cut was marked. After the mea-
surement, the plate was bended by means of the plate bender, in such a manner that
the bend of the plate would be slightly more than the shape of the bone. Oblique
fracturemodel was formed by cutting from themarked spots in bones with the help of
handsaw. After creating the oblique fracture model, fracture parts were put together
and the plate was placed on the bone. 7-hole LC-DCP plates which were made of
titanium and featured with combi hole, with the size of 100 mm× 14 mm× 3.8 mm,
were used during the preparation of the samples.
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Fig. 2 Combinations

The bones were drilled with drill bits with a diameter of 2.7 mm and a drill
guide was used during the drilling of the holes to which the locked screws would be
attached. Locked and unlocked screws with a diameter of 3.5 mm were used to fix
the plate to the bone. In the process of plate fixation, the AO principle was applied for
the compression method. After the plate was inserted, one locked screw was inserted
into the one side of the bone which was to be fixed to the test rig and it was tightened
with a torque screwdriver. Then, according to the combinations prepared to place
the compression screw in the force-applied part of the bone, 1 unlocked screw was
inserted after drilling the relevant place and compression was applied to the fracture
line by tightening with a torque screwdriver. After inserting the compression screw,
the other remaining 4 holes were drilled leaving the hole in the centre of the plate
empty, and locked screws were inserted in all of them. All screws were attached
to form a double cortex and tightened with a torque screwdriver by applying 2 Nm
of torque. Thus, the placement of 3 screws on both sides of the fracture line was
completed (Fig. 3).
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Fig. 3 Test specimen

Fig. 4 Schematic view of the test rig

In order to attach the prepared sample to the test rig, a fixation procedure to
metal moulds with the acrylic dental prosthesis was used. The large side of the bone
(the part fixed to the experimental setup) was fixed to the metal moulds which were
prepared with a size of 80 mm×80 mm×60 mm, and the small side of it (the part
that force was applied to) was fixed to the ones which were prepared with a size of
60 mm×60 mm×45 mm.

After the calibration of the test rig whose schematic view was shown in Fig. 4 was
performed, the sample was attached to the clamp as shown in Fig. 5. At the beginning
of the experiments, the calibration procedures were performed in a manner that the
piston would apply a force of 82±3 kg to the sample and would make 400 cycles to
the test sample per minute. Also, the axis of the piston stroke was lowered 40 mm
down from the axis of the bone in order to generate the eccentric compression force.
At the time of conducting the tests, the test rig was stopped at every 5000 cycle, and
screw and joint controls were made and recorded.

3 Result and Discussion

During the experimental study, it was decided to terminate the tests in the following
cases.
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Fig. 5 Connecting the specimens to the test rig

Fig. 6 Failed specimens

• loosening of the bone-plate joint,
• a screw which is at least 2 mm out of plate surface,
• plate fracture,
• bone fracture.

Some of the samples that were damaged as a result of the experiments are shown
in Fig. 6.
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Fig. 7 First combination

3.1 Damages Occurring in the Joints According
to Combinations

3.1.1 Combination 1

The experiment of combination 1.1 (first combination-first sample) was terminated
at 34,617 cycles. The upper part of the locked and unlocked screws located at the
force-applied part moved out more than 2 mm from the plate surface. Therefore, at
the force-applied part, more than 2 mm of gap occurred on the surface between the
bone and the plate, and the joint was loosened. Additional fracture wasn’t observed
in the bone.

The experiment of combination 1.2 was terminated at 29,638 cycles. The upper
part of the locked screws placed at the part which was fixed to the test rig loosened
more than 2 mm from the upper surface of the plate. Thus, more than 2 mm gap
between the plate and the bone occurred. In addition, more than 2 mm of loosening,
was observed in the locked screw in the bone at the force-applied part. A bone fracture
was observed at the force-applied part.

The experiment of combination 1.3 was terminated at 37,254 cycles. The upper
part of the screws on both sides loosened more than 2 mm from the plate surface.
Between the bone and the plate, occurred more than 2 mm gap at the force-applied
part. In addition, due to the movement on the lateral surfaces, the bone axis slipped.
Additional fracture wasn’t observed in the bone.

The experiment of combination 1.4 was terminated at 33,502 cycles. At the part
on which the fixed to the test rig, all locked screws loosened more than 2 mm and
at the force-applied part, only the locked screw in the second hole loosened more
than 2 mm. Also, more than 2 mm gap between the bone and the plate occurred.
Additional fracture wasn’t observed in the bone. Figure 7 shows the experimental
results of the combination 1.
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3.1.2 Combination 2

The experiment of combination 2.1 was terminated at 39,842 cycles. In the part fixed
to the test rig, in locked screws and in the force-applied part, the locked screw in the
first hole was loosened 2 mm from the upper surface of the plate. More than 2 mm
gap between the bone fragment and the plate occurred in the part fixed to the test rig.
Additional fracture wasn’t observed in the bone.

The experiment of combination 2.2 was terminated at 42,970 cycles. As a result
of the experiment, it was observed that the upper surfaces of the screws moved out
from the upper surfaces of the plate. At the force-applied part, the locked screws at
the third and first holes moved out more than 2 mm and 1.5 mm respectively. At
the part fixed to the test rig, the locked screws at the first and second holes moved
out about 2 mm. The deviation from the screw vertical axis where was detected. It
was observed that the actual motion that caused the joint to be damaged stemmed
from the movement of the lateral surfaces. Additional fracture wasn’t observed in
the bone.

The experiment of combination 2.3 was terminated at 37,083 cycle. The upper
part of the locked screws in the part fixed to the test rig loosened more than 2 mm.
Thus, between the bone and the plate occurred more than 2 mm gap at the part fixed
to the test rig. Additional fracture wasn’t observed in the bone.

The experiment of combination 2.4 was terminated at 34,915 cycles. More than
2 mm gap between the bone fragment and the plate occurred at the part fixed to the
test rig. At the part fixed to the test rig, the upper part of the screws was moved out
from the upper surface of the plate. The locked screws in holes 1 and 3, moved out
from the plate and no separation was observed in the screw in the second hole. The
locked screw in the second hole was eluded from the screw thread in the bone part.
In the force-applied part, the upper surface of the screw moved out from the upper
surface of the plate by about 1 mm in the first hole and more than 2 mm in the third
hole. Additional fracture wasn’t observed in the bone. Figure 8 shows the results of
combination 2.

3.1.3 Combination 3

The experiment of combination 3.1 was terminated at 60,600 cycles. As a result of
the experiment, a fracture occurred in the opposite cortex of the locked screw closest
to the fracture line and the screw loosened. In addition, additional fractures were
observed under the other 2 locked screws at the part fixed to the test rig.

The experiment of combination 3.2 was terminated at 55,364 cycles. As a result
of the experiment, in the part where the force was applied, a fracture occurred in the
bone around the unlocked screw nearest to the fracture line and the screw loosened.

The experiment of combination 3.3 was terminated at 25,214 cycles. As a result
of the experiment, at the part fixed to the test rig, additional fracture occurred in
the opposite cortex of the locked screw closest to the fracture line and the screw
loosened. The experiment of combination 3.3 was concluded earlier compared to the
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Fig. 9 Third combination

other experiments in the combination 3 and it was not evaluated so that it wouldn’t
affect the average obtained negatively.

The experiment of combination 3.4 was terminated at 59,610 cycles. As a result
of the experiment, in the part where the force was applied, a very little additional
fracture occurred under the unlocked screw nearest to the fracture line and the screw
loosened. Figure 9 shows the experimental results of the combination 3.

3.2 Comparison of the Measured Values Obtained at Each
Combination

When the test results are examined, it is shown in Fig. 10 that the compression
screw’s moving away from the fracture line leads to earlier loosening in the plate-
screw joints. Moreover, it was observed that the movement in the fracture line started
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early as a result of the fact that the compression screw was moved away from the
fracture line.

According to design rules, the force must be transferred in the shortest way. In the
case that the compression screw, which enables the bone pieces to connect to each
other, is screwed nearest to the fracture line, we move the force in the shortest way
to obtain a more rigid joint.

4 Conclusions

As the unlocked screw used for compression ismoved away from the fracture line, the
strength of the construction consisting of plates, screws and bones decreases. During
the experiments carried out, the damages occurring in the 1st and 2nd combination
experiment groups mostly resulted in the dissolution of the screws and thus the
loosening of the joints.When the results obtained in the 3rd combination experiments
are examined, no loosening of the joints occurred due to dynamic loading in the joints,
and in all experiments, joints got damaged as a consequence of the fracture of the
bone. During the experiments performed, in the combination 1 and combination
2 samples, the fracture line began to move earlier compared to the combination 3
samples, and screw dissolution was observed due to dynamic loading without bone
damage.

Making the compression screw closer to the fracture line strengthened the joint
by approximately 73% according to the average of the results of the combination 1
experiment and by approximately 50% according to the results the average of the
combination 2 experiment results. The average of the combination 2 experiment
results was 15% higher than the average of the combination 1 experiment results.

As a result, in fixation processes in which plate-screws are used, the compression
screw should be screwed as close as possible to the fracture line. It has been observed
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that the position of compression screw, which enables the fracture surfaces to connect
closer to the fracture line increases the rigidity of the joint. In this way, a more rigid
joint is obtained with the screws used in the same number and feature.
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Life Cycle Cost Assessment
and the Optimum Design of Timber
Roofs for Sustainable Construction

Kamil Krzywiński and Łukasz Sadowski

Abstract This paper describes the optimum design and life cycle cost (LCC) assess-
ment of timber roofs for sustainable construction. For this purpose, collar beam roof
construction in a typical single-family house was analyzed. Special focus was placed
on the impact of the patch cross-section position for different rafter spacing. The cal-
culations were performed for four roof angles (15°, 30°, 45°, 60°). The main goal
was to find the optimum LCC for each angle. It was found that smaller rafter spacing
generates a higher assembly cost and takesmore time to construct. On the other hand,
the wood cost for these elements is lower. The implications of LCC were evaluated
to find out which patch and rafter cross-section, as well as rafter spacing for each
roof angle is the most economical solution.

Keywords Life cycle cost · Collar beam roof · Patch · Rafter · Optimum design
Sustainable construction

Nomenclature

Latin Upper Case Letters

A Cross-sectional area
(
m2

)
,

Emean Mean value of modulus of elasticity (GPa),
Emean, f in Final mean value of modulus of elasticity (GPa),
F Force (kN),

Fd Design force (kN),

Fx,Ed Design value of a force in capacity in x-direction (kN),

Fy,Ed Design value of a force in capacity in y-direction (kN),

H Overall rise of collar beam (m),
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Iy First moment of area about the strong axis
(
m4

)
,

Iz Second moment of area about the weak axis
(
m4

)
,

L Length (m),

Md Design moment (kNm),

My Moment of y axis (kNm),

Mz Moment of z axis (kNm),

N Axial force (kN),

Nc Compression force (kN),

P Human force (kN),

V Volume
(
m3

)
,

Vt Shear force (kN),

Wy Section modulus about axis y
(
m3

)
.

Latin Lower Case Letters

a Distance (m),

b Width (m),

fc,0,d Design compressive strength along the grain (MPa),
fc,w,d Design compressive strength of web (MPa),
fm,k Characteristic bending strength (MPa),
fm,y,d Design bending strength about principal y-axis (MPa),
fm,z,d Design bending strength about principal z-axis (MPa),
g Weight load (kN/m),

h Height of element; house height (m),

kcrit Factor used for lateral buckling (−),

km Factor considering re-distribution of bending stresses in a cross-section (−),

kmod Modification factor for duration of load and moisture content (−),

m Mass per unit area
(
kg/m2

)
,

qp Peak velocity pressure
(
kN/m2

)
,

s Snow load (kN/m),

sk Characteristic value of snow on the ground at the relevant site
(
kN/m2

)
,

u f in Final deformation (mm),

uinst Instantaneous deformation,
le f f Rafter spacing distance (m),

w Wind load (kN/m).

Greek Lower Case Letters

α Angle between the direction of the load and the loaded edge; Angle between
horizontal axis and rafter (◦),
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γM Partial factor for material properties, also accounting for model uncertainties
and dimensional variations (−),

σc,0,d Design compressive stress along the grain (MPa),
σm,y,d Design bending stress about the principal y-axis (MPa),
σm,z,d Design bending stress about the principal z-axis (MPa),
τd Design shear stress (MPa).

1 Introduction

The construction of traditional sloped roofs is mainly made fromwood elements The
construction of this kind of elements needs about two times less embodied energy
[26]. These elements include rafter, patch and counter battens (see Fig. 1). The main
constructional element of these kinds of roofs is a rafter [23, 27]. A patch usually has
to be constructed on the rafter in order to enable the installation of roof tiles (e.g.made
of ceramic or cement) [19]. The patches participation in the cost of a roof construction
stands at about 15–25%. Thus, one of the pillars of sustainable construction is the
optimum economic design of structural parts of traditional buildings [1, 22]. This
may reduce the total weight and cost of the roof. Recent standards focus on the
optimum design of rafters. However, they do not allow for the optimum design of
patches.

Cabeza et al. [3] observed that most life cycle assessment is carried out on low
energy buildings and highlighted that there are only a very few studies on traditional
buildings. It is proper to note that this kind of buildings are mostly found in our cities.
Techniques of manufacture are on a high level nowadays. It is due to promoting
the use of more advanced techniques and eco-innovation [2]. Building materials
have better quality than in past. Production of building materials, their transport and
construction of the building accounts for 2.2% of primary energy consumption [14].
It has impact on global primary energy demand. What’s more Mora [18] pointed
out that it is necessary to distinguish between the sustainability of the construction
activity and the sustainability of works constructed. Therefore, roof construction
should be designed in a more clever way. It may give the possibility to build it
without breaks. It can reduce impact on environment [4] and it is beneficial for life
cycle cost results [21].

Islamet al. [12] calculated that for 8 alternative roofing themost attractive is theflat
one. It imposes thought thatmore flat roofs need fewerworking hours for constructing
and give opportunity to save money. Rafter spacing mostly allows to reduce wood
consumption. In combinationwith rational design of rafter cross-section, it is possible
to reduce big part of roof construction costs. Timber roofs expected life amounts
more than 100 years [17]. Therefore, roof costs have impact on a few generations
which will live in designed house. Time between every next generation was taken to
consider for the life cycle cost.

Considering the above, the article focuses on the selection of patchwhenmodeling
a roof structure and rafter spacing. Patch dimensions are usually ignored in the
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Fig. 1 The example of the construction of traditional sloped roofs where the following can be
perceived: a rafter spacing, b force from a standing carpenter on a patch, c loads from roof covering,
d patch participation in roof construction, e roof covering and patch spacing

design. The decision about its dimensions is made by carpenters. This issue needs a
considered approach at the beginningof the designprocess. There is a need to deliver a
reliablemethod of the optimumdesign ofwooden patch roofs in the simplest possible
way to solve this problem. In economic terms, there is a need to analyze the price of
wood and the cost of execution in order to achieve the most efficient construction. It
is possible to understand the impact of different stages during the construction phase
using life cycle cost analysis.

2 Basic Informations

2.1 Permanent Assumptions

Figure 2 presents the static scheme of a patch with two position variants. Human
force P and own weight with coverage gwas taken for the calculations. The location
of P force was constant in order to analyze deflection and the bending moment.
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(a)

(b)

(c)

(d) (e)

(f)

Fig. 2 Single family house: a exemplary view, b dimensions with roof construction, c scheme of
the patch with loads; patch cross-section: d stronger y-y axis, e lower z-z axis; f rafter cross-section

To further analyze selected dimensions of the patch b and h are from 3.8 to 6.3 cm
at constant intervals (Table 1).

Rafter spacing is calculated from 60 to 120 cm at 5 cm intervals.
The analyzed house is located in the 1st snow [5] and wind [6] zone (Table 2).

2.2 Variables

In Poland the roof angle depends on local loads from snow or wind and also the
roof angles of houses from the neighborhood. It is mostly imposed from above by
the local spatial development plan. Four types of roof scheme were taken for the
calculations (Fig. 3).

Every type of scheme has the same collar beam roof construction but because of
various roof angles there are different leading loads. Snow load has more influence
on flat roofs. When α ≥ 60◦ snow is not considered in the calculations. On the other
hand, wind load has a higher value for steeper roofs. The weight of a roof is slightly
growing with an increasing roof angle, which is due to the bigger dimensions of
elements.
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Table 2 Other permanent assumptions

Description Load Unit Cost

Roof cover-
ing—ceramic
tile—11 tiles/m2

(one tile weight)

0.40 kN – –

Heat insula-
tion—mineral
wool

0.40 kN/m3 – –

Wood
class—C24

4.20 kN/m3 380 e/m3

Roof
construction
execution (per
1 m2 roof area)

– – 7.15 e/m2

Characteristic
value of snow on
the ground sk

0.70 kN/m2 – –

Peak velocity
pressure qp(z)

0.58 kN/m2 – –

(a) (b)

(c) (d)

Fig. 3 Different types of roof angle and loads: a α � 15◦, b α � 30◦, c α � 45◦, d α � 60◦
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2.3 Calculations

Calculations of collar beam roof are started form patch. The snow and wind load
does not have an essential influence on the patch. Therefore only the load of its
own weight and the human point load are taken into account in the static scheme.
The main loads on the collar beam construction come from snow, wind and the roof
weight with covering.

There are various factors that have an impact on the total cost of a construction.
Different patch and rafter dimensions, rafter spacing, and roof gradient were used to
calculate wood volume consumptions. A combination of execution and wood costs
enables an optimum roof construction to be designed. The LCC approach shows
future costs with current value and gives an opportunity for deeper analysis.

3 Structural Analysis

3.1 Loads

Only own the weight of the patch, coverage and the force from a human [5] was used
to analyze the cross-section. Loads from snow and wind do not have an influence
on its dimensions. This is because of the frequent patch spacing and small area of
stress.

Calculations for ULS and SLS were done in MS Excel.
For different patch dimensions, the adequate own weight was taken.
The rafter was calculated with loads for le f f � 1.00m. Other calculations for

ULS were done in MS Excel. SLS was analyzed using Robot Structural Analysis.
The snow load [6] in the table below is for 1st zone for roof angle α � 15◦.
The wind load [7] is equal to peak velocity pressure for the 1st zone. A different

factor cpe,10 was analyzed for every wind area (D, E, F, G, H, I), dependent on the
roof angle.

3.2 Ultimate Limit State—ULS

The design values of loads were taken from Table 3 for the ULS calculation for the
static scheme from Fig. 2.

According to [8, 20] the design bending stress about the principal y- and z-axis
is:

σm,i,d � Mi

Wi
(1)
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Table 3 Loads for patch and rafter analysis

Patch

Load Characteristic value Load factor
γM [–]

Design value

g* 0.187 (kN/m) 1.35 0.252 (kN/m)

P 1.000 (kN) 1.50 1.500 (kN)

Rafter

Load Characteristic value
(kN/m)

Load factor
γM [–]

Design value
(kN/m)

g 0.770 1.35 1.040

s 0.560 1.50 0.840

w 0.580 1.50 0.870

Total
∑

1.910 – 2.750

g*—own weight for patch 5 × 5 cm and coverage

where: i � {y; z}, M is the bending moment and W is section modulus, for rafter
calculations σm,z,d � 0.

According to [6, 24] the design compressive stress along the grain is:

σc,0,d � N

A
(2)

where: N is the axial force and A is the cross-sectional area
According to [6, 16] the design bending strength about the grain and principal

axis is calculated for wood class C24:

fc,0,d � kmod · fc,0,k
γM

(3)

fm,i,d � kmod · fm,i,k

γM
(4)

where: i � {y; z}, kmod is the modification factor for the duration of the load and
moisture content (kmod � 1.1 for 2nd service class and short-term load-duration
class), γM is the partial factor for the material properties (γM � 1.3 for solid timber),
for wood class C24 fc,0,k � 21MPa and fm,y,k � 24MPa.

Patch ULS check:

⎧
⎨

⎩

km · σm,y,d

fm,y,d
+ σm,z,d

fm,z,d
≤ 1.00

σm,y,d

fm,y,d
+ km · σm,z,d

fm,z,d
≤ 1.00

(5)

Rafter ULS check:
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Fig. 4 Definitions of vertical deflections

⎧
⎪⎪⎨

⎪⎪⎩

(
σc,0,d

fc,0,d

)2
+ km · σm,y,d

fm,y,d
+ σm,z,d

fm,z,d
≤ 1.00

(
σc,0,d

fc,0,d

)2
+ σm,y,d

fm,y,d
+ km · σm,z,d

fm,z,d
≤ 1.00

(6)

where: km is the factor considering the re-distribution of bending stresses in a cross-
section (km � 0.7 for a rectangle cross-section).

3.3 Serviceability Limit State—SLS

The characteristic values of loads were taken from Table 3 for the SLS calculation
for the static scheme from Fig. 2.

The Fig. 4 presents the form of different long-term deformations and also the
additional part of the deflection due to the variable actions to get the final deformation.

Final critical deformation for timber roof boarding can be defined as follows:

unet, f in � le f f
x

(7)

where: x � {150; 300} (x � 150 for timber roof boarding and x � 300 for timber
roof boarding).

Instantaneous deformation uinst was taken from individual loads (own weight,
local force).

Final deformation:

u f in,(y,z) � uinst · (
1 + kde f

)
(8)

u f in �
√
u2f in,y + u2f in,z (9)

Patch and rafter SLS check:

u f in ≤ unet, f in (10)
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4 Life Cycle Cost (LCC) Modeling Approach [9, 11, 13]

Present cost is the equal sum of the construction and disposal costs, which were
taken for further analysis in order to get the LCC results. There is a growing interest
in building designs with a low economic and environmental impact. LCC is an
estimate of the total cost throughout the lifetime of a building. In this article, LCC
was calculated for 20 years because it is approximately the time for every next
family generation where different changes may occur. Future costs are discounted to
their present value using a suitable rate over their lifetime [10] and were calculated
using present cost and average inflation [25] from the last 15 years (2003–2017)
of f � 1.02%. It was assumed that the disposal value is equal to 60% of the roof
execution costs according to:

FC � PC · (1 + f )n (11)

where: FC is the future cost, PC is the present cost, f is the inflation rate and n is
the number of years.

Future costs were discounted using Eq. (12) to present the value of a suitable
discount rate [15]. Because of future risk, the discount rate exceeds the inflation rate.
Thus, in this study, the discount rate was changed from 3 to 6% at 1% intervals.

DPV � FC

(1 + d)n
(12)

where: DPV is the discounted present value and d is the discount rate.

5 Results

For the purposes of this section, the following expressions shall be fulfilled:

⎧
⎨

⎩

km · σm,y,d

fm,y,d
+ σm,z,d

fm,z,d
≤ 1.00

σm,y,d

fm,y,d
+ km · σm,z,d

fm,z,d
≤ 1.00

(13)

Figure 5 presents the ratio of external stress to ultimate limit state for different
angles.

Which axis is lower or stronger depends on roof angle. Figure 5 shows that, for
lower axes, the ratio σ/ f is more linear than for stronger axes. For smaller patch
cross-sections changing the axis gives the possibility to design roof constructions
with bigger rafter spacing. The patch volume comparison for y-y and z-z axis is
presented in Fig. 6.
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Fig. 5 Ratio of external stress to ultimate limit state: α � 15◦: a y-y axis, b z-z axis; α � 30◦: c
y-y axis, d z-z axis; α � 45◦: e y-y and z-z axis; α � 60◦: f y-y axis, g z-z axis
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Fig. 6 Patch volume comparison for y-y and z-z axis: a α � 15◦; b α � 30◦; c α � 45◦; d α � 60◦

From Fig. 6 it is easy to perceive, that for some rafter spacing there is a possibility
to decrease the wood volume. With a steeper roof angle there is a need to give more
patches, and therefore the volume is growing. Figure 7 presents the analysis of the
participation of patch volume in a roof construction for different rafter spacing (y-y
axis). A patch with the y-y axis will be taken for further analysis.

It can be seen from Fig. 7, that patch participation is more important for bigger
rafter spacing and has the most influence on flat roofs.

House length and width does not depend on the roof angle. Thus, for every ana-
lyzed roof the number of rafter elements is the same (see Fig. 8). Figure 9 presents the
wood volume for a whole roof construction for different rafter spacing. On the other
side, Fig. 10 shows the collar beam roof execution cost for different rafter spacing.

Figure 9 shows that there is anomaly for le f f � 110 cm, where the wood volume
is the smallest.
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As it can be seen from Fig. 10 a bigger number of rafters corresponds to a bigger
cost of execution. A steeper roof angle increases the roof area and makes execution
more expensive. Thus, Fig. 11 presents the total cost of collar beam roof construction
for different rafter spacing.

It is visible from Fig. 11, that in global analysis it can be seen that the best rafter
spacing is le f f � 110 cm with a patch cross-section of b × h → 5 × 5 cm. The
difference between the lowest and highest price is bigger for steeper roofs. Figure 12
presents the Pareto chart for every roof construction element and execution.
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Fig. 10 Collar beam roof execution cost for different rafter spacing

It can be concluded fromFig. 12, that the execution and rafter costs are the biggest.
The patch costs are also relevant. For smaller roof angles, the cost of execution has
the most impact on the total cost, but for α � 60◦ the rafter cost is the biggest.

Next, the LCC analysis was carried out in order to obtain the best results of the
total cost for every roof angle (Fig. 13).

It can be seen from Fig. 13, that costs are growing with an increasing roof angle.
The construction value is approximately halved after the first twenty years of a
construction’s lifetime. The value lost is greater for a roof with α � 60◦ than for
α � 15◦.
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Fig. 12 Pareto chart for every roof construction element and execution
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6 Conclusions

This paper presents the optimum design and life cycle cost (LCC) assessment of
timber roofs for sustainable construction. For this purpose, collar beam roof con-
struction in a typical single-family house was analyzed. It was found that smaller
rafter spacing generates a higher assembly cost and takes more time to construct.
The implications of LCC were evaluated to find out that:

• a rafter spacing of le f f � 110 cm gives the best result for every calculated roof
angle. It gives the lowest cost of building. In Poland it is popular to design le f f �
60÷ 80 cm and, only due to insulation, have a rafter h dimension of about 20 cm.
Roof constructions are redesigned, which generates unnecessary costs,

• the participation of patch volume in roof construction for le f f � 110 cm is
between 29 and 37%. It is therefore important to take into account patch dimen-
sions. To reduce costs engineers should design roofs with a rafter spacing of
le f f � 100 ÷ 120 cm or consciously choose patch dimensions that are dependent
on rafter spacing. Rafter cost is only bigger than execution cost for α � 60◦, which
is because of rafter length,

• for bigger roof angles it is more important to focus on rafter dimensions and rafter
spacing.

Life cycle cost after taking into account the discount rate, shows that the value
lost is lower for flatter roofs. Moreover, it is cheaper to build a roof construction that
has a lower wood volume request.
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Analysis and Conceptual Development
of a New Packaging Material—Air Pack

J. Silva and J. L. Alves

Abstract The packaging industry, besides motivation, usability and appealing to
the costumer, considers the protection of products a necessity and obligation for its
success, contemplating all the necessary steps to reach the desired goal. The current
paper presents the research and development work, conducted in the scope of the
Master Program in Product and Industrial Design of University of Porto (MDIP),
in partnership with Bosch Security Systems. The main objective was the study and
development of a new material—Air Pack—for the packaging industry. Firstly, sev-
eral studies of the material were carried out in order to characterize its operation and
benefits, more focused on the industry but with big impact in the research field. Two
solutions were developed for the company products, taking into account their com-
plexity, shape and implementation on the manufacturing process. Principles such as
consumer usability, the nature of packaging, technical protection aspects and meth-
ods of transport were well established in both projects. The newmaterial allowed the
company and the university to cooperate with each other, granting the student space
to understand the businessworld but also indispensable research. Finally, thematerial
is a good improvement for the packaging industry, where mechanical properties are
sometimes better compared to materials such as EPS. The two solutions developed
showed that the material can be shaped for a specific product. This material offers a
more cost competitive approach to packaging materials and a significant reduction
in volume and storage space occupation.
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1 Introduction and Framework

The objective of this study perform within MDIP [1], was the evaluation of a new
packaging material, were several considerations such as transportation, mechanical
properties, 3D modelling, material specification and sustainability were taken in
consideration.

Bosch Security Systems (Ovar, Portugal), being an international company and
having such an impact on global economy, view this research as an important oppor-
tunity for reducing several issues currently existing in the distribution and production
systems. It is considered that an important change around sustainability is vital, and
with the new law to reduce the production of plastic [2], a new approach must be
stablished.

Beyond the study and characterization of the newmaterial, two cases studies were
developed and industrialized. The solutions developed tried to, as far as possible, fulfil
the mechanical and physical constrains imposed by the company and reduce the cost
of packaging material. Finally, both cases allowed improvements on the production
system of the company, the complete protection of the product and User Experience.

2 State of the Art

2.1 Packaging Materials

Nowadays, companies are concernedwithmore sustainable solutions for their goods.
Examples of applications of eco-friendly packaging can be found everywhere, how-
ever cases of success, at an industrial level, for high cost and fragile products are
almost inexistent [3, 4].

The following work focuses the research conducted on protective packaging, and
mostly on materials already used by the company. This type of packaging protects
the product from the external impacts supported during transportation and storage.
The main requirements for these materials are the reduction of impact and vibration,
the immobilization inside the boxes and finally the occupation of empty space during
transportation. The average cost of packaging on the total product cost should be less
than 3% of the total price of the product [5]. A review of all the current packaging
materials is presented on Fig. 1 [5].

The packaging materials were separated in 5 primary groups.

• Filling material which is normally used as a helper on occupation of empty space
inside boxes, characterized by peanut foams;

• Blisters, present on general materials, are very important, especially for high vol-
umes and high productions cycles;

• Inflatable materials, where the Air Pack is integrated, have an important ratio
volume/mass compared to other materials;
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Fig. 1 Main packaging materials currently employed on the company [5]

• Foam materials, one of the most common materials, are applied for heavier and
sensible products, because of the high deformation that can be obtained;

• Paper materials, another common material, are currently used in almost every box
for transportation.

2.2 Air Pack

The Air Pack is considered an inflated material because it uses compressed air
as a mechanism of protection. This product is an extruded polymer composed
of polyamides with adequate mechanical resistance, and low-density polyethylene
which provides ductility and resilience [6, 7]. This film can be composed up to 9
layers of co extruded material with different thickness [8], conferring it a range of
properties tailored for different applications.

Although the Air Pack product is an inflatable material, in contrary to the bubble
wrap, it does not need an industrial equipment to be inflated [9, 10]. After the films
are produced, they are joined and heat sealed together forming separate chambers.
Later they are inflated with air and form a protective barrier between the product and
the exterior. The air inside the chambers can be compressed because an anti-return
valve is placed at the top of each chamber, which prevents the air to leave after being
injected inside, as illustrated in Fig. 2.

While this filler material is recent in the packaging industry, it has already been
implemented in some range of products such as wine industry. Currently, the appli-
cations are almost endless, except for products with sharp hedges and very complex
shapes. The low density and volume of the material confers it a different approach
to electronics products and it can easily replace foam materials.
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Fig. 2 Scheme of air path during inflation [5]

2.3 Packaging Tests

The principal purpose of packaging materials is preventing damage on the products
until they reach the final costumer, so, for that, there are a set of packaging tests
necessary to consider and preform, in order to guarantee the quality of developments
[11].

Product fragility is a term used to characterize the ability of a product to sustain
high levels of accelerations. Electronics devices are very delicate and can be damaged
during their handling and transportation [12–14]. In the standard ASTMD3332 [15],
it is described a methodology to define an area of acceleration damage were the
product must not be located. For the company this values and areas are used to
understand what are the necessary stages that must be reached during the evaluation
tests.

Based on international standards, such as ISTA 2 Series [16] and ASTM D6198
[17], the company built its own standard for the tests to be performed. The principal
evaluation tests for the packaging are the following: 1. Atmospheric conditioning,
to submit the products to various levels of relative humidity and temperature; 2.
Compressions tests, to verify the stacking ability of the boxes during storage. The
compression load that must be reached is based on the weight and volume of the
boxes; 3. Vibration test, simulates all the possible ways of transportation. Although
there are standards values to perform the tests, the best way is to evaluate their route
during distribution cycles; 4. Impact test, validates box drops during transportation.
The evaluationmethodology is composed of drops in all boxes sides at a height based
on the weight of the product.
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3 Experimental Work

3.1 Material Study

The first part of the experimental work was the characterization of the material.
The following evaluations were done with material already inflated. No specific
evaluation was done to the quantities of each raw material present on the film. The
supplier stated that the average distribution is 80% LDPE (low density polyethylene)
and 20% Nylon. The evaluations performed were based on the typical distribution
systems of the company and the possible external effects during transportation.

The material was measured before and after inflation so that the implications of
requesting samples and correctly define tolerances for the material drawings were
understood.

The material was tested through evaluations of height, based on the standard
ASTM D6653 [18], checking the implications of different pressure variations [19].
Three tests were done on a vacuum chamber, with±0.001 bar, intended to simulate
a transport at different altitudes considering the atmospheric pressure variation; a
truck (3658 m) with an atmospheric pressure of 0.64 bar, a commercial pressurized
airplane (2438 m) with a atmospheric pressure of 0.75 bar and a non-pressurized
airplane (4877 m) with 0.55 bar of atmospheric pressure.

The influence of relative humidity and temperature has a significant impact on the
material [19]. Based on various locations of the distribution centres and production
facilities of the company, a total of 8 evaluations were defined. The range of temper-
ature was comprised between 45 and−15 °C and the range of relative humidity was
between 98 and 10%. The tests had different durations ranging from 72 to 100 h.

The static compression themanufactured productwould produce on the packaging
material was another important aspect. For this purpose, a total of 36 tests were done
varying the diameter of the chambers from 30 to 60 mm and the inflation pressure
inside each chamber from 0.5 to 1.5 bar, to analyse the air pack dimensional changes
before and after inflation.

4 Results

The results presented are a summary of the set of evaluations and some refinements
of the data.

The material has a reduction of 30% of the its length after inflation, as shown
on Fig. 3. The width of the material doesn’t suffer any considerable change. The
diameter of the chamber is not the same after inflation as initially specified, there is
an average reduction of 40% between the two dimensions.

After testing the material for different altitudes, it was concluded the it is able to
sustain all the outside pressures imposed, with the previously specified internal pres-
surized air. For the typology of transportations analysed, the material will not have
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Fig. 3 Illustration of the
material sizes reduction after
inflation [5]

any limitations. The maximum altitude was 6500 m, were 0.35 bar of atmospheric
pressure was considered, and, in that period, only the higher diameter chambers
started to deform and burst (Fig. 4).

Fig. 4 Test to simulate the altitude pressure in internal pressurized chambers, showing burst of
some chambers with 60 mm diameter
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Fig. 5 Results from temperature and humidity tests, showing some residual water droplets inside
sealed areas

No severe limitations or impossibilities occurred during the tests varying the
temperature and relative humidity in inflated and deflated air pack. One important
aspect that was noticed after the tests was the appearance of water droplets on the
sealed areas (Fig. 5). Although this only appear on high humidity tests, near 98%, it
can damage the integrity of the material, although no chamber burst or deformations
has been registered.

For the compression tests the samples were cut with three chambers, helping on
standardization and verification. The material can support static forces, applied by
a flat plate, up to 5.000 N. The maximum internal pressure obtained in the tests
was 15 bar, based on the initial pressurized air. Although the promising results, it
is beneficial not to use this material in such heavy products and with high internal
pressure.

5 Case Studies

The main objectives to study during these developments were the improvement on
User Experience for the costumer, reduction of costs and volumes in packagingmate-
rial, decrease and enhance the production cycles and better protection of products.

The developments were initially proposed for two cameras, discussed here as
cameras A and B. They vary in size, complexity, shape and weight.
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Fig. 6 Illustration of existent solution for camera A. a Installation guide; b accessories bag; c
product box d cardboard inlay

Fig. 7 Final solution for the box and air pack. a New product box; b new Air pack inlay; c–g
assembly sequence of the new solution for camera

Although the cameras are already in production, these developments will improve
the goals above but also another special feature for each one.

Camera A is characterized by its small format, normally used in building surveil-
lance. In this case the solution would have to allow the installer to do the pre-
configuration of all the cameras before they go for installation.

Camera B has more complexity in terms of shape and volume. The development
needed to consider the possibility of a camera to be shipped with and without a set
of 2 more accessories.

Currently, camera A uses 5 materials in order to be safely transported. Corrugated
cardboard is used on the product protection and for the outside box (FEFCO 0470).
The camera is placed inside a polyethylene bag before being placed on the cardboard
inlay. Finally, there is a set of accessories placed in a zip bag and a manual which is
placed at the top of the assembly (Fig. 6).

On thenewsolution, air packwasused as amean toprotect the product. Theoutside
box was change to an automatic folding instead of manual folding, improving the
production cycle. On the new solution the box is open on top allowing for the desired
pre-configuration of the camera without the need to remove it from the package.
Figure 7 shows the sequence of assembly steps, the solution for the new box and for
the air pack material.
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Fig. 8 Illustration of the existent solution for camera B. a Product box; b ESD shield bag; c
cardboard corner inlay; d expanded polyethylene foam inlay

Fig. 9 Air pack solution for camera B. a New air pack inlay; b camera B inside inlay

Camera B, because of having higher complexity and fragility uses amore intricate
assembly sequence andmore costly materials. The outside box is made of corrugated
cardboard (FEFCO 0201). The camera is placed inside a shield zip bag, preventing
electric discharges and humidity. The shock protection is obtained by two EPE foam
inlays placed on the top and bottom of the box and 4 corrugated cardboard corners
(Fig. 8).

For the new development and since it can be transported with and without acces-
sories, the solution was divided in two portions that help on assembly and transporta-
tion. The first development consists on the protection of the camera itself. It is made
of a circular air pack bag, closed on the bottom and open on top (Fig. 9), allowing
an easy separation of camera and accessories. The following solution, because of its
shape, will also remove the zip bag and create a complete separation between the
exterior and the camera.
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Fig. 10 Air pack solution for accessories of camera B. a New accessories air pack inlay; b, c
accessories inside new inlay

Fig. 11 a–d Assembly sequence of the new solution for camera B

Secondly, the development for the accessories was also a custom-made solution
were the design consists of a rectangular shaped bag. Inside were placed both acces-
sories separated by a plastic film not inflated, which prevents any scratch on the parts
(Fig. 10). Depending on the camera model to be shipped, the accessories bag will be
empty or with the necessary accessories.

The final new sequence of assembly is shown on the Fig. 11.
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5.1 Cost Reduction

One important aspect analysed during both developments was the material savings
obtained by the two new solutions. Currently, because the company uses all the
materials described above, the total cost of material for both solutions in a year of
production is around 189.000e. The new solutions presented above will produce a
total cost around 89.000e, which allow for a reduction in 100.000e on packaging
material for the two cameras. Besides the monetary savings the new material could
produce savings in warehouse up to 300%.

6 Conclusions

This paper presents two solutions that were implemented for packaging of two elec-
tronic surveillance cameras. The new solution discarded the polystyrene foam that
is a material that has been forbidden due to its impact on environment.

The solutions developed allow for a confirmation that various shapes and forms
can be developed which confers a big versatility to packaging various products.

The mechanical and physical properties found after the experimental work posi-
tion the air pack as an equivalent and substitute to EPS and EPE. It was shown that
the material was able to support all the requests in terms of humidity and tempera-
ture. A more extended research must be done on impact and compression, although
the results gathered are a good indicator for the packaging industry of electronic
products.

Besides all the considerations referred, the material has three important charac-
teristics that will help define him in the future; a more competitive price and volume
per product compared to EPS and EPE; a better User experience for the costumer
but also for the production cycles and production workers; and finally the low waste
creation and better sustainability.
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The Toy as a Factor of Better Children’s
Integration in Hospitalization Context

T. Freitas, B. Rangel and J. Lino Alves

Abstract Nowadays, about 121.000 pediatric hospitalizations occur every year
in Portuguese hospitals. Hospital admission is a process in which individuals are
imposed to change their routines and daily habits and be integrated in a completely
new environment. For children, this process is worse than for adults and it leads to
undesirable feelings, such as fear and anxiety, which can result in a traumatic experi-
ence that negatively affects the recovering process. This paper presents the research
work that has been conducted in the scope of the Master Program in Product and
Industrial Design of University of Porto, seeking to understand how Design, along
with the strategies already used to reduce the negative impact caused by hospitaliza-
tions in children’s life, can be used to create a toy that promotes moments of abstrac-
tion from the environment in which children are inserted in, as well as moments of
play combined with learning and physical, cognitive and social development. Based
on the analysis of data collected, a building toy was developed, “Boneco Cubo”,
composed by different parts that can be attached to each other in different ways and
that intends to contribute to a better integration in the hospital environment while
simultaneously stimulating the children’s development. It also intends to be an ally
to healthcare professionals as an instrument of children development evaluation.
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1 Introduction

In Portugal, accordingly to Instituto Nacional de Estatstica—INE,1 there are about
121.000 pediatric admissions every year, affecting children from 0 to 18 years old
[1–3]. Besides not being in their comfort zone and being forced to leave their daily
routines, the child is also faced with other factors that may have a negative and
traumatic impact on his development when submitted to an admission in hospital.
Factors such as various hospital procedures; examinations and treatments; environ-
ment and unknown people; negative feelings like pain, fear and anxiety; distance
from family and friends and others may contribute to a negative experience in their
life and influence their development and recovery [4].

The significance of hospital experience varies in type and degree and depends on
the diversity of causes that are involved, from disease-related aspects to the psycho-
logical characteristics of children themselves.Reflecting on thesemeanings, becomes
important with regard to pediatric management and guidance and may have a deter-
mining influence on the development of the hospitalized child [5]. Both the envi-
ronment and the creation of recreational spaces, activities and projects influence the
child’s well-being and, if they follow certain norms, can make hospital experience
less traumatic and reduce the effects of hospitalization on children to a minimum
[6–8].

Piaget, during his researches, considered playing a typical children behavior,
which allowed them to have moments of pleasure and happiness [9]. It is through
play that children learn, experience, discover and develop their capacities, both phys-
ical and cognitive ones. It is also playing that provides moments of relaxation and
abstraction from the hospital context and it can be a great ally to the accomplishment
of therapies. In addition, it is through play that they also express their feelings, frus-
trations, anxieties, criticisms and interests, which means it can contribute to a better
diagnosis [10, 11].

Concluding, incorporating activities, projects and play spaces, as well as the toy,
into the daily life of the hospitalized children, will be very important and can posi-
tively help the recovery process, as they provide the continuity of growth and devel-
opment [11, 12].

2 Methodology

Qualitative approach was used to collect relevant information about hospitalized
children’s needs, behaviors, problems, preferences and wishes. With this in mind,
data for research was collected from two pediatric centers located in the Northern
region of Portugal, one with specialty and another of general clinic. Data has been

1National statistical institute of Portugal (INE) is an organization charged with the overall coor-
dination of statistical services. It provides statistics on demography, economy and society of all
regions of Portugal.
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collected from three distinct sources: (1) direct analysis by observing children behav-
ior in the context of hospitalization; (2) surveys answered by multidisciplinary teams
from pediatric centers, parents, family and friends; (3) validation tests applied to the
proposed solution with all research participants.

3 Data Collected

Data collection was made in two distinct phases: state of the art—research by explor-
ing what has already been studied by other authors; and on-site data collection.

3.1 Secondary Research and Visual Research

Strategies and Spaces
Some strategies have been adopted in order to improve children’s conditions inside
hospitals. Itwas verified that both the environment and the creationof play spaces pos-
itively influence the well-being of children; and that if they follow certain standards,
they may make hospital experience less traumatic, thus minimizing the negative
effects of internment on children [11].

Hospitals are already trying to improve the conditions in pediatric internment to
minimize, as much as possible, the negative impact of hospital admission and proce-
dures, providing more tranquility and less disturbance in hospitalized children [5].

Making the hospital environment as close as possible to the external reality can
interfere with the children’s emotional state and thus influence their recovery in a
positive way. A decoration adapted to the children’s age groups, as is the example
of the Morag Myerscough bedroom decoration project of the Sheffield Children’s
Hospital pediatric service [13] or others Pediatric centers in Portugal (Fig. 1), com-
bined with playful and pedagogical activities, for example the visits of the Red Nose
Operation Clown Doctors [14], make children closer to their reality and distract
them from hospital procedures. This is also achieved by including ludic-pedagogical

Fig. 1 Pediatrics service inner decoration in Northern of Portugal
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Fig. 2 Activity’s rooms of pediatrics service in Northern of Portugal

Fig. 3 Activity’s rooms of pediatrics service in Northern of Portugal

rooms in pediatric services. These rooms are spaces where children can play, read,
draw, socialize, in a more playful context (Figs. 2 and 3).

Toys
All toys develop specific abilities in children, stimulating cognitive and motor devel-
opment. For this reason, toys are considered a great ally to the development of
children.

Some toys were already designed for hospital context. From those toys, one can
point out: (1) ELO—teddy bear which was developed for children with cancer who
have to spend much of their time in isolation, away from their family and friends [15]
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Fig. 4 Little bear ELO By
Amaral Carvalho Hospital,
Brasil. Illustration based on
Ref. [15]

Fig. 5 Kompis robot By
Linus Sundblad. Illustration
based on Ref. [16]

Fig. 6 Novel hospital toys By Hikaru Imamura. Illustration based on Ref. [17]
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(Fig. 4); (2) Kompis—whichwas designedwith the purpose of acting as a companion
for children in the hospital and as a platform for communication between children
and their friends/parents [16] (Fig. 5); (3) Novel Hospital Toys—allowed children to
better accept and understand some medical exams [17] (Fig. 6).

With the analysis of all toys that already exist in healthcare, it is easier to under-
stand this particular market and perceive how helpful toys can be for children.

Materials and Manufacturing Processes
Materials and its choice are truly important in any design project as it is from it
one can apply multiple specification to the product—from textures and colors to
resistance and density. When talking about a toy for hospitalized children, it is even
more important as several requirements need to be taken into account:

• Resistant to impact;
• Easy to clean;
• Resistant to chemical cleaning products;
• Low density (lightweight);
• Flexible and touch-friendly;
• Low cost.

After some research, it was easily noticed that toys are mainly made of plastic.
There are also some toysmade ofwood, fabric and cardboard. Thesematerials cannot
be applied to hospital context as they do not fulfill the majority of requirements
imposed, due to the characteristics each material presents. These properties can be
analyzed in more detail in Table 1.

By using CES EduPack database (Granta Design, Cambridge, UK) [18], an anal-
ysis on materials characteristics was conducted. From this study, it was concluded
that polymers are the family of materials that fit the most for clinical toys. Poly-
mers are usually cheap and its main characteristics are: low density, high resistance
to shock, high resistance to fret and flexibility. An interesting characteristic of this
type of material is that it allows several distinct visual aspects (transparency, opacity,

Table 1 Materials properties, from database of CES EduPack 2017 (Granta Design, Cambridge,
UK) [18]
Material’s properties

Materials Density Resistance Accumulation
of external
agents

Disinfectable Resistance
to aqueous
solutions

Resistance
to ethanol

Resistance
to
sterilization

Polymers Low Very
resistant

No Yes Yes Yes Mostly yes

Paper Low Damage
very easily

Yes No No No No

Card Low Yes No No No No

Wood Average/high Resistant Depends on
insulation

Depends on
insulation

Depends on
insulation

Depends on
insulation

No

Fabrics Low Low
resistance

Yes No No No Yes
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etc.) with a wide range of colors [19]. However, there are many polymers and it is
important to select the ones that most fit the requirements.

After some research, itwas found that themost commonpolymers formanufacture
of toys are: Acrylonitrile butadiene styrene (ABS), Polypropylene (PP), Polyethylene
(PE), Polycarbonate (PC) and Polyvinyl chloride (PVC), (Table 2).

According to Table 2, all polymers are resistant to the chemicals, that are used
to disinfect toys on hospitals. The most ductile materials are PP and PE, the latter
being of low or high density, changing both mechanical and physical characteristics.
A very important factor is the melting point of each polymer due to the possibility of
being submitted to the sterilization for decontamination in the hospital context. PC
is the material with the highest melting point however, it is an expensive material,
quite rigid and is not resistant to chemicals.

Based on CES database [18], it has been found that the most common processes
associated with the polymers are injection molding and extrusion. The raw material
of the polymers is in the form of pellets which, prior to their shaping, may be added
a colored pigment to subsequently the object be in the desired color.

3.2 Primary Research—Direct Analysis and Surveys

In Design there is a concern to create human-centered products. Based on this,
it is important that future users and other elements are part of the development
process by participation in data collection sessions and by testing the product as it is
incrementally developed.

In order to achieve the aforementioned, a field research was implemented in the
pediatric services of two hospitals in the north of Portugal—one of specialty and
another one of general practice. This research was carried out over a period of five
months between April and September 2017. The methods used to collect data were:
direct observation and questionnaires.

As research participants, everyone that is involved in daily routines of hospitalized
children was considered, such as parents, friends, family and hospital assistants:
nurses, doctors, etc.; and the child himself.

Surveys
Two different approaches were adopted for the questionnaires, depending on the
participants of the research. In relation to the sample of themultidisciplinary technical
team, it was decided to approach the heads of each team in order to serve as liaison
element in the delivery and collection of the questionnaires. Regarding the sample
of parents and relatives, it was decided to address each family or group of relatives
in person, explaining the context of the project and ask for collaboration in filling in
the questionnaires. As results, one hundred and seventy questionnaires were filled
out and taken into account.

The statistical analysis of the data obtained in the questionnaires was done by
using SPSS Statistics 24 software (IBM, New York, USA) [20]. The statistical anal-
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ysis methods used were frequency analysis and fashion analysis. In general, all the
questions in the questionnaire contribute significantly to the design development,
however it is possible to highlight some of them in particular that will help to define
the characteristics of the toy.

The behaviors, reactions and needs of hospitalized children aged 2–5 years helped
to understand how children react to the hospital context and how the toy could
help to overcome some negative aspects. Research participants answered that the
most frequent behaviors and reactions in this age group would be: Fear of the envi-
ronment and procedures (16.1% specialty, 20.6% overall); Distrust (9.4%—spe-
cialty, 11.3%—general); Cry (9.4%—specialty, 13.5%—general); Separation anxi-
ety (13.8%—general); and as necessities, the main ones were: play activities, with
26.7%—specialty and 28.9%—general, and the companywith 21.4%—specialty and
25.2%—general.

When parents were asked if children brought their toys to the hospital and the
reason they bring them, 82.9% of the specialty sub-sample and 76.9% of the general
reported that their child brought at least one toy to accompany them during hospi-
talization. Of those children who brought toys, they used them more to play alone
(42.9%—specialty, 30.2%—general) and as a sleeping companion (26.8%—spe-
cialty, 31.7%—general).

In relation to what they brought, the toys were quite varied, from stuffed animals,
construction toys, puzzles, carts and even the video games found on smartphones
and tablets. About the most used toys, participants said the most used ones are: video
games, puzzles, construction toys, dolls and reading stories. They also pointed out
that the most recommended toys for children to share are: games, such as puzzles,
memory games, association games, construction games and crafts. Regarding the
opinion of the respondents on the most relevant characteristics that the toy should
follow, the majority of answers considered to be important: the colors; the materials;
be funny; and be educational. The attendants also mentioned that it is must be easily
disinfectable as it is a toy for the hospital context.

Results
The most important thing in the creation of a toy for the hospital context is to
understandwhat characteristics it should contain in order to better adapt to the context
and the specific target audience. By analyzing the results retrieved fromdata collected
in the surveys and direct observation, it was possible to conclude that the toy should
obey the characteristics described in Table 3.

4 Experimental Work

As a result of the entire research process, a toy was developed for children between
the ages of 2 and 5 who are subject to hospital admission. With this toy it is intended
to facilitate children integration into the new environment and to reduce the nega-
tive impact of hospitalization. The main goals of this product are: (1) minimize the
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Table 3 Characteristics of a toy for hospital context

Characteristics of a toy for hospital context

Material Resistant to shock and external aggression;
resistant to hygienic chemicals; low density;
flexible and pleasant to the touch

Colors Adapted to each child or context. Do not
contain too many colors, to not have too much
information

Shapes Simple, easy to understand, geometric

Price Low

Type of toy Recreational and/or therapeutic. Of
construction, puzzles or characters

Resistant to high temperatures Sterilization chamber

Hygiene standards Resistant to hygiene products; easily
disinfectable

Safety rules Do not contain small parts; operating
instructions, indication of all contraindications,
age range

Easy to storage Lack of space in the rooms, of activities of the
pediatrics services

Dimensions Suitable for the 2-5 years age group

Adaptability to several contexts Rooms of internment and isolation and rooms
of activities. Adaptable to various clinical
pathologies

Possibilities Sharing games between children. Personal toy

Integration element Help integrate the child into the hospital

impact of hospital admission; (2) stimulate the development of bonds among chil-
dren, parents and health technician; (3) promote moments of fun inside the hospital
environment, and (4) stimulate children, both at physical, cognitive and social levels,
allowing them to continue their development.

4.1 Concepts

From the previous research, it was found out that the toy should (1) be of education
character; (2) provide companionship to children, as they miss their parents; (3)
include handwork; (4) be a construction toy to improve children development as a
person (Fig. 7).
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Fig. 7 Concept chart

4.2 Product Proposal

“Boneco Cubo” (Fig. 8) is a toy directed to children from 2 to 5 years old, submitted
to a hospital admission or clinical interventions. This toy was developed according
to all information retrieved on state-of-the-art analysis and onsite research and tries
to fulfill all requirements imposed for being a toy for hospital environment. It aims
to: (1) minimize the impact of hospital admission, (2) stimulate children integration
with other children, parents and healthcare professionals, (3) promote moments of
relax and fun in the hospital context. It also intends to facilitate the integration of
children inside the hospital environment and follow the children during the entire
process of hospital admission. Simultaneously, it helps to decrease negative impact
that admission may cause, and it is intended that the toy also stimulates children
development either at the physical, cognitive or social level. It is a toy of construction,
in the form of a Kit, composed by several pieces that give the possibility to fit
and to make multiple constructions. It is presented in the form of two cubes that
represent the body and head of a doll, giving it a friendly character. This toy, in the
form of a doll, aims to be a companion for children in hospital, not only to provide
moments of fun, but also to face the fear of certain hospital procedures. Like all
construction games, develops children’s motor, social and emotional abilities. With
the textures and with the construction approach, it develops fine motor skills, eye-
hand coordination, logical thinking, imagination and creativity. With different facial
expressions, it is possible to work the children’s emotions and facilitate contact with
professional health technicians, because about 70% of communication at these ages
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Fig. 8 “Boneco Cubo” on its final state

Fig. 9 Diversity of fittings

is non-verbal.2 The modular approach gives the possibility of several fittings (Fig. 9),
allowing to make three-dimensional constructions or even flat. It was designed with
a flexible and impact resistant material and resistant to hygienic chemicals.

4.3 Features

The “Boneco Cubo” has several facets and can be an ally not only to the hospital
context but also to children’s daily life. It is a toy of integration of children in the
internment by its friendly character. It can also serve as an instrument for evaluating
the child’s development and to allow an easier communication between child and
healthcare professional, thus having a therapeutic feature. This toy can be easily
adapted to the Pediatric Pain Scale (Fig. 10), using the different facial expressions
and colors. In the research it has been found that children transpose their feelings
and personality into their toys and thus, adapting this scale, it will facilitate commu-
nication between health workers and children.

2Information obtained by a doctor of Pediatrics Service during a field research.
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Fig. 10 Illustration based on Pediatric Pain Scale of Ref. [21]

Fig. 11 “Boneco Cubo”—planification

Under the flat shape, the development of the child can be evaluated using pieces
with textures. In this flat form (Fig. 11), it will give the possibility to learn how to plan
the cube and to explore the toy. Through pins that fit the frame, suitable for children
from 4 years of age, it is possible to drawmultiple shapes, letters and numbers.While
the child is having fun to assemble and disassemble the doll, it enters into a learning
process, thus providing the continuity of its development. In the future, it will also
be possible to use the alphabet and numbering.

4.4 Materials

Based on the information studied about the materials that are most suitable for the
manufacture of toys for the hospital context, the material chosen was Low Density
Polyethylene (LDPE). This polymer has the following advantages:
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• Flexible;
• Low density (0,939–0,960 g/cm3), which gives the possibility of floating in water;
• Excellent resistance to aqueous solutions, as well as to ethanol and acetone—used
for the disinfection of toys;

• Cheap compared to other polymers;
• Non toxic;
• Very ductile and tough.

In relation to the high temperature resistance of the sterilization chamber, the
melting point of this material is between 125 and 132 °C and the temperature at
which begins to deform is between 90 and 110 °C, so it is recommended to regulate
the temperature of the sterilization to below 90 °C. This is not a problem as during
the onsite research, it was found out that most toys are only disinfected with hygienic
chemicals such as ethanol [18]. As it is a construction toy, nomechanical connections
were used. For the manufacturing process, the Injection Molding process is forecast,
as it is a fast, and capable of producing a significant quantity of parts per hour. Not
only due to the speed of production, it is the most indicated process according to the
design of the toy.

In order to calculate the final production cost of each part it is necessary to add
the cost of the material to the cost of the mold and divide by the number of parts to
be manufactured. For a better understanding, a cost estimation is presented:

• Material: 1.44 − 1.48e/kg;
• Mold: e2.940 − e29.400 (since the molds are small and of little complexity, the
estimation will bee3000 per mold (several parts can be manufactured on the same
mold);

• Number of molds: x2 (e6.000);
• Number of pieces: 100.000;
• Weight per kit of 20 pieces:≈←100 g;
• Weight per piece:≈←5 g;
• Weight for 10 kits (200 pieces): 1 kg (e1,48);
• Material cost for 100.000 pieces: e740;
• Production cost of each piece: 6.000+740�6740/100.000≈←←0,0674;
• Production cost of each kit: 0.0674×20≈e1,348.

This value is only a rough estimation and it may vary according to the quantity
produced to amortize the price of the mold. In this estimation, some other costs
were not considered such as: packaging costs, labor costs, fixed costs (electricity,
maintenance, etc.). These costs would increase the price per kit.
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5 Tests and Final Results

5.1 Prototyping

In order to proceed with product’s usability tests, a real-scale functional prototype
was made in the 3D printing laboratory of FEUP, in a low-cost 3D printer. The Fused
Deposition Modelling (FDM) is the most popular Additive Manufacturing process
consisting in extruding a filament ofmeltedmaterial, normally plastic, and depositing
it, layer by layer, on the machine’s platform, in order to create the model [22, 23].

To start the prototyping process, all parts of the toy were modeled in 3D, using
SolidWorks 2016–17 student edition (Dassault Systèmes SolidWorks Corporation,
Waltham, USA) and exported into STL files. After that, these files were converted
into a gcode file by the machine’s software, which is all the required information
for starting the printing process, such as temperature, positioning, trajectories, etc.
[24]. The pieces were made on a 3D printer Hello Bee Prusa (BEE Very Creative,
Aveiro, Portugal), with thematerials—PLA (rigidmaterial), TPU and FLEX (flexible
materials) (Fig. 12). The printing of each piece took, on average, 50 min.

First step was to print a total of 6 base pieces, corresponding to the construction
of a cube in PLA, to realize the volumetric and the fittings of the pieces. It was found
that the material did not comply with the required properties because it was too rigid,
and it was not possible to test the flexibility strand. It was also concluded that, being
a rigid material, it could hurt the children and it was complicated to fit and undo the
pieces all together (Fig. 13).

Fig. 12 3D printer Hello Bee Prusa
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Fig. 13 Printed tests

The second step was to print the same parts on a flexible filament (TPU) to test
the fittings and flexibility. It was verified that the fittings were not very consistent,
which forced to increase their size and to make a new printing. With this change,
it was verified that the fittings already worked, and the parts were very close to the
real one (Fig. 13). In this way, 3D printing of the functional prototype was carried
out with 20 pieces (Fig. 14). The fittings of the faces and textures were printed on
transparent PLA and then glued to these pieces.
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Fig. 14 Final printing pieces

5.2 Usability Tests and Results

After the functional prototype was printed, the product validation tests were carried
out in three different phases: (1) presenting the results to the multidisciplinary teams
of each pediatric service, testing the product and applying a customer satisfaction
questionnaire; (2) tests of product usabilitywith the children and their parents, testing
the toy and applying the same questionnaire; (3) application of the toy in speech
therapy and psychology sessions. The objective of these tests was to share the results
obtained in the field research and to make an evaluation of the toy as an opportunity
to collect suggestions for improvements and future work. In addition, the toy was
presented in the CMIN SUMMIT’17 UP event, Portugal, in a poster format, as a
mean of dissemination to the medical community.

Regarding the usability tests in the pediatric services, it was possible to prove that
the children are not all the same and that they can reach the stages of development
at different periods. An example of that was a 7-year-old child, participating in the
study, who had the same difficulty in fitting the pieces as a 4-year-old, and yet another
child of the same age was able to immediately understand how the fittings work. This
development depends on the stimuli to which children are exposed. Children who
were not stimulated to play with puzzles or with construction games, will present
greater difficulties in this type of games. Children between the ages of 2 and 12 years
also participated in these usability tests (Fig. 15). Although 7, 9 and 12-year-old
children do not belong to the target age, the toy was also accepted by them, and it
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Fig. 15 Usability testes

could easily be extended to more age groups. It was also verified that children with 3
and 4 years of age showed some difficulty in making the association of fittings of the
parts, because in these ages, they are accustomed to using toys with association of
images or equal fittings, however, this association was also observed in some adults.
In addition to the already described features of the toy, some children explored and
added a new functionality to the toy, allied to plastic expression, using the facial
expressions as stamps (Fig. 15). It was the general opinion of health professionals
that the fact that the toy could be combined with the Pain Scale, as a pain assessment
tool, becomes an added value for the product. Moreover, the fact that it can of use
in occupational therapies and speech therapies as an instrument for the evaluation of
fine motor skills at developmental scales, was also mentioned as an advantage and
an important factor.

6 Conclusions

The toy is an important instrument for children in hospital admission that signifi-
cantly helps the recovering process, and consequently, reduces the negative impact
of hospitalization. However, it was also found that there is a lack of products for this
purpose, which led to the creation of a toy that seeks to mitigate the needs of these
hospitalized children. Based on the analysis of data collected, a “Boneco Cubo”was
developed, a building toy, composed of different parts that can be attached to each
other in different ways and that intends to contribute to a better integration in the
hospital environment while simultaneously stimulating the children development. It
can also be an ally to healthcare professionals as an instrument of children devel-
opment evaluation. By using 3D printing, a functional prototype was built which
was useful to test the result with the target audience. From these tests, several new
ways of using the toy came up: first, due to children imagination; second, due to
healthcare professionals’ suggestions to use the toy as a therapy tool. This study
contributed not only to a deeper understanding of hospital admission and to the real
needs of the children in this environment, but also to create awareness that design
can also serve as a tool to improve people’s life, acting as an ally in diverse areas. By
directly interacting with the target audience, all aspects of hospital admission were
better understood which allowed to find a better solution that meets all the needs
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which are imposed by this reality. Usability tests allowed to get some suggestions
for improvement and to find out parents and healthcare professionals’ reactions to
the toy. Due to the positive results, these tests allowed to validate the created product
and to open an opportunity for the industrialization of the product manufactured by
injection molding of a thermoplastic.
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Evaluation of Sustainability
in the Development of Food Packaging
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Abstract In recent years, sustainable development has frequently appeared in tech-
nical and non-technical publications, particularly in regards to the pressing issues of
high level of consumption and constant increase of waste in production processes.
This has brought serious consequences in the environmental degradation, mainly due
to the faster discarding of products, especially packaging. The process of packaging
developmentmust complywith the requirements of environmental preservation. This
paper aims at evaluates packaging sustainability, company packages, two of them
fulfilling for environmental requirements development by the National Institute of
Technology (INT) in Rio de Janeiro, Brazil, and other two are not considered envi-
ronmental constraints in the design. The evaluation was developed using a checklist
approach, a qualitative evaluation instrument that defines the level of attendance of
sustainability requirements. Some of the criteria used were: sustainable materials,
reuse, reuse during harvest, post-harvest, transportation, exhibition and placement at
the point of sale and reduce costs for the producer and the final vendor. Finally, the
checklist approach served to define: what is the best package of sustainable behavior?
and can be used in other similar studies.
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1 Introduction

According to data released by the Food and Agriculture Organization of the United
Nations (FAO), annually wastes worldwide are 1.3 billion tons of food (one-third of
the total production) destined for human consumption. In Brazil, 30–40% of fruits
and vegetables do not reach the consumer due to losses during harvest and transport
of the product. Packaging and misuse are the main factors for these losses, according
to the Brazilian Company of Agro-fishery Research—EMBRAPA.

As long as the consumption of food and non-perishable goods grows, the pack-
aging industry will grow as well, according to data from the Brazilian Packaging
Association [1]. The gross value of packaging production reaches R$47.2 billion in
2012, almost 3% higher than the R$45.9 billion generated in 2013. Plastics repre-
sent the largest part in the gross value of production corresponding to 39.05% of
total, followed by cellulose packaging with 36.51% (corrugated paper with 20.21%,
paperboard, and cardboardwith 10.31%and paperwith 5.99%),metallicwith 16.7%,
and glass with 5.07%. The increasing volume of plastic packaging discarded after
use, has immense environmental consequences, making society push for changes in
consumer behavior [1].

Reducing the volume of materials, mainly plastic, is increasingly understood
to be determinant on the behavioral changes in companies, it is a great challenge
which aims to environmental improvements. Search formaterials,methodologies and
manufacturing process of packaging are necessary to achieve the goal of sustainable
development.

There are two relevant problems to solve. The first is to reduce the loss of food
after harvest, and the second is reduce the volume of discarded packaging; both
problems can be solved with the development of sustainable packaging that helps to
reduce the waste.

In this paper, an analysis is provided as the sustainability criteria are applied in
the food packaging industry. A comparative analysis is carried between packaging
developed with sustainable methodologies that are not on the market and another
packaging without sustainability criteria that are already on the market, evaluating
qualitatively the benefits of inclusion of sustainability in its three pillars: environ-
mental, economical, and social.

Finally, this analysis presents an example of checklist sustainability criteria,
adapted from the guidelines for the design of sustainable packing [2], that aims
to for future evaluations and development of sustainable packaging.
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2 Sustainable Packaging

2.1 Sustainable Development

Sustainable development implies not exceeding the limits of the biosphere, using
natural resources efficiently and from an environmental standpoint (environmental),
granting the same level of satisfaction to future generations, generating equality
in the distribution of resources (social) and enabling economically viable solutions
(economic), reaching these three aspects known as the pillars of sustainability [3].

The National Council for Advance Manufacturing, defines the process of sustain-
able production as the creation of manufactured products that use processes that are
non-polluting, that conserve energy and natural resources, and that are economically
viable and safe for workers, communities, and consumers [4].

In this way, the constant market demand for products that reduce environmental
impact reinforces companies’ social responsibility, leading them to apply concepts of
sustainable development to their strategies. The inefficiency of industrial processes,
in addition to causing scarcity of natural resources, generates an elevated number of
toxic wastes that contaminate the air, water, and most of all, human health [5].

According to Bhamra and Lofthouse [6], the main benefits that companies obtain
after applying sustainable design as a strategy, are the following:

• Reduction of the environmental impact of their products/processes;
• Optimization of the consumption of raw materials and energy use;
• Improvement of waste management and of pollution prevention systems;
• Encouragement of good design and innovation;
• Cost cutting;
• Satisfaction of users’ needs, exceeding current expectations of price, performance,
and quality;

• The increase in the possibility of the commercialization of the product;
• Improvement of the company’s image.

2.2 Environmental Problems with Packaging

Packaging is the main link connecting the consumer, the product, and the brand,
given that it is through the packaging that the consumer identifies, chooses, and uses
the product [7].

According to Moura and Banzato [8], is considered packaging—something that
contains, protects, and stores it’s contents—exists naturally, like the peels that protect
fruit or the cocoon that protects the butterfly. Such examples perform the basic
functions of packaging and, for this reason; humans began to adopt models from
nature in order to supplement our own needs. Vessels made of clay, shells, scales,
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hollow pieces of wood, animal skins, and leaves were used to contain and transport
essential products.

According to theBrazilian PackagingAssociation, the clearest perception of value
in packaging design include the protection of a product, practicality, convenience,
ease of use, comfort, and security.

Every day it becomes harder to imagine daily life without these types of products,
but wemust be conscience of the problems caused by packaging, mainly in reference
to the excess of solid waste generated. After performing its last duty, transporting
the product securely to the consumer’s home, packaging turns into, in the current
system, a bothersome object. However, these days discard ability is a luxury that
the planet can no longer handle; there are many environmental problems caused by
the excess of packaging waste, among them: urban solid waste, water pollution, air
pollution, forest destruction, depletion of raw materials, energy consumption, social
problems, and climatic changes [9].

In this way, it is necessary that we re-think the development of products and pack-
aging, which has already been happening, aiming for sustainable solutions in their
totality (environmental, economic and social). Considering that the design method-
ology offers support for the systematic and controlled development of the project, it
is necessary to understand how sustainable criteria are being applied to packaging
design.

2.3 Fruit and Vegetable Packaging

The Agrifood sector includes fruit and vegetables. According to Oliveira and Aquino
[10] the fruit is a product coming from fruiting, destined to be consumed “in nature”;
vegetables are generally the green part, utilized as a food in their natural state; now,
vegetables are the fruit or the seed of different plant species, mainly leguminous
ones, used as food.

As far as the design of packaging, the process passes through multiple stages
before finishing, including the study of materials, regulations, and laws, function
and purpose, as well as other factors like the life cycle of the products.

The following functions were identified as part of the life cycle of packaging
products:

• Packaging for storage and producer distribution at the distribution center;
• Packaging for storage and distribution for the supply warehouse at points of sale;
• Packaging for exposition at the point of sale;
• Packaging for storage utilized for the transportation of the product from the point
of sale to the residence of the consumer.

As the packaging increases its functions, its development, and environmental
contributions improve. On the other hand, the more a perishable product is displaced
from one packaging to another during the different transportation processes, themore
food will be lost.
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As far as materials employed in the commercialization of fruit and vegetable
packaging a large presence are made from expanded polystyrene (EPS—Isopor),
polypropylene (PP), PET, and cardboard in a variety models has been established
[7].

In spite of the predominance of polymer-based packaging that is the focus of
the argument of the possibility of recycling, some types of packaging offer another
approach. These packaging’s are biodegradable, principally those made from tapioca
starch and bioplastics, or those produced from recycled materials.

2.4 Criteria for the Development of Sustainable Packaging

The construction of the literature review of concepts related to sustainability, its
tenets, and the possibilities of intervention of design in this field, along with the
analysis of concepts and main criteria necessary to orient the design of packag-
ing based on research already done in the field and according to Pereira and Silva
[2], make it possible to conclude that packaging is considered sustainable when it
complies with the following conditions:

1. designs systems that extend the life of the product;
2. optimizes the use of resources;
3. minimizes and values the waste/by-products;
4. aims for biocompatibility;
5. designs to optimize transport;
6. reduces toxicity;
7. increases equity and integrates actors in the system;
8. promotes responsible consumption;
9. fortifies and promotes local resources;
10. maintains economic viability in the development of the product.

Given that developing sustainable packaging means integrating these conditions
into the design of a product along with the inclusion of sustainable strategies such
as cleaner production, the development of cradle to cradle, the eco-design and the
analysis of the life cycle (ALC), it is possible to orient the work of the designer in
the making of decisions with the goal of minimizing, most of all, the environmental
impact in the development of the packaging.

Table 1 present the previous ten parameters where each one was expanded into
a group of questions. This table was organized into ten sections deployed in other
questions, totaling 72 questions. In the analysis presented in item 4.2, the questions
that are considered the most important for the case studied are used.
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3 Case Study

The experimental method used was a study of multiple cases, given that a case study,
for Yin [11], studies a contemporary phenomenon in its real-life context, especially
when the boundaries between the phenomenon and the context are not clearly defined.

According to the goal of this research, which is to identify the importance of
including sustainability criteria in the development of packaging, this investigation
aims to answer the following question: How was the packaging design developed?

3.1 Data Collection

The search for and collection of data was performed directly by visiting the business
where the packaging is designed, during each visit, a questionnaire was filled out by
interviewing the designers responsible for the development of the packaging. The
interviews were also recorded as an additional source for the results.

After the collection of data, the verification list was filled out. This list is used
in order to check the sustainability level of each packaging product, evaluating both
comparatively and qualitatively.

4 Comparative Evaluation of Packaging Products

4.1 Description of Case Studies

Were studied two cases: the first being packaging for a variety of fruits (persimmon,
mango, and papaya) and the second specifically for strawberries, as the following
description explains:

Case 1: Packaging for a variety of fruits from the INT (Fig. 1).
The National Institute of Technology (INT) developed a packaging system for man-
goes, persimmons, and papayas, made up of two parts: a moveable and returnable
base, and a tray appropriate for the product that will be conditioned according to
the caliber and commercialization needs of each format. This packaging system has
already development 40 patents for inventions were taken out, both for pieces as well
as for product development methodologies (Figs. 2 and 3).

Typical packaging for fruit on the market is a corrugated paper box which is
developed by different companies in Brazil. The biggest advantage of this type of
packaging is its resistance. It can be used for greens and vegetable as well as for fruit.

Case 2: Packaging for strawberries from the INT (Fig. 4).
Recoverable packaging developed by the INT and perfectly detailed, madewith PET,
maintains the conditions necessary for strawberries to stay in healthy conditions for
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Fig. 1 Recoverable packaging from the INT—the modular configuration for transport and display
of 3 floors

Fig. 2 Recoverable packaging from the INT—from left to right the first image shows the folded
base, the second image shows the process of opening the base, the third image shows the tray to be
installed on the base and the last located fruits on the tray

Fig. 3 Typical packaging for fruit on the market, the image on the left shows the stacking system
of the carton packaging and on the right the distribution of primary and secondary packaging is
shown

over 30% longer than normal; it has specific perforations for ventilation and its design
is focused on pallet transport (Fig. 5).
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Fig. 4 Strawberry packaging from INT—the image to the left shows the prototype in 3Dmodeling
with lam accommodation of the fruit and the image to the right shows the package stacked

Fig. 5 Packaging of the current market for strawberries, the two images show the display in gon-
dolas of the primary and secondary packaging

Typical market packaging for strawberries.
Traditional packaging for strawberries made of two parts: a PET tray and a

polystyrene layer that covers the fruit; the fruit is exhibited and exposed to the touch
of users.

4.2 Evaluation of Sustainability Criteria

After the data was collected, the following table was completed in order to vali-
date whether or not the packaging products that were developed take into account
sustainable criteria, and whether those that comply are actually sustainable.

As noted on the theoretical reference Boylston [9] affirms that for a package to
become sustainable it should bring environmental, social and economic benefits,
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both attribute to the process of package development, and for who will make use and
dispose of the product, in other words, during the all life cycle.

Most important requirement to design a packaging for fruits is to maintain the best
conditions for preserving food, this research shows fruit such as persimmon, papaya,
and mango (case 1) and strawberry (case 2); for the case study 1 the packaging of
INT for the formal and structural development and for the terms of trays PET to
adjust to the shape of each fruit, creates an internal atmosphere more favorable for
the preservation of fruits. This means that from harvesting, storage, and transport,
through fairs and supermarkets, the fruit is to remain protected, until it reaches the
table of the final consumer, the food stays fresher, nutritious and tasty, besides reduce
significantly the waste load for damage during transportation; different from the
cardboard box that the conditions of moisture absorption of the material are difficult
to keep in structurally adequate for reuse because of the wet and dirty conditions of
the fruit, these unavoidable conditions weaken the walls of the cardboard packaging,
making them less adequate for reuse.

As for mounting and versatility the packaging of the INT (case 1) was designed
withmodular parts (structure and trays) to facilitate themaintenance and replacement
of parts and was also designed with interchangeable trays one for each type of fruit,
being able to adapt to every shape and size of the fruit; so that the packaging is
versatile and practical. Though themanufacturing process for the sheets of cardboard
is simple to assembly, the box uses adhesives and glues that worsen the conditions,
and after its use cannot be recycled. The packaging of the INT does not use adhesives
or additives in its manufacturing process, obtaining a material with better conditions
to be reused or recycled. Furthermore, the packaging of INT generates an assembly
time, significantly lower to the cardboard packaging. Cardboard packaging has to
be folded, glued and also it occupies a larger physical space in storage than the INT
(Fig. 3). It is clear that the INT packaging includes more sustainability criteria that
the cardboard current market.

As seen in case 2 INT could design a PET packaging with a special structure for
stacking developed for the display of strawberries, allowing the final consumer can
to see all the packaged strawberries, which reduces the need for handling, reduce
losses and eliminate the practice of misleading consumers. The packaging has also
been structurally designed with strategically placed holes to improve the ventilation
conditions and preservation of fruit compared to common market packaging that
lacks a strong structure that can maintain strawberries in these conditions.

Regarding the conditions of transport and export the packaging of the INT was
designed with the elimination of pallets, unlike traditional packaging that needs an
additional secondary packaging for stacking and conditioning on pallets.

Finally, in regards to materials the common packing used two different materials
(PET for the support and polystyrene to cover the strawberries) for a single-piece
package, compared with the packing of INT that can add support and cover in one
piece of PETmaking the process of recycling and reuse easierwith the commonpack-
aging. This packaging can be reused to contain strawberries because the polystyrene
that covers the strawberries will be discarded after consumption. As a result, the
packaging of INT meets the more sustainability criteria than the common package.
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5 Conclusions

The study of the packaging used for perishable agricultural products allowed for the
identification of a greater valorization of the packaging when it is developed with
the inclusion of sustainability criteria.

In the first case study, the result of the interviews and the application of the
verification list shows that the INT packaging has additional benefits that the typical
packaging on the market does not have because design decisions were included at the
beginning of the packaging that considered the whole life cycle and understood the
needs of the process of harvest, transport, and sale. This created packaging that, while
not low-cost, brings greater benefits like the protection of product during the transport
cycle, which lowers food loss from 60 to 10%. The typical packaging is not adapted
to the holistic process; the environmental benefits are lesser in comparison with the
packaging from INT, although corrugated cardboard might be a better alternative
than recycled plastic (INT) as a production material.

The participatory process of the INT shows that the inclusion of suggestions
made by producers and possible packaging clients brings significant contributions,
for example, an increased interest of the client in buying these foods, which does not
happen with the typical packaging used.

And finally, for the INT packaging, the investment in technology during the prod-
uct development brings as a consequence that more than four national and three
international companies are interested in acquiring technology for manufacturing
that is the process that is missing in order for the product to go on to the market,
in comparison with the typical packaging the investment in technology is lower and
there is no interest in technology transfer to other companies.

For the second case study, one of themost significant contributions of INT packing
is to increase the useful life of refrigerated strawberries and without any chemical
used, reach 15 days, as existing packages allow reaching a maximum of 10 days;
furthermore, another contribution is the reduction of materials, and that it meets all
the requirements of content protection, of maintaining the nutritional and sensory
qualities of the strawberry, of adjusting to transport be it individually or collective, to
transport, of adjusting to the exposition, particularly at points of sale in comparison
with typical packaging, that has more materials and that, although it may be planned
to be transported in good conditions, the process of assembling the packaging means
the cost is higher.

Even though there has been some application in food packaging, this continues
to be a fertile field for the intervention of sustainable design.
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Experimental Investigations of a MR
Clutch for a Centrifugal Pump

A. I. Bosioc, T. Ardelean, R. Szakal, S. Muntean, I. Borbath and L. Vékás

Abstract A magneto-rheological clutch was designed and built in order to modify
the speed of an axial rotor mounted in front of a centrifugal pump. The main goal by
modifying the speed of the axial rotor is to increase the operating regimes with less
cavitation and to uniform the flow at the inlet of the pump impeller. The magneto-
rheological clutch is tested separately on a preliminary test rig, in order to analyse in
detail, the working parameters (generated torque, the interior and exterior tempera-
ture). Also, the test rig serves testing different MR fluids available on the market as
well as several MR fluids developed and characterized in our laboratory. The prelim-
inary test rig consists in one fixed (2500 rpm) and one variable speed electric motors
(2000–2500 rpm), a torque transducer (0–20 Nm), the magneto-rheological clutch,
temperature sensors as well as a control and acquisition system. The aim of this
study is to provide a first experimental evaluation of the magneto-rheological clutch
designed and built for a special application. First, the paper presents the problem and
our solution using the MRC. Second, we focus on the magneto-rheological clutch
and the test rig; the magnetic and mechanical design of the clutch is presented, while
for the test rig the operating conditions will be described. The third part analyses the
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results: the generated torque and power at different speeds, the interior and exterior
temperature. The last section draws the conclusions.

Keywords MR clutch ·Mechanical–magnetic design · Experimental investigation

1 Introduction

Magnetic fluids have been developed at the beginning of the 1948, when Rabinow
[1] developed a clutch device. According with Rabinow, the advantages of using this
kind of clutch with magnetic fluids are: the amount of electrical power necessary to
control is small and time response is also small. Since then the magneto rheological
fluids have been implemented in many applications [2]. Several important applica-
tions can be found in: sealing’s [3–5], sensors [6, 7], dampers [8–11] and brakes
[12–14]. The seal applications can be found in gas industry or in micro pumps (used
in chemical analyses, biological sensing and drug delivery) to reduce the volumetric
losses through the clearance between the tips of gears and the housing. In case of
sensors, the magneto rheological fluids are used in aerodynamic measurements for
low pressure values or for the micro level motion control applications. The damping
devices using magneto rheological fluids can be found in automotive domain and
even for rotors and its frame in order to reduce the excessive vibrations of rotat-
ing machines. A controllable damping device will allow to obtain their optimum
performance in a wide range of operating speeds.

Magneto-rheological clutches (MR clutch) are one important research direction
concerning these smart materials. Some of the advantages are convenient low-power
control (through electrically generated magnetic field) and very strong torque to
good weight ratio [15, 16]. The latter recommends them for applications where small
devices able to generate high value of torque are needed [17]. The electrical control
possibility (the magnetic field can easily be electrically generated and controlled)
is one advantage [18, 19]. Another advantage of MR clutches consist on variable
torque transmission using a hybrid MR clutch with a permanent magnet and a coil
for generating supplementarymagnetic field. Accordingly, high torque transmissions
can be obtained, [15, 16, 20] with negligible power consumption reduced size and
absence of axial loads compared with conventional electromagnetic clutches.

The paper presents the design details and testing results of a MR clutch. The
main challenge in designing theMR clutch is the requirement of the application. The
device is used for speed control of an axial rotor mounted in front of a centrifugal
pump [21, 22]. The numerical investigations has shown that slowing down the speed
of the axial rotor, the minimum pressure is increased (the cavitational behaviour is
improved) and the flow field non-uniformity is diminished at the pump inlet. The
second section of the paper describes theMR clutch with the mechanical design. The
third section shows experimental setup, the control system and the data acquisition
program. Fourth section presents the experimental result and the conclusions are
drawn in the last section.
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Fig. 1 Test rig for MR clutch applications, image from laboratory (up) and sketch of the test rig
with main components (down)

2 Experimental Test Rig and MR Clutch

AMR clutch was designed, built and installed in Laboratory of HydraulicMachinery
from Politehnica University Timisoara in order to slow down the speed of an axial
rotor mounted in front of a centrifugal pump [21]. A test rig was designed, developed
and built to analyse in detail the behaviour at variable speeds [23] in order to test
independently the performances of theMR clutch. Also, the test rig serves for testing
differentMRfluids available on themarket aswell as severalMRfluids developed and
characterized in our laboratory. The method for slow down the speed of axial rotor,
was chosen taking into account the mechanical properties of the MR clutch (easy to
control, small dimensions, adjustable parameters). The test rig presented in Fig. 1
consists in a variable speed drive motor, a torque sensor, the MR clutch, temperature
and speed sensors and the control system and the data acquisition program.

According with Fig. 1, the main characteristics and technical data for the prelim-
inary MR clutch test rig are presented below in Table 1.

The control system sets the speed of the variable electrical motor and the data
acquisition system records the following data: (i) the torque, (ii) themotor speed, (iii)
the voltage and current from the coil of the clutch, (iv) the interior and exterior clutch
temperature, respectively. The temperature is acquired on the external surface of the
clutch while the inside point is located close to MR fluid with ±1.5 °C accuracy.
Note that this investigation was performed in air.

The designed and built MR clutch, presented in Fig. 2, is a bell shapedMR clutch,
with an important advantage: it encapsulates two clutches by doubling the friction
surface. The MR clutch has a drive shaft connected at the fixed speed electric motor
and an output shaft connected at the variable speed electric motor, (Fig. 2, up). It was
designed in order to ensure the magnetic flux where the MR fluid is mounted (Fig. 2,
middle). Accordingly, the MR clutch was designed with two types of materials:
magnetic and non-magnetic. The driving part (constant speed) is the shaft and disc
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Table 1 Main characteristics of the MR clutch test rig

Component Main characteristics

1 High speed electrical motor 2500 rpm, 3 kW (fixed speed)

2 Torque sensor 0–9000 rpm, ±20 Nm

3 MR clutch Fixed speed (drive shaft): 2500 rpm
Variable speed (output shaft):
2500–2000 rpm

4 Variable speed electrical motor 2500–2000 rpm, 3 kW (variable
speed)

5 Optical speed sensor 0–10,000 rpm, ±0.5% accuracy

6 Temperature sensors 2 temperature sensors: close to MR
fluid (0–200 °C), on external surface
(0–100 °C)

7 DC source 0–32 V, 0–10 A, programmable DC
source

8 Control/acquisition system • 10 Hz acquisition frequency
• Maintain a constant speed
independently by torque variation

(bell shape) at a constant speed of 2500 rpm (red colour). The magnetic circuit is
mounted on the fixed part and the variable speed part is built using two pieces: the
coil and the magnetic casing, respectively. The clutch radius was increased as much
as possible to increase the torque of the MR clutch. The diameter of the clutch was
limited at 0.25 m due to the geometrical constrains associated to the pump setup,
were the MR clutch will be installed. The magnetic design of the coil ensures a
radial magnetic field, in order to use the entire surface of contact where MR fluid is
inserted. The entire magnetic circuit is built using magnetized iron.

A special attention has been paid to the magnetic circuit during design stage of
the MR clutch. The coil is responsible for generating the magnetic flux density. It
was designed a coil using a copper wire of Ø 0.35 mm, with 2000 turns, with a
maximum current intensity of 1 A. The generated magnetic flux by the coil was
directed through magnetic materials in the area where MR fluid is inserted on the
clutch. At the end, the final geometrical configuration of the clutch was numerically
analysed from magnetic point of view using the FEMM 4.2 programme available
on http://www.femm.info/wiki/download, property of Aladdin Enterprises, Menlo
Park, California, U.S.A. The results show that the magnetic flux density is directed
on the magnetic casing of the clutch, with a maxim value of 1T close to the coil and
lover values along to themagnetic circuit, see Fig. 3. The 2D axial-symmetric plots of
magnetic flux density along to the length were MR fluid is inserted shows a constant
flux of 0.35mT at maximum current intensity of 1 A. This result supports our choices
performed at the design stage confirms the final geometrical configuration as well as
the materials selected are appropriate.

http://www.femm.info/wiki/download
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Fig. 2 Sketch of the testedMR clutch considering themagnetic properties of thematerials (middle)
and the speed of each component of the device (down)

Table 2 Main properties of the MR fluid used for clutch application

MR fluid 336 AG

Operating temperature −40 °C ÷ 150 °C

Density (kg/m3) 3450

Viscosity (Pa s) Between 0.05 and 0.2 according with shear rate
measurements

Specific heat 0.65 J/g °C

Thermal conductivity 0.2 w/m °C

3 MR Fluid and the Experimental Setup

The MR fluid used in the experiments is MRF 336 AG produced by the Lord Corpo-
ration. The MR fluid has two main components: silicone oil as carrier fluid together
with iron micro particles. The main properties are presented in Table 2.

It was chosen using this type ofMRfluid due to high operating temperature (stable
up to 150 °C) and quite good behaviour in applications [23].
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Fig. 3 Magnetic flux density through designed MR clutch (up) and 2D axial-symmetric plot in the
length of the clutch, where MR fluid is inserted (down)

Table 3 The control and acquisition system characteristics

Used platform Control parameters Acquired parameters

SCADA Variable speed for electric motor Torque—for variable and fixed
speed motor

Fixed speed for electric motor Speed—for variable and fixed speed
motor

Variable voltage (applied at the coil
clutch)

Temperature—on two points (close
to the MR fluid and at the exterior
wall of the clutch)

Maximum torque (for safety
precautions)

Power, voltage and
current—applied at the coil

The control system allows us to setup the speed of the variable motor with a
smooth start. Parallel the program allows monitoring the torque and the speed in real
time. At the end of each measurement the acquired data can be saved in different
formats (Table 3).
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Table 4 Investigated regimes

Regime Fixed speed motor (drive
shaft) (rpm)

Variable speed motor
(output shaft) (rpm)

DC source voltage

�n 50 2500 2450 0 … 30 V, step size 1 V

�n 100 2500 2400 0 … 30 V, step size 1 V

�n 150 2500 2350 0 … 30 V, step size 1 V

�n 200 2500 2300 0 … 30 V, step size 1 V

�n 250 2500 2250 0 … 30 V, step size 1 V

�n 300 2500 2200 0 … 30 V, step size 1 V

�n 350 2500 2150 0 … 30 V, step size 1 V

�n 400 2500 2100 0 … 30 V, step size 1 V

�n 450 2500 2050 0 … 30 V, step size 1 V

�n 500 2500 2000 0 … 30 V, step size 1 V

The measurements have been performed in air at environmental temperature of
22 °C. The setup for each measurement consists in a constant speed for high speed
electrical motor of 2500 rpmwhile the variable speed of the second (driven) electrical
motor varies between 2450 and 2000 rpm with a step size decrement of 50 rpm. At
each regime the coil voltage was modified between 0 and 30 V with a step size
increment of 1 V. The measurement were performed considering a time period of
10 s with a frequency of acquisition of 10 Hz for each step size of 1 V. Accordingly,
100 samples is registered for each step from 0 to 30 V. All investigated regimes are
presented in Table 4.

4 Results

Firstly, the experimental investigations were focussed on measuring the torque gen-
erated by each electric motor at each regime. The torque for variable speed motor
was determined/estimated using the frequency converter. The torque for fixed speed
motor is recorded using torque sensor. Before measurements, for the torque sensor
calibration curve was obtained and integrated in the data acquisition system.

From the first evaluation, a small torque value of 1.5 Nm is observed for the
variable speed motor at regimes with lower �n�50 rpm and it rises up to a value of
1.8 Nm for the highest �n�500 rpm, Fig. 4. Note that the torque value measured
at 0 V is only due to viscosity of the MR fluid. The torque starts to increase once the
voltage is applied on the coil, reaching a difference of 1.9 Nm for the lowest speed
variation �n of 50 rpm and 1.5 Nm for the highest speed variation �n of 500 rpm,
respectively.

The torque difference measured for the fixed speed motor is significant when
the applied voltage at the coil varies from 0 to 30 V. The reference torque value
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Fig. 4 Measured torque for variable speed motor (left) and fixed speed motor (right) at 10 investi-
gated regimes by modifying the applied voltage at the coil

considered for the torque difference corresponds to 0 V applied voltage at the coil.
The torque difference is around 3.7 Nm at the lowest speed variation �n of 50 rpm
while the torque difference is approximately 4.7 Nm for the highest speed variation
�n of 500 rpm for the fixed speed motor, Fig. 4 right.

The torque difference measured for each electric motor (variable speed and fixed
speed) is cumulated in a total torque. The total torque determined on each regime is
plotted in Fig. 5. The total torque is represented for three coil voltages of 10, 20 and
30 V. One can be observed that the maximum torque value around 5.8 Nm is yielded
at maximum applied voltage of 30 V. The clutch covers a maximum torque value
measured with 33% larger that our requirements considered by the design specifica-
tions. The torque requirement has been determined from 3D numerical simulations
performed on the pump system with axial rotor at variable speeds [22].

A last analysis consists in measuring the external and internal temperature for
the MR clutch, see Fig. 6. The measurements have been performed in air with no
cooling system. The acquired external temperature is recorded on the clutch exterior
wall, while the internal temperature is registered at 1 mm close to MR fluid. The
temperature is measured in order to observe the maximum temperature generated by
the clutch which can modify the magnetic properties of the MR fluid. The recorded
temperature corresponds to a complete measurement regime by varying the voltage
between 0 and 30 V in a time interval of around 10 min.

According with the variation of the temperature, see Fig. 6, the maximum tem-
perature is acquired registered for the maximum speed difference as it is expected.
The maximum temperature is approximately 42 °C close to the MR fluid. The tem-
perature is small, due to high volume of the clutch and good dissipation of the heat
inside the clutch. Even so, the maximum temperature does not reach the threshold
temperature given by the producer for this type of MR fluid (150 °C).
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Fig. 5 Total torque generated by the MR clutch at three voltage values applied to the coil

Fig. 6 Temperature variation for each regime, measured at the exterior wall of the clutch and close
to MR fluid

5 Conclusions

The paper focuses on experimental investigation of a newMR clutch. TheMR clutch
will be used for speed control of an axial rotor mounted in front of the pump impeller.
The main purpose of the axial rotor installed in front of the pump impeller is to
improve the cavitational behaviour of the pump increasing the minimum pressure on
the impeller blades when the speed of the axial rotor is slow down with 15% with
respect to the speed of the pump impeller [22].
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The design of the MR clutch was performed taking into consideration the geo-
metrical constraints of the pump system. A challenge issue during the design stage
was the design and analysis of the magnetic field of the MR clutch. The magnetic
design of the MR clutch was performed in order to direct the magnetic flux density
in the area wereMR fluid is inserted in the device. According with numerical results,
the maximum value of magnetic flux density is around 0.35 mT at the maximum
current intensity of 1 A applied at the coil of the MR clutch in the gap were MR fluid
is available in the clutch.

The MR clutch was tested on a test rig. The test rig serves for experimental
investigation of different MR brakes and MR clutches required for our applications.
Different MR fluids available on the market as well as several MR fluids developed
and characterised by our laboratory are tested on this test rig.

The experimental results have been performed on two directions: the torque mea-
surements and temperature measurements. The total torque representing the torque
cumulated from both sides of the MR clutch. The total torque measured on our test
rig shows a valueis around 5.8 Nm being with 33% larger than the value selected at
the design. The external and internal temperature measured on the MR clutch help
us to observe the maximum temperature generated by the clutch, which can modify
the magnetic properties of the MR fluid. During the measurements, the maximum
temperature is registered at the maximum speed difference (�n�500 rpm) inside
theMR clutch close toMRfluid and even so not exceeds the threshold temperature of
the MR fluid. As a result, the MR clutch designed, built and tested for speed control
of the axial rotor accomplishes the initial requirements for torque and temperature
operation.

Further investigations are planned, concerning the experimental evaluation of
the MR clutch for longer time periods, in order to compare its operation with real
operating conditions.
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Experimental Investigations
of a Magneto-Rheological Brake
Embedded in a Swirl Generator
Apparatus

R. A. Szakal, A. I. Bosioc, S. Muntean, D. Susan-Resiga and L. Vékás

Abstract Amagneto-rheological brake (MRB) is designed and embedded in a swirl
generator apparatus in order to control the runner speed. Several swirling flow config-
urations are obtained slowing down the runner speed. The main challenge for MRB
is associated with its operation under water conditions. As a result, two magneto-
rheological fluids (a conventional one and one based on ferrofluid) are selected
together with an appropriate sealing solution to avoid expelling the solid particles.
Firstly, a commercial magneto-rheological fluid (MRF 336AG) manufactured by
Lord Co. is tested in MRB. Secondly, a nano-micro composite magneto-rheological
fluid, with 35% volume fraction of the micron-size iron particles (SMR 35%Fe),
designed and manufactured by Magnetic Fluids Laboratory from Romanian Acade-
my—Timisoara Branch was selected for experimental investigations. The mechan-
ical solution designed for MRB is presented. The magneto-rheological properties
determined for bothMRFs are compared. Challenging investigationswere performed
at several runner speeds withMRB under water conditions. A relative speed variation
behaviour associated with the runner rotation has been identified due to rupture and
rebuild of large chain-like agglomerates in the MRF. This relative speed variation is
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directly correlated with the braking level of MRB. The conclusions are drawn in the
last section together with the future work.

Keywords Magneto-rheological fluids properties · Magneto-rheological brake
Swirl generator apparatus · Speed control

1 Introduction

Nowadays, the magneto-rheological devices are widely used in application such as
magneto-rheological dampers [1–7], brakes [7–10], clutches [11, 12], valves [13]
and rotating seals [14, 15]. The first magneto-rheological device was a magneto-
rheological brake (MRB) [8]. MRBs are the most commercially used devices after
MR damper. Such devices slow down the angular speed of a rotating shaft immersed
in the magneto-rheological fluid (MRF). Generally, MRB consists of rotor, stator,
coil, and MRF. The shape and size of rotor depend on the MRB type. Lord Cor-
poration has developed and manufactured MRBs which are known as controllable
rotary resistance device [1, 2]. TheMRBs require low power consumption ensuring a
smooth operation. MRBmainly works in shear mode while its performances depend
on several parameters such as: (i) clearance gap, (ii) working speed, (iii) magnetic
field strength and (iv) effective area, respectively. Usually, MRB is controlled by
modifying the magnetic field strength in the effective area. Therefore, clearance gap
and working speed are important parts of the design constraint.

MRFs conventionally consist of micron-sized iron particles dispersed in various
types of carrier fluid [15–23]. MRFs are very popular because of its behaviours and
easy making being mainly produced by Lord Co [16]. MRFs belong to an important
part of smart materials domain whose rheological properties change rapidly with the
application of magnetic field. Under the action of external magnetic field, the MRF
changes its behaviour in a few milliseconds and transforms into a semi-solid state
(due to intense particle chaining) from the initial liquid state [17]. It can be controlled
by varying the magnetic field involving low power consumption. These changes are
very significant and reversible. But conventional MRFs have some disadvantages:
they manifest reduced kinetic stability and poor re-dispersion properties.

The paper presents our investigations performed on the swirl generator equipped
with MRB working under water conditions. The second section describes the swirl
generator test rig together with a detailed view of the swirl apparatus and the MRB
embedded on it. The magneto-rheological properties of two MRFs are presented in
third section in order to assess their behaviour under magnetic field. MRF 336AG
manufactured by Lord Corporation is one fluid selected in our investigation. The
second fluid is a nano-micro magneto-rheological fluid designed and manufactured
by Magnetic Liquid Laboratory from Romanian Academy—Timisoara Branch. The
composite fluid is a nano-micro MRF with a magnetic liquid as carrier and 35% vol-
ume fraction of themicron-size iron particles. The nano-microMRF has an improved
kinetic stability, which is attributed to the formation of a nano particle cloud around
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each micron size Fe particle [18–23]. They also have a low abrasive effect according
to Ahmadian and Norris [4]. Next section provides the experimental data acquired at
several runner speeds with MRB using both MRFs. The speed deviation is measured
for several runner values in order to assess it behaviour during the brake stage. The
conclusions are drawn in the last section together with the future work.

2 Experimental Test Rig

Anexperimental test rig equippedwith a swirl generatorwas developed at Politehnica
University Timişoara, Fig. 1a. A swirl generator consists of the guide vanes (blue in
Fig. 1b) and the rotating blades (green in Fig. 1b), designed to deliver a swirling flow
configuration with stagnant region [24, 25]. Therefore, the rotating blades (called
runner) spin freely at runaway speed in order to balance the flow energy from the
hub towards to the shroud. A technical solution using a magneto-rheological control
technique is applied considering a MRB to slow down the speed of the runner in
order to control the swirling flow configuration and it associated self-induced insta-
bilities [10]. The MRB device was designed, manufactured and implemented on the
swirling flow test rig by Bosioc et al. [26] to assess it performances. The swirling
flow configurations and its associated unsteady effects are controlled changing the
speed of the runner using MRB. The main challenge in designing the MRB is the
fact that entire swirl apparatus needs to work under water. As a result, a magneto-
rheological fluid (MRF) with good immiscible properties [27] has to be selected and
a proper sealing solution needs to be implemented in order to protect MRB against
water leakages. An important advantage of this solution is that the MRB is operating
in water avoiding any cooling system.

The main advantage of applying a magneto-rheological braking to the swirling
generator is due to the compact solution of theMRBand it properties for easy control.
However, the main challenge is to avoid the interaction between the water flowing in
the hydraulic passage of the test rig and the MRFs inside the brake. For this purpose,
a series of bearings and seals made of graphite Teflonweremounted above and below
of the runner.

The main component of the brake device is represented by the MRF installed
between the fixed part and the rotating part, respectively. In our case, the fixed part is
given by themagnetic housingwhilst the rotating part is linked by the runner. A coil is
mounted inside of the housing in order to generate the magnetic field. A sealing plate
is used to isolate the coil from theMRFs. The housing has been specially designed to
drive the magnetic field perpendicular on the gap where MR fluid is available. MRB
embedded in the swirl generator apparatus is presented in Fig. 2.

The runner’s blade has 5mm thickness in themiddle area and a cylindrical magnet
(DxH�Ø3 mm×8 mm) of neodymium-iron-boron (NdFeB) is installed on each
tip blade [28]. A magnetic sensor was installed on the wall of the test section to
measure the runner’s speed, Fig. 2. Its sensing distance is up to 60 mm at a maximum
frequency of 1 kHz. The MM12-60APS-ZCK sensor manufactured by Sick (SICK
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Fig. 1 Experimental test rig for investigation of the decelerated swirling flow (left) and a detailed
view of the test section (right)

Fig. 2 MRB embedded in swirl generator apparatus (left) and magnetic sensor installed on the
wall of the test section (right), [10]

AG, Waldkirch, Germany) is installed to capture the magnetic flux generated by
each magnet. A sensor’s assembling mechanism allowing distance adjustment is
designed, Fig. 2. Each blade passing in front of the sensor generates a rectangular
pulse. The runner’s rotation generates a train of pulses (ten of them corresponding
to one complete rotation of the runner).

Laser Doppler Velocimetry (LDV) system is used to register the experimental
data. The LDV system is an optical technique in order to measure the velocity field
inside the convergent-divergent test section. A series of the analog and digital signals
are acquired in the same time (e.g. four pressure signals on the walls, two velocity
components along to survey axis and the pulses delivered by the magnetic sensor
corresponding to the speed of the runner). Accordingly, the pulses delivered by the
magnetic sensor are processed to examine the speed variation of the runner.
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Table 1 Type of the MRFs and their proprieties

MR fluid Technical data Manufacturer

MRF 336AG Carrier liquid: silicone oil
Particles: micrometer size Fe
ηB � 0.354 Pa s at 20°

Lord Corporation

SMR 35%Fe Carrier liquid: mineral oil
based ferrofluid
Particles: nanometer range
Fe3O4 and micrometer size Fe
ηB � 11.78 Pa s at 20°

Magnetic Fluids Laboratory
from Romanian
Academy—Timisoara Branch

3 Magneto-Rheological Fluids

Two MRFs have been selected to control the MRB. The first MRF is a commercial
fluid MRF 336AG delivered by Lord Corporation while the second one is a nano-
micro magneto-rheological fluid with 35% volume fraction of the micron-size iron
particles dispersed in ferrofluid carrier, designed andmanufactured byMagnetic Flu-
ids Laboratory from Romanian Academy—Timisoara Branch labelled SMR 35%Fe
[29]. The properties of both MRFs are given in Table 1.

Themagneto-rheologicalmeasurementswere performed using a PHYSICAMCR
300Rheometer delivered byAntonPaar and suppliedwith amagneto-rheological cell
MRD/TI-SN18581. All components are manufactured using nonmagnetic materials
to prevent the occurrence of the radial magnetic forces acting on the shaft of the
measuring system [30]. A gap of 0.2 mm thickness was selected between the parallel
plates ofMRcell. Each plate have 20mmdiameter and accordingwith this dimension
a very small volume of sample is required (V�0.063 ml). The temperature of 20 °C
was considered for each test.MRFwasmixed before to start any type ofmeasurement
in order to ensure the probe homogeneity. The samples were placed in a vacuum
generator to remove the air bubbles occurred during the mixing process. The applied
magnetic field was generated with the coil inside the cell, perpendicular to the sample
layer. For each investigated MRF were measured the viscosity curves η(γ̇) at several
density values of the magnetic field from 0 to 566 mT. The magnetic flux density
corresponding to various electrical current values applied to the coil of the magneto-
rheological cell was measured with a FW Bell Hall probe inserted under the bottom
plate of the cell. The rotational test was performed for shear rate between 0.01 and
1000 s−1. Firstly, the viscosity curves (shear viscosity versus shear rate η(γ̇)) for
both MRFs (MRF 336AG and SMR 35%Fe) are presented in Fig. 3. This type of
curve describes the behaviour of each MRF at different magnetic flux densities. One
observe that the shear viscosity increasing with the magnetic flux density, Fig. 3. It is
happened due to agglomeration of the particles induced by the magnetic field. These
agglomerations are progressively destroyed with the shear intensification as a result
the behaviour of fluids is strongly shear-thinning. Magneto-viscous effect is more
pronounced for composite sample.
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Fig. 3 Viscosity curves η(γ̇ )measured for bothMRFs:MRF 336AG (left) and SMR 35%Fe (right)

This first evaluation helps us to understand how the MR fluid samples acts in the
presence of an exterior magnetic field. In order to compare both fluids in terms of
braking performances, it was also necessary to determine the static yield stress test. A
pre-shearing step was applied before to start the strain sweep mode test with a shear
rate of γ̇ � 100 s−1 during 60 s then amagnetic field with a strength corresponding to
the planned test during 30 s. The sample is replaced after each test due to exceeding
the MRF shear stress threshold.

The dependence of the shear stress (τ), on the shear strain (γ ) determined using
the strain sweep mode test for all the magnetic flux density values (B�33, 67, 123,
182, 240, 355, 465, 566 mT) is plotted in Fig. 4 for both MRFs. The static yield
stress represents the maximum of the τ � τ(γ ) curve when the sample is subjected
to a logarithmic increase in shear strain γ [31]. At great values of the Fe volume
fraction andof the deformation, the shear stress becomes increasingly unstable. These
oscillations of the shear stress seem to be related to the rupture and rebuild of large
chain-like agglomerates in concentrated samples under the influence of applied field
[19]. The static yield stress τ y are selected together with the magnetic flux density
for both probes for plotting the τy � τy(B) curves.

The static yield stress dependence of the magnetic flux density for both MRFs
are comparatively presented in Fig. 5. We observe the saturation of this dependence
at high values of the magnetic flux density (B), for both samples, probably when
the average chain length approaches the gap size of the measuring geometry (gap-
spanning structure) [32]. It can be seen that the SMR 35%Fe reaches higher values
than MRF 336AG as follows: 5 times larger at 100 mT, 2.5 times larger from 100 to
200 mT and around 2 times on the plateau of saturation zone for values over 350 mT.
It means that SMR 35%Fe accepts higher magnetic fluxes than MRF 336AG being
an advantage in our application.
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Fig. 4 Strain sweep mode test for both MRFs: MRF 336 AG (left) and SMR 35% Fe (right)

Fig. 5 Influence of the
magnetic flux density on the
static yield stress for both
MRFs: MRF 336 AG (red
dots) and SMR 35% Fe (blue
squares)

4 Experimental Investigations of MRB Device

MRB device has been investigated both mounted in the swirling flow apparatus and
separately on it. The investigations of the magnetic field induced by the coil in the
gap of the MRB device have been performed using the same FW Bell Hall probe
mentioned in the previous section. A meridian section through MRB device allows
us to observe the probe inserted in the gap, Fig. 6. The magnetic yoke was designed
that the magnetic field to perpendicularly cross the gap filled with MRF.

Two types of tests were performed on the MRB not embedded in the swirl gen-
erator apparatus, see Table 2. To carry out the first test, each MRF was filled in the
device, then the coil was plugged into electrical voltage from 0 to 32 V (with step
of 1 V) and a maximum electrical current of 5A. The power consumed by the coil
was monitored through the DC source. The density of the magnetic flux for each
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Fig. 6 MRB device
meridian section

Table 2 MRB device tests

Measuring probe position
(mm)

Tension (V) Fluid

L�18 0…32 SMR 35%Fe
MRF 336AG

L�0…36 10 and 30 SMR 35%Fe
MRF 336AG

value of the applied voltage was measured at a probe position of L�18 mm. The
data obtained during the first test are presented as the magnetic flux density versus
the power consumed by the coil in Fig. 7 (left).

The results show that the magnetic flux density reaches a maximum of 214 mT
when SMR 35%Fe is available inside of the MRB device. This value is higher with
12% with respect to the MRF 336AG. The maximum electrical power (PeMAX)
consumption on the coil is 37.7 W at 32 V. One can observe on Fig. 5 that the
maximum values of the magnetic flux density in MRB device are far away to the
maximum saturation thresholds for both MRFs allowing us larger braking levels if
it is required.

The second test is performed to measure the magnetic flux density along to the
length of the gap for two applied voltage values of 10 and 30 V. The position near
to the coil corresponds to the length of 0 while the length of 30 mm is associated
to the upper side of the MRB device. The magnetic flux density measured along to
the length of the gap is comparatively given in Fig. 7 (right) for both MRFs: SMR
35%Fe (blue squares) and MRF 336AG (red circles). It can be seen that a constant
value of the magnetic flux density is measured along to half of the length. Contrary,
a deviation of the magnetic flux density was measured at the extremities of the gap
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Fig. 7 Magnetic flux density B [mT] is measured with respect to: the electric power consumption
at one single probe position of L�18 mm (left) and along to the length of the gap for two values
of the applied voltage of 10 and 30 V (right)

(from 0 to 4 mm as well as from 20 to 30 mm). Clearly, SMR 35%Fe provides higher
value of the magnetic flux density as well as it is covering a lager length along to the
gap than the MRF 336AG.

Next, the runner speed behaviour is examined when the speed is slow down with
MRB. The data was collected using the magnetic sensor installed on the test section
wall at the runner level. Five operating regimes with different runner speeds have
been selected for each MRF: 585, 684, 729, 740 and 791 rpm for MRF 336AG and
650, 789, 827, 870 and 898 rpm for SMR 35%Fe, respectively.

From each signal acquired is identified the following values: the maximum
(nMAX), the minimum

(
nmin

)
and the average values n̄ of the runner speed, Fig. 8.

Next, the absolute amplitude of variation (Aav) is determined according to Eq. (1)
and the relative amplitude of variation (Arv) is defined with Eq. (2), respectively.
The relative amplitude deviation of the runner speed is taken to quantify the MRB
behaviour. Ten complete rotations are plotted for two regimes (one regime for each
MRF) to evidence the speed deviation.

Aav � (nMAX − nmin) [rpm] (1)

Arv � Aav

n̄
∗ 100 [%] (2)

Two regimes (one runner speed associated to each MRF) are selected in order to
examine the runner behaviour. The runner speed value of 726 rpm is selected for
MRF 336AG while the regime with speed value of 792 rpm is considered for SMR
35% Fe. These two regimes are comparatively examined due to both producing the
same braking level of 80% with respect to the runaway speed value associated to
each MRF.

The minimum/maximum runner speed values of 709/748 rpm were identified
on the pulse signal acquired at the regime with the average value of 726 rpm for
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Fig. 8 Pulse signal acquired (grey line) and average value on each complete rotation of the runner
(solid thick line)

MRF 336AG, Fig. 9. The minimum/maximum runner speed values of 698/858 rpm
were determined on the regime with average value of 792 rpm for SMR 35%Fe.
The average speed for each rotation (black solid line) shows us the evolution of
the runner speed in accordance with it magneto-rheological brake. Also, the relative
speed variation value of 3.96% is obtained forMRF 336AGwhile a value of 8.43% is
yielded for SMR 35%Fe. It can be noted that the runner speed operation is smoother
when the braking is performed with MRF 336AG than SMR 35%Fe.

The pulse signals acquired for both samples (MRF 336AG—up, SMR 35%Fe—-
down) in terms of the angular position of the runner are presented in Fig. 9. Each
signal represents the speed acquired during runner operation. The black solid line
corresponds to the average value of runner on one complete rotation (6.28 radians).

A comparative analysis of the data obtained for both MRFs clearly shows that
the values corresponding to MRF 336AG is more scattered, Fig. 10. This statement
is supported by R2 �0.5433 value corresponding to the linear regression function
Arv � −0.0345n+31.27 (red solid line in Fig. 10) yielded on data of MRF 336AG.
This value associated to data of MRF 336AG is smaller than R2 �0.8954 value
corresponding to the linear regression function Arv � −0.0354n + 35.841 (blue solid
line in Fig. 10) applied on data of SMR 35%Fe supporting the above assertion about
more scattered data of MRF 336AG.

One can observe in Fig. 10 that both linear regressions associated to MRFs are
parallel (almost the same slope value). This meaning that the difference between both
data sets is the runaway speed. The runaway speed associated to the experimental
investigations performed with MRF 336AG is around 906 rpm while it value around
1012 rpm corresponds to SMR 35%Fe. This difference between the two runaway
speeds comes from the mechanical friction of the runner produced by pre-stressing
level of the nozzle, Fig. 2.
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It is important to underline that the SMR 35%Fe provides a higher braking level
thanMRF336AGconfirming the conclusion already drawn above based onmagneto-
rheological investigations presented in Sect. 3. Also, the relative amplitude variation
values of the speed runner associated to the SMR35%Fe are larger than obtainedwith
MRF 336AG. This meaning that the behaviour associated with the runner rotation
presents a variation of the speed in operation. The runner speed variation is directly
correlated with the braking level of MRB. This behaviour is linked with the rupture
and rebuild of large chain-like agglomerates in the MRF. As a result, this behaviour
is up to 2 times more significant for SMR 35%Fe than MRF 336AG.

It was observed during the experimental investigation that SMR 35% Fe behaves
better under water conditions thanMRF 336AG. The period of time that the working
MRF is washed out from the MRB for investigations with SMR 35% Fe is up to 5
times greater than with MRF 336AG. This is caused by the carrier liquid which is
mineral oil based ferrofluid for SMR 35%Fe and silicone oil for MRF 336AG. As a
result, SMR 35% Fe is selected based on these results for further investigations to
control the runner speed tomitigate the self-induced unsteady phenomena in swirling
flows.

5 Conclusions

This paper is focused on experimental investigations of a MRB embedded in a swirl
generator apparatus. The runner speed of the swirl generator apparatus was con-
trolled with a MRB device using two MRFs. The main challenge for MRB is associ-
ated with its operation under water conditions. As a result, two magneto-rheological
fluids are selected as following: (1) a commercial conventional magneto-rheological
fluid (MRF 336AG) manufactured by Lord Co. (2) a nano-micro composite with
35% volume fraction of micron-size iron particles in a ferrofluid carrier, designed
and manufactured by Magnetic Fluids Laboratory from Romanian Academy—-
Timisoara Branch. The experimental investigations were performed to determine
the magneto-rheological properties of the two MRFs, as well the behaviour of the
MRB. The magneto-rheological measurements were done considering the viscosity
curves (shear viscosity versus shear rate η(γ̇)) and the strain sweep tests at several
values of the magnetic flux density from 0 to 566 mT. As a result, the influence of
the magnetic flux density on the static yield stress was determined for each MRF.
It was observed that the saturation of this dependence is reached for high values of
B. Also, the measurements with MRB device embedded in swirling flow apparatus
revealing an oscillation behaviour that is related to the rupture and rebuild of large
chain-like agglomerates in concentrated samples under the influence of applied field.
SMR 35%Fe shows a higher value of saturation with respect to MRF 336AG.

The mechanical solution designed for MRB is presented together with an appro-
priate sealing solution to avoid expelling the solid particles. The magnetic field is
measured in the gap of the MRB using both MRFs. The magnetic flux density mea-
sured along to the length of the gap shows a constant value on a half length. This is
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an important result for design stage. Challenging investigations were performed at
several runner speeds with MRB under water conditions. A relative speed variation
behaviour associated with the runner rotation has been identified due to rupture and
rebuild of large chain-like agglomerates in theMRF. The runner speed analysis shows
that relative amplitude variation of the controlled runner with SMR35%Fe is two
times larger than in the case of MRF 336AG. This relative speed variation is directly
correlated with the braking level of MRB. SMR 35%Fe provides a higher braking
level than MRF 336AG confirming the conclusion yielded on magneto-rheological
investigations. Also, it was observed during the experimental investigation that SMR
35% Fe behaves better under water conditions than MRF 336AG. This is caused by
the carrier liquid which is transformer oil for SMR 35%Fe and silicone oil for MRF
336AG. As a result, SMR 35%Fe is selected based on these results for further inves-
tigations to control the runner speed in order to mitigate the self-induced unsteady
phenomena in swirling flows.
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Orientation of the Digital Model for SLA
3D Printing and Its Influence
on the Accuracy of the Manufactured
Physical Objects for Micro- and Nano
Technologies

E. H. Yankov and M. P. Nikolova

Abstract In modern mechanical engineering, there is increased need to find solu-
tions for fast manufacturing of real prototypes. One of these is the fast-growing up-
to-date CAD/CAM/CAE system enabling to create digital prototypes. Using CAD
systems the conceptual design is analyzed and tested before producing the real pro-
totype. This reduces the compliance costs for manufacturing of the physical models
and tooling as well as the production time of the prototype is lessened several times.
With the development of technology, and especially in medicine, it is necessary to
produce prototypes that can be obtained relatively quickly and meet the require-
ments of accuracy. Rapid prototyping technologies have such capabilities that they
can reproduce digital models with their manufacturer’s precision. To determine the
accuracy of printing, a SLA system is used. To determine the accuracy of printing,
a SLA system is used. One of the peculiarities of making a detail by this method is
the appearance of distortions in the initial stage of construction at large rectilinear
plots. In order to determine the minimum printing deviations, a strategy for printing
prototype models at a different slope of 0°–90° was used. Patterns are made with
coordinate networks, enabling post-print deviations to be evaluated by matching the
digital model. The present study will be useful in developing prototype models for
micro and nanotechnology in mechanical engineering and medicine, providing a
solution for their optimal location with minimal deviations.

Keywords Micro model · SLA 3D printing · Photopolymer · Material for casting
CAD system
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1 Introduction

The wide application of the 3D printers in the areas of machinery, jewelry, medicine
[1–6] expands over recent years and give rise to widespread studies concerning the
possibility of receiving precise printed parts. By the development of technologies,
the 3D printing machines are becoming increasingly smaller and more compact. The
printingprecision improves and reaches levels around6μmallowing to obtain precise
parts. It emerges that the problems with printing reach further. Additional factors that
influence the 3D printing precision are the thermodynamic processes depending on
the heating and cooling rates. These processes create internal stresses in the 3D
printed materials that trigger local mini-deformations and these mini-deformations
accumulate during the building-up of the model and turn into macro-deformations
[7, 8].

The present study aims at assessing the influence of the position of the model in
the working area in order to decrease the micro-deformations during the SLA 3D
printing.

2 Experimental Procedures

For the purpose of this study was constructed numerical model with dimensions 30×
30 mm and a thickness of 3 mm. The model contained 15×15 in number micro-
squares with dimensions of 500×500 μm and depth of 500 μm with a separating
interval of 1000 μm (Fig. 1a). The models were stored in *.OBJ format suitable for
the 3D printing.

The “PreForm” software was used for the pre-operation for printing where the
digital model was multiplied six times and tilted at 0°, 30°, 45°, 60°, 75° and 90°
with respect to X-axis of the working table (Fig. 1b). The models were printed by
SLA 3D printer Formlabs 2.0 (Fig. 2a).

The physical models were printed from Castable Resin photopolymer and a pre-
cision of 25 μmwas used. The measurement of the coordinates of the micro-squares
after the 3D printing was carried out by a “Carl Zeiss”—Jena, Germany optical
microscope at 6.3× magnification (Fig. 2b). For that purpose, 5MP digital camera
with S-EYE software was adapted to the microscope (Fig. 3a). The coordinates’
measurements of the physical models were tabulated and compared with those of the
digitals models. The assessment of the deviations was done by using the coordinate
grid method (Fig. 3b) [9–11].

The relative “distortions” in different directions (εx and εy) were measured by the
equations:

εX � �X

Xi
� Xi, j − Xi

Xi
, εY � �Y

Yi
� Yi, j − Yi

Yi
, (1)
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Fig. 1 Prototype models: a 3D CAD model, b positioning of the models in the operating space; c
physical 3D printed models

Fig. 2 General view of a 3D printer Formlabs 2, b Carl Zeiss (Jena) optical microscope

where Xi and Yi are the coordinates of the each micro-square center in the digital
model,Xi,j and Yi,j are the coordinates of the eachmicro-square center in the physical
3D model.
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Fig. 3 The setting of the deviations by a measuring the physical model, b calculating the relative
distortions

Based on the calculated relative “distortions” inX andY directions, colored graph-
ics of the deviations were plotted indicating the relative shift of each square against
the reference digital model.

3 Experimental Results

After mathematical processing of the results colored cards of the micro-squares’
deviation in X and Y directions of the 3D printed models build in all tilt angles
(0°, 30°, 45°, 60°, 75° and 90°) are obtained (Figs. 4 and 5). For the 0° tilt model
(horizontally positioned) the distribution of the deviations in theX direction is uneven
(Fig. 4a). In the first vertical pillar near to the marked angle the material highly shifts
in positive direction that means an increase in size while in the second vertical pillar
the highest shrinking of the material is measured. In the middle of the model, a strong
shrinkage is also found while in the other areas these effects are insignificant. As the
tilt angles of the models increase from 30° up to 90°, the highest is the shrinkage in
the first vertical pillar for all of them (Fig. 4b–f).

This area is located near to the supporting props which fact influences the results
obtained.As the number of the printed layers increases, the deviations decrease for all
of the tilt samples. When reaching the last layers of the 30°, 60° and 75° tilt samples
the deviations have positive values (meaning extension) while those of the 45° and
90° tilted specimens retain a slight shrinkage that is comparable to the accuracy of
the 3D printer.

In Y direction shrinkage is found in the first row of all of the printed models
(Fig. 5). When the height of the model increases, the deviations gain positive values
meaning an extension of the model. The shrinkage is also related to the near located
supporting props. The models printed at 0°, 30° and 60° tilt angle show a large
number of deflected cells values, while those of the 45°, 75°, and 90° tilt specimens
are less influenced. With the increase in the 3D printed layers, the deviations rise
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Fig. 4 Colored cards of the deviations with respect to X direction: a 0°, b 30°, c 45°, d 60°, e 75°,
f 90°

Fig. 5 Colored cards of the deviations with respect to Y direction: a 0°, b 30°, c 45°, d 60°, e 75°,
f 90°

up. This effect was found out also in X direction because of the systematic error
when building the layers. The error is comparable with the printer precision and
accumulates in each subsequent layer which influences the size of the squares.
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Fig. 6 Deviations of the relative distortions after printing with respect to X: a 0°, b 30°, c 45°, d
60°, e 75°, f 90°

Fig. 7 Deviations of the relative distortions after printing with respect to Y: a 0°, b 30°, c 45°, d
60°, e 75°, f 90°

Figures 6 and 7 represent the deviations limits during printing for all of the exam-
ined tilt angles in both X and Y directions. The red color indicates maximum values
of deviations while the violet marks the minimum values.

The deviations in the distortions in the X direction for the 0° tilt sample are
the smallest (varying from −0.042 up to 0.0935) (Fig. 6a). This fact is attributed
to the relatively low number of layers in height which directly correlates with the
low number of accumulated systematic errors during printing. When increasing the
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printing angle from 30° to 45° the deviations reach maximum values (from −0.588
to −0.012). For the 90° tilt sample the deviations gradually decline down to values
from −0.344 to −0.006174 which values are higher than those of the 0° and 30° tilt
samples. In Y direction (Fig. 7) the deviations in sizes have higher values than those
in the X direction with the exception of the model printed at 75° tilt angle (Fig. 7e)
where the values are lower. The higher deviations in the distortions in the Y direction
are detected for the 45°, 60° and especially for the 0° angle of printing where they are
the highest (from −0.74 up to 0.054). The 30° printed sample demonstrates the low
deviations in the distortions while for the 75° tilted one the variations are the smallest
(from 0.02 up to 0.16). The reason for the higher deviations in the distortions in the Y
direction is due to both systematic error and layer-by-layer building up of the model
in the moving Z axis.

The Z-axis coincides with the step of the building of each layer and its systematic
error of relocation accumulates errors in the sizes of the 3D printed model. Besides,
during the layer-by-layer printing, the photopolymerized film unsticks from the sil-
icone of the bath which triggers micro-tensile stresses in the build model. These
micro-tensile stresses cause an increase in size in the Y direction and a decrease in
the X direction. This effect explains most of the negative deformations values in the
X direction and the positive one in the Y direction.

In order to find an optimumoption for the angle of printing, a comparative analysis
of the positive and negative distortions inX andY directions against the printing angle
is done (Fig. 8). The minimum (εX(−), εY(−)) and maximum (εX(+), εY(+)) values
of the deviations in the distortion in X and Y directions are used. As seen, the lowest
range of the deviations is observed for the 0° printing angle while the deviation range
is the highest for the model printed at 45° tilt angle. In Y direction the range of the
minimum and maximum values is the smallest for the 75° printing angle and the
highest for the 0°.

A comparative analysis of both negative values and both positive values in X and
Y direction is also done. The sum of both values is taken into account. The analysis of
the negative values in X and Y directions discloses that the range for the 30° angle of
printing is the lowest and those for the 45° is the highest. The analysis of the positive
deviations in the distortions shows that the values for the 60° angle of printing are
the lowest and these for the 90° tilt angle are the highest.

For the selection of the optimum option for the angle of printing the complex
analysis of the positive and negative deviations in the distortions inX andY directions
were taken into account. This complex analysis indicates that the deviations in the
distortions when printing the model at 30° tilt angle are the smallest.
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Fig. 8 Comparative diagram of the relative distortions at upper and lower limit with respect to X
and Y direction

4 Conclusions

In this research establishes the reasons for deviations occurred after 3D printing, and
a decision to reduce them as follows:

1. The deviation because of the shrinking of the model in X and Y directions is
found in the initially printed layers due to the position of the supporting props
while an expansion of the layers is accumulated as a systematic error with a
further layer-by-layer building.

2. The deviations in the relative distortions with respect to X-axis are less than those
in Y direction with the exception of the model printed at 75°. The reason for the
increased distortions is the coincidence of the Y direction with themoving Z axis.
The latter axis is a factor in determining the thickness of the layers. Additionally,
the unsticking of the photopolymerized layers happens in Z direction that triggers
micro-tensile strains to occur in the build-up model and enlarges the sizes in Y
direction while decreasing those in the X direction.

3. The maximum distortion deviations with respect to X-axis are found to occur
at a tilted angle of 45°, while those in Y direction peak at a tilted angle of 0°.
The maximum distortion deviations with respect to Y axis are detected at a tilted
angle of 0°, while those in Y directionmaximize at a tilted angle of printing equal
to 75°.

4. An optimum option with fewer distortion deviations with respect to X and Y axis
are established for the 30° tilted model where the deviations amount −0.243 and
0.344, respectively.

5. The largest distortion deviations are found in the 45° and 60° tilted models both
in X and Y directions.
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Part VIII
Machining



Effect of Additives on the Machinability
of Glass Fiber Reinforced Polymer

Jean-François Chatelain, C. M. Ouellet-Plamondon, B. Lasseur
and H. Kuate-Togue

Abstract Glass fiber reinforced polymers (GFRP) are composite materials widely
used in all fields of applications. Once cured to near net shape, GFRP parts often
need several finishing operations such as trimming, milling or drilling in order to
meet final dimensions and accommodate fastening hardware. The cutting tempera-
ture is crucial when dealing with such finishing operations for synthetic composite
materials. Cutting temperatures higher than the glass transition temperature (Tg) of
the resin matrix are highly undesirable: they cause degradation of the matrix around
the cut edges, which can severely affect the mechanical performance of the entire
component. This research aims to study the effect of adding different particles to the
epoxy matrix of glass fiber reinforced polymers (GFRP) on the cutting temperature
and surface finish for the trimming operation of this material. Five plaques were
made, each with a different epoxy mixture: no additive, wetting agent (WA), WA
and clay, WA and wax, WA and clay and wax. From the results, it can be concluded
that wax particles significantly decrease the cutting temperature for the trimming
process. The maximum recorded temperature was found to be 30% lower than for
the reference plaque having no additive. Regarding the surface roughness, the wax
particles also seem to have a positive effect, with the Ra value decreasing by a value
of up to 32% versus the reference material. The synergy between the clay and the
wax particles added to epoxy is promising for improving GFRP machining.

Keywords Glass fiber reinforced polymer (GFRP) · Trimming
Cutting temperature · Cutting force · Surface finish · Clay nanoparticles
Wax particles · Wetting agent
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1 Introduction

Composite materials are largely used for applications requiring a low weight-to-
strength ratio, such as in the automotive, aerospace, wind energy domains, etc.
Despite the fact that the materials are produced to near net shape, machining oper-
ations, like trimming, drilling or milling are required to satisfy final dimensions
and specified tolerances. The machining of synthetic composites is different and
more complicated than the machining of conventional metals and their alloys due
to the abrasive nature and anisotropy of the latter. Defects such as delamination,
fiber pull-out, uncut fibers, matrix cracking and burning may appear on machined
surfaces [1, 2]. The occurrence and magnitude of these defects depend on many fac-
tors, with the cutting parameters and machining configuration affecting the quality
of cut most directly [2, 3]. In the case of Carbon Fiber Reinforced Polymer (CFRP)
machining, a high cutting speed coupled with a low feed rate generally constitutes
the best combination to favor the surface roughness and integrity of the material
[4–6]. Another factor significantly affecting the surface finish is the orientation of
the fiber with respect to the cutting feed direction. Pecat et al. [7] found that−45° and
90° fiber angles led to severe damage in the form of cracks, while their micrographs
showed best trimmed surfaces for 0° and +45° orientations. Chatelain et al. [8] also
obtained similar results for the trimming of quasi-isotropic aerospace CFRP lam-
inates. They demonstrated that a typical roughness profile “signature” was related
to each ply orientation (0°, +45°, 90° and −45°). The worst longitudinal roughness
was found for the plies oriented at −45°. Other researches also confirmed this ori-
entation to be the worst one with respect to the surface finish [9–12]. The cutting
parameters also influence thermal damage and tool wear. The cutting temperature
decreases with a feed rate decrease and a cutting speed increase. The same phe-
nomenon is observed for tool wear [13–15]. This is due to the contact time of the
teeth with the material, which is reduced while the chip size increases for these con-
ditions [14, 15]. Finally, it was found that the cutting temperature increases as the
tool wear increases [1, 13, 16].

The type of fiber involved is also a source of temperature increase and tool wear.
Synthetic fibers such as glass and carbon are so abrasive that machining such mate-
rials is known to be difficult. They cause rapid tool wear, which increases the cutting
temperature [1, 9, 17, 18]. Establishing a contrast with metallic materials, Hameda-
nianpour [9] demonstrated that a tool wear increase leads to a better surface finish
(lower roughness average values) due to the softening/spreading of the epoxy matrix
on the trimmed surfaces. In addition to being abrasive, composites also have low
thermal conductivity, due to resin properties. The heat generated through the cutting
mechanism is thus concentrated at the cutting zone, and does not properly propagate
to the workpiece. The cutting temperature is problematic when it exceeds the glass
transition temperature (Tg) of the resin. Over this critical temperature, the matrix
degrades and leads to drops in mechanical performances of the material [16, 19].
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The innovative approach we propose to address this problem consists in adding
nanoparticle additives to the matrix in order to improve its temperature tenure dur-
ing the cutting process. In conducting a literature survey, we did not find any study
regarding this specific aspect. All researchworks in fields examining additives within
composite materials focus on the effect of these additives and their concentration on
the resulting mechanical properties of the material. In particular, with respect to
the clay nanoparticles as additives to the epoxy matrices of composites, the litera-
ture reveals two important trends: the mechanical performances may be improved
[20–26], but the weight ratio of clay leading to the best performances is critical, and
found to be between 1.5 and 2 wt% [20–22, 27]. Lin et al. [24] studied the effect
of Cloisite 15A clay microparticles on the flexural modulus and strength for 1, 3
and 5 wt% content of GFRP/epoxy. They found a significant increase of the mod-
ulus as the % content increases, but a very slight decrease of the flexural strength.
Chowdury et al. [25] had similar results in their study regarding the modulus, but a
dissimilarity regarding the flexural strength. Their clay type was different, as was as
their fiber type. It consisted of a montmorillonite Nanomer I-28E nanoclay which
was added to the epoxy of CFRP composite (1, 2 and 3 wt% concentrations). The
flexural modulus of the material was increased by a value of 5.71%, 14.29% and
8.57%, respectively for the 1 wt%, 3 wt% and 5 wt% concentrations. The Flexural
strength was also increased by a value of 15.68, 25.16 and 17.97% with respect to
the same concentrations, versus the previous study. Zhou et al. [21] found similar
results. In their study, the clay type was a K-10 grade montmorillonite, while the
material consisted of carbon fibers and epoxy. For a 2 wt% concentration, the flex-
ural strength and ultimate strength were respectively improved by a value of 13.5
and 7.9%, while no significant change resulted for the flexural modulus. Regarding
the tensile strength and ultimate deformation, the authors found an increase of 11%
and 4.1%, respectively, as compared to the epoxy without additive. Withers et al.
[22] found similar beneficial effects using Cloisite 30B clay added to the epoxy of
a glass fiber composite material. For the 2 wt% concentration tested, they found a
10.6% increase of the tensile modulus, a 10.5% increase of the ultimate deformation
and an 11.7% increase of the tensile strength. Finally, regarding the shear strength,
Quaresimin et al. [20] compared two different clay particles (RXG7000 and Cloisite
30B) added to a glass fiber epoxy composite under 1, 3 and 5 wt% concentrations.
The shear strength was slightly improved for the Cloisite 30B (3 wt%) as compared
to the epoxy without additive, but decreased slightly for the 1 wt% content. Kong
et al. [26] also tested two types of clay (nanoclay and montmorillonite) to verify their
impact on the shear strength of glass fiber reinforced diallyl phthalate composite. The
tested concentration of 2.5 wt% showed a respective increase of 7.64 and 14.80% in
shear strength with the nanoclay and the montmorillonite additives as compared to
the matrix without any additive. Regarding SEM images used to analyze the fracture
zones of the composites modified using additives, it would appears that the resin
adherence to the fibers was also improved using clay particles as additives [20–22].

The objective of this work is to compare the machinability, in terms of cutting
forces and temperature, as well as surface finish, of five different glass fiber rein-
forced polymer (GFRP) materials, carried out using mixtures of additives to the
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Table 1 Characteristics of the materials

Material Name Company Density
(g/cm3)

Surface
density

Resin
viscosity

Fiber E-glass TEXONIC 1.239 200 g/m2 –

Resin Marine 820 ADTECH 1.106 – 1.2 Pa s

Fig. 1 Vacuum infusion process and fibers’ orientation

epoxy matrix. The additives studied were organophilic phyllosilicate garamite 1958
(BYK) clay nanoparticles, Ceraflour #996 (BYK) micronized polytetrafluoroethy-
lene (PTFE) modified polyethylene wax particles, and W-972 wetting agent (BYK),
which is a high density copolymer specially developed to better disperse clay and
wax particles, as well as stabilize and homogenize the system. The originality of this
work is to consider both the effect of PTFE and clay particles on machinability. A
total of five plaques were made through the resin infusion process, using the follow-
ing epoxy mixtures: plain epoxy (no additive); 1 wt% wetting agent (WA); 1 wt%
WA and 1.5 wt% clay; 1 wt% WA and 2 wt% wax; 1 wt% WA, 1 wt% clay and 1
wt% wax.

2 Experimental Methodology

2.1 Materials

The material utilized in this study consists of a composite laminate made of epoxy
resin reinforcedwith glass fibers. The characteristics of the components are presented
in Table 1. A total of 16 plies were stacked to form 4.7 mm thick plaques, using the
vacuum infusion process. The fiber orientation with respect to the cutting direction
was −45°, with this angle having being proven to represent the worst case surface
finish, as mentioned above (Fig. 1). This orientation is therefore considered to be the
best to use to compare the effects of the additives on the machining quality of GFRP.
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Table 2 Characteristics of the additives

Additives Characteristics and supplier

Wetting agent (WA) BYK-W 972, BYK

Clay particles (C) Ømax�58 µm, Garamite-1958, BYK

Wax particles (W) Ømax�11 µm, Ceraflour 996, BYK

Additives:

The literature review clearly demonstrates that the addition of nanoclay particles to
composite matrices has a significant effect on the resulting mechanical properties.
However, no study was found covering the effect of such additives on the machin-
ability of composites. Also, we did not find any study examining the effect of wax
nanoparticles or of the wetting agent on the machinability of composites. In the
present study, the additives listed in Table 2 were tested to understand their effect on
cutting forces, cutting temperature and surface quality.

According to the literature and the technical documentation from the suppliers,
the proposed additives should provide the following effects/benefits:

• Thewetting agent (WA), which is an antistatic, should better disperse, homogenize
and stabilize the additive particles in the mixture with the epoxy resin. In the case
of one mixture studied, where no additive particles are added to the epoxy, theWA
is supposed to enable a better cohesion of the glass fibers with the matrix. TheWA
is a block copolymer with high molecular weight.

• The clay particles have a storage stability and sag resistance. As gathered from
the literature review, adding these particles to the matrix of composite materials
mostly improves the mechanical performances of the latter. It should be recalled
though that no research was found which looked at the effect of this additive on
the machining process and the resulting quality of cut. A laser diffraction volume
distribution analysis performed on this material indicates a size lower than 28 µm
for 50% of content (D50) and 58 µm for 90% of content (D90).

• Waxparticles,which have a low transition temperature 288.15K (115 °C) and a low
viscosity, should melt at the cutting surface during high temperature machining.
They are expected to act as a lubricant during trimming, thus reducing the cutting
temperature. The laser diffraction volume distribution analysis performed on this
material indicates a size lower than 6 µm for 50% of content (D50) and 11 µm
for 90% of content (D90).

Epoxy mixtures tested in the machining experiments

Five plaques were manufactured, each having a different type of epoxy mixture
as matrix. Table 3 summarizes the components and concentrations of the five
mixtures: epoxy E, epoxy/wetting agent E/WA, epoxy/wetting-agent/clay E/WA/C,
epoxy/wetting-agent/wax E/WA/W and epoxy/wetting-agent/clay/wax E/WA/C/W.

The protocol utilized to prepare the mixtures referenced the studies by Quares-
imin et al. [20], Zhou et al. [21] and by Withers et al. [22]. First, it consisted in
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Table 3 Type of mixtures for the experiments

Additive/name E (wt%) E/WA (wt%) E/WA/C
(wt%)

E/WA/W
(wt%)

E/WA/C/W
(wt%)

Epoxy 100 99 97.5 97 97

Wax 0 0 0 2 1

Wetting agent 0 1 1 1 1

Nanoclay 0 0 1.5 0 1

adding the additives with the epoxy in a Silverson L5 M-A (Fig. 2) mixer to mix the
components for 1 h, at a rotational speed of 3500 RPM. During the operation, the
recipient with mixture was placed in a bath of cold water and ice cubes to reduce the
heating temperature of the solution due to its high viscosity. Particularly in the case
of clay particles, previous works recommend proceeding with a sonication opera-
tion to ensure that all particles are adequately exfoliated into nanoparticles [28]. The
process was 30 min long using a Qsonica Q700 instrument (Fig. 2), and after it was
complete, the mixture was placed under a vacuum autoclave at room temperature
to eliminate all residual bubbles produced during the previous operations. Figure 3
shows the difference in transparency of the E/WA/C mixture before and after the
sonicating process. Finally, the hardener was added to the mixture and degassed to
prepare it for vacuum infusion.

It is interesting to note the effect of the clay andwax concentrations on themixture
viscosity. In the case of the E/WA/C/W plaque, many experiments were performed to
obtain a mixture concentration that allowed a proper infusion process. For example,
it was difficult to mix 1.5 wt% of clay and 2 wt% of wax without seeing a damaging
effect due to highviscosity. In these contexts, the heat due to themixing and sonicating
processeswas too high to successfully complete the infusion process before the epoxy
hardening. We found that respective rates of 1 wt% of wax and 1 wt% of clay were
appropriate concentrations to adequately manufacture these plaques (Table 3).

2.2 Machining Setup

In this study, a 9.50 mm diameter CVD diamond-coated carbide tool was used to
trim the GFRP plaques in test coupons 330 mm in length and 13 mm in width
(Fig. 4). The specifications of the cutting tool are detailed in Table 4. The plaques
were clamped on a 3-axis Kistler 9255B dynamometer table to record the cutting
forces during the trimming process (Fig. 4). As shown in Fig. 5, the machining
mode was up-milling using dry condition. After each pass of the tool, the plate was
turned to ensure a symmetrical temperature profile for each side of the specimen.
The tool was installed in a holder equipped with a telemetry transmitter device Type
M-320, manufactured by Michigan Scientific Corporation (Fig. 6), whose role is
to transmit the cutting tool temperature during rotation. It was designed to send the
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Fig. 2 Mixing (left) and sonicating operations (right)

Fig. 3 E/WA/C mixture before (left) and after (right) the sonicating process

signals to a receiver unit and data acquisition systemwithout contact with the spindle
under a maximum rotational speed of 10,000 RPM. This spindle speed enabled us
to perform our experiments at a 300 m/min cutting speed, according to the cutting
tool diameter selected. Following Hamedanianpour’s study [9], the feed rate was set
to 1140 mm/min (0.0190 mm/tooth) to minimize the cutting forces. To measure the
cutting temperature using the telemetry transmitter deviceM-320, two thermocouples
located 180° apart were fixed at the cutting edge of the tool close to the cutting area.



302 J.-F. Chatelain et al.

Fig. 4 Machining setup

Table 4 Cutting tool specifications

Material Tungsten carbide

Coating Diamond

Coating process Chemical vapor deposition (CVD)

Diameter 9.50 mm (3/8”)

Helix angle 10°

Number of flutes 6

Rake angle 8°

Relief angle 10°

Cutting edge radius 15 µm

Fig. 5 Trimming of test
coupons

The hot junctions of the K-type thermocouples were bonded to the cutting edges with
OMEGABOND® 400 # OB-400 cement, which is an excellent thermal conductor.
To maintain the hot junctions in place during machining, the cement was covered
with epoxy resin. Mullier et al. [16] demonstrated that a distance of 1.7 mm from the
cutting zonewas sufficient to avoid removal of the thermocouple due to the combined
effect of chip flow and temperature variation (Fig. 6). The machining center utilized
was a Huron K2X10 equipped with a vacuum system for dust collection.



Effect of Additives on the Machinability of Glass Fiber … 303

Tool

Wire connections

Wi-Fi transmission

Wires

(a)

(c)

(b)

Fig. 6 Cutting tool with thermocouples (a), cutting zone (b), and Wi-fi transmission of signals (c)

2.3 Surface Analysis and Roughness Measurement System

The roughness measurement is intended to show how the additive in the epoxy
influences the surface finish of the trimmed coupons. These measurements were
carried out using a Surftest SJ-400 profilometer (Mitutoyo) equipped with a 2 µm
radius diamond tip with a 90° angle (Fig. 7). The surface profile was analyzed using
the SURFPAK-SJ acquisition software. For each test coupon, 10measurements were
performed at the same locations for each specimen. Themeasured zones were spaced
40 mm apart from each other and the tool entrance and exit zones were avoided
since they correspond to unstable machining conditions. In accordance with the ISO
3274 standard, the cut-off and measurement length were set from a preliminary
measurement test. The measurement parameters are specified in Table 5.
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Fig. 7 Surface roughness measurement setup

Table 5 Surface roughness
measurement parameters

Pre-travel 0.2 mm

Post-travel 0.2 mm

Evaluation length (Lm) 12.5 mm

Sampling length (Le) 0.8 mm

Cut-off length (Lc) 0.8 mm

Number of samples 10

Number of sampling points 12,000

Parameter Ra (µm)

3 Results

3.1 Influence of the Additives on the Cutting Forces

In their study, Rao et al. [23] explain that high frequency variations of the cutting
forces during composite material machining are the result of repeated fractures of
the fibers and matrix of the material. In that context, they analyzed their cutting
force components in terms of the average of the maximal values recorded during
machining. In this paper, we present our results using that approach. The force
components of interest in our study are the feed forces, which are the ones in the
direction of the cutting tool trajectory, and the thrust forces, which are situated along
the axial direction of the cutting tool. These components were recorded midway
along the 300 mm trajectory, over a 20 mm distance. The force components were
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thus averaged over a 140–160 mm feed distance, which represents a corresponding
interval of cutting time t�11.74 s to t�12.79 s.

Feed force analysis

As shown in Fig. 8, the lowest feed forces are found for the reference plaque E,
which contains no additive, while the highest forces are found for the plaque with
the wetting agent and clay additives E/WA/C (175% higher than the reference plaque
E). There is also an increase in feed forces for the E/WA plaque as compared to the
reference E (106% increase). It appears that for all mixtures, except for the E, the wax
nanoparticles contribute to lowering the feed force components. Still, these compo-
nents are higher than for the reference E, which is surprising, particularly for the
E/WA/W plaque, where the wax acted as a lubricant during the cutting mechanism,
but the wetting agent added the cutting resistance.

Thrust force analysis

According to Fig. 9, the thrust forces are respectively 16%, 10% and 24% lower
than the reference “E” for the E/WA, E/WA/W and E/WA/C/W plaques. The highest
thrust force is found for the E/WA/Cwith a value 34% higher than for the E reference
plaque. Considering the standard deviations, the results are significant. However, for
all other results, the thrust force components are less significant.

3.2 Influence of the Additives on the Cutting Temperature

Figure 10 presents the average difference in the cutting temperature reached over the
300 mm trimming distance of a modified plaque as compared to the reference plaque
E.The difference is calculated for all 15 points plotted on the curves of Fig. 11 (cutting
temperature vs. cutting distance). The average of the temperature differences for the
E/WA/C/W plaque reaches a value of −20.8%, representing a significant decrease
in cutting temperature, as compared to the reference plaque E. This result shows the
synergy between the clay and wax particles. Similarly, the E/WA/W plaque reaches
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a value of −13.5%, which is still a significant temperature decrease, considering
the standard deviation. The cutting temperature of the E/WA/C is the highest, being
9.6% higher as compared to the reference plaque.

Although the E/WA/C/W plaque performs better than the E/WA/W plaque over a
300mmcutting distance (−20.8% versus−13.5%), the latter mixture performs better
in terms of maximum temperature reached, which is just below 200 °C (Fig. 10).
This is observed in Fig. 11, which presents the evolution of the cutting temperature
over a 300 mm distance for all epoxy mixtures. Effectively, both curves cross at a
280 mm cutting distance, where the E/WA/W curve stabilizes (plateaus), while the
E/WA/C/W curve still shows an increase in temperature as a function of the cutting
distance.

3.3 Influence of the Additives on the Surface Roughness

The results show a significant effect of the additives on the surface roughness average
measured on the test coupons. As illustrated in Fig. 12, without a combination with
the other additives, the wetting agent has a harmful effect on the resulting surface
roughness. It increases the roughness value by up to 53%as compared to the reference
epoxy E. For all other mixtures for which wax are added to an E/WA mixture, the
surface roughness is improved. Regarding the addition of clay to the E/WAmixture, a
slight improvement is observed; however, whenwax particles are added, a significant
reduction in the surface roughness is observed. In fact, for the wax and wetting
agent mixture, E/WA/W, the surface roughness was reduced by a value of 31.9% as
compared to the reference epoxy E and by a value of 28.9% for the combination of
wax, clay and wetting agent E/WA/C/W.

Scanning Electron Microscopy (SEM) images confirm the effect of the additives
on the surface finish of the trimmed coupons. As shown in Fig. 13, for the reference
epoxy, the tooth passages on the surface can be seen. As well, some uncut fibers
and holes representing pull-out fibers (tiny holes) can be seen. The same types of
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default are perceptible in the case of the E/WA/C trimmed surface. However, the
latter surface looks cleaner and less rough than the former. This explains the slight
decrease in surface roughness for this mixture.

With respect to the coupons manufactured using the wetting agent alone without
any particle added, the trimmed coupon is significantly less smooth and rougher
than all the other surfaces shown in Fig. 13. Some uncut fibers are visible and seem
bonded and rest down on the surface after the cutting tool passage.
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Fig. 13 SEM images of trimmed coupons (Magnification: 250 µm/div.)
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The best results are shown on the micrography related to the addition of wax
in the epoxy matrix. Both E/WA/W and E/WA/C/W trimmed coupons look similar.
Addingwax into themixture results in amuch cleaner cut surface. No tooth passage is
perceptible and very few defects are observed, as compared to the other test coupons.
This is in agreement with the surface roughness Ra improvement.

4 Conclusion

The main objective of this study was to determine the effect of additives within the
epoxy matrix of Glass Fiber Reinforced Polymer on its machinability. A total of five
different types of epoxy mixtures were produced following a rigorous protocol for
manufacturingGFRP plaques, whichwere then trimmed to analyze the cutting forces
and temperatures during machining. The resulting surface finish of the trimmed
coupons was also measured to evaluate the effect of the additives. Regarding the
wetting agent, the expected benefits were not observed when it was used alone,
but rather, only in the presence of wax. This product was supposed to stabilize and
improve the fiber/resin bonding in the presence of additives.

The hypothesis that wax particles could lower the cutting temperatures due to
their intrinsic lubricating effect is validated. Both epoxy mixtures with wax particles
that were examined resulted in a significant cutting temperature decrease as com-
pared to all others. In fact, the maximum recorded temperature during the cutting
process of the E/W was 80 °C lower than for the E reference plaque. This repre-
sents almost a 30% drop in the cutting temperature. The wax particles significantly
improved the surface finish of the trimmed coupons. Both the SEM images and
the Ra values demonstrated fewer defects and better surface roughness. The surface
roughness, cutting forces and cutting temperature were similar for the E/WA/C/W
and the E/WA/W plaques. This may suggest that the clay effect is likely annihilated
due to the presence of the wax particles. In other words, the effect of the wax parti-
cles seems to predominate over the clay particle effect. One reason for this could be
that the wetting agent is not the right one for this type of clay, and as a result, more
investigation is needed to find the right wetting agent or to remove the wetting agent
used. The surface finish and defects shown with SEM are very similar to those with
the reference E.

Finally, although both E/WA/C/W and E/WA/W plaques showed similar results,
the cutting temperature during most of the 300 mm trajectory remained lower for
the former. This is interesting and raises the hypothesis that there may be a possible
beneficial interacting effect when using both additives within the epoxy matrix of
the GFRP composite.

Acknowledgements This researchwas supported by theNational ResearchCouncil of Canada.We
thank our colleagues, Claude-Daniel Legault, Éric Marcoux and Nabil Mazeghrane, who provided
technical assistance that greatly assisted us in this research.



Effect of Additives on the Machinability of Glass Fiber … 311

References

1. Teti, R.: Machining of composite materials. CIRP Ann. Manuf. Technol. 51, 611–634 (2002)
2. Sheikh-Ahmad, J., Urban, N., Cheraghi, H.: Machining damage in edge trimming of CFRP.

Mater. Manuf. Process. 27(7), 802–808 (2012)
3. Haiyan, W., Xuda, Q., Hao, L., Chengzu, R.: Analysis of cutting forces in helical milling of

carbon fiber-reinforced plastics. Part B J. Eng. Manuf. 227, 62–74 (2013)
4. Rajasekaran, T.,Vinayagam,B.K., Palanikumar,K., Prakash, S.: Influence ofmachining param-

eters on surface roughness and material removal rate in machining carbon fiber reinforced
polymer material. Front. Automob. Mech. Eng. (FAME) 1, 75–80 (2010)

5. Bhatnagar, N., Ramakrishnan, N., Naik, N.K., Komanduri, R.: On the machining of fiber
reinforced plastic (FRP) composite laminate. Int. J. Mach. Tools Manuf. 35, 701–716 (1994)

6. Davim, J.P.: Machining Composite Materials. Wiley, London, England (2010)
7. Pecat, O., Rentsch, R., Brinksmeier, E.: Influence of milling process parameters on the surface

integrity of CFRP. Procedia CIRP 1, 466–470 (2012)
8. Chatelain, J.-F., Zaghbani, I.,Monier, J.: Effect of ply orientation on roughness for the trimming

process of CFRP laminates. Int. J. Ind. Manuf. Eng. 6, 1516–1522 (2012)
9. Hamedanianpour, H., Chatelain, J.-F.: Effect of tool wear on quality of carbon fiber reinforced

polymer laminate during edge trimming. Appl. Mech. Mater. 325–326, 34–39 (2013)
10. Ghafarizadeh, B., Lebrun, G., Chatelain, J.-F.: Experimental investigation to study cutting

temperature and surface quality during milling of unidirectional carbon fiber reinforced plastic.
J. Compos. Mater. 50(8), 1059–1071 (2016)

11. El-Hofy, M.H., Soo, S.L., Aspinwall, D.K., Sim, W., Pearson, D., Harden, P.: Factors affecting
workpiece surface integrity in slotting of CFRP. Procedia Eng. 19, 94–99 (2011)

12. Sharid, A.A.: Effect of Edge Trimming on Surface Quality and Tensile Strength of CFRP
Composites. The Petroleum Institute, ProQuest Dissertations Publishing: Sas Al Nakhl, Abu
Dhabi, UAE (2012)

13. Sakamoto, S., Iwasa, H.: Effect of cutting revolution speed on cutting temperature in helical
milling of CFRP composite laminates. Key Eng. Mater. 523–524, 58–63 (2012)

14. Valavan, U.: Tool life prediction based on cutting forces and surface temperature in edge trim-
ming of multidirectrional CFRP composites. Ph.D. Thesis, Wichita State University, Wichita,
KS, USA (2007)

15. Yashiro, T., Ogawa, T., Sasahara, H.: Temperature measurement of cutting tool and machined
surface layer in milling of CFRP. Int. J. Mach. Tools Manuf. 70, 63–69 (2013)

16. Mullier,G.,Chatelain, J.-F.: Influence of thermal damageon themechanical strength of trimmed
CFRP. Int. J. Mech. Aerosp. Ind. Mechatron. Manuf. Eng. 9(8), 1509–1516 (2015)

17. Sheikh-Ahmad, J.Y.: Machining of Polymer Composites. Springer, Boston, MA, USA (2009).
ISBN 978-0-387-68619-6.2009

18. Inoue, T., Hagino, M., Matsui, M., Gu, L.: Cutting characteristics of CFRP materials with end
milling. Key Eng. Mater. 407(408), 710–713 (2009)

19. Hawileh, R.A., Abu-Obeidah, A., Abdalla, J.A., Al-Tamimi, A.: Temperature effect on the
mechanical properties of carbon, glass and carbon-glass FRP laminates. Constr. Build. Mater.
75, 342–348 (2015)

20. Quaresimin, M., Salviato, M., Zappalorto, M.: Fracture and interlaminar properties of clay-
modified epoxies and their glass reinforced laminates. Eng. Fract. Mech. 2012(81), 80–93
(2012)

21. Zhou, Y., Hosur, M., Jeelani, S., Mallick, P.K.: Fabrication and characterization of carbon fiber
reinforced clay/epoxy composite. J. Mater. Sci. 47(12), 5002–5012 (2012)

22. Withers, G.J., Yu, Y., Khabashesku, V.N., Cercone, L., Hadjiev, V.G., Souza, J.M., Davis, D.C.:
Improved mechanical properties of an epoxy glass–fiber composite reinforced with surface
organomodified nanoclays. Compos. B Eng. 2015(72), 175–182 (2015)

23. Rao, G.V.G., Mahajan, P., Bhatnagar, N.: Micro-mechanical modeling of machining of FRP
composites—cutting force analysis. Compos. Sci. Technol. 67, 579–593 (2006)



312 J.-F. Chatelain et al.

24. Lin, L.-Y., Lee, J.-H., Hong, C.-E. Yoo, G.-H., Advani, S.G.: Preparation and characterization
of layered silicate/glass fiber/epoxy hybrid nanocomposites via vacuum-assisted resin transfer
molding (VARTM). Compos. Sci. Technol. 66, 2116–2125 (2006)

25. Chowdhury, F.H., Hosur, M.V., Jeelani, S.: Studies on the flexural and thermomechanical
properties of woven carbon/nanoclay-epoxy laminates. Mater. Sci. Eng. 2006(421), 298–306
(2006)

26. Kong, Z.X., Wang, J.H.: Interlaminar shear strength of glass fiber reinforced dially phthalate
laminates enhanced with nanoclay. Adv. Mater. Res. 79(82), 1779–1782 (2009)

27. Gurusideswar, S., Velmurugan, R.: Strain rate sensitivity of glass/epoxy composites with
nanofillers. Mater. Des. 2014(60), 468–478 (2014)

28. Kuate-Togue, H., Chatelain J.-F., Ouellet-Plamondon, C.: Effect of additives on cutting tem-
perature of glass fibers reinforced polymers. In: Proceedings of the Canadian Society for
Mechanical Engineering International Congress 2018, May, Toronto, Canada



Influence of Surface Topography of HSS
Edges Produced by Different Methods
on Their Technological and Functional
Properties

Maciej Jan Kupczyk and Jedrzej Komolka

Abstract The determination of the applicability range of conventional high-speed
steel and sintered high-speed steel is only seemingly simple and obvious. According
to the literature, the properties of cutting edges made of both kinds of steel depend
mainly on the distribution of carbide phases in the steel. However, earlier research
of the present authors indicates that the topography of the surface of cutting edges
is at least equally important in determining the functional properties of the edges.
Different surface topography in the case of conventional high-speed steel edges and
sintered high-speed steel edges leads to different durability of edges in dry friction
conditions and in the presence of the lubricant, at different cutting speeds. Contrary
to expectations, the sintered high-speed steel edges do not always display better
properties than the cutting edges made of conventional high-speed steel. Therefore
it is necessary to determine the applicability ranges of both kinds of steel. In arti-
cle selected fragments of investigations of technological and functional properties
of cutting edges made of conventional and sintered high speed steel with similar
chemical composition are presented. Investigations of technological and functional
properties have comparative character and concern among other things estimation
of chemical composition, hardness, structure and durability during toughening steel
machining.
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1 Introduction—Aim and Scope of the Study

Conventional high-speed steels are still widely used for the manufacturing of cutting
tools applied at moderate cutting speeds [1, 12–14]. This is despite the dynamic
development of other materials used to produce cutting edges. The main advan-
tages of high-speed steels are their considerable resistance to bending and torsion
as compared to other tool materials, as well as the relatively low cost of production.
Literature studies [2, 5–7, 20] indicate that because the functional characteristics of
cutting edges made of conventional high-speed steels can no longer be improved,
sintered high-speed steel is gradually replacing conventional steel in these tools.
However, the cost of manufacturing sintered high-speed steel tools is still high and
only mass production of these tools is cost-effective [5, 12, 14, 20]. The advantage of
powder metallurgy over classical metallurgy lies in the fact that powder metallurgy
gives one more freedom in deciding the chemical composition of the final prod-
uct, combining components which potentially dissolve in one another, which have
different melting points, and which have different chemical bonds [3–11, 16–21].

The determination of the applicability range of conventional high-speed steel and
sintered high-speed steel is only seemingly simple and obvious. According to the
literature [5, 17, 20, 21], the properties of cutting edges made of both kinds of steel
depend mainly on the distribution of carbide phases in the steel. However, earlier
research of the present authors [12–14] indicates that the topography of the surface
of cutting edges is at least equally important in determining the functional properties
of the edges. Different surface topography in the case of conventional high-speed
steel edges and sintered high-speed steel edges leads to different durability of edges
in dry friction conditions and in the presence of the lubricant, at different cutting
speeds. Contrary to expectations, the sintered high-speed steel edges do not always
display better properties than the cutting edges made of conventional high-speed
steel. Therefore it is necessary to determine the applicability ranges of both kinds of
steel.

2 Materials Used in the Study

2.1 Cutting Edges

To produce multi-blade cutting inserts, two kinds of high-speed steel of similar
chemical composition were used:

(1) conventional HS6-5-2 high-speed steel:

• in the forged form,
• in the rolled form;

(2) sintered PM6-5-2 high-speed steel.



Influence of Surface Topography of HSS Edges … 315

Table 1 Approximate chemical analysis of both conventional (HS6-5-2) and sintered (PM6-5-2)
steels

Item Chemical composition (%)

C W Mo V Cr Mn

Conventional
steel
HS6-5-2

Standards: EN—HS6-5-2, PN—SW7 M, DIN—1.3343, AISI—M2

0.8–0.84 5.9–6.7 4.7–5.2 1.7–2.0 4.2 0.4

Sintered
steel
PM6-5-2

0.87–1.0 6.0–6.4 5.0 1.9–2.0 4.2–4.5 0.3

Fig. 1 Images of a row semi-finished product, b semi-finished product after rough grinding, c form
and dimensions of cutting inserts used in the study

The selection is justified by the fact that these kinds of steel are most commonly
used.

Table 1 shows the approximate chemical composition of conventional and sintered
high-speed steels according to different standards (EN, PN,DIN,AISI) and data from
[15].

The cutting inserts made of conventional high-speed steel were obtained from
metallurgical products in the form of billets, while cutting inserts made of sintered
high-speed steel were obtained from commercial semi-finished flat bars. On delivery,
both types of steel used in the study were in the softened state. Figure 1a shows the
semi-finished products to be used for the cutting inserts.

To achieve the required thickness, billets made of conventional high-speed steel
and flat bars made of sintered high-speed steel were ground on a flat-surface grinding
machine. Next, cutting inserts of the SNUN type were obtained from the so-prepared
semi-finished products, with the use of the Agiecut Classic 2 wire electro-erosion
machine (producedbyAGIESA—Losone, Switzerland). Theobtained cutting inserts
were of rectangular shape with the tool included angle of 90° and dimensions: l �
9.525±0.08mm,m�1.644±0.13mm(Fig. 1c). Cutting inserts of this geometry are
recommended for machining toughening steels, creep-resisting steel, stainless steels,
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alloy steels and soft steels with low carbon content [13]. The insert edges after cutting
were finish-ground, and then polished. Efforts were made to obtain a similar surface
roughness of cutting inserts made of conventional and sintered high-speed steel (the
average value of Ra equals 0.1 mm) in order to make correct inferences later. After
the polishing process, the inserts were degreased.

The required properties of HS6-5-2 and PM6-5-2 steels were achieved after heat-
treatment quenching and tempering (Fig. 2). In order to obtain hardness of approx. 65
HRC, the austenization temperaturewas set at 1150 °Cand the tempering temperature
was 560 °C. These temperatures allow the temporary heating of the edge during
the machining process to 600 °C without the risk of substantial softening of the
edge material. At properly selected tempering temperature, the secondary hardening
process takes place. Cutting edges prepared in this way retain working ability at
elevated temperatures, close to the temperature of the tempering of the cutting edge
[1, 4–7, 12–15, 20].

Due to low heat conductivity, the material was heated gradually. The entire pro-
cess was carried out in vacuum due to the risk of decarburisation and oxidation.
Figure 1 shows the run of heat treatment. The above process was conducted in a
SECO/WARWICK type 6.0VPT-4022/241QHV vacuum furnace (produced by ECM
Technologies—Grenoble, France), with a high vacuum system.

2.2 Processed Material

Theworkpiece used in the studywas in the shape of shafts with diameter ofφ 110mm
and a length of 350 mm, made of 36HNM toughening steel with the hardness of 30
HRC. This steel grade is used for components requiring high reliability, durability
and ductility. The yield strength of this material is 880 MPa, and the tensile strength
is 1030MPa. Table 2 shows the chemical composition of the 36HNM steel according
to EN, PN, DIN and AISI standards.

Table 2 Approximate chemical analysis of the 36HNM steel (according to PN-EN ISO 4597)

Equivalents (according to standards)

PN DIN EN AISI

36HNM 1.6511 36CrNiMo4 6342

Chemical composition (%)

C Si Mn Cr Mo Ni S P

0.32–0.40 0.17–0.37 0.5–0.8 0.9–1.2 0.15–0.25 0.9–1.2 Max:
0.035

Max:
0.035
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Fig. 2 Run of heat treatment of cutting edges in SECO/WARWICK 6.0VPT-4022/241QHV vac-
uum furnace [13]. a The red line—temperature, b the green line—pressure
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3 Study of Functional Characteristics

The tests of wear and durability of cutting edges were performed in the process of
turning of 36HNM toughening steel quenching and tempering to hardness of 26±2
HRC.

The cutting inserts were clamped in a hR 110.16-220 holder. The geometry of the
cutting edge in the holder is as follows:

• tool orthogonal clearance α0 �6°,
• tool orthogonal rake angle γ 0 �−6°,
• tool cutting edge angle Kr �75°,
• tool cutting edge inclination λs �−6°,
• tool included angle εr �90°.

The following conditions were assumed for the processing:

• workpiece—36HNM steel,
• cutting speed—vc1 �33.75; vc2 �42.9; vc3 �59.86 [m/min],
• feed—f �0.2 [mm/rev],
• cutting depth—ap �0.75 [mm],
• “dry” cutting or cutting with lubricating the cutting tool.

In the process of turning, the semi-synthetic emulsion S455N Statoil Toolway,
produced in Norway, was used as the cutting-tool lubricant.

Thedurability of the cutting edge is usually defined as the timeperiodofmachining
until the accepted value of the blunting indicator is achieved. Taking into account the
wear curves obtained in the course of the preliminary investigations, as well as data
from other publications and standards: PN-83/M-58350; PN-ISO 3685, the value of
the indicator of the wedge blunting was assumed to be the band width of the corner
wear VBc �1.6 mm. The VBc value is measured using the Brinell magnifier.

The present investigations concerned cutting inserts made of high-speed steel
obtained in the following way:

• conventionally (HS6-5-2),
• utilizing powder metallurgy (PM6-5-2).

Before handing over the inserts for study, the surfaces of the rake face, flank
face and cutting edge were examined. All the inserts were free from defects such as
chipping, dents or cracks.

Figures 3, 4 and 5 show the wear curves for cutting edges made of both types of
high-speed steels—without and with cutting-tool lubrication.
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Fig. 3 Wear curves for cutting edges made of HS6-5-2 conventional steel and PM6-5-2 sintered
steel during machining 36HNM steel: a without, b with cutting tool lubricant (emulsion) for vc1 �
33.8 m/min

Based on the obtainedwear curves, tool life for cutting edgeswas determined at the
value VBc �1.6 mm. The results of the durability of tools made of conventional and
sintered steel when turning 36HNM steel with and without cutting-tool lubricating
are presented in Fig. 6.
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steel during machining 36HNM steel: a without, b with cutting tool lubricant (emulsion) for vc2 �
42.9 m/min

4 Verification Studies

Verification tests were aimed at finding the causes of different behavior of the inserts
made of conventional and sintered high-speed steel during turning 36HNM tough-
ening steel.

In the Vickers hardness test, a PICODENTOR HM500 hardness tester manu-
factured by Fischer (Sindelfingen, Germany) was used. Hardness was measured by
applying penetrator load of 30 kg for 20 s in accordance with the appropriate stan-
dard. One of the conditions for obtaining accurate hardness measurements was to
treat the surface of the tested material so that its roughness was at least 10 times less
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Fig. 5 Wear curves for cutting edges made of HS6-5-2 conventional steel and PM6-5-2 sintered
steel during machining 36HNM steel: a without, b with cutting tool lubricant (emulsion) c, e) for
vc2 �59.9 m/min

than the depth of penetration. To this end, the insert surface was polished. After the
polishing process, the inserts were degreased.

For the Vickers hardness test, 5 indentations were performed for each insert,
bearing in mind that the spacing should be equal to at least 3 times the diameter
of the impression. As evidenced by the measurement, the hardness of sintered steel
cutting edges is about 5% higher than the hardness of conventional steel, amounting
to 1030.5 HV30 on average for sintered steel, and 982.3 HV30 for conventional steel,
which conforms to the data obtained by Sandvick [15].

The real chemical composition of cutting edges was established by means of
the X-ray fluorescence spectrometer—XDV-SDD Fischerscope X-ray (produced by
FISCHERSCOPE—Sindelfingen, Germany) [13]. Selected results of these tests are
presented in Fig. 7.
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Eight measurements of chemical composition were carried out for conventional
and sintered high-speed steel. The average values of alloy elements content did not
vary significantly from the values given in Table 1. This fact was confirmed by
means of calculations of significance of differences between the assumed values
and measured values for significance level α �0.05 and the number of degrees of
freedom 7.

Using a Tescan Vega 5135 scanning microscope (produced by TESCAN Brno,
s.r.o.—Brno, Czech Republic) [14], a series of photographs of the surface of con-
ventional and sintered high-speed steel edges were taken (Fig. 8).

The microscope images confirmed a more even distribution of carbides in the
matrix in the case of sintered steel, compared to conventional hot-rolled and forged
steels.
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Fig. 7 Selected images of chemical microanalysis of edges made of the PM6-5-2 sintered steel

With regard to the conventional high-speed steel, the BS images show that the
carbides are not evenly distributed and still form local band clusters, which is typical
for high-speed steels subjected to rolling, stretch forging, or stretch forging with
indirect upsetting.

Using themetallographicmicroscopeNeophot 32 (produced byCarl Zeiss—Jena,
Germany) [13], a series of photos of the edges made of conventional and sintered
high-speed steel were taken (Fig. 9).

Images from the microscope showed a significant difference in surface morphol-
ogy of the conventional and sintered high-speed steel. The surface of sintered steel
was formed from grains with sharp edges, while the surface of conventional hot-
rolled and conventional forged steel did not have this topography (the grains were
“fused” to form a more continuous surface), despite the fact that both surfaces had a
similar roughness of Ra�0.1 μm (Fig. 10).
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Fig. 8 The SE images of high speed steel edges made of: a conventional hot-rolled steel, b con-
ventional forged steel, c sintered steel

On the basis of the topography, it was found that the surfaces of the cutting inserts
made of conventional and sintered high-speed steel were characterized by the same
values of the surface roughness parameter (Ra�0.1 μm) [13].

In Fig. 11 are presented selected data of surface topography and Abbott-Firestone
curve for cutting edges made of conventional hot-rolled steel, conventional forged
steel and sintered steel.

On the basis of the measured surface topography parameters, the oil volume of
the surface of the cutting edges made of the conventional forged, the conventional
hot-rolled and sintered high-speed steel was determined. The value of oil volume of
a surface is calculated from [13]:

Vo � Rvk(100 − Mr2)/200,

where:

Vo the oil volume of the surface,
Rvk surface valley,
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Fig. 9 The secondary electron images of surface topography of high speed steel edges made of: a
conventional hot-rolled steel, b conventional forged steel, c sintered steel

Mr2 the fracture (part) of material for the lower limit of the core roughness profile.

The Rvk parameter describes the surface valley. It is a measure of the ability of the
operating surface of the edge to retain the grease in the existing cavities. The Mr2

parameter specifies the value of the fracture of material for the lower limit of the core
roughness profile, while Mr1, is the value of the fracture of material for the upper
limit of the core roughness profile. The parameters described above give information
about the irregularities of surface, which largely determines the behavior of the edges
in the machining process.

Figure 12 shows the results of average oil volume of the cutting edges made of
high-speed steel: (1) sintered, (2) conventional forged and (3) conventional hot-rolled.

Based on the obtained results, it was found that despite almost identical roughness
of the surface of cutting inserts made of conventional (forged and hot-rolled steels)
and sintered high-speed steel, Ra�0.1 μm, the cutting inserts differ considerably in
terms of oil volume of the surface.

The oil volume of the surface of the sintered high-speed steel is twice as big as the
respective volume for conventional forged high-speed steel, and almost three times
bigger than the respective value of the conventional hot-rolled high-speed steel.
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Fig. 10 Exemplary set of the results of surface roughness measurements for used inserts made of
high speed steel

In order to fully interpret the test of functional characteristics of cutting edges
obtained during turning the 36HNM steel, further tests were conducted, concerning
the coefficient of dry friction and friction coefficient in the presence of cutting tool
lubrication.

During tribological tests, the following conditions were assumed:

Material of friction pair • Sample—made of the HS6-5-2 conventional steel and
the PM6-5-2 sintered steel

Material of counter-sample • 36HNM

Peripheral speed of counter-sample • 27.6 (m/min)

Load F (N) • 300/400/500/600 (N)

Time t (s) • 1200 (s) for dry friction
• 2400 (s) for friction with cutting-tool lubricant

Friction • Dry
• In the presence of cutting-tool lubricant
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(a) Mr1 = 22.12 %
Mr2 = 95.98 %
RK = 0.717 µm 
Rpk = 0.676 µm
Rvk = 0.142 µm 
V1 = 0.0748 µm
V2 = 0.0029 µm
Ra = 0.30 µm 
Rq = 0.38 µm 
Rz = 2.61 µm 
tp1 = 0.0%
tp2 = 100%
Htp = 3.11 µm 

(b) Mr1 = 17.31 % 
Mr2 = 93.71 % 
RK = 0.55 µm 
Rpk = 0.474 µm
Rvk = 0.138 µm 
V1 = 0.0411 µm
V2 = 0.00428 µm
Ra = 0.21 µm 
Rq = 0.27 µm 
Rz = 2.58 µm 
tp1 = 0.0%
tp2 = 100%
Htp = 3.17 µm 

(c) Mr1 = 9.98 % 
Mr2 = 89.44 % 
RK = 0.268 µm 
Rpk = 0.112 µm
Rvk = 0.136 µm 
V1 = 0.0056 µm
V2 = 0.0072 µm
Ra = 0.085 µm 
Rq = 0.109 µm 
Rz = 1.29 µm 
tp1 = 0.0%
tp2 = 100%
Htp = 2.31 µm

Fig. 11 Data of surface topography and abbott-firestone curve for cutting edges made of: a con-
ventional hot-rolled steel, b conventional forged steel, c sintered steel
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Fig. 13 The results of the coefficient of dry friction

Figure 13 shows the results of the coefficient of dry friction.
The results of the tribological tests confirmed results of durability tests conducted

during “dry” cutting. The tribological results also confirmed the conclusions drawn
from the observations of microscopic images. Sinteredmaterial has grains with sharp
edges and conventional steel has grains “fused” into whole grains.

Figure 14 summarizes the results of the friction coefficient in the presence of
cutting-tool lubricant for different values of loading.
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5 Conclusions

As evidenced in the performed tests, cutting edges made of sintered steel exhibit
slightly better technological characteristics (i.e. higher mean hardness, more uniform
distribution of carbides—no adverse banding resulting from the processes of forging
or rolling conventional high-speed steel).

The cutting edges made of sintered high-speed steel during the machining in
the presence of cutting-tool lubricant have a significantly longer tool-life than edges
made of conventional high-speed steel because of larger oil volume which influences
on the value of the friction coefficient of the edge against the workpiece material
(counter-sample).

In the “dry” processing conditions (no cutting-tool lubrication) cutting edgesmade
of conventional high-speed steel particularly for the lowest cutting speed applied (vc
�33.8 m/min) exhibit higher durability than sintered steel edges, due to favorable
surface topography (no grains with sharp edges and thus a lower value of dry friction
coefficient).
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Comparative Investigations of Durability
of Cutting Edges Made
of Nanocrystalline Cemented Carbides
with Different Growth Inhibitors

Maciej Jan Kupczyk, Jedrzej Komolka and Piotr Siwak

Abstract This article presents the investigations of durability of the cutting tools
(insert cutting edges) made of the nanocrystalline sintered carbides. Cutting insert
edges were sintered using the Pulse Plasma Sintering (PPS) method elaborated at
the Department of Materials Science Warsaw University of Technology. This article
contains the results of comparative investigations of durability of the cutting edges
made of WC-5wt% Co nanocrystalline cemented carbides with the TaC-NbC or
Cr3C2 growth inhibitor and without it sintered by the PPS method, and cutting edges
made of a standard cemented carbides of the same chemical composition (obtained
by the Hot Pressing (HP) method) during turning the EN-36CrNiMo4 (PN-36HNM)
toughening steel. The nanocrystalline cemented carbides have much higher hardness
and smaller average grain size than standard carbides with the same chemical com-
position. For these reasons, cutting inserts made of the nanocrystalline cemented
carbides particularly with TaC-NbC inhibitor have significantly greater hardness
and from here greater resistance to wear and greater durability during machining the
toughening steel.
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1 Introduction

Cemented carbides cutting edges arewidely used in a differentmethods ofmachining,
such as milling, drilling and turning [3]. In typical, conventional powder metallurgy
processes, cutting edgesmade ofWC-Co cemented carbides aremost often produced
by sinteringwith participation of a liquid cobalt phase [16, 18]. The presence of liquid
Co phase during the WC-Co sintering causes the growth of the tungsten carbide
grains. The growth of the WC grains is due to the high-rate diffusion of tungsten
carbide into the liquid cobalt phase. This phenomenon has very important influence
on the hardness, bending strength and fracture toughness of cemented carbides.
Taking into account the literature data [8–10, 12–14, 16, 18] it can be stated that a
decrease in the tungsten carbide grain size in theWC-Co cemented carbides increases
such mechanical properties as hardness, bending strength, fracture toughness. The
influence of the WC average grain diameter on the hardness and bending strength of
the WC-Co cemented carbides is shown in Fig. 1.

However one should underline, that in the newest sintering methods [4–8, 15,
16, 20], the sintering process is carried out at lower temperature than in the conven-
tional methods. A characteristic feature of the SPS (Spark Plasma Sintering), FAST
(Field Assisted Sintering), PEDC (Pulse Electro-Discharge Consolidation) and PAS
(Plasma Assisted Sintering) methods is a current pulse for heating the powders dur-
ing sintering. In methods like Spark Plasma Sintering, Field Assisted Sintering and
Plasma Assisted Sintering, the sintering process is very short. Spark discharges are
ignited in the pores between powder particles during a current pulse. The discharges
formed in the pores remove absorbed gases and oxides from the surface of powder
particles, thereby facilitating the formation of active contact between them. Such as
SPS, PAS and FAST methods in PPS method (applied during this investigations) the
spark discharges during a current pulse are ignited in the pores (Fig. 2).

Fig. 1 Influence of the WC
average grain diameter on
the bending strength and
hardness of the WC-Co
cemented carbides
(elaborated on the basis of
[9, 10, 18])

B
en

di
ng

 s
tr

en
gt

h 
R

g 
  [M

Pa
]

1
Average grain diameter [µm]

2 3 4 5 60
1400

1800

2200

2600

3000

3400

3800

15

16

14

17

18

19

20

H
ar

dn
es

s 
 G

Pa
 

HV

Rg

21

22

4200

4600



Comparative Investigations of Durability of Cutting Edges Made … 333

Passage of current

DischargeJoule s heat

Upper punch- electrode 

Lower punch- electrode

G
r
a
p
h
i
t
e 

d
i
e

G
r
a
p
h
i
t
e 

d
i
e

Electric current

Particle Electric current

Fig. 2 Phenomena occurring in pulse plasma sintering process [8–10, 16]

The present investigation was concerned with sintering the WC-5wt% Co, the
WC-5wt% Co+2.5wt% (TaC-NbC) and WC-5wt% Co+0.9wt% Cr3C2 nanocrys-
talline powders using a new PPS (Pulse Plasma Sintering) method [8–10]. Based on
preliminary researches [8] it was stated, that, from point of view of hardness, 0.9%
content of the Cr3C2 and 2.5% of TaC-NbC of growth inhibitors is most advanta-
geous.

The article presents the investigations of influence of growth inhibitors on dura-
bility of the cutting tools (insert cutting edges) made of the nanocrystalline sintered
carbides. Cutting insert edges were sintered using the Pulse Plasma Sinteringmethod
elaborated at the Department ofMaterials ScienceWarsawUniversity of Technology
[8, 11, 13, 17, 19].

2 Materials and Methods

This paper presents results of comparative investigations of durability of the cutting
edges made of the WC-5wt% Co, the WC-5wt% Co+0.6wt% Cr3C2 and the WC-
5wt% Co+2.5wt% (TaC-NbC) nanocrystalline cemented carbides sintered by the
Pulse Plasma Sintering method, and additionally the edges made of the standard
cemented carbides of the same chemical composition (i.e., cemented carbides type
the H20 (the WC-5wt% Co) and cemented carbides type the H20S (WC-5wt% Co+
2.5 wt% (TaC-NbC)), sintered by the Hot Pressing method. Durability of the cutting
edges was determined during turning the PN-36HNM (i.e., EN-36CrNiMo4, DIN-
1.6511, AISI-6342) toughening steel.
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Fig. 3 Influence of hardness on relative resistance of abrasivewear for transientmetals and selected
compounds [10, 18]

On the basis of own investigations [8, 10], the nanocrystalline cemented carbides
are significantly harder than the standard cemented carbides. Addition of 2.5% of
the TaC-NbC growth inhibitor to the WC-Co nanocrystalline cemented carbides
additionally increases the hardness of the cutting edges fromabout 19GPa to about 23
GPa, but addition of 0.9%of theCr3C2 growth inhibitor to theWC-Conanocrystalline
cemented carbides additionally increases the hardness of the cutting edges to about
22 GPa through the limitation of the growth of the WC grains during the sintering
process of cemented carbides.

Study conducted by the present author [8–10] as well as literature data [1–3, 12,
13, 16, 18] show that it is well-known fact that an abrasive wear resistance increases
with the increase in hardness. Many experiments have shown linear dependence
between hardness and abrasive wear for different materials (metals, silicides, oxides
and borides of transient metals) [10, 18] (Fig. 3).

The nanocrystalline WC-5wt% Co powder of the purity of 99.9% with the TaC-
NbC or Cr3C2 addition and without it was consolidated in our investigations by
the Pulse Plasma Sintering (PPS) method. Both WC and Co powder grains before
sintering were from 40 to 80 nm in diameter. The WC-Co powder was delivered by
the Inframat Co., USA.

In the Pulse Plasma Sintering apparatus, the WC-Co powder is placed between
two graphite punches in the graphite die (Fig. 4). A capacitor battery is the energy
source which delivers high-current electric pulses [8, 16].

Figure 5 presents the pressure and the temperature variation during the Pulse
Plasma Sintering process.
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Fig. 4 Scheme of the pulse plasma sintering (PPS) facility (elaborated on the basis of [8, 10, 16])

Fig. 5 The temperature and the pressure variation during the pulse plasma sintering process (elab-
orated on the basis of [8])

The run of the pulse plasma sintering process was as follows. Prior to the sintering
the air from chamber was pumped out to a pressure of 0.05 Pa. In the first stage, the
samples were heated for 60 s under a load of 60 MPa at a temperature of 870 K. In
this stage of the PPS process the frequency of pulse repetition was 1 s−1, discharge
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energywas 2.5 kJ and voltagewas 5 kV.During this process, the gases and the organic
compounds absorbed on the powder surface were evaporated. In the second stage, the
sample was heated up to the required sintering temperature in a vacuum of 0.05 Pa
and under a load of 60 MPa for 500 s. In this stage of the PPS process frequency of
pulse repetition was 1 s−1, while discharge energy was 6.4 kJ and voltage was 8 kV
[8].

Insert cutting edges (9.5 × 9.5 × 3.15 mm) made of nanocrystalline cemented
carbides without and with TaC-NbC or Cr3C2 growth inhibitor were sintered at tem-
perature of 1520 K for 500 s. Based on preliminary researches [8] it was stated, that,
from point of view of hardness, 1520 K is most advantageous sintering temperature.
The temperature of the graphite die surface was measured during the sintering using
a pyrometer equipped with an infrared sensor scaled from 770 to 2270 K with an
error of ±1%. The temperature of the sample during sintering was determined with
a NiCr-NiAl thermocouple [8].

The microstructure of cutting edges was observed using SEM images formed in
both the secondary electrons (SE) and the backscattered electrons (BSE) contrasts.

The hardness of the sample was measured using the Vickers hardness tester. The
hardness was determined under a load of 294 N (HV30).

The tool life investigations of cutting edges concerned durability of edges during
turning the PN-36HNM toughening steel hardened and tempered to 32±2 HRC.

On the basis of wear curves the tool life values for edges during turning the
36HNM toughening steel were estimated for the accepted value of the indicator of
the edge blunting (mean band width of the corner wear VBc �0.9 mm).

The following conditions of machining during investigations of tool wear and life
were applied:

• feed f �0.2 mm/rev,
• cutting speed vc =120 m/min,
• depth of cut ap �1 mm.

The insert cutting edges were clamped in the hR 110.16–220 holder. The cutting
edge after clamped in the holder has the following geometry:

• tool orthogonal clearance α0 =6°,
• tool orthogonal rake angle γ 0 �−6°,
• tool cutting edge inclination λs �−6°,
• tool cutting edge angle kr �75°,
• tool included angle εr �90°.

Insert cutting edges made of the standard cemented carbides (type: the H20 (WC-
5wt% Co) and the H20S (WC-5wt% Co+TaC-NbC) were produced by Baildonit.



Comparative Investigations of Durability of Cutting Edges Made … 337

Fig. 6 Tool life of cutting edges made of the standard H20 (WC-5% Co), H20S (WC-5% Co+2.5
wt.% (TaC-NbC)) and the nanocrystalline cemented carbides without and with growth inhibitors
during machining the 36HMN toughening steel

3 Results

On the basis of the wear curves were determine the tool life of the cutting edges
for an indicator of the edge blunting VBc �0.9 mm. Figure 6 presents a graphical
interpretation of the tool life of cutting edgesmade of the standardH20 (WC-5%Co),
H20S (WC-5%Co+2.5wt% (TaC-NbC)) and the nanocrystalline cemented carbides
(NanoWC-5% Co, NanoWC-5% Co+2.5wt% (TaC-NbC) and NanoWC-5% Co+
0.9%Cr3C2) during machining the 36HNM toughening steel.

In Table 1 are compared the grain size, hardness, and durability during turning
the 36HNM toughening steel of the nanocrystalline cemented carbides sintered by
the PPS method with the properties of the standard cemented carbides of a similar
chemical composition sintered by the HP method. The durability of the cemented
carbides sintered by the Pulse Plasma Sintering method particularly with 2.5wt% of
the TaC-NbC or 0.9%Cr3C2 growth inhibitor exceed the values of standard cemented
carbides obtained by the Hot Pressing method.

Figure 6 andTable 1 includes the obtainedvalues of the tool life of the cutting edges
made of nanocrystalline cemented carbides produced at a temperature of 1520 K.

It follows from Fig. 6 and Table 1 that the values of the durability (mean tool life)
of the nanocrystalline cemented carbides sintered by the PPS method considerably
exceed the respective values of the standard cemented carbides obtained by the HP
method.
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Table 1 Tool life results obtained during turning the 36HNMsteel for the indicator of edge blunting
VBc =0.9 mm of the cutting edges made of nanocrystalline and standard cemented carbides

Variant Sintering
method

Material of
cutting edges

Grain size
after sintering
[7, 8] (nm)

Hardness
(GPa)

Mean
durability
(min)

(1) HP WC-5 wt.%
Co

2000–3000 15.5 32.2

(2) HP WC-5 wt.%
Co + 2.5 wt.%
(TaC-NbC)

1500–2000 16.5 41.0

(3) PPS WC-5 wt.%
Co

150–300 19.1 65.0

(4) PPS WC-5 wt.%
Co + 2.5 wt.%
(TaC-NbC)

80–150 23.1 92.3

(5) PPS WC-5 wt.%
Co + 0.9 wt.%
Cr3C2

80–120 21.8 82.1

(a) (b)

(d) (e)

(c)

Fig. 7 Selected BSE images of microsections of: a the standard H20 (WC-5% Co), b the standard
H20S (WC-5% Co+2.5 wt.% (TaC-NbC)), c NanoWC-5% Co, d NanoWC-5% Co+2.5 wt.%
(TaC-NbC), e NanoWC-5% Co+0.9%Cr3C2
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4 Conclusions

The tool life of the cutting edges made of the nanocrystalline cemented carbides
with the TaC-NbC growth inhibitor sintered by the Pulse Plasma Sintering method
is about 3 times higher than the durability of the cutting edges made of standard
cemented carbides during turning the 36HMN toughening steel for VBc =0.9 mm.

The nanocrystalline cemented carbides with the TaC-NbC growth inhibitor sin-
tered at 1520 K under a pressure of 60 MPa for 500 s have the best exploitation
properties (durability—92.3 min.), (better then nanocrystalliene cemented carbides
with Cr3C2 growth inhibitor) due to high hardness (23.1 GPa) and the small size of
the WC crystallites (80–120 nm).

Figure 7 shows differences in the structure between the standard cemented car-
bides (H20 and H20S) and the nanocrystalline cemented carbides without and with
growth inhibitor. Measurements of grain size in cemented carbides were carried out
using SEM—Vega TS 5135 (magnification: 20 000–500 000 times; resolution: 4 nm)
and the Atomic Force Microscope (AFM-2D and 3D: Quesant Q-Scope 250).
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Evaluation of Machining Defects
in a Composite Laminate by Combining
Non-destructive and Tensile Testing

Louis-Alexandre Généreux, Gilbert Lebrun, Martin Viens
and Jean-François Chatelain

Abstract Although composite structures can be molded to nearly final shape, they
generally require different finishing operations, such as drilling and trimming, tomeet
dimensional tolerances and enable assembly. Conventional drilling and trimming
methods tend to induce internal damage to the composite, mainly in the form of
edge delamination, matrix thermal degradation, fiber fracture or fiber pullout. As the
damage mechanisms and progression are not yet fully understood, it is crucial that
the appropriate tools be used to verify the structural integrity of composite parts.
NDT techniques allow observing the extent of damage in composites; however they
have limited resolution for shallow edge defects. On the other hand, well-designed
tensile tests, made from coupons taken over extra materials intentionally left around
a part, are sensitive to the reduction of mechanical properties of trimmed composite
samples due to, among others, thermal degradation and smearing of thematrix. In that
respect, the main objective of this work is to evaluate the possibility to detect and
quantify small edge machining damage using the ultrasonic testing (UT) method
and combine this approach with mechanical testing to determine the influence of
machining on the quality of trimmed parts. Indeed, a combination of mechanical
testing and NDT techniques could provide an interesting avenue to appropriately
certify the quality of a machined composite part. A non-destructive testing (NDT)
method and tensile mechanical testing will thus be used to characterize the extent
and the influence of damage induced by the trimming operation of quasi-isotropic
carbon/epoxy composites. First, the resolution and the precision of ultrasonic testing
(UT) are evaluated with composite samples comprising internal (artificial) defects.
Next, this method is used to evaluate machined samples prepared by using high
performance machining tools for composites. It is shown that the UT technique is
able to detect the very small edge defects induced by trimming. Then, mechanical
testing of narrow tensile coupons is performed to compare impact ofmilling, abrasive
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cutting and sanding on the quality of trimmed surfaces. Results suggest that some
type of damage could efficiently be quantified when coupons of reduced width is
used to magnify the influence of defects on the measured strength.

Keywords Polymer matrix composites (PMCs) · Machining
Non-destructive testing · Mechanical testing

1 Introduction

1.1 Ultrasonic Testing

Ultrasonic testing is a dominant technique in the inspection of composite structures.
This technique consists in the transmission of high-frequency acoustic waves in a
material. The waves are generated by a piezoelectric transducer that converts an
oscillating electrical signal into high-frequency vibrations, and propagates into the
tested sample by displacement of the material particles [1]. When ultrasonic waves
encounter a variation in the acoustic impedance of the medium, part of the energy is
reflected, while the remaining part is transmitted. This feature allows two modes of
inspection: in transmission with a transmitter and a receiver positioned on either side
of the part, and in reflection, where the same transducer acts both as a transmitter
and a receiver [2]. In transmission mode, defects will appear as high attenuation
zones (a defect will obstruct the propagation of the waves through the material) [2],
while in reflection mode, defects will appear as high intensity zones (a defect will
reflect energy) [3]. Delaminations, disbonds, porosities and voids are easily detected
with this method, and foreign materials may also be detected, provided the acoustic
impedance is significantly different from the composite material [1, 4].

1.2 Machining Damage in Composite Materials

For the sake of convenience, conventional machining processes are generally used
for composites, but their machining strongly differs from isotropic materials due to
the inhomogeneous nature of composites. The cutting edges of the tool encounter the
strong and brittle fibers successively, as well as the weak andmore ductile matrix [5].
The machining of metals is characterized by shearing and plastic deformation, while
in composites; rupture is intermittent and uncontrolled because of the brittle behavior
of fibers [5]. The mechanisms of chip formation for laminated composites depend
on the orientation of fibers with respect to the cutting edge of the tool. The worst
case occurs when fibers are at −45° relative to the cutting direction. In this case, the
fracture of fibers occurs by bending, which also causes the propagation of cracks
along the fiber/matrix interface [6–9]. Thermal degradation of the matrix, surface
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ply delamination, uncut fibers and fiber pullout have also been observed [10–14].
The machining quality in composites refers not only to surface roughness, but also
to the extent of damage [5]. Because some forms of damage, especially interlaminar
and intralaminar cracks, are not visible on the machined surface, the use of the UT
method to assess the quality of machined composites is proposed in this work. Very
little work has been done in this domain. Some authors have used ultrasound or
infrared thermography techniques, but only in evaluating damage caused by drilling
operations [15, 16].

Other authors have also studied the effect of machining operations on themechan-
ical properties of composites. Howarth and Strong tested the tensile specimens of
different widths obtained by two methods of cutting, waterjet and laser beam cutting
[17]. The objective was to evaluate the effect of the damage (damaged zone produced
by the cutting operations) on the tensile strength andmodulus.Unfortunately, no trend
can be drawn from their results. The authors explain this by experimental errors and
the small number of tested samples. Ghidossi, El Mansori and Pierron investigate the
influence of cutting parameters on the damage level and the ultimate tensile stress of
off-axis glass/epoxy unidirectional coupons obtained by side milling. Their results
show that the tensile failure stress of the specimens is significantly influenced by
the machining parameters used to prepare them [18]. The effect of machining has
also been studied with four-point flexure tests by Arola, Ramulu and Colligan [19].
They compared the flexural strength and modulus of quasi-isotropic graphite/epoxy
samples prepared by abrasive diamond saw, waterjet cutting and orthogonal machin-
ing with a polycrystalline diamond tool. Very few differences were observed on the
flexural stiffness and no significant variations were observed on the ultimate strength
[6, 19, 20]. However, the same experiments performed on a graphite/bismaleimide
laminate show a significantly reduced bending strength for the samples machined by
orthogonal cutting compared to the abrasive diamond saw [21]. The machined sur-
faces seem also to influence the performance of laminates under dynamic three-point
bend tests [6, 22, 23]. According to the works of Arola and Williams, an increase
in the surface roughness obtained from different waterjet cutting conditions reduces
the stiffness during a four-point flexural cyclic loading test [24].

1.3 Objective of Current Work

In this work, an attempt is made to combine the UT technique, used to detect edge
defects obtained under trimming, with tensile test results made with coupons of
increasingly smaller width. The objective is to validate the hypothesis that, by com-
bining these two inspection methods, it is possible to develop a procedure that will
ultimately provide a mean to certify the quality of a machined composite part. First
of all, in the next section, the UT technique is described and evaluated for its capacity
to detect very small edge defects, such as those induced in trimming composite parts.
This evaluation is carried out using real machined coupons and two types of artificial
defects, located along the side of composite plates. The tensile tests are performed
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next bymeasuring the tensile strength andmodulus of small width coupons. Coupons
with increasingly smaller widths are proposed to increase the influence of the edge
defects on the reduction of material’s elastic modulus and strength. Indeed, with
smaller widths, defect size represents a larger portion of the coupon’s cross-section.

2 Evaluation of Ultrasonic Testing Resolution

2.1 Testing Setup

The ultrasonic system used was a TecScan® (Boucherville, Quebec, Canada) 5-
axis industrial immersion scanner. The sample was placed in the immersion tank
filled with water and serving as a coupling medium for the ultrasounds. All samples
had a rough and a smooth surface, a characteristic inherent to the vacuum bagging
molding method (vacuum bag on one side and tool surface on the other side for
molding in an autoclave). Scans were performed on the samples with the ultrasonic
beam normal to the smooth surface to avoid the scattering of waves by the surface
roughness. The transducer used was a single element, focalized on a point on the
surface of the samples. Reflection mode (pulse echo) was used. The UT technique
was evaluated using two sets of tests. In the first set (described in the next section),
samples were prepared with artificial defects of two different types, i.e., machined
circular notches and square Teflon tapes inserted at mid-thickness. This was done to
determine the ability to detect defects confined to the machined edge of a part. Next,
the techniquewas evaluated on samplesmachined using combinations of cutting tools
andmachiningparameters producing realisticmachiningdamages. In all cases, quasi-
isotropic carbon-epoxy laminates with a fiber volume content of 64% were used.
The laminates were obtained by hand layup and cured in an autoclave following
aeronautic standards. The experimental details for the two sets of tests are presented
in the following paragraphs.

2.2 Artificial Defects Manufacturing

Two plates made of 24 plies were used for the tests with artificial defects. Each
plate had a quasi-isotropic stacking sequence and a thickness of 3.58 mm. The first
plate had eight semi-circular notches, all located at mid-thickness on the edges of an
approximately 107mm×198mmplate. Notches depth ranges from 0.79 to 7.62mm,
as shown in Fig. 1a. The notches were machined on a CNCmachine using a 0.64 mm
thick abrasive disc 24 mm in diameter. For the second plate, artificial defects were
produced using eight Teflon® films inserted at mid-thickness of the plate during the
layup process. The Teflon tape used was 12.7 mm wide by 0.127 mm thick and the
penetration length inside the plate ranged from 1.59 to 10.22mm, as shown in Fig. 1b.
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(a)

0.79 mm

1.38 mm

1.96 mm

2.54 mm 3.81 mm

5.08 mm

6.35 mm

7.62 mm

(b)

10.22 mm

9.84 mm

8.32 mm

7.94 mm

6.41 mm

4.51 mm

2.60 mm

1.59 mm

Fig. 1 a Sample with machined notches and b sample with Teflon inserts

In this case, the plate was about 109 mm wide by 196 mm long. For the ultrasonic
testing and for all samples with artificial defects, a transducer with a center frequency
of 7.5 MHz and a focal length of 44.5 mm was used (corresponding to a 0.46 mm
focal spot diameter in water). The scan was done with a step increment of 0.38 mm
in both scan and index directions.

2.3 Samples Machined with Cutting Tools

For the tests with machined coupons, a 4.62 mm thick, 32–ply quasi-isotropic lami-
nate was used. As detailed in Zaghbani et al. [25], a 300 mm×300 mm laminate was
firmly maintained on a milling jig using 49 screws (Fig. 2). The trimming operation
was then performed in order to cut 49 square test coupons, each fixed in its center
with one of the screws. To change the machining parameters from coupon to coupon,
large engagement holes were pre-drilled at the intersection corner of each coupon.
The individual square coupons were machined using two cutting tools and a set of
machining parameters summarized in Tables 1 and 2. The machining direction for
tool C1 was at 90° with respect to the fibers orientation within the first two plies of
the laminate, while for tool C2, it was at 0°. For the top and left sides of the coupons,
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Fig. 2 Set-up for the trimming experiments (adapted from [25])

Table 1 Cutting tools characteristics

Tool Material Number of
flutes

Rake (°) Relief (°) Helix (°) Diameter
(mm)

C1 CVD coated
carbide

6 ≈10° ≈15° ≈10° 9.525

C2 Polycrystalline
diamond (PCD)

2 ≈10° ≈20° ≈0° 9.525

these directions correspond to the up-milling mode, which has been identified as pro-
ducing trimmed surfaces with higher quality as compared with down-milling cutting
mode (bottom and right sides of the coupons). Among all machined coupons, 17
were selected for the non-destructive inspections. Selection has been made accord-
ing to the resulting quality and stability of the machining process, considering both
tools (Table 1) and cutting parameters (Table 2). In this case, a 10 MHz transducer
with a 25.4 mm focal length was used (corresponding to a 0.20 mm focal spot diam-
eter in water). The scan was done with a step increment of 0.08 mm in both scan
and index directions. A slightly better resolution could thus be expected from these
inspections as compared with the one used for the two samples with artificial defects.
Data analysis was performed with an in-house program developed under Matlab®
(MathWorks, Natick, MA, USA).
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Table 2 Cutting parameters Cutting speed (m/min) 200, 300, 400, 500, 650, and
800

Feed rate (mm/rev) 0.10, 0.20, 0.25, 0.36, 0.41,
and 0.51

2.4 Ultrasonic Results: Samples with Artificial Defects

Figure 3 shows the images obtained by ultrasonic testing for the two samples with
artificial defects. In both cases, the defects are clearly visible. The brighter strips
visible at the bottom of the sample with circular notches and at the top of the sample
with Teflon inserts are due to a decrease in the thickness of the plate, a phenomenon
that occurs when molding with vacuum bags. The three circles visible around the
sample with notches are screw heads that serve to position the samples during the
inspection. To assess the sensitivity of the technique, the depth of the defects from
the edge of the plate is measured and compared with the design values. First, all
signals are corrected to compensate for the attenuation of the waves in the material.
This is known as Time Corrected Gain (TCG). This allows the echoes from flaws
that are far underneath the plate surface to be displayed with the same magnitude
as if they were closer to the surface. After that, a damage threshold is applied to
separate the noise from the signals representative of defects. When the maximum
absolute amplitude value of the A-Scan signal, as it appears between the surface and
the backwall echoes, exceeds this threshold, the corresponding pixel on the C-scan
is marked as a defect (white pixels in Fig. 4b). The value of this damage threshold
was chosen to be half of the maximum amplitude value obtained from a defective
area on the sample. With this approach, we obtain a binary image that can clearly
discriminate the defect areas from the healthy zones. The dimension of defects is
then known as Full Width at Half Maximum (FWHM). Figure 4 shows the result for
the sample with circular notches. The two vertical lines on the A-Scan are the gate
limits and the horizontal ones are the damage threshold. The gate is placed between
the top surface echo and the backwall echo to display the signals from the internal
structure through the complete thickness of the samples. The measured dimensions
of defects are presented in Table 3. It is found that the dimensions of the defects
measured for the sample with machined notches are very close to design values. The
error is always less or equal to 0.25 mm, so smaller than the pixel size (0.38 mm).
It would probably be possible to obtain even better results with smaller inspection
steps. For the sample with Teflon inserts, the errors are slightly higher. However, this
is most likely due to the manual positioning of the film during molding which leads
to deviations from drawing specifications. As observed in Fig. 3b, the insertions are
even not exactly straight.
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Fig. 3 C-Scan images of a sample with notches and b sample with Teflon inserts

Table 3 Measured dimensions of artificial defect versus design values

Design depth (mm) Measured depth (mm) Error (pixel)

Machined notches 7.62 7.62 0.00

6.35 6.48 0.34

5.08 5.33 0.66

3.81 3.81 0.00

2.54 2.67 0.34

1.96 1.91 0.13

1.38 1.52 0.37

0.80 0.76 0.08

Teflon inserts 10.22 11.05 2.18

9.84 10.67 2.18

8.32 8.76 1.16

7.94 8.38 1.16

6.41 7.24 2.18

4.51 4.95 1.16

2.60 3.05 1.18

1.59 1.52 0.18
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Inspection gate limits Damage threshold

Surface echoe Backwall echoe

in

(a)

(b)

Fig. 4 Defect evaluation on sample with machined notches. a A-Scan and b binary C-Scan

2.5 Ultrasonic Results: Machined Samples

Figure 5 shows ultrasonic C-scan results on one typical sample. The dark red region
observed in the center of the sample is due to a delamination caused by the drilling
of the fastening hole in which a screw was inserted during edge trimming (Fig. 2).
Other delaminations are frequently observed in the corners of most samples because
of the drilling of the engagement holes. The extent of these damages is probably
attributable to the use of inappropriate tool or cutting conditions. The dark bands
extending along the trimmed edges of the samples are of greater interest. They
most likely correspond to machining damages. Figure 6a shows a closer view on
a raw C-scan image while Fig. 6b shows the same edge after image processing
with a damage threshold (Fig. 4). From this binary image, the extent of damages is
quantitatively assessed. Twomeasures are proposed: themaximum depth of damages
and the damage coverage along the length of the machined edge. The first measure
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Drilling of the 
fastening hole

Drilling of the 
engagement hole

Trimming 
parameters

Fig. 5 Ultrasonic C-scan of a typical machined sample

Fig. 6 Evaluation of machining damage. Sample machined with C1 at 650 m/min, 0.10 mm/rev

corresponds to the greatest depth of damage found along the edge, while the second
measure refers to the occurrence of damages, deeper than half of themaximum value,
along the same edge. This second measure is expressed in percentage of the total
machined edge length.

Table 4 shows the results for all the machining conditions evaluated, with the third
and fourth columns corresponding to the maximum defect depth and the damage
coverage, respectively. The two measures are also plotted with respect to machining
parameters in Figs. 7 and 8, respectively. It is difficult to come up with a conclusion
on the influence of machining parameters on the extent of induced damages. There is
no clear relationship between them. However, the maximum depth of damage seems
to be smaller for tool C2 than for tool C1. This could be partly explained by the fact
that, as mentioned previously, for C2, the fibers in the first plies are at 0° with respect
to the cutting direction while they are at 90° for C1 (see Fig. 2). It has to be noted
that, due to the lack of support from adjacent plies, the first plies of a composite are
more likely to delaminate, hence their importance in the current analysis. Looking at
the work done by Ramulu [6], it is easily understood that a 0° orientation will favor
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Table 4 Extent of damage measured by ultrasounds for 17 test coupons

Tool Cutting speed
(m/min)

Feed rate
(mm/rev)

Maximum depth
(mm)

Coverage (%)

C1 200 0.10 0.38 100

0.41 0.30 69

300 0.36 0.38 58

400 0.25 0.38 71

500 0.20 0.38 53

650 0.10 0.30 92

0.25 0.38 87

C2 200 0.10 0.19 57

0.51 0.38 28

300 0.20 0.23 82

0.41 0.19 72

400 0.25 0.15 60

0.36 0.23 60

0.41 0.23 76

500 0.25 0.23 88

0.36 0.15 56

800 0.10 0.15 100

Fig. 7 Maximum
delamination depth for
various machining
conditions

0.15 mm

0.38 mm

C1

C2

smooth and continuous chip formation while, for 90° orientation, delamination are
likely to occur between fibers. Nonetheless, even if the extent of damage is small
and confined to the edge of the samples, it seems that the ultrasonic testing method
is able to efficiently detect these damages, reflecting the usefulness of the method in
evaluating the machining quality in composite laminates.
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Fig. 8 Damage coverage
along the machined length
for various machining
conditions

28 %

100 %

C1

C2

3 Tensile Testing

3.1 Experimental Details

Tensile tests were performed following ASTM D3039/D3039 M-00 standard. The
tensile specimens were obtained from the same carbon/epoxy laminates used for
the UT testing with artificial defects. After fabrication, the quality of the laminated
plates was verified by the UT method. 254 mm long tensile coupons were prepared
in three widths: 19.05; 12.7 and 6.35 mm. By reducing the width, the influence
of cutting defects on the measured strength and modulus was expected to increase
thus increasing sensitivity to induced damages. Each specimen width was obtained
by three cutting methods, namely, by abrasive diamond saw, abrasive diamond saw
followed by dry sanding, and finally by milling in a full slotting operation. The
abrasive diamond saw is a cutting method commonly used as a reference method in
the literature. Here, a tile saw with an abrasive diamond blade of 178 mm in diameter
was used. The rotation speed of the blade was 3450 rpm, and the material feed was
controlled manually. Water was used to cool the blade and for dust extraction. The
second cutting method used the same abrasive saw, except that the sides of the
samples were sanded after cutting to remove any defect produced during cutting.
The sanding was done on a CNC milling machine with a specially designed fixture
(Fig. 9). Sanding bands with grit #240 were used with a spindle speed of 12,000 rpm
and a feed rate of 0.03 mm/rev to obtain an excellent finish. These samples served
as a reference for the other two methods.

Finally, the last cutting method for the preparation of the tensile coupons repre-
sents the industrial case of composite trimming by CNC machines. The composite
laminates are clamped between a base and an aluminum plate with a series of bolts
in order to prevent the vibration of the tensile coupons during machining (Fig. 10).
Engagement holes were predrilled in the composite to allow the engagement of the
cutting tool. Each side of the tensile specimens was machined in up–milling mode
and in a single step (full slotting operation), such that the engagement of the tool
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Sanding 
band

Tensile 
coupon

Fig. 9 Set-up used for the sanding of tensile coupons

corresponded to the full thickness of the plate and the full diameter of the tool.
The selected cutting tool was specially designed for the machining of carbon/epoxy
composites. It was a tungsten carbide tool with a chemical vapor deposition (CVD)
diamond coating (similar to C1 tool). The tool has 8 flutes and is 6 mm in diameter.
Machining parameters were selected to provide the best trimmed surfaces quality,
and new tools were frequently introduced in the cutting process to avoid the effect of
tool wear on the quality of the cut. The machining of the tensile coupons was done
at a cutting speed of 190 m/min and a feed rate of 0.32 mm/rev.

After cutting, aluminum tabs were bonded at the ends of each sample to promote
failure in the gage section, as specified in ASTM D3039. Each coupon was then
inspected by ultrasound, using the same approach as for the machined specimens
presented in the previous section. However, considering the time required to mea-
sure the defects with the UT method, only a small part of the tensile coupon was
scanned, namely, a 7 mm by 25.4 mm zone located along the edge. This was con-
sidered enough to obtain representative values of the defect sizes for each coupon.
A specimen representative of each cutting method was also retained for scanning
electron microscope observations. Finally, samples were tested up to failure on an
Instron® (Norwood, MA, USA) LM–I150/I equipped with mechanical wedge grips.
A 50.8 mm mechanical extensometer was used for elongation measurements. Spec-
imens were tested with a constant displacement speed of 1.27 mm/min with the
elongation recorded at a frequency of 25 samples/second. A total of 62 coupons have
been tested (3 cutting methods × 3 coupon widths × 6 to 8 coupons per conditions).
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Fig. 10 Set-up used for the trimming of tensile coupons

3.2 Ultrasonic Inspection

Ultrasonic inspections of the tensile coupons did not reveal any damages for the
samples obtained by milling. However, it has to be noted that, in this case, the first
ply is oriented at 0° with respect to the feed direction of the cutting tool thus reducing
the probability to induced damages in the laminate. Results are slightly different for
the samples obtained by abrasive cutting. In this case, shallow delaminations are
suspected along the edge of the coupon for the surface plies. Such a result could be
explained by the fact that, by using a sawing blade, one component of the cutting
forces is normal to the laminate plane, thereby promoting the delamination at the exit
of the blade. However, for all coupons produced with this method (18 coupons), an
average maximum delamination depth of only 0.155 mm (2 pixels) with a standard
deviation of 0.054 mm has been found. Delaminations, if there are any, are thus at
the sensitivity limit of the ultrasonic inspection method.
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Fig. 11 Surfaces obtained by a sanding b abrasive cutting and c milling

3.3 Scanning Electron Microscope Observations

Figure 11 shows 25X magnification photographs of the cut surfaces obtained with
each preparation method. Sanding obviously gives the most uniform surface of the
three methods (Fig. 11a). The surface obtained by the abrasive diamond saw has
no major damage either, but the roughness is slightly higher (Fig. 11b). We observe
streaks caused by the diamond grains that are coarser than the grains of the sanding
bands. We also note that the direction of the material removal is not the same as
compared to sanding and milling operations. In these cases, material removal occurs
in parallel with themachined surface, while for the abrasive cutting, material removal
is through the thickness of the plate. In addition, in Fig. 11c (sample obtained by
milling), we can clearly distinguish the damaged plies oriented at −45°. Figure 12
shows a 300X magnification of one of these plies; the fibers are clearly torn in
bundles, giving a very rough surface.

The numerous fiber fractures shown suggest significant bending during the chip
formation. This bending may have led to crack propagation along the fiber/matrix
interface, followed by the fracture of fibers by bending. The surfaces obtained by
milling also exhibit matrix smearing (due to thermal degradation), mainly in the 90
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Fig. 12 Sample obtained by milling, damage observed on −45° ply, 300X magnification

Fig. 13 Sample obtained by sanding, thermal damage on 90° ply, 1000X magnification

and +45° plies. Thermal degradation of thematrix is also present on samples obtained
by sanding (Fig. 13). The high rotational speeds and low feed rates, combined with
dry cutting conditions, are favorable to heat generation, which may exceed the glass
transition temperature of the matrix so as to produce smearing and cause thermal
damage. Thermal damages are less significant on samples obtained by abrasive dia-
mond saw, but are still present. The use of water to cool the blade and remove dust
helps to prevent this type of damage.
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3.4 Tensile Test Results

Tables 5, 6 and 7 summarize the measured mechanical properties for tested speci-
mens. The average strength was calculated from coupons that failed far enough from
the bonded tabs (distance larger than the width of the sample) to ensure that the
failure was not influenced by the grips. Consequently, the number of measures left
for this calculations is also given in the tables. For the modulus of elasticity, all tests
were considered because this value is not affected by the fracture location. Figures 14
and 15 show the variation of the average strength and the modulus of elasticity as
a function of the samples width. Considering the standard deviations obtained, the
observed differences for coupons of both 19.05 mm and 12.7 mm in width are not
significant enough to clearly show the influence of cutting methods on the measured
properties. However, even if the results are based on a limited number of tests, when
the specimen width is reduced to 6.35 mm, there seems to be a trend toward a clas-
sification of the results in terms of efficiency of the preparation method (milling,
sawing or sanding). This is particularly true for the strength in Fig. 14. This could
be attributed to the larger influence of the defects over the test results when smaller
specimens are used (the defects induced along the coupon edge during preparation
being proportionally larger with respect to the cross-section of the specimen). Glob-
ally, Fig. 14 suggests that the samples obtained by milling have the highest tensile
properties, while samples obtained by sanding exhibit the lowest ones. This is quite
surprising considering that Fig. 11 suggests a more uniform surface for the sanded
coupon, which should normally produce a greater tensile strength. It is possible that
the thermal degradation of the matrix induced by dry sanding has more influence on
the composite strength, by deteriorating the matrix deeper in the specimen as com-
pared with the defects induced by the other cutting methods. More evaluations will
be needed to clarify these aspects. Nonetheless, it appears that combining mechani-
cal testing with NDT techniques, by using appropriate tensile specimens of tailored
widths, could be useful for evaluating different cutting methods for critical compos-
ite parts. This is supported by the results of Fig. 15 for the modulus of elasticity. A
modulus drop is observed for all preparation methods when going from 12.7 mm to
6.35 mm, without evident classification regarding their influence however. Again,
because the defects cover a higher proportion of the specimen cross-section for thin
coupons, they could alter the composite over a relatively larger portion of the speci-
men to reduce the overall stiffness. The interlaminar stresses that develop at the edge
of a quasi-isotropic tensile specimen (see [26, 27]) are another aspect to consider
in this case. For thin coupons and in the presence of edge defects, these stresses
are spread over a larger portion of the specimen cross-section, and could affect the
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Table 5 Mechanical properties for sanded samples

Sanding Width 19.05 mm 12.7 mm 6.35 mm

Strength (MPa) Mean 535.76 553.07 512.50

Standard
deviation

40.34 3.45 9.54

Number of
measures

3 2 2

Modulus of
elasticity (GPa)

Mean 35.42 35.39 33.72

Standard
deviation

1.00 1.41 1.13

Number of
measures

6 6 8

Table 6 Mechanical properties for abrasive diamond saw cutting

Abrasive saw Width 19.05 mm 12.7 mm 6.35 mm

Strength (MPa) Mean 575.68 564.32 541.37

Standard
deviation

13.44 10.40 4.93

Number of
measures

2 5 3

Modulus of
elasticity (GPa)

Mean 36.09 36.05 33.35

Standard
deviation

0.88 1.41 1.50

Number of
measures

6 6 7

global stiffness by interacting with the defects. Globally, these results suggest that
where the thermal degradation and very small defects are not detected by the NDT
techniques because the cracks are too small, or simply absent, considering the matrix
smearing, their effects could be evaluated by using appropriate tensile tests in sup-
port of the NDT results. Combining NDT evaluations with well-designed destructive
tests (made from coupons taken over extra materials intentionally left around a part),
is an interesting avenue to qualify the machining quality of critical composite parts.
As shown in the present work, because NDTmethods cannot detect all the defects in
a part, especially the small trimming defects located along side edges, it is important
to look at alternatives to efficiently quantify these defects.
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Table 7 Mechanical properties for samples obtained by milling

Milling Width 19.05 mm 12.7 mm 6.35 mm

Strength (MPa) Mean 569.57 562.83 563.88

Standard
deviation

23.98 15.66 14.66

Number of
measures

5 7 4

Modulus of
elasticity (GPa)

Mean 36.44 36.25 34.09

Standard
deviation

1.37 1.13 1.00

Number of
measures

8 8 7

Fig. 14 Variation of the
average strength as a
function of the samples
width

Fig. 15 Variation of the
modulus of elasticity as a
function of the samples
width
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4 Conclusions

In thiswork, the extent of damage induced by the trimming operation in carbon/epoxy
composites was assessed using the ultrasonic testing method and mechanical testing.
Globally, the following conclusions can be drawn:

1. It appears that the ultrasonic technique is able to detect and quantify the extent of
damage, as shallow as a fraction of a millimeter, caused by the milling operation
of a part.

2. The machining damages detected by UT seem to appear mainly as delaminations
at the surface of the laminate due to the absence of support from adjacent plies.
The extent of damage appears to be related to the orientation of the fibers with
respect to the cutting direction. However, it was not possible to reach a conclusion
on the effect of the machining parameters on the extent of damage; no clear trend
was observed for the tested machining parameters.

3. Scanning electron microscope observations revealed that the milling operation
creates craters and microcracks in −45° plies and thermal degradation of the
matrix in 45 and 90° plies.

4. Globally, the coupons obtained by dry sanding showed lower strength andmodu-
lus than those obtained by milling and sawing. Even if the surface was smoother
for sanded specimens, matrix smearing and thermal degradation was observed
under microscope, so it is possible that such matrix damages affect the mechani-
cal properties more than the roughness observed in the other types of specimens.

In future works, more tests will be needed to clarify the effect of the width of
tensile specimens on its mechanical properties. Smaller widths should be tested and
numerical models could be prepared to evaluate how the coupon geometry could be
optimized to develop an efficient test in support to NDT tests for the evaluation of
edge defects in composite parts.
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The Effect of Machining on Surface
Integrity of Gamma Titanium
Aluminides Using Different Cemented
Carbide Tools

S. D. Castellanos, J. Lino Alves, R. Neto and A. Cavaleiro

Abstract Gamma titanium aluminides are a new generation of light materials that
compete with nickel or cobalt superalloys, when it comes to the manufacture of very
high resistance requirement components such as low and high-pressure compres-
sor blades, in the case of aeronautical applications. Machining is a process used to
manufacture such components. However, in available literature, the specific infor-
mation regarding machining performance of gamma titanium aluminides is scarce.
The present research focused on the comparative study of the performance of coated
tungsten carbide (WC-Co) inserts with round geometry in face milling operation of
a gamma titanium aluminide alloy (Ti-48Al-2Nb-0.7Cr-0.3Si). Six different cutting-
inserts in a combination of three different compositions ofWC-Co substrates and two
edge-geometries (XL and XM) recommended for conventional titanium alloys were
tested. Milling experiments were carried out for different cutting speed, depth of cut
and chip thickness. The results are discussed in terms of the correlation between cut-
ting parameters with cutting force, surface roughness andwork-hardening. The study
showed that chip thickness, significantly affected the machined surface integrity in
related with the tool insert geometry. Insert type C-XL showed better performance
for cutting speed to 45 m/min, while inserts types A-XL and B-XM showed better
behavior for cutting speed to 70 m/min.
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1 Introduction

Machining of titanium aluminide-based alloys is considered by several authors [1–5]
as a challenge. This is due to their mechanical properties (ductility, specific strength,
low thermal conductivity and mechanical resistance at elevated temperatures) which
leads to an unusual response pattern to the cutting process causing surface and sub-
surface defects. Themain drawbacks on theworkpiece surface (feedmarks, smearing,
tearing surface, surface cracks, lay patterns) are mainly due to the uncertain selection
of machining parameters (cutting parameters, tool material, tool geometry, cutting
environment) [6–9]. Several authors [8, 10–14] agree that the lack of studies on the
machining performance of titanium aluminides-based alloys (cutting parameters,
optimization of tool geometry and material) is still one of the main factors limiting
the growth of their industrial application.

Cutting tools and cutting parameters are the most important factor affecting the
machining operation. The machining of titanium aluminides induced thermal and
mechanical effects on the cutting tool that can affect its working life [15–17]. The
combination of high cutting force and high temperature in the cutting area during the
machining of these materials causes the tool edges to plastically deform or break by
chipping. Also, it has been shown that from the perspective of surface integrity and
productivity in the machining of titanium aluminides it is more difficult to optimize
the performance of cutting tools [18, 19].

In the machining of titanium aluminides, cemented tungsten carbide tools are the
most studied by researchers. Several types of tool wear mechanisms were reported
during the cutting process [13, 20–22]. However, coated or uncoated WC cutting
tools are the primary choice for machining titanium aluminides, carbide tools use
single or multi layers coating of Aluminum Oxide (Al2O3), Titanium Nitride (TiN),
Titanium Carbide (TiC), Titanium Carbo-Nitride (TICN) or Titanium Aluminum
Nitride (TiAlN) in order to protect the tool fromwear and improve tool performance.

There are several defects that affect the quality of surface integrity in titanium alu-
minides, the main ones being cracks, lamellar deformation, work-hardening, smear-
ing between other. These types of defects have been observed by different researchers
[3, 18, 23–25] and are affected by the characteristics of the cutting tool and the cutting
parameters. Surfaces cracking showed proportional to the flank wear on the cutting
tool and influenced by the low ductility of these alloys [5]. Low thermal conductivity
leads to increase temperatures on the cutting edge and promote the flank wear on the
tool’s cutting edge.

On the other hand, several studies on the integrity of the machined surface have
been carried out using cemented tungsten carbide (WC) tools with and without coat-
ing [15, 18, 19, 22, 25, 26]. Based on these investigations it is observed that surfaces
producedwithWC tools show a greater tendency to surface cracking compared to the
use of other tools such as polycrystalline cubic boron nitride (PCBN), polycrystalline
diamond (PCD) and cubic boron nitride (CBN) [1].

The main disadvantages of the microstructure by the machining process in tita-
nium aluminides is the plastic lamellar deformation. This behavior is indicative of
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the ability of this material to keep the mechanical strength at high temperatures and
low ductility [1, 27]. Researchers such asMantle, Aspinwall and their research teams
[5, 19, 23, 24] have studied these effects and demonstrated that several factors such
as cutting parameters (cutting speed, feed rate and cutting depth), tool parameters
(geometry, material, coating, wear) and part parameters (material composition, grain
size) influence the tendency of plastic lamellar deformation in these materials.

On the other hand, in the machining of titanium aluminides reduction in tool wear
decrease the depth of surface alterations (from 30 to 10 μm) [3]. This indicates that
the cutting conditions are important factors and that high temperatures and tool wear
are also important factors for lamellar plastic deformation.

The work-hardening tendency is strongly influenced by the low deformation
capacity of titanium aluminides alloys. This surface hardness can increase up to
65% of its initial hardness (bulk material), with a depth of up to 50 μm after the first
cutting pass [24]. Based on the results analysed in most of the conducted research
[15, 24, 28, 29], it is possible to conclude that there is no evidence hardened layers
greater than 250 μm, and peak values reached at a maximum depth of 50 μm and it
is observed that the thermal softening effect is less than the work-hardening effect
in these alloys. It is for this that the effect of the surface hardening is improving by
the cutting tool.

Machinability of titanium aluminides can be researched frommultiple approaches
and cutting forces values are one of the main data that provide comprehensive infor-
mation about the machining process, thus contributing to better understanding of the
machinability of these alloys. It has been reported by some publications [21, 30] that
the cutting forces in machining titanium aluminide-based alloys are considerably
higher than in other titanium-based alloys such as Ti-6Al-4V (Fa�+200%, Fr�+
200%, and Ft�+130%) or Ti-6Al-2Zr-1Mo-1V (Fa�+200%, Fr�190% and Ft�
180%). The experimental results show that the energy used for machining titanium
aluminides based alloys is approximate ~5 times higher than that of conventional
titanium alloys [11, 16, 31].

For the improvement of the surface integrity of workpieces, an analysis of the
material cutting process is the starting point for an adequate study of cutting tools
and cutting parameters to obtain the expected results.

In order to study the machinability of gamma titanium aluminide alloys, the aims
of this paper were to investigate the performance of six coated cemented carbide tools
with round geometry under a range of cutting parameters (cutting speed, depth of cut
and chip thickness) for face milling operations. Milling experiments are presented
and discussed in terms of cutting forces, work-hardening, and roughness.
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Fig. 1 Cutted EDWM and machined sample

2 Experimental Procedure

2.1 Workpiece Material

The material used in this work is a γ-titanium aluminide (Ti-48Al-2Nb-0.7Cr-0.3Si
at.%) produced by GfE Metalle und Materialien GmbH (Nuremberg, Germany) via
VAR skull melting. Samples were cut out of a 55 mm diameter bar using a (machine
name) electrical discharge wire machine (EDWN). Also, axial and radial speci-
mens of the machined samples were cut to perform the metallographic analysis. The
machined and non-machined sample is illustrated in Fig. 1.

The metallographic test samples were hot mounted in bakelite in a Struers
Prontopress-2 mounting press, ground and polished in a semiautomatic polishing
machine at 150 rpm (Struers Planopol-3). The process began with sandpaper num-
bers 80, 320, 600, 1000 and 1200, and polished in a cloth with 0.01 μm alumina and
a solution of hydrogen peroxide (H2O2). Polished samples were chemically etched
with Kroll reagent (1 ml of hydrofluoric acid, 3 ml of nitric acid and 500ml of water).

The microstructural analysis was performed using an optical microscope Zeiss
Axiophot. Characteristic images taken at 150Xand23X (Fig. 2) reveals a near gamma
lamellar microstructure consisting of γ (TiAl) and α2 (Ti3Al)-γ (TiAl) phases with
a different orientation of lamellae. No significant alterations of the microstructure
were detected both in the axial than in the radial direction of the samples.

The chemical composition of the alloy is listed in Fig. 3, while the main properties
at room temperature are reported inTable 1. Furthermore, a tensile testwas performed
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Detail

Detail

(a) (b) 

Fig. 2 Microstructure of γ-titanium aluminide (Ti-48Al-2Nb-2Cr-0.3Si at.%)

Element Ti Al Nb Cr Si
Value 60.63 32.7 5.37 1.03 0.27

Fig. 3 Chemical composition of workpiece material (wt%)

in accordancewith the EN10002-1 standard, bymeans of aMTS810 testingmachine
and the elongation was measured with a mechanical extensometer MTS 634.25F-24.
Specimens of 3 mm in thickness were cut out from a material bar. The tests were
conducted at a test speed of 0.25 mm/min until a tensile failure occurred. Workpiece
hardness was measured before machining test, by aWolpert Dia Testor 2Rc universal
hardness tester, according to HV40 test condition, the hardness showed an average
hardness of 275 HV40 (with a standard deviation of 5 HV40).
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Table 1 Mechanical properties of tested titanium aluminide [32]

Mechanical properties Value

Density (g/cm3) 3.95

Hardness (HV10) 285

Young Modulus at RT (GPa) 155

Young Modulus at 800 °C (GPa) 102

Ultimate tensile strength (MPa) 530

0, 2 Yield strength (MPa) 464

Melting temperature (°C) 1605

Fig. 4 Cutting insert and edge geometries

2.2 Cutting Tool Material

In order to investigate the influence of the cutting tool on the workpiece surface
on γ-TiAl, comparative trials were carried out with a fine grain (grain size<1 μm)
carbide insert. Tool selection was based on the previous researches [24, 29, 33, 34]
and the recommendations of the tool manufacturers for titanium alloys. An indexable
milling cutter for face milling operation with double positive geometry and ∅35 mm
for round cutting inserts were used in this study. Round cutting inserts with ∅8mm of
two different cutting-edge geometries (Fig. 4) and three substrate cemented carbide
compositions are analyzed in the present study. Carbide insert characteristics are
shown in Table 2.

2.3 Machining Tests

Machining tests were performed on a five-axis CNC milling machine DeckelMaho
Mori Seiki DMU 60 eVo, with a Heidenhain iTNC530 controller with a maximum
spindle speed of 18.000 RPM, drive power of 25 HP and 50 m/min of maximum
feed rate. The experimental trial uses finishing cutting parameters and high-pressure
coolant (HPC) lubrication conditions with 6% emulsion of AVILUB METACOOL
BFH oil miscible in water supplied at a 70 bar of pressure through spindle coolant
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Table 2 Cutting insert specifications (Tool geometry and materials)

Designation A-XL A-XM B-XL B-XM C-XL C-XM

Substrate characteristics

Hardness
(HV)

~1900 ~1900 ~1650 ~1650 ~1550 ~1550

Coating PVD (Ti, Al) N2

Geometry characteristics

Rake angle 5° 0° 5° 0° 5° 0°

Rake land
angle

15° 0° 15° 0° 15° 0°

Clearance
angle

15°

Table 3 Cutting parameters for the experimental work

Taguchi orthogonal array L4

Test Cutting speed (m/min) Axial depth (mm) Hex (mm)

Trial 1 70 0.3 0.03

Trial 2 70 0.5 0.04

Trial 3 45 0.3 0.04

Trial 4 45 0.5 0.03

supply. These cutting conditions were chosen according to previous research studies
and recommendations of the tool’s manufacturers [3, 9, 11, 16, 19, 35, 36].

Taguchi’ DOE approach was adopted to reduce the number of trials. The experi-
mentation was based on Taguchi’s L4 orthogonal array and was performed by each
cutting insert type. Test matrix with three factors and two levels of cutting param-
eters with four trials by cutting inserts are being considered. Three repetitions of
each experimental trial have been performed, and the tests were executed following
a random order. The specific cutting parameters and orthogonal array are given in
Table 3. The radial depth of cut was kept constant (full engagement arc). Collected
data were statistically evaluated using the analysis of means which was performed
using Minitab software.

2.4 Cutting Force and Surface Integrity Testing

Cutting force tests were carried out by a four-component piezo-electric dynamometer
Kistler 9272 mounted on the worktable and connected to a charge amplifier Kistler
5070A. The amplified cutting forces signal was acquired in a computer with an
Advantech USB 4750A data acquisition card capable of the testing rate at 800 Hz.
Figure 5 shows the machining setup of the experiment.
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Fig. 5 Experimental setup

Fig. 6 Machining
workpiece cutting section
used for the analysis

The surface roughness was measured by A 3D digital MICROSCOPE Bruker
Nplex, with a standard lens of 10X, with an optical resolution of 0.9 μm. Sampling
surface area of measuring was 250 μm×250 μm. Three zones 130 mm from each
other along the milling direction on the surface were selected to obtain the roughness
average (Points A, B, and C in Fig. 6). Surface hardness was measured by the same
hardness tester used to measure the bulk material, according to HV40 test condition.
Indentations were performed next to roughness measurement area. Surface hardness
values showed an average of these three points.

3 Results and Discussions

The results and discussion are focused on the workpiece surface integrity on the
finishing procedures when milling Ti-48Al-2Nb-2Cr-0.3Si with six different cut-
ting tools. The results obtained by each insert are cutting forces, work-hardening,
roughness and surface defects.
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3.1 Cutting Forces and Surface Integrity Analysis

The discussion in this study is focused on the effect of cutting parameters (Cutting
speed, depth of cut and chip thickness) in the cutting forces and the surface integrity
when milling titanium aluminides. The test was performed on a workpiece with no
surface discontinuities to avoid the correlation of the cutting forces with the depth
of cut variation. Moreover, these tests have been carried out by full engagement
operation in order to obtain a complete cutting force waves and continuous cutting-
edge contact for analysis purposes. In all trials, a full new insert was used.

The tests are conducted using a single cutting insert to avoid the effect of runout.
The feed rate per revolution to reflect the single insert cutting was adapted in the
NC program. Also, toolpath trajectory to prevent higher cutting forces at the cutting
entrance tool wear and vibration have been programmed. The comparative analysis
of the cutting forces was conducted at a zone on 40 mm from the start cutting point
(Fig. 7). The results indicate that in general terms the Fz force (axial force) is the
dominant force component, being approximate ~1.5 and ~1.7 times that of the Fx
and Fy, respectively. since the variation between Fz, Fx and Fy follow the similar
trend in all the tests. The discussion about cutting forces was focused on resultant
cutting force (Fr).

3.1.1 Influence of the Cutting Speed

Cutting speed is the main cutting parameter. Considering the low ductility and brittle
nature of titanium aluminides, was expectable that the cutting inserts with neutral
XM geometry would produce higher cutting forces than the XL geometry. However,

Fig. 7 Cutting forces profile on machining of RNT 650 at Vc�70 m/min, ap�0.5 mm and hex�
0.04 mm with A-XL cutting insert
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Table 4 Increase of the cutting forces according to the depth of cut variation

Cutting
inserts

Hardness of
cutting insert
(HV40)

Cutting forces
with Vc�
45 m/min

Cutting forces
with Vc�
70 m/min

Cutting force variation

(N) (N) (N) (%)

A-XL 1900 355.00 354.00 −1.00 0.3

A-XM 1900 381.00 392.00 11.00 2.9

B-XL 1650 364.00 409.00 45.00 12.4

B-XM 1650 351.00 350.00 −1.00 0.3

C-XL 1550 318.00 564.00 246.00 77.4

C-XM 1550 384.00 845.00 461.00 120.1

Fig. 8 Effect of the cutting speed in the resultant cutting force

a non-significant difference was found between both geometries mainly for A and B
insert types (Table 4).

The effect of variation of the cutting speed on the cutting forces for each individual
insert is shown in Fig. 8. As can be seen for cutting inserts B, cutting forces for XL
geometry are 6.3% higher than XM, while that with A inserts, the cutting forces were
1.6% lower for the XL geometry. This behavior is attributed to the combination of the
substrate properties (composition, hardness) and the cutting-edge geometries. Also,
C cutting inserts show a similar performance to A insert. This allows us to determine
a tendency of the XL geometry to present lower cutting forces. For B cutting inserts,
it is not possible to define a similar trend than for A and C inserts.

The considerable difference showed for C cutting inserts at cutting speed of
70 m/min was caused by early wear under this cutting condition. It has been demon-
strated that for C-XMinsert use of cutting speed of 70m/minwas catastrophic regard-
less of the depth of cut or chip thickness selected. However, for C-XL insert, wear
was only observed after 40 s of cutting using cutting conditions of Vc�70 m/min,
ap of 0.5 mm and hex�0.04 mm, (Fig. 9).

On the other hand, cutting speed of 45 m/min regardless of the depth of cut or
chip thickness was the best performance for all the inserts in terms of cutting forces.
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Fig. 9 Cutting forces profiles for cutting insert C-XL and C-XM

Fig. 10 Cutting inserts. a C-XL geometry and b C-XM geometry

On the other hand, wear on the cutting edge of C cutting inserts demonstrate
the characteristic abrasive wear caused when machining titanium aluminides [13].
Cutting forces profile for C-XMcutting insert has a constant growth (Fig. 9) indicates
the progressive tool wear, which leading the cutting-edge fracture (Fig. 10b). While
for XL geometry at Vc�70 m/min, ap�0.5 and hex 0.04 mm the flank wear after
35 s was of 50 μm (Fig. 10a). On A and B cutting inserts with both geometries, no
significant wear (less than 10 μm) was observed.

In terms of surface integrity, all machined surface showed a hardened layer
in response to the chip cutting process, demonstrating work hardening tendency.
Figure 11 shows the hardness increment according to the cutting forces. A hardness
increment between 29 to 39 HV40 are present for cutting forces from 300 to 400 N.
Likewise, it can be observed that work hardening is sensitive to the variation of
cutting forces.



374 S. D. Castellanos et al.

Fig. 11 Surface hardness increment according to cutting forces and cutting speed on TiAl alloy

Where the sensitivity of the material by the fracture of the cutting edge of the C-
XM insert is highlighted, which causes a greater increase in surface hardness. This is
probably due to the greater deformation that would occur in the cutting area caused
by the notches on the cutting edge. However, an unexpected result was caused by
the C-XL insert, which showed a lower increase in hardness, even in the presence
of cutting-edge wear. This behavior could be indicated by the decrease in the depth
of cut caused by the cutting-edge wear that affects the depth of the surface work
hardening.

With regard to the geometries, there are no significant differences that allow us
to conclude an effect of these geometries for work hardening in this range of cutting
conditions.

For surface roughness, the results are presented in Fig. 12.Adecrease of ~17.5% in
the surface roughness was observedwhen the cutting speed increase 55%.All surface
roughness values measured for the experimental trials were less than 0.450 μm,
including those obtained with worn inserts (C-XL and C-XM) at cutting speed of
70 m/min. Demonstrating surface roughness values suitable for applications with
demanding surface specifications [1].

Use of round geometry (nose radius 4 mm) shows that it has advantages for
machined surface of titanium aluminides thanks to the larger contact area. With
reference to the effect of both cutting speed and nose radius, it is important to note
that the values obtained by cutting inserts A-XL and B-XM are similar to those
obtained by authors such as [3, 22, 30], which reports average roughness values of
0.250 μm at cutting speeds of 120 m/min in milling and turning operations for some
cases also with cryogenic cooling conditions. Considering the performance of these
two inserts, it would be expected that at cutting speeds higher than 70 m/min lower
roughness values could be obtained.

On the other hand, XL and XM cutting edge geometries improve surface rough-
ness by 20% and 15% respectively, when cutting speed increases from 40 m/min to
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Fig. 12 Effect of cutting speed in surface roughness (in feed directions)

Fig. 13 Effect of depth of cut in the resultant cutting forces

70 m/min. Based on this difference, it can be concluded that cutting inserts with XL
geometry provide slightly better performance than XM.

3.1.2 Influence of the Depth of Cut

The depth of cut is usually the most influential factor for machining of any material.
This is due to the effect it has on the removal rate of material. For cutters with
round cutting inserts, the variation of the cutting depth has a different performance
than straight-edged inserts. This is due to the orientation of the cutting forces. A
deeper depth of cut for these inserts increases the angle of entry (Kr), orienting the
cutting forces towards the spindle and improving the stability of the cutting process.
In addition, the cutting depth in this round geometry varies the effective cutting
diameter (Dcap) that modifies the material removal rate. Figure 13 shows the results
for depth of cut.

The data obtained indicate an expected reaction, where the greater cutting depth
increases the cutting forces. For this case, as well as in the analysis of cutting speeds,
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Table 5 Increase of the cutting forces according to the depth of cut variation

Cutting
inserts

Hardness of
cutting insert
(HV40)

Cutting forces
with DOC
0.3 mm

Cutting forces
with DOC
0.5 mm

Cutting force increase

(N) (N) (N) (%)

AXL 1900 322.62 386.46 63.83 19.8

AXM 1900 332.36 440.94 108.58 32.7

BXL 1650 348.73 424.35 75.63 21.7

BXM 1650 320.52 379.93 59.41 18.5

CXL 1550 303.48 578.41 274.93 90.6

CXM 1550 461.78 766.61 304.84 66.0

the inserts with substrates A and C indicate lower cutting forces with XL geometry.
Whereas for XM geometry the B substrate caused the lowest resultant cutting force.
Table 5 shows the increases in cutting force in response to the increase in the depth
of cut (60%).

As can be appreciated, the C cutting inserts were more sensitive to this variation
as a result of their hardness (1550 HV). However, an increase of 100 HV and 350
HV in hardness for the B and A cutting insert respectively, substantially improved
the performance of the cutting tools. This response of the material to the hardness
of the inserts suggests that the connection between the cutting-edge geometry and
the material has a strong influence on cutting forces [37]. As can be seen from the
behavior of the A-XL and B-XM inserts.

Nevertheless, the higher hardness of the A cutting inserts does not exhibit the best
performance of the experimentation. It was the A-XL and B-XM inserts that showed
the best performance in this range of cutting conditions.

With regard to the work hardening of the surface, a deeper cutting depth generally
results in a thinner hardened layer of the machined surface. This behavior is observed
in Fig. 14. In terms of hardness variation, all inserts have a homogeneous performance
with a maximum variation of 5 HV. However, for the tendency to surface hardening,
theC-XLcutting insert has the lowest value but not too far from the other cutting tools.
This indicates that the depth of cut for finishing operations with toroidal geometry
tools would not have a significant impact on the hardening tendency of TiAl. In
addition, the use of a low DOC, contrary to expectations, leads to a higher surface
hardening effect andprobably a thicker hardening layer. This conceptwill be analyzed
in greater detail in future studieswith varying cutting conditions and insert diameters.

With reference to surface roughness, Fig. 15 shows the results obtained. As
expected the variation in depth of cut does not cause any noticeable response in
surface roughness. The variations observed between cutting depths for each insert
are very slight, with exception of A-XL insert which reduces roughness by 25% at a
depth of 0.5 mm.
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Fig. 14 Surface hardness increment according to cutting forces for DOC of 0.3 and 0.5 on TiAl
alloy

Fig. 15 Effect of depth of cut in surface roughness (in feed directions)

3.1.3 Influence of the Chip Thickness

As for the cutting forces, it is normal for them to increase in proportion to the amount
of cutting material. Therefore, depth of cut and feed rate are the parameters that most
affect this variation.

On the other hand, the feed rate of the cutting tool is strongly related to the
geometry and thickness of the chip that is formed in the cutting process. In the case
of insertswith roundgeometry, the chip thickness (hex) varies according to the cutting
depth and the angle entered, which allows increasing the feed rate. Consequently,
this variable was selected as the reason for the study instead of the advance.

The effect of chip thickness on cutting forces was higher to presented at the
depth of cut. A considerable increase in cutting forces occurred with an increase of
only 0.01 mm in chip thickness demonstrating more sensitivity to this variable. As
shown in Fig. 16, cutting insert BXM presents the best combination of variation and
magnitude of cutting forces. In addition, the cutting forces caused by XL geometry
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Fig. 16 Chip thickness effect in the resultant cutting forces

Fig. 17 Surface hardness increment according to cutting forces and chip thickness on TiAl alloy

cutting inserts tend to vary less than those of XM geometry due to chip thickness
variation.

For work hardening, a homogeneous variation between the cutting forces and
the increase of the surface hardness is achieved, especially with a chip thickness of
0.03 mm. Variation in hardening has the opposite behavior to that of the depth of cut,
in this case, a greater amount of material removed (hex�0.04) promotes growth in
surface hardness (Fig. 17).

As expected, chip thickness is the main factor affecting surface roughness. As
shown in Fig. 18 the results obtained in terms of arithmetic mean roughness Ra for
each tested cutting inserts. The A and B cutting inserts with both geometries cause
roughness values that do not exceed 350 m, while for C inserts the values reach
~450 m. With regard to the performance of the C-XL geometry, this indicates that
initial wear of the cutting edge does not strongly affect the surface finish due to
the increased radius of the cutting edge. With the C-XM insert, the breakage of the
cutting edge affects the surface roughness to a greater extent. This is also compatible
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Fig. 18 Effect of chip thickness in surface roughness (in feed directions)

Table 6 Increase of the surface roughness according to the chip thickness variation

Cutting
inserts

Hardness of
cutting insert
(HV40)

Roughness
with hex
0.03 mm

Roughness
with hex
0.04 mm

Roughness increase

(μm) (μm) (μm) (%)

AXL 1900 0.173 0.240 0.067 38.7

AXM 1900 0.202 0.268 0.066 32.7

BXL 1650 0.220 0.284 0.064 29.1

BXM 1650 0.191 0.229 0.038 19.9

CXL 1550 0.286 0.307 0.021 7.3

CXM 1550 0.198 0.326 0.128 64.6

with the results obtained by [18]. However, the roughness values of the C-XL insert
are higher than those of the other inserts.

The results in terms of roughness variation listed in Table 6 highlight that a
0.01 mm difference in chip thickness causes a 20–60% increase in surface roughness
for almost all cutting inserts. An exception was the C-XL insert which varies by 7%
for the reasons explained above. In terms of geometries, there is a slight tendency
of XL geometry to affect roughness in response to the increase in chip thickness.
As a result, the surface roughness is more affected by the 0.01 mm variation in chip
thickness than by the 25 m/min cutting speed or the 2 mm cutting depth.

3.1.4 Surface Defects

As has been previously commented, themachining of titanium aluminide alloys leads
to an unusual response pattern to the cutting process causing surface and sub-surface
defects such as feed marks, smearing, surface cavities and cracks [1, 6–9, 33]. The
surface integrity defects confirmed are strongly linked to cutting speed, feed rate,
depth of cut, tool geometry, rake angle, nose radius among other. Optical and SEM
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Surface Crack

Surface Cavity

Feed Marks Smearing Material

Fig. 19 Surface defect feed marks, smearing, surface cracks and cavities on machined surfaces

(a) (b)

Fig. 20 Machined surfaceswith C-XL cutting insert at Vc�70m/min. aDOC�0.5mmand hex�
0.04 mm, b DOC�0.3 mm and hex�0.03 mm

observation on the machined surfaces around the hardness and roughness analyzed
areawas conducted. The surface observation of themachined samples showed several
defects that confirmed the results presented in the surface integrity analyses (Fig. 19).

All specimens showed some defect. Considering the analyzed range of machining
parameters for all inserts, the combination of cutting speed of 70 m/min, depth of cut
of 0.5 mm and chip thickness of 0.04 mm, exhibited a tendency to cause feed marks,
surface cracks, andmaterial smearing. In contrast to this trend, the surfacesmachined
with the same cutting speed but with the depth of cut of 0.3 and a chip thickness
of 0.03 showed a lower number of defects. This behavior would demonstrate that
the effect of cutting speed on the surface defect formation is less than the material
removal rate (Fig. 20).
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(a) (b)

Fig. 21 Machined surfaces at Vc�70 m/min, DOC�0.3 mm and hex�0.03 mm with a worn
cutting insert C-XL and b broken cutting-edge C-XM

It was also evident that the fracture of the cutting edge of the C-XM insert gener-
ated the worst quality surface. On the other hand, the C-XL insert has a more homo-
geneous and smooth surface. Caused by cutting edge wear of the insert (Fig. 21).

Regarding the performance of the cutting inserts in relation to surface defects.
The A-XL cutting insert showed the best overall quality of the machined surfaces
with all combinations of cutting parameters, followed by the B-XM. In contrast, the

 

 

Cutting Insert = A-XL 
Vc=70m/min, DOC=0.3, Hex=0.03 

Cutting Insert = C-XM 
Vc=70m/min, DOC=0.3, Hex=0.03 

Cutting Insert = A-XL 
Vc=45m/min, DOC=0.5, Hex=0.03 

Cutting Insert = C-XM 
Vc=45m/min, DOC=0.5, Hex=0.03 

Fig. 22 Machined surface obtained with of A-XL and C-XM at different cutting parameters
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surfaces that showed the greatest number of defects were those obtained with the
C-XM insert. In Fig. 22 it is possible to compare the surfaces obtained with the A-XL
and C-XM inserts. The performance of these inserts confirms the previous analysis
of cutting forces, surfaces roughness and work-hardening tendency.

4 Conclusions

The results of milling experiments conducted on a gamma TiAl alloy for finishing
cutting conditions show that for cutting forces increase of the cutting speed has
a slight effect, while the depth of cut and mainly chip thickness caused a stronger
impact. This trend was identified without considering the effect of cutting-edge wear.

The surface roughness Ra shows an expected dependence on cutting speed and
chip thickness mainly. It was found that wear on the cutting edge improves surface
roughness due to the increased contact area.

For surface hardness tendency chip thickness was revealed as the most influential
parameter. An unusual trend occurred with the depth of cut. The surface work hard-
ening tendency diminished when the depth of cut was increased from 0.3 to 0.5 mm.
This improvement is probably due to the thermal softening caused by the higher
DOC. Cutting speed does not cause significant differences in the explored range.

In terms of surface defects, it was not possible to obtain defect-free surfaces, but
at cutting speeds of 70 m/min there is a tendency to exhibit fewer defects. This leads
to the conclusion that the surface integrity can be improved by increasing cutting
speed. All cutting inserts showed surfaces with higher or fewer defects according to
the cutting parameters used in these trials. Consequently, a diminished the surface
defects would be possible. A suitable combination of cutting parameters and cutting-
edge geometry must be selected for improved milling on γ-TiA.

Summarizing, chip thickness had the greatest effect on the surface integrity vari-
ables analyzed in this research, at least in the range studied. In terms of performance,
the 1010 EPL and S30T cutting inserts were the ones that provided the best surface
integrity and demonstrated the potential for increased productivity.

Acknowledgements Authors acknowledge the funding of Project NORTE-01-0145-FEDER-
000022—SciTech, co-financed byNORTE2020, through FEDER.Authors also acknowledge Sand-
vik Coromant which offered the cutting inserts.
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Fracture Mechanics



Analysis of the Semi-circular Bend (SCB)
Specimen: Finite Element Method
Determination of T-stress, KI and KII

E. Shahabi and P. M. S. T. de Castro

Abstract The semi-circular specimen under three-point bending loading (SCB
specimen) may be used for determining mode I and mixed-mode (I and II) frac-
ture toughness for brittle materials; this subject is covered in several references. This
paper presents T-stress and stress intensity factor for SCB specimen in mode I and
mixed-mode (I and II), exploring direct uses of finite element method to calculate
those parameters. The commercial FE softwareABAQUSwas used tomodel the SCB
specimen. Several cases including different crack lengths for investigating mode I,
various crack angles for mixed-mode (I and II) and T-stress are presented. Since
SCB specimen is loaded in bending, a comparison of the SCB and SE (B) specimen
(ASTM E399-08 standard) was performed for mode I, discussing dimensions and
amount of material involved. Finally, the result obtained from the presented finite
element model are compared with results from the literature.

Keywords T-stress · Stress intensity factor · Finite element method · Mode I
Mixed-mode

1 Introduction

The manner in which a crack propagates through a material gives insight into the
mode of fracture. With a ductile fracture, a crack moves slowly and is accompanied
by a large amount of plastic deformation around the crack tip. A ductile crack will
usually not propagate unless an increased stress is applied andmay cease propagating
when loading is removed. In a ductile material, a crack may progress to a region of
the material where stresses are slightly lower and stop due to the blunting effect of
plastic deformations at the crack tip. On the other hand, with brittle fracture, cracks
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spread very rapidly with little or no plastic deformation. The cracks that propagate
in a brittle material will continue to grow once initiated.

Crack propagation is also categorized by the crack characteristics at the micro-
scopic level. A crack that passes through the grains of the material is a phenomenon
known as transgranular fracture. A crack that propagates along the grain boundaries
is termed an intergranular fracture. Typically, the bonds between material grains
are stronger at room temperature than the material itself, so transgranular fracture is
more likely to occur.When temperatures increase enough to weaken the grain bonds,
intergranular fracture is the more common fracture mode.

There are three basic modes of deformation in classical fracture mechanics. In
mode I or opening mode, the crack faces are displaced in a direction normal to the
crack plane without any sliding. In mode II or shear mode, the crack faces slide
normal to the crack front without any opening. In mode III or out-of-plane shear
mode, the crack faces slide parallel to the crack front.

The simulation of crack propagation has been attracting the attention of
researchers. It is impossible to predict the crack propagation path without having
the knowledge of the angle of crack initiation, a problem that needs to be studied
in mixed mode. Several criteria have been proposed for predicting crack initiation
angles.

1.1 SCB Specimen

The semi-circular (SC) and SCB geometries are ideal testing configurations due
to minimal preparation required for each test [1]. The SC geometry is ideal for
field testing purposes as it is easily fabricated from cores removed from the testing
material. It is important when field-testing to conduct a set of small-scale tests to
correlate fracture properties with the large-scale tests. The SCB became the basis
of the small-scale field testing, prompting the detailed analysis presented in this
work. The SCB test configuration has been advocated as a possible standard test
method for rocks [2]. For the case of mode I loading (the edge crack being normal
to the base), the SCB has been studied by Chong and Kuruppu and more recently
by Lim et al. [2]. In the work by Chong and Kuruppu [3], limited numerical results
are presented; Lim et al. [2] provide solutions over a wider range of crack lengths
and spans and correlate the accuracy of the earlier solution. The latter paper bridges
solutions by curve fitting. Although these papers provide a means of calculating the
fracture toughness from experimental data, apparently no rigorous SIF results exist;
moreover, there has been no information provided concerning the associated crack
opening displacements.

An essential component for furthering the understanding of rock fracture is the
availability of suitable experimental techniques for mixed-mode rock fracture tough-
ness testing. Several techniques now exist [4]. In a review by Lim et al. [2], it was
proposed that only two experimental techniques are presently suitable. The first is
the semi-circular specimen under three-point bend (SCB) developed by Chong and
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Fig. 1 Semi-circular bend (SCB) specimen: a under pure mode I loading, b under mixed-mode
loading

Kuruppu [3]. The second is the central cracked Brazilian disc under diametral com-
pression (CCBD) advocated by Sun et al. [5]. The SCB approach is to be preferred as
it ismore cost-effective, reliable and versatile. However, the latter ismore appropriate
when fatigue pre-cracking is a necessary requirement. This study will concentrate on
the SCB specimen as depicted in Fig. 1. In the original work of Chong and Kuruppu
[3] and Chong et al. [6] the variation in stress intensity factor (SIF) was determined
numerically using the finite element method for mode I and mixed-mode loading
respectively. However, only very limited ranges of crack lengths and spans were
examined. This study focuses on mode-I, mode-II, mixed mode I–II and seeks to
address this through the use of the finite element method.

Figure 1 shows a schematic diagram of the semi-circular bend (SCB) specimen
which has been widely used by several researchers in the past to investigate mixed-
mode fracture in brittle materials [7–10]. The SCB specimen containing an angled
crack of length a is a semicircular disc of radius r and subjected to three-point
bending. The specimen is loaded by the vertical load P and is placed on two bottom
supports separated by a distance 2S.Different combinations of mode I andmode II in
the SCB specimen are obtained by producing specimens with varying crack angles.
When the crack inclination angle α � 0 the specimen is subjected to pure mode I.
By increasing the angle α, the stress intensity factor (SIF) of mode II is increased,
while for mode I it gives an opposite result.

1.2 SE Specimen

The SE specimen is a common specimen for measurement of fracture toughness
standardized by the American Society for Testing and Materials (ASTM E399-08)
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Fig. 2 Illustration of SE specimen, B�w/2 is thickness

[11], consisting of a rectangular beam with a single edge notch under three-point
bending load, Fig. 2.

The single edge notched beam in three-point bend (SENB) specimen was devel-
oped and standardized [11] for measuring the fracture toughness of metals.

2 Computation of Stress Intensity Factors

The in-plane linear elastic stresses around the tip of a crack can be described as
symmetric and antisymmetric fields, called mode I and mode II respectively. The
stresses for each of the fields can be written as an eigen series expansion [12]. Near
the tip of the crack,where the higher order termsof the series expansion are negligible,
stresses, for mode I and mode II, are [12]
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where σ and τ are normal and shear stress, KI and KI I are the mode I and mode II
stress intensity factors (SIF) and r , θ , x and y are co-ordinates in conventional polar
and Cartesian systems with the crack tip at the origin.

Practical structures are not only subjected to tension but also experience shear
and torsion loading leading to a mixed-mode interaction. Correspondingly, the stress
state ahead of a crack is frequently based on mixed-mode I/II type of interactions,
which designate the amplitude of the crack tip stresses because of skew-symmetric
loading. Manymodern components, frommicrochips to ships and large wind turbine
blades are made of materials arranged in layers. Mixed mode cracking is commonly
observed in such structures, since they often have weak planes. ForMixedmode I–II,
Kef f can be defined as

Keff �
√
K 2

I + K 2
I I (3)

Four computation techniques for evaluating SIF are now mentioned.

2.1 Displacement Correlation Technique (DCT)

The SIF is computed [13] using:
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where G is shear modulus, k is (3 − ν)/(l + ν) for plane stress and is 3 − 4ν for
plane strain and axisymmetry. ν is Poisson’s ratio and LQ is length of quarter-point
element (QPE) along crack face. u′ and v′ are local displacement along and normal
to crack axis.

2.2 Quarter-Point Displacement Technique (QPDT)

The SIF is given [14] by:
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2.3 Displacement Extrapolation Technique (DET)

Chan et al. [15] who estimated the SIF by extrapolating the nodal displacements
along the crack face first employed this technique. The expression is given as:

KDET
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where r∗i distance between the ith node and the crack tip.
A “best fit” straight line is fitted through the nodal K ∗i and its intercept with the

ordinate at r � 0 is KDET. A detailed description of obtaining a “best” fit through
the use of linear regression can be found in Lim et al. [14].

2.4 Limited Displacement Extrapolation Technique (LDET)

Avariant to the DETwas proposed by Lim et al. [14], whereby a restriction is applied
to the possible combinations of K ∗i . Only the first three nodal K ∗i values associated
with an element immediately adjacent to the crack tip element are to be curve fitted.
Mathematically, it is expressed as:

K LDET
I � lim

r∗i→0
F

(
K ∗2, K ∗3, K ∗4) (7)

where F �a “best” fitted line through K ∗2, K ∗3, K ∗4 and i ranges from 2 to 4.
Only one linear regression analysis is required in this approach, thereby consid-

erably reducing the computational effort relative to the DET.

3 Calculation of Crack Parameters for the SCB Specimen

3.1 Mode I

Various finite element models of the SCB specimen are analyzed using the commer-
cial general-purpose finite element package Abaqus [16] for calculating KI and KI I .
Figures 3 and 4 depict the geometry of SCB specimen, applied force and boundary
condition. A typical mesh pattern generated for simulating the SCB specimen is
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Crack length 

Applied force 

Crack tip 

P

Boundary conditionBoundary condition

Fig. 3 SCB specimen subjected to three-point bending

shown in Fig. 4. In this model, the following parameters are applied: r=100 mm,
P=100 N, t �1 (under plane stress conditions), 2S �80 mm, elastic modulus E �
72 GPa and Poisson’s ratio υ � 0.3. A total number of 35,568 plane stress quadratic
elements are used in these simulations.

In addition, a numerical convergence study was performed for the SCB test tech-
nique with the normalized crack length a/r �0.5, the normalized span s/r=0.8 and
the crack inclination angle α � 0. Four mesh densities were examined, as depicted
in Fig. 5. As in the preceding section, an outer mesh and an inner mesh were defined
whereby for a given mesh density, the outer mesh remained unchanged while all
mesh variations occurred within the inner mesh. For each mesh density, the number
of element layers within the inner mesh was progressively increased. A mesh sen-
sitivity analysis is performed to ensure optimum mesh size for proper convergence
and accurate numerical results.

The results of the analyses are given in Fig. 6 in terms of the mode I normalized
stress intensity factor YI , which is defined as:

YI � KI

σ0
√

πa
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Fig. 4 Finite element model of SCB specimen for Mode I
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Fig. 5 Convergence in YI, with increasing number of elements

where:

KI is the mode I stress intensity factor σ0 � P/2r t .
t is specimen thickness.
P is applied load.

Figure 6 shows the numerical results obtained for the mode I loading with s/r �
0.5, 0.61, 0.67 and 0.8 [2, 17]. In Fig. 5 is shown the comparison between proposed
Abaqus model and strain energy, elliptical displacement theory which are presented
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Fig. 6 Computed normalized mode I stress intensity factor Y, for α � 0 and a s/r�0.8, b s/r�
0.67, c s/r�0.61and d s/r�0.5

by Chong and Kuruppu [3, 18] and the finite element model which is presented by
Lim and Johnston [19], Webb and Widjaja [20] for different s/r ratios.

Figure 7 shows the proposed Abaqus finite element models and results obtained
for the mode I with various a/r ratio. s/r �0.67 and a/r=0.4.

3.2 Mixed Mode I/II

A similar comparison was made for the mixed-mode loading with a/r �0.5 and s/r
�0.67.

In this model, the following parameters are applied: r �100 mm, P=100 N, t
�1 (under plane stress conditions), 2S �67 mm, elastic modulus E=72 GPa and
Poisson’s ratio υ � 0.3, crack length a=50 mm. The finite element was performed
with different crack angles like = 0°, 10°, 15°, 20°, 30°, 45°, 50°, 60°, 70°, 75°. In
Fig. 8, the mesh pattern generated for simulating mixed mode I/II is shown.

Although similar trends are discernible, Fig. 9 shows definite differences between
the proposed Abaqus model results and those of Chong and Kuruppu [21], and close
similarity with the finite element model which is presented by Lim and Johnston
[19]. Figure 10 shows the finite element model of SCB specimen for mixed mode
and deformation results. Finite element models and results for varios crack angles
are shown in Fig. 11.
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Fig. 7 a Proposed Abaqus finite element model and deformation results obtained for the mode I
loading with a/r�0.1 and s/r�0.67, b a/r�0.4 and s/r�0.67, c a/r�0.8 and s/r�0.67

67 mm 67 mm

Fig. 8 Geometry of SCB specimen for mixed mode I/II
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Fig. 9 Finite element mesh used for simulating SCB specimen (mode I–II)
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and s/r�0.67
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Fig. 11 a Proposed Abaqus finite element model and results obtained for the mixed mode loading
with s/r�0.67, a/r�0.5 and = 10° b s/r�0.67, a/r�0.5 and = 45° c s/r�0.67, a/r�0.5 and = 75°

4 Calculation of Crack Parameters for the SE Specimen

In fracture mechanics, the SE specimen is better known and more commonly used
than the SCB specimen. Therefore a comparison between both specimens should be
performed. In Fig. 12, the concept of comparison between both SCB and SE speci-
mens is illustrated. This comparison was made based on crack length and uncracked
ligament.

Similar to SCB specimen the FE model for SE specimen was prepared. All the
procedures to define the mesh types and mesh convergence were also carried for the
SE specimen. In Fig. 13, the FE model of SE specimen for mode I is presented.

The differences between the SIF obtained for SE and for SCB specimens are
depicted in Fig. 14. It can be noticed that there is a significant difference in SIF, for
the same load and crack length, between these two specimens. In comparison with
SIF obtained for the SE specimen, the SIF for SCB is less dependent on crack length
(for example, between a/r�0.1 and a/r�0.67, KI increases 6.25 times in the case of
SE specimen, and just 5.8 times in the case of SCB obtained from SE specimen, the
SIF more or less is constant.

In addition, the same results and trends are obtained in T stress. Since very long
cracks are unpractical for laboratory use a/r=0.8 was eliminated (Fig. 15).
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Fig. 12 Dimensional compassion between SE and SCB specimen

Fig. 13 Finite element mesh used for simulating SCB specimen (mode I–II)

It can be noticed that T stress for the SE is clearly more dependent on crack length
than in the case of SCB specimen. For crack lengths a/r above 0.4, T stress in the SE
specimen is much higher than in the SCB specimen. T stress in the SCB specimen is
weakly dependent on crack length, while T stress in SE specimen has a significant
dependency [22, 23].
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Fig. 15 Comparison of computed T stress in SE specimen and SCB specimen for s/r�0.8 and
W� r�100 mm

5 Conclusions

In this study, a finite element analysis of the SCB specimen, for mode I and mixed
mode I–II situations, is presented. The KI and KII results are validated through
comparison with Lim and Chong and Kurupu (elliptic dis. theory and strain energy).
It was observed that in mode I, except for a/r=0.5 a good agreement between the
proposed Abaqus model and Lim et al. [19] results is found. In mode I, increasing
the crack length the stress intensity factor increases sharply. Increasing the ratio s/r
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(support span length divided by radius) the difference between proposed Abaqus
model and the Chong and Kuruppu [18, 21] increases.

For mixed mode, there is a good agreement between proposed Abaqus model
and Lim et al. [2, 19]. In mixed mode the normalized stress intensity factor YI ,
decreases sharply when the crack angle is increased. For mode II, the normalized
stress intensity factor YII as a function of crack angle firstly increases and then
decreases. The analyses demonstrated that the SCB specimen enables the entire
range of mixed-mode I and II to be created.

The comparison is performed for specimens with identical uncracked ligament.
The SE specimen presents a wider range of K I values than the SCB specimen. The
SCB specimen presents a lower dependence of T stress as a function of crack length.
In SE specimens an effect of increasing fracture toughness with decreasing crack
length has been identified by several researchers and this is attributes to a T stress
depending. The implication of the present work is that measurements of fracture
toughness using SCB specimens are less likely to present effects related to crack
length than the SE specimens.
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Analysis of Mode II and Mixed Mode I-II
in Fracture and Fatigue: A Numerical
and Experimental Study

J. Baganha Marques, S. M. O. Tavares and P. M. S. T. de Castro

Abstract The aim of this work is to analyse fatigue crack propagation under pure
mode II and mixed mode I-II loading conditions. Bidimensional numerical simu-
lations were carried out using models created with the software Abaqus Standard,
making use of the conventional finite element method to calculate the stress intensity
factors and of the extended finite element method to predict the crack propagation
path. The experimental tests were performed on single edge notch specimens, under
asymmetrical four-point bending. By varying the position of supports and loads rel-
atively to the crack several situations of mixed mode loading I-II and pure mode II
were achieved. The equivalent stress intensity factor for mixed mode I-II and pure
mode II was calculated using the finite element method and the software Abaqus
Standard. The da/dN = f (�Keq), where a is the crack length, N is the number o
cycles, and �Keq is the range of the equivalent stress intensity factor, was obtained
and compared with the mode I Paris law equation for the given material, NASGRO
material database and other authors’ results. The initial fatigue crack growth (FCG)
propagation angles were found to be well described by the minimum strain energy
density criterion. Regarding the FCG rates, mixed mode results differ from mode I.
Several factors like pre-existing flaws in the material, accumulation of experimental
and/or post-processing errors and roughness-induced crack closure may have played
a part in the differences obtained between the experimental material curve based on
Keq and the NASGRO and Paris law equations based upon KI . It is however noted
that other authors also found some difference in the da/dN versus �Keq or versus
�KI relationships. Finally, as regards cracks paths, xFEM predictions and experi-
ments showed a variable degree of agreement: very good in some cases, and only
approximate in others.
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1 Introduction

The behaviour of mechanical structures when subjected to cyclic loading is a very
important factor when it comes to design, therefore the mechanical and fatigue prop-
erties of used materials must be well understood, including pure mode II and mixed
mode I-II loading. In thiswork a characterization of theAluminiumalloyAA6082-T6
was carried out experimentally using four-point bending specimens and numerically
using the finite element method.

In a cracked body there are three basic modes of loading that can be applied to
the crack region: mode I, mode II and mode III loading (Fig. 1). In mode I loading,
also called opening mode, the principal load is normal to the crack surface and the
displacements of the crack surface are perpendicular to the crack plane. In mode
II loading, or shear mode, one face tends to slide with respect to the other due to
in-plane shear loading. The displacements occur in the crack plane and normal to the
leading edge of the crack. Mode III, or tear mode, is caused by out-of-plane shear.
The displacements of the crack surface take place in the crack plane parallel to the
leading edge of the crack, [1, 2].

The stress intensity factor (SIF) is usually given a subscript to denote the mode
of loading, i.e., KI , KI I , KI I I [1]. The whole linear elastic stress field at the crack
tip is known when the stress intensity factor is known [2]. In another words, the SIFs
reflect the redistribution of stresses in a body due to the introduction of a crack [3].

Standardized test specimens for mode II and mixed mode I-II still do not exist,
as opposed to mode I loading. However, various specimens have been suggested for
this purpose. The optimal mixed mode specimen, designed for fracture and fatigue
tests should meet some criteria according to [4], namely:

• Full range of mixed mode I-II combinations;

Mode I Mode II Mode III 

Fig. 1 Three modes of loading that can be applied to a crack
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• Compactness of the specimen;
• Simple manufacturing process;
• Ability to create fatigue pre-cracks under mode I loading;
• Clamping and loading conditions must be easy to achieve;
• Simple test procedure and evaluation;
• Realizability of a state of plane strain;
• Small minimum dimensions to give small fracture loads.

In the following work the Single Edge Notch Bend (SENB) specimen was used
in an asymmetrical four-point bend set up.

Compared with mode I FCG, there is a limited amount of data of FCG in mixed
mode situations. Some of it is obtained using CTS specimen, eg. Borrego et al. [5].
The CTS specimen pre-crack is loaded under mixed mode situation, but the crack
quickly turns to the direction perpendicular to the principal stress, leaving limited
possibility for actual mixed mode FCG characterization. It does not surprise that
using CTS specimens Borrego et al. [5] found da/dN versus �Keq very similar to
the da/dN versus �KI data for the material tested (AlMgSi1-T6 aluminium alloy);
nevertheless, slightly lower da/dN values were recorded for the mixed mode tests.
A greater decrease in da/dN for mixedmode tests was observed by Qian and Fatemi
on tests of SAE 1045 hot rolled and normalized steel using 4 point bend specimens
[6]. In the present work, FCG tests using 4 point bend specimens of Al alloy 6082
are presented, attempting to characterize da/dN for a range of values of KI/KI I

found along the crack path.

2 Tested Material AA6082-T6

All specimens tested were made from the Aluminium alloy AA6082-T6, with the
mechanical properties presented in the Table 1.

As for the fatigue properties, the stress intensity factor threshold (�Kth) was
obtained using NASGRO empirical equations and material database, resulting in
�Kth = 113.34 MPa mm0.5 =3.58 MPa m0.5.

Table 1 Mechanical
properties of the Aluminium
alloy AA6082-T6

Al 6082-T6

Young modulus (E)/GPa 69

Yield strength (σY ield )/MPa <260

Ultimate strength (σU )/MPa 310

Poisson ratio 0.33
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Fig. 2 Four-point bend specimen under asymmetric loading (I-II mixed mode fracture)

3 Mixed Mode Fracture with Four-Point Bending Test

The asymmetrical four-point bending set up allows the study of fracture behaviors
of a specimen under pure mode II and mixed mode I-II.

Using an asymmetric loading, Fig. 2, mode II and mixed mode stress intensity
factor ratios KI /KI I can be obtained by varying the distance of the applied load P
to the pre-crack plane (S0). Using the set up shown in Fig. 2 in order to obtain pure
mode II the distance between the load P and the pre-crack plane has to be 0 (S0 = 0).
This corresponds to a null bending moment along the crack plane.

Formixedmode analysis, varying the value of S0 will make themode I component
increase, leading to various combinations of shear force and bending moment at the
crack plane. According to [7], the stress intensity factors for mixed mode loading
I-II can be given by,

KI = 6(S0 − c0) ∗ Q

W 2t

√
πaFI

( a

W

)
(1)

KI I = η ∗ Q

W 0.5t
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Fig. 3 Correction factor for mode II intensity factor, (adapted from [7])
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where Q is the shear force at the crack tip and Q = S2−S1
S2+S1

P being P the applied
load. The width, thickness and crack length are given by W , t and a respectively.
The relative distance of the applied load location to the pre-crack plane is given by
η = S0/W . FI and FI I are the geometry factors which are functions of relative crack
length a/W .

According to [7] c0 and η (Fig. 3) are correction factors that are functions of
(a/W ), (c/W ), (s1/W ) and (s2/W ). Equations 4 and 5 are only valid for 0 ≤
(a/W ) ≤ 0.7 and 0 ≤ (a/W ) ≤ 1, respectively.

Figures 4 and 5 show the relation of the SIF ratio (KI/KI I ) as well as β =
atan(KI /KI I )) with the load distance to the pre-crack plane (S0) for s1 = 85 mm,
s2 = 15 mm, P = 36,000 N, a = 14 mm, W = 35 mm, t = 20 mm.

4 Experimental Procedure

In order to prepare the specimens to determinate the crack path under mode II and
mixed mode I-II conditions, a fatigue pre-crack was created using a three-point
bending set up (mode I loading), ensuring that the plastic region at the crack tip of
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Table 2 Pre-crack dimensions

Specimen Pre-crack [mm] Crack deviation

1 3.965 −8.5◦

2 3.115 −
3 3.805 −3.5◦

4 4.175 −6◦

5 4 −6.5◦

6 3.905 3.5◦

7 3.85 2◦

the specimen (Fig. 6) is very small. To fulfill that requirement the recommendations
of the document BS DD 19:1972 and the standards ASTM E399, ISO 12108-2002
were followed.

The pre-crack dimensions (mean value) obtained in all specimens are presented
in Table 2.

All the specimens were polished using abrasive paper and alumina, concentrat-
ing in the surrounding zone where the pre-crack was located was submitted to this
process, being that is the region of interest for the current work. The specimens were
first polished by hand using a 1200P SiC abrasive paper, followed by a 800P SiC
paper and finalized with an alumina abrasive (1.0µm). It should be noted that the
abrasive paper polishing movement was made at±45◦ relative to the tip of the notch.

Surface polishing was made in an attempt to facilitate the visualization of the
pre-crack and crack tip, making it easier to measure and track crack growth using a
camera in the subsequent four-point bend tests.

Fig. 4 Adimensional SIFs versus load distance from crack plane
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Fig. 5 β versus load distance from crack plane

Fig. 6 Single edge notch specimen (mm)

Supported in preliminary tests (Gicquel [8]), the initial chosen equivalent SIF for

mode II loading was Keq,I rwin = 12.7 MPa
√
m, where Keq,I rwin =

√
K 2

I + K 2
I I .

The specimen would be under the calculated load until it showed signs of crack
propagation, if at the end of a considerable number of cycles no changeswere verified
the load P would be increased by roughly 10% and the whole process would be
repeated until crack growth occurred. In order to verify if there was any noticeable
crack growth, during the fatigue test, at the end of a certain number of cycles, the
crack would be examined under a microscope that was set up on one face of the
specimen, as seen in Fig. 7.

The methodology described for the pure Mode II loading experiment is the same
for all the other experiments. Table 3 presents the specimens tested alongsidewith the
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Fig. 7 Experimental set up

Table 3 Tested specimens

Specimen nr KI
KI I

S1 [mm] S2 [mm] S0 [mm] Frequency
[Hz]

1 0 95 5 0 2

4 0.23 95 5 1 2

3 1.10 85 15 4 8

5 2.79 85 15 10 8

distances used in the each set up for different situations of mode mixcity, considering
the dimensions represented in (Fig. 8).

It should be noted that:

• The R value was 0.1 throughout all the tests
• Specimens 1 and 4 width were reduced from 35 to 28 mm
• Specimens 3 and 5 width were reduced from 35 to 25 mm
• Specimen 1 was intended to be under pure mode II (KI = 0)
• Specimen 4 was under pure mode II with compression
• Specimens 3 and 5 were under mixed mode I-II.
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Fig. 8 Single edge notch specimen

Fig. 9 Shear force diagram for the experimental pure mode II loading

Fig. 10 Bending moment diagram for the experimental pure mode II loading
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Table 4 Data for the fatigue tests for specimen 1 under pure mode II loading

Width (mm) P [N] Keq
[MPa

√
m]

�Keq [MPa√
m]

No. of cycles Obs.

35 40060.1 12.7 11.4 90,000 No growth

28 36000.0 16.6 14.9 85,000 No growth

28 40000.0 18.4 16.6 52,500 No growth

28 44000.0 20.3 18.2 56,475 Growth

Table 5 Data for the fatigue test for specimen 4 under mixed mode I-II loading (β = 13◦)
Width (mm) P [N] Keq

[MPa
√
m]

�Keq
[MPa

√
m]

No. of cycles Obs.

28 37000.0 17.8 16.0 68,697 No growth

28 41000.0 19.7 17.8 59,613 No growth

28 43000.0 20.7 18.6 191,001 No growth

28 44000.0 21.2 19.1 21,825 No growth

28 46000.0 22.1 19.9 24,256 Growth

Table 6 Data for the fatigue test for specimen 3 under mixed mode I-II loading (β = 48◦)
Width (mm) P [N] Keq

[MPa
√
m]

�Keq
[MPa

√
m]

No. of cycles Obs.

25.0 21000.0 13.3 12 13968.0 Growth

Table 7 Data for the fatigue tests for specimen 5 under mixed mode I-II loading (β = 70◦)
Width (mm) P [N] Keq

[MPa
√
m]

�Keq
[MPa

√
m]

No. of cycles Obs.

25 15600.0 20.0 18.0 36,596 No growth

25 18200.0 23.4 21.0 36,199 No growth

25 20800.0 26.7 24.1 357,999 No growth

25 23000.0 29.5 26.6 241,287 No growth

Using solid mechanics the shear force and bending moment throughout the spec-
imen was calculated for each case. In Figs. 9 and 10 the shear force and bending
moment diagrams are presented for pure mode II loading.

The data obtain from the fatigue tests for all specimens is presented in Tables 4,
5, 6 and 7.

It should be noted that;

• The kink angle, corresponding to the direction of propagation from the initial mode
I pre-crack measured on both sides of each specimen, and the average is given as
function of atan(KI /KI I ) in Table 8,
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Table 8 Mode mixicity and
kink angle

Cases KI /KI I β ψ0

Specimen 1 0.336 18.57◦ 70.4◦

Specimen 4 0 92.7◦ 92.7◦

Specimen 3 1.331 43.5◦ 43.5◦

Mode I
(pre-crack)

– 90◦ 0◦

Fig. 11 Kink angle ψ0
versus β
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Experimental points

• Specimen 1 was intended to be pure mode II but due to some inclination of the
pre-crack thatwas not completely achieved, and instead amixedmode test resulted.

• Specimen 4 was tested under conditions of pure mode II combined with compres-
sion of the crack faces, (although it was initially intended for KI /KI I = 0.23).

In Fig. 11 the experimental points were ploted alongside the MTS [9] and SED [10]
criteria.

5 Numerical Models: Crack Propagation Path

In order to determine the crack path the extended finite element method (xFEM),
available in Abaqus Standard, was used. This method allows the modelling of crack
and crack growth without remeshing, since it is a fully mesh independent technique.
Otherwise to study the evolution of the crack and crack path propagation one would
have to redo and remesh the crack increment by increment, a very tedious and time
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(a) Front face (b) Rear face

Fig. 12 Crack path obtained with image digitizer

consuming process. Throughout the experimental procedure, several pictures were
taken of each side of the specimens. Using an image digitizer, Fig. 12, it was possible
to trace the crack path of each side, obtain an average and compare it to path obtained
using the xFEM feature available in the software Abaqus Standard [11].
The figures were obtained for specimen 1, and this methodology was followed for
all specimens.

For specimen 1, the model represented in Fig. 13a used a coarse mesh on the
crack domain with elements with 2 mm length (seed size 2), the rest of the mesh
is structured and the elements have 3 mm length (seed size 3). In order to compare
the mesh influence in xFEM a finer mesh was used with elements with 1 mm length
(seed size 1) in the crack region, Fig. 13b.

The numerical results obtained were then compared to the experimental crack
path, presented in Fig. 14.

6 Equivalent Stress Intensity Factor Determination

Most of the data available for materials, including the one used in this work, is
obtained for puremode I loading,which can lead to imprecise results of life prediction
for an component, since in actual practice mixed mode situations are usually found.

Using the data obtained in the experimental results, that being the number of
cycles (N ) and photographs taken along the tests, together with numerical results
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provided by finite element models, a comparison between the NASGRO material
curve, Paris law equation and material curves obtained by other authors was made.

By post processing of the images acquired the crack path geometry can be recre-
ated in a finite element model and through that model the stress intensity factors
can be determined for each crack tip. Given that for each photograph the number of
cycles was recorded, it is possible to determine the crack growth �a associated with
the increase in number of cycles �N .

From all the photographs taken a few were selected based on quality and crack
growth. The situations for specimens 4 and 5 were not modelled. The cases modelled
were for pure mode II and mixed mode loading with KI/KI I = 1.10.

Starting with specimen 1, tested under pure mode II loading, the higher quality
pictures are presented in Fig. 15. The tool used to process the images was a plot
digitizer in which, by hand, the crack path was traced allowing the acquisition of
its coordinates x and y. The graph of the coordinates acquired for this specimen is
presented in Fig. 16.

An approximation of the crack geometry was created on a bidimensional finite
elementmodel using the softwareAbaqus Standard and for each crack tip three values
(before, at and after the crack) of SIFs were obtained using the J integral and VCCT
techniques, being that themean value of all 3 SIFswas used through. Crack length for
each increment is obtained by using the norm of the x and y coordinates (

√
x2 + y2)

between each crack tip. Figure 17 show the model at the instance photograph 4 was
taken. The crack was modelled from the end until the beginning (starting in the last
photo and finishing on the first).

In order to calculate the SIFs using the two techniques a square partition was
created at the crack tip (Fig. 18).

Fig. 13 Crack path obtained
with xFEM for specimen 1

(a) coarse mesh

(b) fine mesh
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Figures 19 and 20 show the square partition with the J integral contours used (10)
and the free body cut and coordinate system used in the VCCT, respectively.

For the J-integral technique the mode I and mode II SIFs were obtained for three
points: a point before the crack, at the crack and after the crack being that the median
value of all three was used to describe the respective stress intensity factors.

The stress intensity factors obtained by the J-integral and VCCT for specimen 1
are shown in Table 9.

(a) Specimen 1

(b) Specimen 3

Fig. 14 Comparison between crack path obtained with xFEM for fine mesh, coarse mesh and
experimental crack path
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(a) Photo 1 - specimen 1 (b) Photo 2 - specimen 1

(c) Photo 3 - specimen 1 (d) Photo 4 - specimen 1

Fig. 15 Pictures of specimen 1

Since the values from eachmethod are very similar the following calculations will
be done using the VCCT values. Through the created finite element model, crack
growth between pictures (�a) was measured and presented in Table 10 alongside
with the corresponding equivalent SIFs (Keq,I rwin) and number of cycles �N .

The exact same methodology was used for specimen 3, obtaining Fig. 21.
The crack coordinates are negative because this specimen was measured in a

different position than the previous one.
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Fig. 16 Plot of the coordinates obtained from image post processing—specimen 1

X

Y

(a) Mesh with 32227 linear quadrilateral elements of type CPS4

X

Y
(b) Undeformed shape

X

Y

(c) Deformed shape

Z

Z

Z

Fig. 17 Photo 4—specimen 1
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Fig. 18 Partition at crack tip specimen 1—photo 4

Fig. 19 Square partition and mesh contours used for the J integral

Fig. 20 Free body cut and coordinate system used for the VCCT
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Table 9 Mode I and mode II equivalent SIFs for specimen 1

VCCT J integral

KI KI I Keq,I rwin Keq,I rwin

[MPa
√
mm] [MPa

√
mm] MPa

√
m MPa

√
mm MPa

√
m

Pre-crack 172.3 512.9 541.1 17.1 533.1 16.9

Photo 1 738.6 9.6 738.7 23.4 737.3 23.3

Photo 2 834.6 51.0 836.1 26.4 827.0 26.2

Photo 3 1076.0 83.7 1079.2 34.1 1056.8 33.4

Photo 4 3091.5 176.2 3096.5 97.9 3138.1 99.2

Table 10 Values of the equivalent SIFs and the correspondent �a
�N for specimen 1

�a[mm] �N cycle �a
�N [mm ·
cycle−1]

�Keq,I rwin

[MPa
√
mm] [MPa

√
m]

Pre-crack to
photo 1

5.9 39,689 1.5E−04 487 15.4

Photo 1 to
photo 2

0.9 14,400 5.9E−05 664.8 21.0

Photo 2 to
photo 3

1.9 1858 1.0E−03 752.5 23.8

Photo 3 to
photo 4

5.4 528 1.0E−02 971.3 30.7

Fig. 21 Plot of the coordinates obtained from image post processing—specimen 3
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Table 11 Mode I and Mode II equivalent SIFs for specimen 3

VCCT J integral

KI KI I Keq,I rwin Keq,I rwin

[MPa
√
mm] [MPa

√
mm] [MPa

√
m] MPa

√
mm MPa

√
m

Pre-crack 344.7 258.9 431.2 13.6 431 13.6

Photo 1 574.9 100.5 583.6 18.5 583.4 18.4

Photo 2 840.0 50.6 841.5 26.6 830.0 26.3

Photo 3 919.4 183.5 937.5 29.6 946.4 29.9

Photo 4 1169.8 132.3 1177.2 37.2 1177.7 37.2

Photo 5 1704.9 404.0 1752.1 55.4 1751.4 55.4

Table 12 Values of the equivalent SIFs and the correspondent �a
�N for specimen 3

�a[mm] �N cycle �a
�N
[mm ·
cycle−1]

�Keq,I rwin

[MPa
√
mm] [MPa

√
m]

Precrack to
photo 1

0.97 10,000 9.7E−05 388.0 12.3

Photo 1 to
photo 2

2.1 1500 1.4E−03 525.2 16.6

Photo 2 to
photo 3

0.9 2122 4.1E−04 757.4 24.0

Photo 3 to
photo 4

1.3 218 6.0E−03 843.8 26.7

Photo 4 to
photo 5

2.4 128 1.9E−02 1059.5 33.5

Using the information gathered in Tables 10, 11 and 12 the points of the values
of da/dN as function of �Keq,I rwin were plotted in the NASGRO material fitting
curve (R = 0.1) [12], along with the Paris law fitting curve which, according to [13]
is as follows,

da

dN
= 85.409 · 10−15�K 3.7554 (6)

A non-linear regression was also done using the obtained data, being that the second
point from specimen 1 was not included in it due to being an outlier relatively to the
rest of the data (Fig. 22).
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Fig. 22 Comparison between NASGRO material fitting curve, Paris law and points obtained from
the experimental procedures post processing

7 Conclusions

The main conclusions that were taken from this work relatively to the experimental
and numerical procedures are,

• The asymmetrical four-point bending set up used is extremely sensitive to the
distances between the supports and loads, so precise and adequate instrumentation
should be used while assembling the test in order to achieve accurate results.

• The observation and record of the experimental fatigue tests should be done thor-
oughly, using a high quality camera allowing good quality footage of crack growth
and facilitating image post-processing.

• The results obtained from the finite element models created throughout this work
showed good agreement with analytical predictions, when such were possible,
demonstrating that the finite element method is an excellent tool to estimate the
stress field at the crack tip.

• The crack paths obtained using the extended finite element method showed a
variable degreeof agreementwith thepaths obtained experimentally,whichdoesn’t
mean the numerical model results are wrong, it is more likely that the data input
on the model was not the most accurate.

• The fatigue crack growth behaviour results, expressed as a function of �Keq , for
mixed mode I-II and mode II loading were different from the mode I data from
the NASGRO database and Paris law equation for the studied material. That may
be due to the accumulation of experimental and/or post-processing errors (cycle
and crack growth recording, manual image processing), roughness-induced crack
closure and thus friction between crack surfaces. Nevertheless, several authors
also found differences in the da/dN versus �Keq for various mode mixicities
when compared to the da/dN versus �KI .

• The asymmetrical four-point bending set up seems to provide a simple way of
testing material fatigue properties for mixed mode and mode II loading.
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The Friction Weldability of AA6063 Tube
to AA6082 Tube Plates Using an External
Tool

E. Korkmaz, A. Gülsöz and C. Meran

Abstract Aluminum and its alloys are frequently used in industry due to their low
density as well as their high strength and corrosion resistance. Although the most
common welding methods for aluminum are TIG, MIG, and plasma, due to the
high temperatures during welding, the metallurgical precipitates formed in the heat
affected zone disrupt the interior and affect the mechanical properties negatively.
Friction welding of tube to tube plate using an external tool (FWTPET) which is
a fairly new method has been developed to overcome this shortcoming and tube to
tube plate welding has started to be made with this method. In this study, aluminum
alloy AA6063 tubes were successfully joined to AA6082 plate by FWTPET. The
welding groove on the plate, the gap between the tube and the plate, and the tube
projection length were studied experimentally. The effects of all parameters on shear
strength, micro hardness, and the formation of internal structure of the weld zone
were investigated, as a result the optimum welding parameters are founded.

Keywords Friction welding · Aluminium welding · FWTPET
Tube to tube plate welding

1 Introduction

Friction welding of tube to tube plate using an external tool (FWTPET) is a new
solid state weldingmethod [1–3] first time applied in 2006 [4–8]. This method can be
used for joining tube to tube plate of similar or dissimilar materials [9–11]. FWTPET
may be used in many sectors like manufacturing industries, automotive, aerospace
industries [12, 13]. FWTPET provides quality joints compared to the conventional
welding methods such as fusion welding [14–16]. FWTPET produces high-quality
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leakproof joints. Unlike traditionalweldingmethods, FWTPET is an energy efficient,
environmentally friendly method [1].

During the production of heat exchangers, economizers and central heating boilers
considerable amount of time spent for the plate welds of the tubes. The aim of this
study is to determine suitable welding parameters of tubes to tube plates by using
the FWTPETmethod, and reduce the welding time and costs compared to traditional
welding [17–19].

Friction welding has many advantages. One of them is to weld non-weldable
alloys. Another important feature of the friction welding process is that the welded
material is not melted and recast [5, 20]. The FWTPET which is a mixture of friction
stir welding [21] and friction welding [19] methods. There is a tool of shoulders and
pins similar to the friction stir welding. This tool is in contact with the tube surface,
and a friction-induced softening is provided. Unlike the friction stir welding, the pin
does not mix with to softened metal, and the travelling is not given to pin over the
tool or workpiece [22].

There are many parameters that influence the quality of welding in the FWTPET
[23]. Some important parameters are tool rotational speed, the vertical load of the
tool, the clearance between the tube and the pin, the clearance between the tube and
the plate, tube projections, the time of the contact, the diameter of the tool shoulder,
the diameter of the pin and the welding temperature [19].

In addition to these parameters in this study, the effect of the welding groove on
welding quality, which has not been tried in the literature before, is investigated. In
order to increase the volume of the softened metal between the tube and the plate,
the welding groove is provided on the plates.

2 Materials and Methods

Aluminium alloys, EN AW-6082-T6 as plate material, and EN AW-6063-T5 as tube
materials were used for the experiments. The chemical composition of plate, tube,
and tool materials were given in Table 1.

The plates were prepared in dimensions of 5 × 50 × 70 mm, and tubes in the
dimensions of Ø20 × 2 mm. The tubes were cut at 32 mm with tube projections of
3mm, Fig. 1.One of themost important parameters affecting the quality ofwelding in
FWTPET was vertical load [22]. Keeping the vertical load values constant was very
important to be able to perform every welding operation under the same conditions.
The vertical load values during welding was different when the tool was in contact
with the tube and plate. It was difficult to keep the same vertical load value under
control for each welding operation.

That’s why a test setup wasmanufactured. The vertical load during each test could
be kept under control using this special test setup. The general view of test setup and
its components were shown in Fig. 2.
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Fig. 1 The principle of FWTPET (a) [6], dimensions (b), tube (c), plate (d), and assembling (e)
used welding

(a)

(b)

Hydraulic 
Pressure Unit

Milling and 
Load Control 

Hydraulic 
Control Unit

1

2 

3 

4 

5 

6

7

Fig. 2 The view of the test setup, a general, b detail view of fixing system (1: Tool, 2: Sample
holder, 3: Load cell, 4: Counter-force spring, 5: Hydraulic cylinder, 6: Moving table, 7: Fixed table)

The upper table which was connected with the workpiece could move upwards
using a load control unit. Thanks to the hydraulic pressure adjustment unit, the vertical
force in each welding operation could be kept at about the same value [22].
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Fig. 3 Insufficient softening during welding (a), the rotating tool is sinking on the plate (b), proper
welding (c)

Fig. 4 The dimension of tool (X210Cr12) used for FWTPET

It was observed that if the value of load applied from rotating tool to the workpiece
was less than 200 kg, where the tool shoulder was in contact with the plate, sufficient
softening was not achieved as in Fig. 3a. The rotating tool was over sinking on the
plate when the vertical force was too high. This was not desirable because it would
cause the notch effect, Fig. 3b. A fairly well-welded was obtained when the vertical
load kept about 300 kg, Fig. 3c.

Although the geometry of tool pin, and shoulder were important welding param-
eter, both of them were kept constant in this study. The tool pin diameter was smaller
than the tube inner diameter, causing part of the softened metal volume to flow into
the tube instead of the gap between the tube and the plate. The hardened cold work
tool steel was used for all weldings shown in Fig. 4.
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Hole inner diameter
∅ 22 mm

Hole inner diameter
∅ 23 mm 

Fig. 5 Cross-sectional view of the welded sample with a hole diameter of 22 and 23 mm

The compression tests were carried out to find out the shear strength of welded
joints. An apparatus had been fabricated to fix up the samples during the compression
tests. Other important parameters of FWTPET were tool rotational speed and tem-
perature. FWTPETwas a solid state weldingmethod, there was no need for complete
melting during welding of materials. During welding, the temperature must reach
about 0.6–0.7 times of the melting temperature of welded metals [22]. The tempera-
ture could be measured by thermocouples and infrared thermometer during welding.

The tool rotational speed and the vertical force directly affected the softening
temperature of welded metals. Insufficient heat input occurred when welding was
carried out at low rotational speeds. This is affected by the contact time between the
tool and the workpiece during welding. The optimum tool rotational speed on the
shear strength were obtained at 1180 rpm [22].

The effect of welding quality on the void space between the tube
and the plate was observed during the tests. During FWTPET, the softened metal
flowed the gap between the tube and the plate to fill. The tube projections affected
the softened metal volume. The minimum volume of softened metal should be cal-
culated according to tube projection, the hole diameter on the plate, gap between the
tube and the plate [19].

After theoretically and practically calculation it was observed that the entire vol-
ume of the softened metal did not fill the gap between the plate and the tube. Some
of the softened metal was swept from the outside, while some of the softened metal
flowed into the interior of the tube. When the diameter of the hole drilled on the plate
(Øb) was 22 and 23 mm, the tube projection (h) was chosen to be 3 mm the selected
metal did not fill the gap between the plate and the tube, Fig. 5.

Cross-sectional views of the samples that the hole diameters drilled on the plate
were 22 and 23 mm were given in Fig. 5. In this study, 20 and 21 mm holes were
drilled on the plate and compared. The effect of open welding groove on the plate
were also examined. While some of the softened metal filled the gap between the
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Fig. 6 The plate used in the FWTPET method; a, b with weld mouth, c cross-section, d technical
drawing

Fig. 7 Difference between the plate-tube gap in the samples with (a), and without (b) welding
mouth

plate and the tube during welding, some part of it was swept out of the plate surface.
In case of groove welding, much more softened metal flowed between the tube and
the plate, Fig. 6.

The welding groove was provided at an angle of 45°. It was seen that the gap
between the plate and the tube was more filled as can be seen from the observations
made on the scattered samples after the welding groove, Fig. 7.
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Table 2 The FWTPET welding parameters, and shear strengths of welded joints

Sample
number

Sample
diameter
Øa-Øb
(mm)

Vertical
load (kg)

Rotational
speed (rpm)

Tube
projection
(mm)

Temperature
(°C)

Shear
strength
average,
Rm (MPa)

1 Ø22-Ø21 300 1180 3 440 42

2 Ø23-Ø21 325 49

3 Ø24-Ø21 280 55

4 Ø25-Ø21 310 33

5 Ø22-Ø20 300 61

6 Ø23-Ø20 315 59

7 Ø24-Ø20 310 54

8 Ø25-Ø20 315 55

3 Results

The main purpose of this study was to see the effect of the welding groove on the
plate. Three of the welded samples were used to calculate the shear strength and the
other two were used for inner structure analysis.

In order to increase the volume of molten metal filling between the tube and the
plate, the welding groove was opened on the plates. The highest shear strength values
were reached with an average of 49 MPa in samples without welding groove [22].
It had been seen that the shear strength values of the welded connections made by
opening the welding groove were higher (61 MPa). When the shear strength values
were compared only with the groove welded and non-welded specimens, the shear
strength values of the welded specimens were increased about 20%.

The results of shear strengths were given in Table 2. When the results were exam-
ined, it was observed that the shear strength of the weldings was higher when the
gap between the plate and the tube decreases.

Macro structure analysis was kept in a 10% sodium hydroxide solution for 5 min.
The macro structures of the welding obtained with tool rotational speed, tube pro-
jections and welding groove was shown in Fig. 8.

The highest shear strength of 61 MPa was obtained from the weldings of spec-
imens having an outer diameter of 22 mm and an inner diameter of 20 mm. The
recrystallization of the grains in the heat-affected zone was found out to be finer than
the grain size of the base metal. In addition, the region with the appearance of onion
rings had undergone recrystallization of grain.

Onion rings had an apparent grain size of less than 10 µm, while grain sizes in
the heat affected zone region were below 20 µm. As a result of the microstructure
analysis, it was observed that the grains in regions near the weld interface were
thinned as a result of recrystallization.

The grain size of the base metal was measured about 25 µm, whereas the grain
size was reduced to 5 µm in the areas subjected to grain refinement, Fig. 9.
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Fig. 8 Macroscopic view of cross-section of FWTPET with weld mouth

(a) (b)

Onion Ring

Tube Plate

Weld 
Interferance

Fig. 9 The view of micro structure of welded zone (a), grain sizes (b)

The micro hardness were measured at 20 µm intervals in Fig. 10. The micro
hardness of the plate was about 65 HV0.01, and tube was about 54 HV0.01. It was
founded that the hardness was higher in fine grain areas.

4 Conclusion

In this study EN AW-6082 T6 aluminium alloy plates of 5 mm thickness and EN
AW-6063 T5 aluminium alloy tubes of Ø20 mmwere joined by the FWTPET. When
the tool rotational speed was less than 950 rpm, and the vertical load was kept below
200 kg, thewelding qualitywas not enough. The good lookingwelding could bemade
when the temperature reaches softening temperature of aluminium. This temperature
was measured at approximately 400 °C. It had been achieved that the shear strength
of the welded joints increased between 10 and 20%, when the welding groove is
provided [21].
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Fig. 10 Micro hardness measurements (HV0.01)

As a result of the micro hardness measurements, the micro hardness of the tube
was measured as about 54 HV0.01, whereas in the grain-thinned areas it reached to
70 HV0.01. Similarly, micro hardness of the plate material was 65 HV0.01, and it
was up to 82 HV0.01 in the area with grain refinement.
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Study of the Texture Parameters Effects
on the Anti-fingerprint Function

M. Belhadjamor, S. Belghith and S. Mezlini

Abstract In the present paper, we aim to analyze the effect of the design param-
eters of micro-textured surfaces on the anti-fingerprint function. For this purpose,
a numerical model of the finger contact was developed to simulate the mechanical
response of the finger loaded over differently micro-textured surfaces. Interestingly,
this model enables the measurement of the touched area (i.e. stained area by finger-
prints). A statistical analysis was conducted using a full factorial design in order to
investigate the effect of the height, width and pitch describing the surface texture.
The statistical significance of the parameters effects as well as the effects of their
interactions was discussed. Results have shown that both the height and the inter-
action between the height and the pitch have significant influences on the real area
of the finger contact. An optimal compromise between the height and the pitch is
recommended to reduce the touched area. The obtained results highlighted by the
statistical analyses can provide a guideline for the design of anti-fingerprint surfaces.

Keywords Numerical model · Finger contact mechanics · Anti-fingerprinting
Surface micro-texture

1 Introduction

Anti-fingerprint surfaces have recently attracted a great deal of attention for both
theoretical research and practical applications. These surfaces prevent fingerprints
and achieve clean and esthetics aspects. The development of design guidelines for
such surfaces requires a deep knowledge of the underlying physics. For this purpose,
we have reviewed, in a previous publication, the different issues behind fingerprint-
ing [1]. Moreover, the state-of-the-art of the design and preparation techniques of
superhydrophobic and anti-fingerprint surfaces is critically revisited. Related studies
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claim that the achievement of such surfaces deals with non-wetting behavior. Indeed,
anti-fingerprint surface must exhibit an amphiphobic property since the fingerprint
liquid is a mixture of sweet (water), sebum (oils) and extrinsic contaminants [2]. The
amphiphobicity can be achieved by lowering the surface energy and/or modifying
the surface topography [3]. In addition to wettability, the mechanical behavior of the
contact between the human finger and the surface (i.e. finger contact) govern finger-
printing [4, 5]. However, the finger contact response was always overlooked when
evaluating the surface functionality. The evaluation of this latter, was often restricted
to the surface wettability against water, hexadecane, oleic acid [2] and/or artificial
fingerprint liquid [6]. It was shown that the surface texturing is an efficient strategy
for enhancing amphiphobicity [7]. Nevertheless, an understanding of the effect of
the surface topography on the anti-fingerprint function requires an analysis of both
wettability and finger contact mechanics. In a previous study, we have highlighted an
interesting correlation between the mechanics of the finger contact and the wetting
behavior [8]. We have studied the effect of the texturing scale on the surface func-
tion. The bioinspired multiscale texture exhibited a potential anti-fingerprint effect.
Moreover, a micro-textured surface have shown a significant effect on decreasing the
finger contact area, improving the hydrophobic behavior and reducing the surface
affinity to low surface tension liquids (e.g. skin oils).

In this work, we have studied the effect of the texture design parameters on the
mechanics of thefinger contactwith the aimof enhancing the anti-fingerprint function
of micro-textured surfaces. A microscopic bi-dimensional numerical model of the
finger contact has been developed. A full factorial designwas used in order to analyze
the effect of parameters describing the micro-patterns geometry (height, width and
pitch) on the real contact area. The influences of single and interactive parameters
were analyzed and the more significant factor was identified. The optimized surface
by the design of experiment (DOE) was compared with a micro-textured surface
whose anti-fingerprint function was previously discussed [8].

2 Methods

2.1 Numerical Model

The objective of the present study is to evaluate the effect of texture parameters on the
anti-fingerprint function of structured surfaces bymeasuring the real area of the finger
contact. The contact mechanic is analyzed using a microscopic multi-layered bidi-
mensional finite element (FE) model (Fig. 1). The biologically bioinspired fingertip
model is composed of two skin layers (dermis and epidermis), subcutaneous tissue,
bone and nail. The thicknesses of the epidermis and dermis layers are respectively
0.7 mm [9] and 0.8 mm [10].

The model geometry includes also epidermal ridges (fingerprints). The width and
the height of fingerprint ridges are respectively 0.45 mm and 0.05mm [11]. Fingertip
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Fig. 1 Model geometry, dimensions (mm) and boundary conditions

Table 1 Elastic and Prony series parameters of fingertip tissues

Elastic properties [15] Prony series [14]

E (MPa) υ gi ki τ i(s)

Epidermis 0.08 0.48 0.0332 0 1.29

Dermis 0.05 0.48 0.0282 0 17.68

Subcutaneous
tissue

0.024 0.48 0.0183 0 2412

Nail 170 0.3 – – –

Bone 17,000 0.3 – – –

dimensions are assumed to be representative of a typical male index. The epidermis,
dermis and the subcutaneous tissue are assumed to be viscoelastic material [12–14].
The nail and the bone are supposed to have linear elastic behaviors [15]. The viscous
material parameters of the skin layers and the subcutaneous tissue, described by the
Prony series, were determined by Amaied et al. [14] using the in vivo creep test.
The elastic and viscous material parameters for the different tissues are illustrated
in Table 1. The textured surfaces are assumed to be linearly elastic with Young’s
modulus of 72 GPa and Poisson’s ratio (υ) of about 0.33.
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Fig. 2 Mesh and boundary conditions

Plane strain elements were used for meshing the fingertip model. Free 3-node
linear triangular elements were used to mesh the subcutaneous tissues as well as
the micro-textured surfaces. Structured 4-node linear quadrilateral elements were
adopted for the skin, nail and bone discretization (Fig. 2). In the contact zone, finer
elements were used to improve the numerical convergence and accuracy and of the
model. The size of the mesh elements in the fingerprint ridges and the surface micro-
patterns is about 0.7 μm.

For the achievement of the touch loading, a normal displacement of un �1.3 mm
was applied. Such a value leads to a contact load of about 0.05 N in the 2D configu-
ration which is equivalent to 0.5 N in the real fingertip contact (3D model). For more
details about the numerical model, refer to our previous work [8].

2.2 Design of Experiment (DoE)

In order to investigate the effect of the texture parameters on the mechanic behavior
of the finger contact, regular microscopic grooved surfaces are simulated (Fig. 3).
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Fig. 3 Topography of the
micro-grooved surface

h

w p
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Table 2 Factor levels Factors:
geometric
parameters
(μm)

Level 1 Level 2 Level 3

(A): height (h) 10 – 30

(B): width (w) 10 – 30

(C): spacing (p) 50 100 150

Table 3 Full factorial design
matrix

Test N° A B C Ar/Aa (%)

1 10 10 50 13.44

2 10 10 100 19.45

3 10 10 150 39.29

4 10 30 50 27.75

5 10 30 100 23.73

6 10 30 150 38.73

7 30 10 50 13.44

8 30 10 100 6.04

9 30 10 150 5.43

10 30 30 50 27.75

11 30 30 100 18.58

12 30 30 150 16.86

Such surfaces were described by the height (h), the width (w) and the length of
grooves (l) as well as the spacing between them (p). The length of the grooves is
assumed to be equal to 1 mm.

A design of experiments (DOE) is performed based on a full factorial design
considering three factors. Design factors, namely, the height (h), the width (w) and
the spacing (pitch p) of the surface texture have 2, 2 and 3 levels respectively as
reported in Table 2. A total of 12 (2×2×3) simulations are required for the analysis
(Table 3).
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3 Results and Discussion

3.1 Contact Finger Analysis and Anti-fingerprint Function

The finger contact wasmodeled considering the visco-elastic behavior for skin layers
and the subcutaneous tissue. The fingerprint ridges were also considered in the finger
model. Figure 4 illustrates the deformed shape and the strain distribution when the
finger is under typical touch load of about 0.5 N.

The magnification shows a deformed finger ridge in contact with a micro-textured
surface (w�30 μm, h�30 μm and p�50 μm). The subcutaneous tissue between
the bone and the dermis has undergone the maximum deformation since it has the
lowest rigid modulus. In the contact zone, the presence of micro-patterns increases
the deformation of the epidermis.

The developed model was used to predict the real area of the finger contact which
corresponds to the area of the fingerprint deposit, by using the nodal contact area
measurement (CNAREA). A node is into contact if the contact pressure CPRESS is
deferent from zero. The nodal contact area is therefore the ratio of the nodal contact
force to the nodal contact pressure. The real contact area of the finger contact is
the sum of nodal contact areas in the interface finger/surface. Figure 5 presents the
evolution of the real area (Ar) normalized by the apparent area (Aa) of contact as a
function of the touch load. The increase of load increases the contact ratio (Ar/Aa)

Fig. 4 The logarithmic strain (LE) distribution in the human finger during touching
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Fig. 6 The deformed finger ridge (a, b) and the contact pressure distribution (c, d) in contact with
a flat surface and a micro-textured surface

due to the finger ridges deformation. It can be noted also that the surface texturing
decreases the real contact area of about 47%.

Figure 6 shows a deformed finger ridge (a, b) and the contact pressure distribution
(c, d) when the finger is in contact with a flat surface and a micro-textured surface.
The micro-texturing leads to a discretized contact area which decreases the real area
of the finger contact. Therefore, in the case of the micro-textured surface, the contact
occurs with multi-contact zones for each finger ridge.
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Fig. 7 Main effects of the texture parameters (h, w et p)

3.2 Results from the DoE: Effect of the Texture Parameters

The design matrix is shown in Table 3. The real area of the finger contact was
assessed for each test. Resultswere analyzed using the design of experiment software,
MINITABTM (Minitab Inc.).

The influences of single and interactive factors on the contact ratio Ar/Aa were
investigated based on the results of the DoE. Figure 7 illustrates the main effect plots
of the different factors. The topographic parameters, the height (h), the width (w)
and the pitch (p) noticeably influenced the real contact area. It can be seen that the
height presents the most important effect. An increase of this parameter decreased
the area of the touched surface. However, when increasing the width the real contact
area was increased. Furthermore, the texture pitch has different effects. The increase
of p from 50 to 100 μm leads to a decrease of the contact ratio. Nevertheless, the
latter was increased when p increases from 100 to 150 μm.

The main effect plot of each parameter is insufficient to reveal how texturing
parameters influence the contact mechanics. In order to investigate this influence,
the interaction plots were presented in Fig. 8. This figure allowed us to realize high
interaction between the height and the pitch but lower interactions between other
parameters. Indeed, the height effect is largely affected by the change in the pitch
level but slightly changed with the width.

The Pareto diagram was applied to classify the effects by their significance with
a confidence interval of 95% (Fig. 9). The main effects of topographic parameters as
well as the effect of the interaction between the height and the pitch are illustrated in
the diagram. The most significant factor is the height of grooves. Furthermore, the
interaction h * p shows a statistically significant effect on the contact ratio Ar/Aa.
However, other texture parameters seem to have no significant effect.
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Fig. 8 Interaction effect plot

Fig. 9 Pareto diagram

Figure 10 shows the evolution of the contact ratio Ar/Aa as a function of the height
(a) and the pitch (b) for a width equal to 10 μm. Figure 10a presents the evolution
of the contact ratio Ar/Aa as a function of the height for different pitch values. When
the height was increased from 10 to 30 μm, the evolution of the real contact area
depend on the spacing between grooves which is consistent with the results of the
statistical analysis:

• p�50 μm: the contact ratio Ar/Aa is independent of h.
• p�100 μm: when increasing the height from 10 to 15 μm, Ar/Aa is decreased.
Further increase has no effect on the real contact area.

• p�150 μm: The increase of the height from 10 to 22.5 μm leads to a decrease of
Ar/Aa. When h is higher than 22.5, the contact ratio remain constant.
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Fig. 10 Evolution of Ar/Aa
as a function of a the height,
b the pitch between grooves
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It is interesting to note that for each pitch value, there is a critical height from
which further increase of h has no effect on the real contact area. When p is about
100 μm, the critical height is 15 μm, whereas, it is about 22.5 when p is 150 μm.
Figure 10b presents the evolution of the contact ratio Ar/Aa as a function of the pitch
for different height values:

• For high value of h (h≥22.5 μm), the increase of the pitch results in a decrease
of the contact density and, consequently, the real contact area. This decrease is of
about 61% when h�30 μm.

• h�15 μm: when increasing the pitch from 50 to 100 μm, Ar/Aa is decreased.
Further increase of p until reaching 150 μm increases this ratio.

• h�10 μm: the real contact area increased with the pitch.

As can be seen from this figure, the lowest real contact area (5.3%) is achieved
when the height is of about 30 μm and a pitch value of about 150 μm. The highest
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Fig. 11 The finger contact in the case of a the lowest and b the highest contact area

one (39%) is obtained with the same pitch value but a height value equal to 10 μm.
The finger contacts in the case of these two surfaces are illustrated in Fig. 11. A
closer look at the finger ridge deformation allows us to understand these results.

This figure shows that for a height value of 10 μm (lower than the critical height
value), the finger touches the bottom of the surface and the real contact area increases
dramatically.

This analysis shows that the texturing parameters namely the height of the patterns
and the pitch have a significant effect on the area contaminated by fingerprints.

4 Conclusions

The surface texture is a key parameter in the achievement of the anti-fingerprint
property. In the current paper, the effect of the texture design parameters were sta-
tistically analyzed based on the design of experiment (DOE) to identify the most
significant effects and determine the optimum ranges of the topographic parameters
values that minimize the finger contact area (i.e. the area of fingerprint deposits).
Thus, the following conclusions were drawn:

• The texture parameters namely, the height, the width and the pitch have important
effects on the finger contact area. Such parameters must be fine-tuned in order
to achieve the anti-fingerprint property. The decrease of the width or the height
reduces the fingerprint deposits. The increase of the pitch decreases the contact
density and consequently decreases the real contact area. From a critical value this
trend is reversed.

• According to the design of experiments analysis, the effect of the height and the
interaction between the height and the pitch are statistically significant. Therefore,
the pitch effect is dependent on the height level and vice versa.
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• The minimum finger contact area is reached by a texture with an optimal compro-
mise between the height and the pitch. Themicro-textured surfacewith h�30,w�
30 and p�50 has been shown to improve significantly the anti-fingerprint func-
tion by reducing the surface wettability and narrowing the area of the finger touch.
The optimized design parameters (h�30, w�10 and p�150) further reduces the
touched area and the surface texture can be considered as more efficient.
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Mechanical Characterization
of Film/Substrate Materials Using
Nanoindentation Technique

Nadia Chakroun and Hedi Belhadjsalah

Abstract In the present paper, mechanical properties of multilayer coatings were
investigated. To that end, an analytical model dedicated for characterizing the thin
multilayer behaviors was considered. In this study, the nanoindentation tests on
film/substrate material systems were systematically investigated using finite element
modeling (FEM). Hence, the considered model of Mercier et al. is efficient for mea-
suring meaningful mechanical properties of thin film materials up to a critical ratio
Ef /Es �1.18 (with Ef the Young’s modulus of the film and Es the Young’s modulus
of the substrate). But, for Ef /Es ≥1.18 a divergence of the model was observed.
The main error is caused by a wrong estimation of the contact surface Ac between
the indenter tip and the film surface. As a matter of fact, for a soft film on a hard
substrate (Ef /Es <1.18) the deformation is almost localized at the film. However, for
Ef /Es ≥1.18 the deformation spreads at the substrate which induces a wrong value
of contact surface Ac.

Keywords Thin films · Nanoindentation · Hard film · Soft film · Substrate effect

1 Introduction

Development of Thin films technology is stimulated by the industry demand for
improving the effectiveness of contact surfaces. Nevertheless, the mechanical prop-
erties of thin films namely the monolayer and the multilayer are quite different to
materials in bulk. In fact, for the multilayer coating this difference is more impor-
tant. The improvement of the mechanical properties for multilayer films is caused
by the interface presence [1]. In fact, these interfaces act as barriers to the motion
of dislocations [2]. As a matter of fact, characterizing the mechanical behavior of
thin film systems is quite important in order to understand the performance of these
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materials in service [3]. This task is particularly relevant as it is necessary to improve
the durability of coated materials [4, 5]. The nanoindentation test is the most useful
technique for extracting the mechanical properties of materials with low dimensions
such as thin films. This method uses an indenter that comes into contact with the
surface applying a load. Therefore, using the nanoindentation technique several stud-
ies are developed to characterize thin film properties [6, 7]. In the literature, many
models were developed so as to characterize surface coatings [8–12]. These models
determine thin film properties taking into account especially the substrate effect.

In particular, the main objective of this paper is the characterization of thin film
materials deposited on a substrate. To that end, we used an analytical model andmore
specifically theMercier-2010model [10]. The present study is focused onmeasuring
the intrinsic film properties for different situations (hard film/soft substrate or soft
film/hard substrate). Then, we evaluated the different responses by the considered
model in function of film/substrate properties. Consequently, based on the interpre-
tations of the analytical results, a discussion of the considered model depending on
the stiffness of the film was conducted.

2 Analytical Model: Mercier-2010

In 2011, Mercier et al. [10] proposed a general analytical model for a film with N
layers deposited on a substrate. This model presents an extension of the model of
Bec et al. [13] which model the film/substrate system as a series of two springs.
The author demonstrated the validity of his model to determine the elastic properties
of multilayer thin film materials [10]. He particularly proved the effectiveness of
the model for experimental sample [10]. The model is presented by the following
relation:

E ′
f,0 �

⎡
⎣πa2c,0 + 2t0ac,0

t0

⎡
⎣ 1

2ac,0E ′ −
⎛
⎝
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i�1

ti(
πa2c,i + 2ti ac,i

)
E ′

f,i

+
1

2
(
ac,N + 2tN

π

)
E ′
s

⎞
⎠

⎤
⎦

⎤
⎦

−1

(1)

where E ′
s is the reduced elastic modulus of the substrate and E ′

f,i is the reduced
elastic modulus of the layer number “i” as shown in Fig. 1.

Furthermore, ac,i+1 � ac,i +
2ti
π

where ti and ac,i are the thickness and contact
radius of the “i” layer, respectively as demonstrated in Fig. 2.
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Fig. 1 Procedure for using the multilayer model [10]

Indenter

Substrate

Fig. 2 Schematic of the multilayer model [10]

3 Results

3.1 Numerical Models

The finite element analyses are carried out using the commercial codeABAQUS 6.14
[14]. Two finite element models are developed as shown in Fig. 4. The indenter is a
rigid truncated cone with a half angle of 70.3° which makes the same projected area
as the Berkovich indenter [15]. Figure 3 illustrates a geometric demonstration of the
cone angle. The indentation problem is an axisymmetric owing to the conical inden-
ter. Themultilayer coating and the substratematerials are assumed to be homogenous
elastic and isotropic. Fixed boundary conditions are applied to the substrate base.
Contact surfaces are assumed to be frictionless since the indentation friction coef-
ficient is a minor factor [16]. Tie constraints are applied between the layers of the
coating. Evenly, for the coating and the substrate, a tie constraint is considered. For
this study, the substrate was 8 µm in width and 10 µm in length, the thickness of
the monolayer coating was 150 nm and the bilayer thickness was equal to 300 nm.
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Fig. 3 Demonstration of the choice of the cone angle to obtain the same contact area as a berkovich
indenter

Figure 5 schematically illustrates the finite element meshes used for the finite ele-
ment models. The film/substrate systems were modeled using four node, bilinear
axisymmetric quadrilateral elements. The meshes were tested for convergence for
the two finite element model. To that end, mesh studies were performed to test the
numerical accuracy of the various mesh types and sizes. Consequently, a finer mesh
was designed near the contact region and a gradually coarser element size further
from this region was used.

3.2 Discussions

In order to study the responses of the analytical model of Mercier, we carried out
several numerical nanoindentation tests using the two developed numerical models
(the monolayer and the bilayer models).

At first, a soft substrate (Es �104 GPa) was considered and the elastic modulus of
the monolayer film Ef 1 was differently varied. Then, based on the model of Mercier,
we determined the Ef 1 values using the nanoindentation curves for the different
samples. Thus, Fig. 6 presents a comparison between the values of Ef 1 introduced
in the numerical model and the Ef 1 values identified by Mercier for a penetration
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Fig. 4 Finite element models for multilayer film/substrate systems. a Monolayer thin film (tFilm1
�150 nm) and b bilayer thin film (tFilm1 � tFilm2 �150 nm)

IndenterAxis of 
symmetry

(b)

(b’)

Axis of 
symmetry

Indenter

(a)

(a’)

Fig. 5 Finite element meshes of film/substrate systems. a and a′ For monolayer model and b and
b′ for bilayer model
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Fig. 6 Comparison between the introduced and the identified values of Ef 1 in function of Ef 1/Es
for Es �104 GPa and h�30 nm
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Fig. 7 Comparison between the introduced and the identified values of Ef 1 in function of Ef 1/Es
for Es �210 GPa and h�30 nm

depth of 30 nm. The relative error (%) is schematically shown in the same figure as
a function of the ratio of two elastic modulus of the film and the substrate (Ef 1/Es).

In a second step, a hard substrate (Es �210 GPa) was considered and the elastic
modulus of the monolayer film Ef 1 was also varied. Figure 7 presents a compari-
son between the Ef 1 values introduced in the numerical model and the Ef 1 values
identified by Mercier.

Moreover, the bilayer numerical model was used to study the responses ofMercier
for multilayer cases. The substrate is assumed to be a soft material with a Young’s
modulus equal to 104 GPa. In addition, the elastic properties of two layers (Ef 1,
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Fig. 8 Comparison between the introduced and the identified values of Ef 1 and Ef 2 for Es �
104 GPa

Ef 2) were varied. Figure 8 highlights comparisons between the values of Ef 1 and
Ef 2 introduced in the numerical model and the two values Ef 1 and Ef 2 identified by
Mercier.

Now, we will analyze the results found byMercier-2010 (Figs. 6, 7 and 8) in order
to check the reliability of the model. In fact, Fig. 6 presents the relative error (%)
between the values ofEf 1 identified by the author and that introduced to the numerical
model when Es �104 GPa. The evolution of the error is irregular. The relative error
takes important values (>25%) for Ef 1/Es >1.18. This observation is also observed
in the case of monolayer film when the value Es �210 GPa (Fig. 7). Figure 8 shows
the case of a bilayer film on a substrate with Es �104 GPa. We observe significant
relative errors equal to 15.5% and 27.5% for sample #7 and sample #8, respectively.
We notice that the ratio Ef 1/Es is superior to 1.18 in the case of the two samples
(sample #7 and sample #8).

Consequently, comparative studies in the case of the monolayer film
(Figs. 6 and 7) and in the case of bilayer film (Fig. 8) show that the Mercier model
diverges if the value of Ef /Es is superior to 1.18. This is problematic because the
use of the coating is generally to protect the substrate and consequently increase its
resistance (Ef >>> Es).

To understand these findings for the author’smodel, a particular study in regards to
the effects of the different parameters is necessary. As a matter of fact, we essentially
studied the effects of contact surface Ac and the contact stiffness S as they are the
two key parameters for the analytical model [as shown in Eq. (1)].
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Fig. 9 Stiffness evolution for monolayer film/substrate system for Es �104 GPa
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Fig. 10 Stiffness evolution for monolayer film/substrate system for Es �210 GPa

First, we studied the evolution of S stiffness for both monolayer (Figs. 9 and 10)
and double-layer (Fig. 11) films. Indeed, the three figures, Figs. 9, 10 and 11, show
that the contact stiffness S evolves upwards in a regular manner as a function of Ef 1.
Thus, the divergence of the model from the value Ef 1/Es �1.18 is not related to the
rigidity factor S of the model.

In a second step, we studied the evolution of the contact area Ac for the case of
monolayer film (Figs. 6 and 7). Indeed, Fig. 12 shows the evolution of the contact
area Ac as a function of Ef 1/Es when Es �104 GPa. Furthermore, Fig. 13 presents
the evolution of the contact area Ac as a function of Ef 1/Es when Es �210 GPa.
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Fig. 12 The contact surface evolution for monolayer film/substrate system for Es �104 GPa

The evolution of the contact area is irregular for both figures (Figs. 12 and 13).
It decreases sharply from the value Ef 1/Es �1.18 in both cases. As a result, the
divergence of themodel from the valueEf 1/Es �1.18 is related to the abrupt decrease
in the contact surface Ac.
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Fig. 13 The contact surface evolution for monolayer film/substrate system for Es �210 GPa

Figure 14 shows a simplified schematization of the contact area after the nanoin-
dentation test and for two different situations (two samples). In situation 1 (case b
Fig. 14) we consider a soft film on a hard substrate. Thus, for a given penetration,
the deformation at the film is larger than the deformation at the substrate.

Furthermore, for situation 2 (case c Fig. 14) and for the same penetration the
deformation at the film is comparable with the deformation at the substrate since
the rigidity of the film is greater than the rigidity of the substrate. In this case, the
film undergoes a displacement which generates a reduced contact area Ac2. Thus, the
contact area Ac1 is larger than Ac2.

In order to better simulate the evolution of the deformation within the
film/substrate system, we considered two different samples. For the first sample,
we considered that Ef 1/Es <1.18 whereas for the second system we assumed that
(Ef 1/Es >1.18).

Figure 15 shows the evolution of the deformation at two considered film/substrate
systems and along a given path.

The results highlighted in Fig. 15 show that when Ef 1/Es <1.18, the response
to nanoindentation is approximately related to the film. In fact, the deformation in
the sample is approximately limited at the film (Fig. 16). This result is observed
by Pelletier et al. [17] Nevertheless, for the case where Ef 1/Es >1.18, the interface2
between the film and the substrate is shifted (Fig. 15) because of the substrate effect.
The deformation in this case is similarly distributed within the film and the substrate
(Fig. 17). These explanations justify the divergence of theMercier-2010model when
Ef 1/Es >1.18.
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(a)

(b)

(c)

Fig. 14 a A film/substrate system before indentation test, b indentation for soft film on hard
substrate and c indentation for hard film on soft substrate
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Fig. 17 Strain evolution for the film/substrate system with Ef �400 GPa and Es �210 GPa

4 Conclusions

We systematically studied the mechanical properties of thin film materials using
the finite element modeling (FEM). Based on the model of Mercier et al. an exten-
sive study for measuring the elastic film properties was realized. The mechanical
responses of the different film/substrate material systems have been analyzed. As a
result, we demonstrate the limit of the analytical models as the model of Mercier
et al. Particularly, for a hard film on a soft substrate (Ef /Es ≥1.18) the response of
the analytical model is quite influenced by the substrate effect. In this case, the error
is mainly caused by a wrong estimation of the contact surface Ac between the inden-
ter tip and the film surface. Therefore, it is concluded that, according to analytical
models the characterization of monolayer or multilayer coatings is conditioned by
the Ef /Es ratio.
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Limiting Drawing Ratio and Formability
Behaviour of Dual Phase
Steels—Experimental Analysis
and Finite Element Modelling

R. L. Amaral, A. D. Santos and S. S. Miranda

Abstract Three different dual-phase steels are selected (DP500, DP600 andDP780)
to study and analyze the effect ofmicrostructure on formability behaviour for this kind
of materials, which are nowadays commonly used in sheet metal forming. This class
of advanced high strength steels have amicrostructure predominantly composed by a
soft ferritic matrix, which ensures good formability, combined with hard martensite
particles that give the material its strength. Moreover, the mechanical behaviour of
dual-phase steels can be affected by the volume fraction of martensite present in the
material matrix, thus providing different levels of formability. This paper presents
a formability study and a limiting drawing ratio identification of dual-phase steel
sheets, with different amounts of martensite, using a deep drawing test. Experiments
and finite element simulations have been performed to analyze and compare the
obtained results for this kind of advanced high strength steels. Different experimental
tests have been performed with different loading conditions, such as tensile test,
biaxial bulge test and Swift test in which formability can be dependent onmechanical
properties of material and loading conditions. It is shown that selected materials have
a decreasing formability with higher content of martensite, independently from the
loading conditions or different material characteristics (e.g. different evolution of
anisotropy with rolling direction).
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1 Introduction

Advanced high strength steels (AHSS) are used nowadays in the transportation indus-
try, in response to the tighter international emission regulations and higher safety
standards [1]. One way to improve the efficiency and emissions of automobiles, as
well as, the security of passengers, is to reduce theweight of vehicleswhile increasing
their structural strength [2].

Being deep drawing a sheet metal forming process widely used in the automotive
industry to produce most of the necessary components of a vehicle body, the correct
selection and use of appropriate high strength materials is very important. Such
AHSS materials will allow to accomplish the imposed requests, in order to produce
thinner parts with similar or better properties than the previous thicker components
[3, 4].

Dual-phase (DP) steels are one of these AHSS materials, which present good
mechanical properties when compared to the conventional steels. Their remarkable
combination of good formability, hardening behaviour and high strength allows the
possibility to produce the same automotive component as before, but thinner and
stronger. Another important characteristic of dual-phase steels is their high capacity
of energy absorption, providing an excellent performance in the crash zones of the
vehicles [5, 6]. The microstructure of DP steels is composed by a soft matrix of
ferrite phase, which ensures a good formability, with hard martensite particles that
give to the material their strength [7, 8].

To improve the quality and development of the final product, numerical methods
are used when evaluating manufacturing processes, being an important requirement
for sheet metal forming operations. This will allow an evident increase in time effi-
ciency, as well as, in design and production cost reductions. However, the accuracy
of the obtained numerical results of metal forming processes depends on the most
correct material behaviour definition and the better appropriate properties character-
ization.

Although some research on drawability of sheet metal materials have been pub-
lished, taking into account the application of numerical methods [9–11], the drawing
behaviour of DP steels has still many questions to be solved, particularly the effect
of martensite phase in the material mechanical properties and related formability.

Wu-rong et al. [12, 13] investigated particularly the shear fracture of different dual-
phase steel grades (DP600, DP800 and DP1000) using the deep drawing cylindrical
cup test. Each of these steels had different thickness (1.0, 1.2 and 1.7 mm), while the
punch diameter was 32 mm and clearance and die radius was changed according to
the sheet thickness. In this analysis, the authors did not consider measurement earing
cup profiles and punch force evolution.

Firat [14] presented a finite element methodology to calculate FLC and stretch
formability of DP600 steel in square cup drawing process. FE comparisons with
experimental results showed that failure heights calculated with conventional tech-
nique were not conservative and stretch formability of DP600 was overestimated in
cup drawing.
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Regueras et al. [15] performed a numerical study for five dual-phase steel grades
concerning the effect of the initial blank thickness (t) and length/wide punch ratio
(LD) in the deep drawing rectangular operations. The results allowed to establish
analytical relations between thickness reduction percentage and the three studied
parameters (t, LD and dual-phase steel grade). However, the validation of the numer-
ical results was based on a limited number of experimental data using a mild steel
sheet.

Tan et al. [16] studied the influence of a partially hardened zone of DP590 steel
sheet to increase the limiting drawing ratio using a cylindrical cup test.

Most of the previous works that using the deep drawing cylindrical cup tests did
not consider the misalignment effects on results, as well as, the pinching that occurs
in cup flange, which leads to an inaccurate analysis of strain distribution and earing
cup height profiles.

This paper presents a study on formability behaviour and limiting drawing ratio
identification of dual-phase steel sheets, using a deep drawing cylindrical cup test.
Three different dual-phase (DP) steel grades (DP500, DP600, DP780) were selected
and used, in which DP grade corresponds to different amount of martensite. The
novelty of this work lies on the experimental tool setup, which avoids and reduces
the pinching effect at the end of drawing stage and minimizes the misalignment of
circular blank relative to the tools. Also, the use of different dual-phase steels with
the same initial thickness contributes to a better comparison and as overall to a more
adequate and more accurate material characterization and analysis of these steels.

2 Material Mechanical Behaviour

To obtain the mechanical characterization of the DP steels, uniaxial tensile tests
were performed for different angles (0°, 45° and 90°) to the rolling direction. Sheet
thickness is 0.8 mm for each of these selected steels.

The tensile tests were conducted according to the ASTM E8 M standard [17],
using a crosshead speed of 5 mm/s at room temperature (23 °C). To ensure the
repeatability of results, at least three experiments for each material and direction
were carried out.

Table 1 presents the obtained mechanical properties from tensile tests along the
rolling direction based on the engineering stress-strain curves. The corresponding
true stress-strain hardening curves for each loading direction and DP steel are shown
in Fig. 1.

As expected, the material with the highest amount of martensite phase (DP780)
is the material with the highest strength, although it presents a lower ductility when
compared to the other DP’s.

To improve the amount of information of the mechanical behaviour pro-
vided by the uniaxial tensile test, biaxial hydraulic bulge tests were performed,
since with this test it is possible to achieve higher experimental values of
plastic deformation [18, 19].
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Table 1 Mechanical properties of the three dual phase steels, along rolling direction

Property Material

DP500 DP600 DP780

Yield stress—Rp0,2
[MPa]

356.5 416.1 526.2

Ultimate tensile
strength—Rm [MPa]

544.8 630.9 843.1

Uniform
elongation—eu [%]

18.2 16.4 12.5

Total elongation—et
[%]

29.5 27.1 17.9

Fig. 1 True stress-strain curves for different loading directions: a DP500; b DP600; c DP780

A tactile mechanical device [20] was used to measure fundamental variables in
order to obtain the biaxial stress-strain curve evolution, based on the membrane
theory. The measuring system is calibrated before each test, to ensure repeatability
and accuracy of data acquisition [21]. The experimental bulge tests were performed
using circular samples with 250 mm of diameter, at a pressure increment of 1 bar/s.

The obtained results of the hardening biaxial stress-strain curve for each dual-
phase steel using the hydraulic bulge test are shown in Fig. 2.
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Fig. 2 Obtained biaxial stress-strain curves from hydraulic bulge test: aDP500; bDP600; cDP780

Taking into consideration the hardening stress-strain curves from tensile and biax-
ial bulge tests and assuming that both have the same plastic work to deform the
material, it is possible to transform the biaxial data into an equivalent curve, because
they may not be coincident (different deformation spaces).

Such transformation enables the combination of the hardening curves by includ-
ing the converted bulge data in the equivalent stress-strain curve. This will allow a
better identification of the constitutive law parameters that reproduce the mechan-
ical hardening behaviour, which will be used as an input in numerical simulation.
The biaxial stress-strain curve conversion into the equivalent stress-strain curve is
based on the equivalent plastic work per unit of volume, considering as well the
incompressibility of material [22, 23].

The extendedhardening stress-strain curve using the converted biaxial is presented
inFig. 3, for eachdual phase steel under study, aswell as, the correspondinghardening
curve representation by the combined Swift-Voce law. The identified parameters of
the constitutive model are presented in Table 2.

It is can be observed that implementing such methodology, there is a good con-
tinuity for the extension of hardening curve based on bulge test, for the dual-phase
steels. The obtained results show also that experimental curve and Swift law evolu-
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Fig. 3 Equivalent stress-strain curves using the converted biaxial bulge data and corresponding
Swift-Voce law hardening predictions: a DP500; b DP600; c DP780

Table 2 Identified Swift-Voce law parameters using the combined tensile and bulge test data

Material σ � α[K (ε0 + ε)n] + (1 − α) · [A + B(1 − e−C ·ε)]
α K ε0 n A B C RSME

DP500 0.080 5403.7 −0.0001 0.228 283.7 120.7 12.10 0.32

DP600 0.401 1666.6 0.0013 0.203 124.1 124.1 15.72 0.40

DP780 0.546 1942.3 0.0011 0.103 −72.3 298.3 30.10 0.36

tion present a similar tendency, thus giving evidence to an accurate modelling of the
hardening behaviour of these materials.

Lankford coefficients (anisotropy r-values) were also evaluated and measured,
for the same angles relative to the rolling direction used in tensile test. Table 3
presents the obtained r-values and Fig. 4 presents the corresponding evolution with
the angle relative to rolling direction for eachmaterial, basedonHill’48yield criterion
prediction.

Two distinct behaviours can be observed from r-value evolution curves, where the
DP600 and DP780 show a similar tendency, having the last one the highest r-values
for all the analyzed directions. The anisotropic coefficient at 45° relative to the rolling
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Table 3 Lankford coefficients of dual-phase steels obtained from different angles relative to rolling

Material r0 r45 r90 r̄ �r

DP500 1.02 0.87 1.20 0.99 0.23

DP600 0.62 1.03 0.80 0.87 −0.32

DP780 0.70 1.05 0.88 0.92 −0.26

Fig. 4 Evolution of anisotropy coefficients along different angles to rolling direction

direction has a lower value for DP500, while for DP600 and DP780 steels it has a
higher value than the other two directions.

3 Deep Drawing Cylindrical Cup Test

In order to determine the limit drawing ratio and evaluate the drawability of the dual-
phase materials, experimental deep drawing cylindrical cup tests were performed
using a hydraulic testing machine, as shown in Fig. 5a. The tool setup is composed
by four parts: a die, a flat blank holder, a cylindrical punch and a stopper. The punch
has 60 mm of diameter while the die diameter is 62.4 mm and the radius is 10 mm
(Fig. 5b).

The sheet metal blank is circular and different initial diameters were defined
in order to determine the critical drawing diameter for each material. The minimum
blank diameter is 105mm and increments of 10mm in blank diameter are considered
up to the maximum diameter of 135 mm.
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Fig. 5 a Deep drawing cylindrical cup experimental setup; b tool dimensions in mm

Table 4 Experimental conditions of deep drawing cylindrical cup tests

Environmental temperature 24 °C

Humidity 60%

Specimen diameters 105, 115, 125, 135 and additionally 130 mm

Punch speed 5 mm/s

Blank holder force 75 kN for 105 mm and 175 kN for 135 mm

Lubricant conditions 15 g/m2 of oil (FERROCOAT N6130)

A stopper ring was produced from the same sheet material of the blank (same
thickness) and the purpose is to keep a minimum gap between blank holder and die
thus preventing or minimizing ironing of blank flanges at the final stage of deep
drawing. To reduce the friction forces between the blank and tools contact surfaces
during the experimental tests, a lubricant was applied to both sides of the circular
blank.

The corresponding experimental conditions of the current study are presented in
Table 4.

3.1 Limiting Drawing Ratio

Limiting drawing ratio (LDR) is defined as the ratio (Eq. 1) between the highest
circular blank diameter (Dblank max ) that can be drawn into a cylindrical cup without
fracture and the selected punch diameter

(
Dpunch

)
.

LDR � Dblank max

Dpunch
(1)

Different methodologies can be used to determine the material limiting drawing
ratio. One method is drawing a number of cups, increasing the drawing ratio by
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Fig. 6 Drawing force as a function of blank and punch diameter ratio

Fig. 7 Cylindrical cups obtained forDP780material using a blankdiameter of 105, 115 and125mm
(left to right, respectively)

small amounts until the limiting drawing ratio is reached. Another method is using
the maximum obtained drawing punch force for each defined blank diameters, as
presented in Fig. 6.

The last method was used since a lower number of experiments is needed to
determine the critical blank diameter. The criterion to obtain the LDR is to plot
the maximum drawing force as a function of the ratio between blank and punch
diameters, as well as, the maximum force attained when fracture occurs.

It is expected that the required force to draw a cup increases linearly with blank
diameter until the critical value is exceeded. A horizontal line represents the maxi-
mumattained punch forcewhen fracturewill occur and the intersection point between
the two lines indicates the limiting drawing ratio of the tested material.

For the first three initial blank diameters (105, 115 and 125 mm) a fully drawn
cup (Fig. 7) was successfully obtained for each dual-phase steel.

The experimental evolution of punch force during the cup draw was measured, as
well as, the corresponding displacement for each material and for each defined blank
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Fig. 8 Punch force evolution with displacement of each dual-phase steel for the blank diameters:
a 105 mm; b 115 mm; c 125 mm

diameter. The obtained punch force versus punch displacement curves are shown in
Fig. 8.

As seen, all the punch force versus displacement curves show a similar behaviour,
whereinDP780 needs a higher punch force in this drawing operation, due to its higher
strength, as expected.

When the blank diameter is increased from 125 to 135 mm, it is not possible to
draw a cup and fracture occurs near to the punch radius. To reduce the range where
the critical diameter would be, the initial blank diameter was decreased from 135 to
130 mm and the same result of fracture was obtained, as shown in Fig. 9.

This means that the limiting drawing blank diameter should lie between 125 and
130 mm. The corresponding force versus displacement curves plotted for each blank
diameter, are presented in Fig. 10.

Taking into account the punch force as a function of displacement curves for
every case, a linear regression is fitted to the maximum punch force of the fully
drawn cups, which intersects a horizontal line that corresponds to the maximum load
of fracture experiments. The intersection point gives the limiting drawing ratio of
the material. Figure 11 presents the obtained drawability limits based on the deep
drawing cylindrical cup test for each dual-phase steel.
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Fig. 9 Fracture experimental cases when the critical blank diameter was exceeded (DP780 using
the blank diameters of 135 mm and 130 mm, left to right, respectively)

Fig. 10 Punch force evolution with displacement of dual-phase steels for the blank diameters: a
130 mm; b 135 mm

As mentioned by ASTM E517 standard [24], the average normal anisotropy, r̄
parameter, is considered a measure of material drawability. With this in mind, it is
possible to observe that the DP500 shows a higher limiting drawing ratio (LDR�
2.15), when compared to other DP steels (2.08 for DP600 and 2.09 for DP780),
which is consistent with the higher value of planar anisotropy.

3.2 Earing Profile

Another evaluated result was the earing profile of the cups. The ear height was
measured taking as reference the flat bottom of the cup, for five different angles
relative to the rolling direction (0°, 22.5°, 45°, 67.5° and 90°). For this analysis and
comparison the blank diameters of 105 and 125 mmwere selected. As a complement
and for a better understanding of the earing profile results, the difference between
the minimum and maximum height values were also plotted for each diameter and
material.
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Fig. 11 Maximum drawing force as a function of blank and punch diameter ratio: a DP500; b
DP600; c DP780

Fig. 12 Earingprofile ofDP500 for 105 and125mmblankdiameters:a total ear height;bdifference
between maximum and minimum values

From Figs. 12, 13, 14 the obtained height of cup ears are presented, for each
defined direction and material.
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Fig. 13 Earingprofile ofDP600 for 105 and125mmblankdiameters:a total ear height;bdifference
between maximum and minimum values

Fig. 14 Earingprofile ofDP780 for 105 and125mmblankdiameters:a total ear height;bdifference
between maximum and minimum values

DP500 shows a lower ear height for 45° relative to the rolling direction for both
drawing diameters, but the other two materials show a higher value for the same
angle. This behaviour is related with the anisotropy coefficient evolution, where the
DP600 and DP780 have a similar tendency as opposed to the DP500.

Being considered the planar anisotropy (�r) a measure of tendency to form ears in
the cylindrical cup flange along the direction of the higher r-value [24], the obtained
results show a good agreement with the experimentally obtained planar anisotropy
coefficients for each material. The DP500 steel has the highest ear height at 90°
relative to the rolling direction, while the both DP600 and DP780 have the highest
ear at 45°.
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Fig. 15 Numerical model of the cylindrical cup test

3.3 Numerical Simulation—FEM

To evaluate the mechanical characterization of dual-phase steels used in this
work, a numerical explicit analysis of the deep drawing cup was performed using
Abaqus/Explicit (Dassault Systèmes Simulia Corp., Providence, RI, USA) code. A
3D finite element model was created, defining only ¼ of the experimental setup of
the cylindrical cup test (Fig. 15), due to symmetry.

The toolsweremodelled as rigid analytic surfaces and the blankwas discretized by
deformable eight node solid elements with reduced integration (C3D8R type from
Abaqus Library). The interaction between surfaces was established by a constant
friction coefficient of 0.05. As for the material mechanical modelling, the sheet
blank is defined with an elasto-plastic behaviour, using the Hill’48 yield criterion
and an isotropic hardening defined by the constitutive model already presented in
Sect. 2.

Figure 16 presents the evolution of the punch force versus displacement during
forming process where experimental data and numerical results are compared.

It can be observed that the evolution of punch force predicted is very close to the
experimental punch force. These results show that selected hardening law follows
an appropriate description of material behaviour. Although, the attained maximum
punch in numerical simulation for the DP500 material is similar to the experimental
evidence, in case of DP600 the numerical punch force prediction is a little bit lower
and higher for the DP780.
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Fig. 16 Comparison of experimental and numerical punch force versus displacement evolutions
for a blank diameter of 125 mm: a DP500; b DP600; c DP780

As mentioned in [25] the predicted punch force evolution is very sensitive to the
friction conditions, which can increase or decrease the maximum punch force, as
well as, the initial slope of the evolution punch force. One other hand, the punch
force evolution is not very sensitive to the selected yield criterion under this drawing
operation and material.

The earing profiles for each material (Fig. 17) show a higher difference between
experimental values and numerical predictions. Although the numerical evolution
behaviour of the ears from 0º to 90º relative to the rolling direction is similar to the
experimental data, the amplitude between maximum and minimum height ear values
(Table 5) is higher.

Table 5 Difference [mm] between maximum and minimum ears height of 25 mm blank diameter
for experimental and numerical results

DP500 DP600 DP780

Experimental 1.8 1.4 1.9

Simulation 4.54 6.55 4.87
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Fig. 17 Comparison of experimental and numerical earing profiles for blank diameter of 125 mm:
a DP500; b DP600; c DP780

The effects of the yield surface on the ear height distribution are quite significant
under the deep drawing operation, meaning that an adequate and accurate description
of yieldingbehaviour of thematerials is needed in numerical simulation of sheetmetal
forming processes.

4 Conclusions

In this paper, three different dual-phase steels grades (DP500, DP600 and DP780)
were selected and studied for formability analysis and limiting drawing ratio determi-
nation. The dual-phase steel DP780 shows a higher strength due to the high content
of martensite phase, but it presents a lower ductility when compared to DP500 and
DP600 steels. The combination of tensile test data and hydraulic bulge test results
proved to be an approach that allows the improvement and an accurate hardening
behaviour reproduction using constitutive models, for higher plastic strain values
based on experimental data.
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The use of deep drawing cylindrical cup test allowed the determination of the
limiting drawing ratio for selected materials, having the DP500 the higher limit
(LDR�2.15), followedby theDP780 (LDR�2.09) andDP600 (LDR�2.08). These
results show a good correlation with the measured experimental anisotropy coeffi-
cients, in which the planar anisotropy is higher for the DP500 steel. Earing profile
predictions using numerical simulation show a greater amplitude for different angles
relative to the rolling direction when compared with experimental points, meaning
that some improvements should be considered on material characterization and the
choice of yield criteria.

Regarding the numerical finite element modeling, further studies will include the
analysis of thickness distributions in cups wall, as a complement for a better selection
of the material yield criteria, and the implementation of damage models to predict
the fracture occurrence. Other models to describe the friction between the contact
surfaces will be also considered, since it shall play a role on obtained numerical
results.
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Characterization and Formability
Analysis of a Composite Sandwich
Metal-Polymer Material
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Abstract In recent years, extensive research was carried out on the development at
lightweight materials, combining metals with polymers, so-called composite sand-
wich metal/polymer materials, in order to face the safety and environmental require-
ments. These materials are composed by metal sheet skins with reduced thickness
and a polymer core.However, the combination of steelwith othermaterials poses new
challenges, due to their new or different behavior and non-homogeneity of deforma-
tion, needing also a different approach to material characterization and formability
analysis. This contribution presents the issues concerning material characterization
and behavior for this kind of materials in addition to using and proposing appropriate
approaches for traditional testing methodology. Fundamental mechanical character-
ization is obtained by using, not only the uniaxial tensile test, but including also
hydraulic bulge test. Formability characterization for this hybrid material includes
hole expansion tests and deep drawing Erichsen test, being also discussed the ade-
quacy and differences between homogeneous and compositematerial results. Numer-
ical simulations were performed to study the influence of tool geometry during the
hole expansion test. For the HET to be adequate for both of types of materials, het-
erogeneous hybrid material and homogenous metal sheets, the increase of the die
or punch radius dimensions demonstrated to be the best option to get the material
formability behavior without compromising the adequacy of selected tests.
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1 Introduction

New and demanding global standards for vehicle safety, fuel economy and green-
house gas emissions, due to the current environmental concerns, are the newparadigm
for the transportation industry. This framework has been the opportunity for the intro-
duction of new materials, research and development of new solutions that will help
meet the imposed challenges and to balance between performance, safety and energy
efficiency [1, 2].

One of these solutions, with practical interest and receiving great receptivity,
is the use of hybrid materials, which have metallic skins, aluminum or steel, with
a core that can be constituted by a metallic foam or alternatively by a polymeric
core. The latter is also referred as a metal/polymer sandwich composite. Initially,
these materials were used in automotive components with the main objective of
reducing interior noise and vibration in the passenger compartment [3], due to
their excellent passive damping capacity [4]. This type of material has also very
high specific strength, being composed of metal sheets with reduced thickness
and a polymer core. Due to their good characteristics and mass production capa-
bility, the use of thermoplastics combined with metallic materials offers advan-
tages in the manufacturing of components by combining the high strength of the
steel with the low weight of the plastic [5], allowing high flexural strength [6]
and energy absorption [7].

The main advantages of sandwich composites are the excellent stiffness/weight
or strength/weight ratio, ease of production and when developed for this purpose,
excellent ability to absorb vibrations and noise [8]. However, current data on their
formability are not sufficiently known [9], since the properties and behavior of the
composite materials in metal/polymer sandwich may vary according to the thickness
of the layers, chosen metal materials or even its manufacturing route.

The formability of metallic materials is an important feature in stamping pro-
cesses. Tests used to identify such properties include the standard hole expansion test
or the Swift test. However, the use of this test to characterize non-conventional mate-
rials, with new behaviors, non-homogeneity of deformation, poses new challenges in
its applicability, due to being defined to the characterization of homogeneous mate-
rials. Therefore, the previous type of tests were considered for this selected kind
of non-homogenous material in order to understand the limits and possibilities of
current standard tests. Additionally, numerical simulations and models were used to
complement and study the influence of testing variables, in order that more adequate
testing methods can match with these “new” hybrid materials.
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2 Material Characterization

In this section, experimental results are presented for the sandwich composite mate-
rial, composed by two interstitial free steel metal skins with 0.3 mm thickness and
a polymeric core (polyamide combined with polyethylene) with 1 mm thickness, as
shown in Fig. 1.

Table 1 presents the properties for themetal/polymer sandwich compositematerial
given by the material supplier.

2.1 Tensile Test

In order to determine the mechanical behavior of the material and the fundamental
corresponding constitutive model parameters reproducing such behavior, uniaxial
tensile tests were performed according to the ASTM E8 M standard [10]. To ensure
the repeatability of results, at least three experiments for each material and direction
were carried out. Itwas taken into consideration the loading direction along the rolling
direction of the skin sheets, being the experimental conditions shown in Table 2.

Fig. 1 Hybrid material
composed by a steel skin and
polymeric core

Table 1 Mechanical
properties of the
metal/polymer sandwich
composite material

Property Metallic sheets Polymeric core

Yield strength
[GPa]

210 0.98

Poisson coefficient
ν

0.3 0.38

Density [kg/m3] 7800 1000

Thickness [mm] 0.3 (2×) 1

Table 2 Experimental
conditions for uniaxial tensile
test

Property Value

Width of specimens [mm] 12.5

Loading direction 0º

Test temperature [°C] 26º

Relative humidity [%] 64

Test velocity [mm/min] 5
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Fig. 2 Force versus elongation curve for the composite sandwich material along the rolling
direction

Fig. 3 Detail of the fracture zone of the hybrid material

Figure 2 shows the force versus elongation curve, obtained from the tensile test
for this composite sandwich metal/polymer material.

The plastic deformation capacity of the core is far more superior than the metal
sheet skin, since the steel reaches the fracture while the plastic is still keeping its
integrity, as seen in Fig. 3.
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Fig. 4 Force versus elongation curve for the steel skins along the rolling direction

Table 3 Mechanical properties for the sheet skins of the composite metal/polymer material

Direction Yield stress Ultimate tensile
strength

Total elongation

0º 334.4 MPa 458.9 MPa 27.6%

The determination of the actual stress-strain curve of sandwich composites is
based on the mixing rule, considering the volume fractions for each constituent of
the material [11]. However, since it is a sandwich structure in which the constituent
materials have a very high elastic modulus differential for elastic modulus and plastic
behavior (≈198%), the determination ofmechanical properties of the aggregate (steel
skins and plastic core) cannot be directly obtained.

Therefore, it is necessary to follow a different methodology to obtain the behavior
of the material. The strategy followed herein was to separate the two outer skin steel
sheets [12, 13] and to perform the tensile test for each of the steel sheets. Figures 4
and 5 show, respectively, the force versus elongation and true stress versus true strain
curves for the steel sheet skins. The experimental conditions for tensile tests of the
skins sheets are the same as those of the composite material, Table 2.

The mechanical properties obtained with the uniaxial tensile test of the steel skins
of the sandwich material, such as yield stress

(
Rp0.2

)
, ultimate tensile strength (Rm),

total elongation (et) along the rolling direction, are presented in Table 3.
Thematerial at the core of the composite sandwichmaterial is a complexmaterial,

and there is no data available in the literature allowing its characterization. In order
to determine its behavior, it is considered that there is an equal distribution of the
strains, both in the steel skins and in the core, (εtotal � εskins = εcore). Accordingly,
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Fig. 5 True stress–strain curve for the steel skins obtained from uniaxial tensile test

Fig. 6 Drawing force as a
function of blank and punch
diameter ratio

the static balance ensures that the total force resulting from the application in the
material is equal to the sum of the forces acting on both the skins and the core (Ftotal
�Fskins=Fcore) [14], as shown in Fig. 6.

It is assumed that the core material is homogeneous and isotropic, in which the
corresponding properties are unknown.With the application of the proposedmethod-
ology, it is possible to use experimental data from the tensile test of the aggregate
material and its skins to obtain the force versus elongation evolution curve of the
polymer core. Thus, the force differential between the two curves (Fig. 7) corresponds
to the behavior of the core material.
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Fig. 7 Force versus elongation curves, skin and sandwich material (skins+polymer material)

Fig. 8 Force versus elongation curve for the polymeric core

Figure 8 shows the obtained curve, which reflects the behavior of the polymer
core during the uniaxial tensile test, obtained by previously described methodology.

From this Fig. 8, it is possible to see the corresponding yield stress of the core
material, which is a lower value (39 MPa), when compared to steel skins (334 MPa).
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Fig. 9 Hydraulic bulge test scheme and corresponding tool dimensions [17]

2.2 Hydraulic Bulge Test

The hydraulic biaxial expansion test is of great importance when performing of
mechanical characterization of sheets. Although it is well established in the con-
ventional characterization of sheet metal, where higher values of plastic strains are
obtained compared to the uniaxial tensile test, there are few studies about its use in
the case of sandwich materials [15] and also for metal sheets with thicknesses less
than 0.4 mm [16].

The experimental system used to perform the hydraulic biaxial expansion test
consists of a set of tools, a hydraulic unit and a mechanical device to measure the
experimental data needed for stress/strain determination [17]. The tool set includes
a die and a blank holder, which restrain the specimen by means of a drawbead, and
prevents any oil leakage during the process (Fig. 9).

The die used in this test has a nominal diameter of 150 mm and a die radius
of 13 mm. The measurement system was calibrated before each test to ensure the
accuracy and reproducibility of the measured values [18]. The test was performed
with a pressure increment of 1 bar/s using circular blanks of 250 mm diameter.

Obtaining the stress and biaxial strain through the experimental data acquired by
the hydraulic biaxial expansion test is usually performed by using membrane theory.
As the ratio between the thickness of the sheet metal and the diameter of the die is
low, the bending stresses are ignored in membrane theory and therefore σ3 is zero. In
this way it is possible to establish a relationship between the stresses, plate thickness
and hydraulic pressure by the following expression:

σb � p · ρ

2 · t (1)
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Fig. 10 Biaxial tensile-strain curve considering only the steel skin

where p is the hydraulic pressure, ρ is the radius of curvature of sheet mid surface
and t is the material thickness at the pole.

The thickness at the pole is determinedusing the biaxial strain, assuming a constant
material volume. To obtain the biaxial strain (Eq. 2) the expansion of a circle is
measured, in which its initial diameter

(
Dst0

)
will increase during the test (Dst) up

to the fracture of the specimen. Therefore, strain can be calculated by:

εb � ln

(
Dst

Dst0

)
(2)

For this measurement, an extensometer included in the mechanical device is used,
which follows deformation and the expansion of the material [19, 20].

Figure 10 shows the biaxial stress-strain curve obtained for the steel sheets skins
of the hybrid material.

Themembrane theory cannot be applied to the composite typeofmaterial, because
it is not homogeneous and therefore the determination of the biaxial tensile-strain
curve can not be obtained by direct application of the theory.

However, it is possible to compare the behavior of the steel skin with the hybrid
material by analyzing the evolution of the pole height (variable measured during the
test) with the hydraulic pressure. The curves are shown in Fig. 11.
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Fig. 11 Pole height evolution with hydraulic pressure, for hybrid material and also for steel skin

(a) Sandwich composite material (b) Steel skin

Fig. 12 Detail of the fracture zone of deformed specimens in the hydraulic bulge test

Both the specimen of steel skin and specimen of sandwich material show fracture
which occurred during the process. However, due to the reduced thickness of the
sheet metal (0.3 mm) and the applied hydraulic pressure, after the breakage of the
material in the pole, the fracture zone propagates along the spherical cap of the
deformed specimen, as shown in Fig. 12.
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Fig. 13 Erichsen test: dimensions of the tools and the specimen

3 Formability Tests

Sheet metal forming processes have a significant importance in the production of
metallic components. Frequently, thematerials used in these processes have a limited
formability, which requires an understanding of the deformation processes and the
factors that limit such deformation.

The formability of a metallic material is the ability of a given metal blank to be
plastically deformed in order to get the desired shape and tomaintain it after forming,
preserving its structural integrity and not exhibiting buckling, cracking, excessive
thinning, among other defects [21]. Formability is a function of variables such as
material properties, forming tool geometry, lubrication conditions, press speed, and
the restrained conditions imposed by the blank holder pressure [22, 23]. As the
automotive industry increasingly tends to use high strength steels due to increasing
safety and environmental regulations, the likelihood of appearance of formability
problems increases. Thus, in order to take advantage of all the capacity of a material
to deform, it is important to know its limits of the amount of strain, thus avoiding
defective parts or even breakage of the material in the forming process.

3.1 Erichsen Test

Erichsen test represents one of the formability tests selected for this study. In this
test the sheet blank is fixed between a die and the blank holder, being deformed
by a hemispherical punch. The punch has a spherical diameter of 20 mm and the
specimens are 90 mm2, as shown in Fig. 13. The stopping criterion consists in the
appearance of a crack or fracture during deformation of the material [2].

Experimental tool set-up used for the Erichsen test is shown in Fig. 14. The
experiments were performed on a manually operated mechanical machine.
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Fig. 14 Erichsen test: tools and machine used to perform the test
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Fig. 15 Deep drawing Erichsen test results for different friction conditions (yp—punch stroke)

The test was performed for different conditions, dry, oil and Teflon with 0.55 mm
of thickness and the obtained geometries are presented in Fig. 15.

A closer view is presented in Fig. 16 and it is possible to observe the fracture on
the external skin of the material.

In the contact area between sheet blank and punch it is visible a zone of fric-
tion which can be reduced by the application of oil lubricant and Teflon. However,
the fracture always occurred in the upper material skin for the considered contact
conditions.
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Fig. 16 Location of the crack on the outside view of the specimens provided from the Erichsen
test

Although the friction conditions could affect the obtained results, the punch
displacement needed to reach the material forming limit is quite similar. Taking
into account these results, the Erichsen test shows being suitable for the composite
sandwich metal-polymer material, since the formability limits can be obtained and
detected as in case of homogeneous materials.

3.2 Hole Expansion Test—KWI

The KWI (Kaiser Wilhelm Institute) flat test, proposed by Siebel and Pomp [24],
consists in deforming a metal sheet having a circular hole, by using a cylindrical flat
head punch, as shown in Fig. 17. The sheet is centered with the punch and restrained
between the die and the blank holder. The test stops when a crack starts at the edge
of the hole [2].

The KWI test (Fig. 18) allows the determination of the maximum circumferential
deformation at external fibers of the hole at fracture.

The hole expansion ratio, Eq. 3, is a key indicator to evaluate stretch flanging
performance of steel sheets, which is usually obtained by hole expansion tests.

HER(λ) � D f − Di

Di
× 100% (3)
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Fig. 17 Hole expansion test—KWI: dimensions of the tools and specimen

Fig. 18 Hole expansion test—KWI: tools and machine used to perform the test

where, D f is the final diameter of the hole and Di the initial diameter of the hole.
The results obtained in the hole expansion tests are generally sensitive to edge

quality [25], the material thickness, the position of the burr relative to the punch,
the mechanical properties, among other variables. In hole expansion tests, as in the
uniaxial tensile tests, the surface near the hole is under uniaxial loading, since no
more material on the outside exists and transverse stresses are in evidence.

To simulate different experimental conditions, the hole edges of blanks were
obtained using different procedures: drilled, punched, drilled and bored. Figure 19,
presents the results for these different edge conditions.

For the drilled specimen it is evident the crack visible in the edge of the hole. This
is the typical result of this test. However, for the other conditions (punched, drilled
and bored) the major crack occurs close to the die radius, as shown in Fig. 20.
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Drilled Punched Drilled and bored
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Fig. 19 Hole expansion test—KWI results for different edge quality (yp—punch stroke)

(a) Punched condition (b) drilled and bored condition

Fig. 20 The location of the fracture for KWI hole expansion test

For a good edge quality condition (drilled and bored) this specific test shows not
being adequate, since fracture occurs in a non-visible location, corresponding to the
steel skin layer from the punch side. As a consequence, in this case it is not possible
having control on the stop criterion for this test, since the crack appearance or fracture
is not visible.

In order to get a better understanding of this experimental occurrence a numerical
analysis has been performed, which is the contents of the next section.
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Fig. 21 Numerical model with blank and tools (punch, die and blank holder) for KWI test

4 Numerical Simulation—FEM

In this section, a numerical model has been developed for KWI test, aiming at getting
details onmaterial behavior for this kind of loading conditions, besides being possible
to perform some sensitivity analysis on geometric variables of punch and die, so that
KWI test could be adequate for formability analysis of hybridmaterials under current
study.

The numerical model was created for hole expansion KWI test using a 3D finite
element (FE) explicit model and Abaqus/Explicit code. Due to the symmetry of the
experimental tool system and material properties, only one-quarter of the real setup
was considered, as shown in Fig. 21. The imposed boundary conditions allow the
axial displacement of punch, while die and blank holder have encastre type boundary
conditions with every displacement and rotation restricted.

Regarding the blank mesh discretization, eleven layers of deformable four node
solid elements (C3D8R type fromABAQUS® Library) were used, in which the blank
partitions represent the layers of material (steel skin+polymeric core+steel skin),
as presented in Fig. 22. The tools (punch, die and blank holder) were modeled using
analytic rigid surfaces.

To model the plastic hardening behavior of the blank, the constitutive Swift law
was adjusted and considered for both layers (steel skin and polymeric core). The
corresponding parameters were identified based on the hardening behavior of the
steel skin sheets, shown in Fig. 5, as well as the polymeric core characterization.
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Fig. 22 Definition of layers and discretization implemented in the numerical model, in order to
represent the sandwich material

Table 4 Mechanical properties for the sheet skins of the composite metal/polymer material

Swift law: σ � K · (ε + ε0)
n

Material K ε0 n

Skin 747.04 0.0151 0.188

Core 56.1 0.006 0.068

Fig. 23 Steel skin and polymeric core hardening behavior using Swift law identified parameters

Table 4 presents the obtained parameters of Swift law and Fig. 23 the flow stress-
strain curves.

4.1 Numerical Results

For an accurate analysis and evaluation of the obtained numerical results, a first FE
simulation was performed using the same experimental conditions and tool (punch
and die) geometries (Fig. 24a). The aim of such simulation is the validation of the
developed and implemented numerical model, as well as, the use of a reference result
for further analysis.
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rp = 5 mm; rd = 1 mm rp = 5 mm; rd = 2 mm rp = 8 mm; rd = 1 mm

(a) (b) (c)

Fig. 24 Numerical simulations proposed for sensitivity analysis of die and punch geometries

Fig. 25 Experimental specimen and the equivalent plastic strain obtained from FE analysis

As sensitivity analysis, two geometric variables were selected and tested: die
radius and punch radius, both of them aiming at promoting the facture to occur on
the hole edge during its expansion.

As for die radius (rd), its value was changed from 1 to 2 mm (Fig. 24b), in order
to increase the contact area in the blank and consequently reducing the localized
pressure.

Concerning the punch radius (rp), its value was increased from 5 to 8 mm, in order
to allow a better material flow in the cylindrical punch head, while the hole expands
during the forming process.

Figure 25 presents a comparison between the deformed experimental specimen
and the corresponding numerical geometry with contours of equivalent plastic strain
from FE analysis. This result corresponds to tool geometries shown in Fig. 24a,
which are the standard experimental conditions. As seen, the maximum equivalent
plastic strain is attained at the die radius, on the inner steel skin layer (punch side
steel layer), which is the same location where the experimental fracture occurs.

As mentioned by other researchers [26, 27], the deformation path of hole edge is
characterized by a pure uniaxial tensile state (ε1 � −2ε2). Considering the principal
strain space, the constant plastic work evolution curve represents the equivalent
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Fig. 26 Influence of die radius dimension in hole expansion test, by the numerical simulation

Fig. 27 Influence of change the punch radius for 1–2 mm

plastic strain. The intersection point of such curve with the linear path of the tensile
test, gives a similar value than the one obtained in numerical simulation. Thus,
the equivalent plastic strain variable can be used as a fracture criteria for the hole
expansion test.

In this test (KWI) it is expected that a hole is expanded by adjacent material in
a flat condition, as opposed to other HET (Hole Expansion Tests) [25, 28] in which
the hole is expanded by a direct contact with a conical punch. The fracture being
at die radius means that under these conditions, deformation and strain limits are
not promoted at the right location (hole edge). Therefore, die radius (rd) is inves-
tigated and changed from 1 to 2 mm, as seen in Fig. 24b. Corresponding results
are presented in Fig. 26 (right side), being also presented, for comparison, previous
results with rd � 1 mm (left side).

As seen in Fig. 26, the maximum plastic strain was obtained in the hole edge, as
expected, which promotes the strain limits at the hole and being possible to control
the stop criterion, since cracks are now visible.

Besides die radius, also punch radius was investigated and changed from 5 to
8 mm, as seen in Figs. 24c and 27 shows the obtained numerical results.
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When the punch radius increases from 5 to 8 mm, the deformation is concentrated
in the edge of the hole, which promotes the fracture at the right location. This geo-
metrical change shows that a better relative sliding exists, between the punch head
and the inner steel skin. Moreover, the attained maximum equivalent plastic strain
has similar maximum values to those obtained in the previous analysis of changing
the die radius.

Results show that the KWI test can be used to perform testing of formability
behavior in hybrid materials and the geometry modifications of die radius or punch
radius, from standard dimensions, can be done in a simple way, thus permitting
limiting strains at the edge of the hole and being possible the visibility of cracks for
a stop criterion in this test.

5 Conclusions

The use of hybrid sheets made of different materials poses new challenges, not only
in the forming processes but also in the traditional mechanical characterization.

A methodology was presented for the experimental characterization of an
advanced hybrid material based on the separation of material constituents. This
methodology allows the possibility of an individual characterization of the metallic
skins and the polymeric core, as well as, their overall behavior. This information
is important for an accurate determination of constitutive model parameters and
the corresponding use in the numerical modeling of sheet metal forming processes
involving this type of material.

Additionally, formability tests were performed in order to evaluate and assess the
material at different loading conditions. The deep drawing Erichsen test shows to be
adequate to determine the composite sandwich metal-polymer material properties.
On the other hand, the hole expansion KWI test promotes prematurely the fracture
on the skin layer from the punch side, not being possible to control the stop criterion.

Numerical simulations ofKWI test permitted reproducing and predicting the same
results as obtained by experiments. As a complement, sensitivity analysis on die and
punch geometries showed that modifications on die radius or punch radius can be
the solution to KWI test being completely adequate to testing formability behavior
on hybrid materials.
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Study on Forming Tool Module
with Variable Stiffness Blank-Holder
for Applications in High Strength Steel
and Laser Welding Parts

C. Faria, J. Magalhães, V. Blanco, N. Peixinho and S. Costa

Abstract This study presents experimental and numerical results of a development
prototype tool that includes blank-holder plates of variable stiffness. The application
is analyzed for high-strength steel parts and tailor welded blanks manufactured from
dissimilar steel grades using laser welding. A numerical model was constructed
within the Ansys software platform incorporating appropriate material constitutive
models parameters for high-strength Dual-Phase steels. The obtained results show a
positive control of springback geometries. Experimental tests were performed on the
relevant geometries. The presented numerical and experimental results constitute a
validation of a variable-stiffness blank-holder approach for this particular case study.

Keywords High strength steel · Numerical simulation · Tool design

1 Introduction

Metal forming of parts in advanced high strength steel grades must consider several
factors such as thickness reduction and elastic springback. The control of blank-
holding force in cold-forming processes is one way of addressing difficult to form
parts. Although hydraulic systems can be used, careful tailoring of blank-holder
plates in what regards their stiffness is a possible alternative. This implementation is
analyzed in the current study recurring to a numerical model and experimental tool
model of a relevant part.

Recent research in this field has identified different strategies regarding the per-
formance of forming support forces: use of elements of variable stiffness through
segmented geometry [1]; use of multi-point hydraulic actuators [2]; use of mobile
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hydraulic plates (shimming) [3]. It is also possible to consider the possibility of
controlling the support through the gap holding (BHG) [4].

The segmented geometry approachprovides simpler implementation of a variable-
stiffness blank holder. In the study by Brabie and co-authors [1] tools were analyzed
in which the forming support is constructed from two concentric rings of diameters
that can be the same or different and realized in different materials, thus allowing
to reduce the variations of thickness in components of reduced dimensions. Results
were presented of reduction of variation of thickness in 35% and reduction of defects
of 20%. In another implementation [5], based on the change in friction conditions the
forming support, spiral springs were introduced in order to reduce the friction and
facilitate the stretching of thematerial to be shaped, still allowing efficient lubrication
between the forming and its support. The authors reported quality enhancements
in the embedding of square geometry cups. The segmented geometry approach of
the cushion is recognized as being of lesser simplicity but quite dependent on the
geometry to conform, requiring a specific design. For example, in reference [6] is
presented adouble-ring shaped support of conical geometry in order to obtain variable
support force in precision-forming of components with axial symmetry. The results
allowed improvement in the quality and geometric and dimensional accuracy of the
components produced.

The intervention on blank holding forces is also of particular importance in the
shaping ofmulti-thickness sheets obtained by laser welding [7] or plates with varying
thickness obtained in the rolling process [8]. This application is increasingly used in
the automotive industry because it enables the production of optimized plate compo-
nents with varying thickness. These parts poses problems of distortion, differential
elastic return and localized fracture that can be solved with intervention at the level
of the control force of blank support [9].

2 Materials and Methods

The present study presents numerical and experimental results for a validation part
presented in Fig. 1. The analysis focus on an industrial component manufactured in
a tool with 21 modules being one of the modules object of study: a critical geometry
forming step with severe requisites in tolerances (Fig. 2).

The considered approach for the forming concept validation is illustrated in Fig. 2.
In this approach a blank-holder component of the tool is divided in two parts allowing
different materials to be used, which for validation purpose are conventional con-
struction steel and Teflon. The rational for this choice is to mix-match materials with
very different Young’s modulus hence stiffness behaviour. According to the legend
in Fig. 2 the following combinations were analyzed: full steel (SS), full Teflon (TT)
and combination of the two materials. (ST and TS).
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Fig. 1 Part (a) and tool design (b)

Fig. 2 Development forming tool module and position index of blank holders

The parts considered for this study were manufactured in high strength steel,
namely Dual-Phase steel grades that have a ferritic–martensitic microstructure
wherein a soft ferrite matrix containis islands of martensite as the secondary phase
(martensite increases the tensile strength). Such microstructure provides mechanical
properties of interest for automotive parts [10]. The following steel grades were sup-
plied by ArcelorMittal: DP1000 in 1.0 and 1.75 mm thickness and DP600 in 1.0 mm
thickness.
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Fig. 3 Finite element model

Table 1 Numerical and
experimental
material/thickness
combinations

Material Thickness (mm) Blank-holders

DP1000 1.75 SS/TT/ST/TS

DP1000/DP600
TWB

1.0 SS/TT/ST/TS

3 Numerical Model

The analysis of the manufacturing approach made use of numerical studies using the
finite element method. For that purpose, a base model was constructed using Ansys
tools incorporating the following options onmesh definition: automaticmeshingwith
local refinement (mainly hexahedron elements) further analyzed in Ansys quality
mesh metrics tools. Mesh refinement made use of vertex sizing tool with sphere
of influence region definition type achieving a minimum of 0.5 mm element size
in the main bending strain areas (Fig. 3). The contact definition included bonded
definition between blank holders and their top load transmission plate; frictional
contact between punch andmaterial to be formed aswell asmaterial to be formed and
blank holders. Theminimum value of friction coefficient was attributed to the Teflon-
steel contacts as 0.16. The geometry corresponds to the studied step in the forming
tool that details a bending operation for a specific requisite geometry. Such operation
was modelled through a displacement imposed in the tool punch of 22.57 mm. A
static load of 11,097 N was imposed in top plate connected to the blank holders
(Fig. 3) replicating the experimental conditions of the blank.holder load.

Nonlinear behaviour of the Dual-Phase steel grades was included in the model
through Ansys Multilinear isotropic hardening input options. Figure 3 presents a
numerical model highlighting the mesh geometry. The overall study cases are pre-
sented in Table 1.
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Fig. 4 Final deformed shape and stress analysis example results (DP1000, 1.75 mm)

The Tailor Welded Blank (TWB) analysis included the two analyzed materials
with DP600 in the position at larger width and DP1000 at the part tip. The weld line
position in the numerical model can be observed in Fig. 6.

4 Results and Discussion

The presented results have focused on springback behaviour relevant to the analyzed
cases. Figures 4 and 6 present an example of stress analysis and final deformed shape
for reference. Figures 5 and 7 present a geometrical analysis comparing obtained
final geometry for the various blank holder combinations regarding experimental
and numerical results.

Regarding the results presented in Figs. 5 and 7 the line indicated as “ideal”
corresponds to the desired geometry. It should be mentioned that the study tool
was designed for lower strength steel grades hence while using high strength steels
without any sort of punch/die adjustment or modification the springback effect is
augmented.

From the analysis of results of Fig. 5 it transpires that the numerical models are
capable of predicting the springback effect (negative direction) of the after-load stage
with small differential amplitude. Experimental trials put in evidence problems of
dimensional control and reveal improvements for the solution proposals with Teflon.
The influence of the blank holder in position 2 is observed namely for the best case
(TT). Numerical results are much closer amongst each other as expected and with a
less clear tendency regarding the influence of the lower stiffness material in the blank
holder parts but still presenting the TT option as the closest to the ideal geometry.
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Fig. 5 Numerical (top) and experimental springback results for different blank-holder combina-
tions (DP1000, 1.75 mm)

Fig. 6 Final deformed shape and stress analysis example results (DP600/DP1000, 1.0 mm)

Regarding the stamping process using a welded metal sheet composed by two
different AHSS (DP600 and DP1000, back and front—Figs. 6 and 7) simulations
were able to predict the overall springback effect (positive direction). The experi-
mental tests accentuate again differences in solutions. Having Teflon in position 2
demonstrates again an interesting incremental proposal for springback reduction.

The improvements observed with the positioning of the Teflon blank-holders
are associated to two factors: friction coefficient and stiffness. However, for this
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Fig. 7 Numerical (top) and experimental springback results for different blank-holder combina-
tions (DP600/DP1000, 1.0 mm)

Fig. 8 Highlight of directional deformation y of Teflon blank-holder in position 2 (DP1000;
1.75 mm TT)

particular part the friction behaviour is not as relevant due to the loading and trajectory
imposed—a simple bending solicitation without significant stretching of material.
The stiffness behaviour of the Teflon part contributes to the overall final geometry
since its deformation reduces the clamping at the highest loaded region (Fig. 8). A
maximum of 0.24 mm displacement was observed at the blank-holder extremity.

5 Conclusions

This study presented experimental and numerical results for parts manufactured in
a development prototype tool that includes blank-holder plates of variable stiffness.
The application was analyzed for high-strength steel parts and tailor welded blanks
manufactured from dissimilar steel grades using laser welding. A numerical model
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was constructed incorporating appropriate material constitutive models parameters
for high-strength Dual-Phase steels. The obtained results indicate the possibility to
influence springback behaviour through varying the stiffness of blank-holder parts in
the tool. This behaviour is attributed to the localized compliance of the blank-holder
that, in the present study case, was observed in the numerical simulations at the
bending region of higher stress levels. The presented numerical and experimental
results constitute a validation of a variable-stiffness blank-holder concept approach
for this particular case study. For industrial application, the development of ametallic
blank-holder part with similar local stiffness would provide similar results.
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