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Preface

Two years have passed after organizing the first edition of the International
Conference on Advanced Materials Mechanics and Manufacturing. The second
edition of A3M Conference is organized by the Laboratory of Mechanics,
Modelling and Manufacturing (LA2MP), National School of Engineers of Sfax,
University of Sfax, from 17 to 19 December 2018, at Hammamet, Tunisia. In the
two years between the first and second conferences, many research topics in
mechanical engineering have seen a considerable evolution both in theory and in
practice. Actually, the goal of mechanical designers becomes more easily attainable
due to accurate models and efficient decision-support tools in mechanics of mate-
rials, smart and complex system physics, and manufacturing and non-destructive
testing methods. The aim of this international conference is indeed to bring together
academic and industrial researchers to shear their knowledge, to build new rela-
tionships and to offer new opportunities susceptible to create research projects
dealing with material behaviour, characterization and simulation taking into account
their application in manufacturing.

The conference covers several subjects as following:

• Material behaviour: modelling and characterization
• Simulation
• Technologies
• Materials
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We would like to express our gratitude to the researchers and scientists who take
part in this international event as scientific committee members, plenary session
speakers, and oral and poster presenters, as well as to everybody who has con-
tributed to the success of this edition of the conference.

Hammamet, Tunisia Fakher Chaari
December 2018 Maher Barkallah

Anas Bouguecha
Bassem Zouari

Mohamed Taoufik Khabou
Mounir Kchaou

Mohamed Haddar
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Dynamical Viscoelastic Properties of Poly
(Ester-Urethane) Biomaterial for Scaffold

Applications
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Credson Langueh1, Yves Roussigné3, Florent Tétard3,
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Abstract. Biodegradable poly(ester-urethane)-based scaffolds with an elas-
tomeric character offer special mechanical properties by reducing the mismatch
of Young’s modulus between rigid thermoplastic scaffolds classically used, and
soft and dynamic tissues to regenerate (skin, tendons, muscles). In this study,
porous scaffolds had been elaborated by using a high internal phase emulsion
process with variable pores size (150–1800 lm), a porosity of 85% and suffi-
cient strength making them suitable for cell culture, tissue formation and
therefore various tissue engineering applications. The scaffold mechanical
properties were evaluated at different frequencies. Analysis by conventional
quasi-static mechanical tests (0.1 Hz) demonstrated that the scaffolds exhibited
an elastomeric character with an effective Young modulus of 165 kPa. In
addition, the determination of dynamical viscoelastic parameters was assessed at
higher frequencies (MHz–GHz) by the ultrasonic pulse echo method (10 MHz)
and micro-Brillouin inelastic light scattering (13 GHz) analysis. Our measure-
ments revealed a strong increased of the Young modulus with increasing fre-
quency and a linear correlation (log-log scale) between stiffer hypersonic (MHz–
GHz) modulus and softer low-frequency one. The slope a = 0.194 is charac-
terizing the viscoelastic behavior of this polymer. In addition, micro-Raman was
coupled to the micro-Brillouin to determine at the same location the chemical
properties of the polymer.

Keywords: Biomaterial � Poly(ester-urethane) � Scaffold � Viscoelastic �
Young modulus
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1 Introduction

The purpose of tissue engineering is to develop new materials adapted to the recon-
struction site and is based on the combination of cells inoculated into a porous
biodegradable structure (scaffolding). The evaluation of mechanical properties in
relation to the porosity of scaffolding is paramount since it has been shown that the
cells are sensitive to the rigidity and spatial structuring of their microenvironment, and
thus to the mechanical properties and the porosity of the scaffold. Therefore, they
regulate their form, proliferation, and cortical stiffness according to their adhesion
support [10]. Recently, poly(ester-urethane)-based biomaterials are increasingly being
used as they can provide scaffolds with an elastomeric character [4]. These elastomer-
type biomaterials offer special mechanical properties by reducing the mismatch of the
Young modulus between conventional rigid thermoplastic scaffolds and the soft and
dynamic tissues to be regenerated (skin, tendons, muscles), and on their ability to
recover large mechanical deformations. CSPBAT has developed new biodegradable
scaffolds based on poly(ester-urethane) (PCLU) showing their ability to support the
adhesion of mesenchymal stem cells [3]. It is necessary to characterize the intrinsic
elastic properties of these new elastomer scaffolds and understand the correlation
between the porosity of the material and its macroscopic rigidity. In addition to con-
ventional quasi-static mechanical tests, the pulse-echo ultrasonic and the micro-
Brillouin light scattering techniques analysis enabled the determination of some
dynamical viscoelastic parameters at higher frequencies (MHz–GHz) [5, 11], while
chemical properties were followed by an original coupled micro-Raman-Brillouin and
infrared spectroscopy.

2 Scaffold Elaboration and Structural Characterization

2.1 Scaffold Elaboration

Porous PCLU scaffolds were obtained through the poly(HIPE) method (High Internal
Phase Emulsion Polymerized) and characterized by determination of their density,
porosity and pore interconnectivity, as previously described [3]. In this study, the poly
(HIPE) parameters were set to obtain PCLU scaffolds with a 85.1% porosity highly
interconnected without closed voids, and a multi-scale pore sizes ranging from 600 to
1800 lm for large pore sizes, throat pore sizes as small as 150 lm and a fine porous
morphology within the pore walls (pore size below 150 lm) (Fig. 1).

For control purpose, a non-porous material was prepared in the same conditions
compared to the PCLU scaffold without the addition of water. The non-porous material
appeared to be a clear flexible polymer.

2.2 Structural Characterization

The chemical composition of the non-porous material and the porous PCLU scaffold
was monitored by Fourier-transformed infrared spectroscopy in an attenuated total
reflectance mode (FTIR—ATR), as well as by l-Raman analysis. The FTIR spectrum

2 G. Rohman et al.



of the non-porous material exhibits characteristic bands of poly(ester-urethane) material
[3]. The porous PCLU scaffold exhibits the same characteristics bands except the
presence of two bands attributed to urea –C=O groups at 1620 cm−1 and urea –CNH
groups at 1575 cm−1 due to side reaction with water during the poly(HIPE) elaboration
(Fig. 2a). As expected, the same bands were also found by l-Raman analysis (Fig. 2b).

The presence of urea moieties in the porous PCLU scaffold acts as hard segments
that may increase the scaffold modulus, therefore it is necessary to characterize the
intrinsic elastic properties of the porous PCLU scaffold.

3 Mechanical Properties

The compressive modulus and compressive strength of the porous PCLU scaffold were
measured at ambient temperature. The samples were tested in a home-made mechanical
test device with a free-volume lateral expansion (uni-axial stress mode of compression).
Cylindrical scaffolds of approximately 18 mm in diameter and 8 mm in height were
compressed in a 500 N force range and a 7 mm displacement range at a cross-head
speed of 5 mm min−1. As expected, the PCLU scaffold demonstrated a typical com-
pressive stress-strain response of an elastomeric open-cell foam (Fig. 3) [1]. At the
beginning of the stress-strain curve, the stress depends linearly on the strain. The curve
slope in that visco-elastic domain gives the effective modulus of elasticity E1* of the
porous PCLU scaffold. Then, the curve concaves downwards and it is followed by a
long elastic collapse plateau called post-buckling domain. Above a strain of approxi-
mately 60%, the strain increases rapidly since all the pores have collapsed and the
densification is reached. In the post-complete densification domain, the mechanical
properties are identical to those of the solid non-porous material. The characteristic
time for the slope measurement was *10 s defining a frequency of *0.1 Hz.

The effective modulus of elasticity E1* of the porous PCLU scaffold was found to
be 161 ± 14 kPa, which is in good agreement with the theoretical modulus calculated
using Eq. 1 (E1theo* = 165 kPa with N = 2.4) [7]:

2 mm2 mm

(a) (b)

Fig. 1 Images of the porous PCLU scaffold: a photography; b environmental scanning electron
microscope (ESEM—TM3000 Hitachi) image
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E�
1theo ¼ Enon�porous � 1� Pð ÞN ð1Þ

where Enon-porous is the elastic modulus of the non-porous material
(Enon-porous = 16 ± 2 MPa), P is the porosity of the scaffold (85.1%), and n is an
exponent value which varies between 1 and 3 depending on pore shape and orientation.

As a consequence, sufficient mechanical strength of the porous PCLU scaffold is
achieved for cell culture and ultimate soft tissue formation [2].

The longitudinal sound velocity VL was measured locally (laser spot size of a few
lm2) by the micro-Brillouin light scattering technique [5, 8] in the backscattering
geometry with a �100 objective. The wavevector modulus k of the probe bulk acoustic
wave is defined by k = 4pn/kL, kL is the incoming laser light wavelength (532 nm) and
n * 1.6 ± 0.05 the refractive index of the PCLU material. From the measurement of
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Fig. 2 Structural characterization of the non-porous material and the porous PCLU scaffold
(dotted lines indicate urea functions): a FTIR-ATR analysis; b l-Raman analysis (reduced range
is shown)
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the Brillouin frequency shift fB of the inelastic scattered light, the sound velocity VL is
calculated by VL = fBkL/2n. A typical spectrum is shown in Fig. 4 for the non-porous
material and the porous PCLU scaffold. The Brillouin frequency shift lies close to
13 GHz while their full linewidth at half-maximum are Cporous = 2140 MHz and
Cnon-porous = 1873 MHz, respectively. We measured VL = 2160 ± 110 m/s and the
related longitudinal elastic constant C = 4.8 ± 0.4 GPa. The dynamical longitudinal
viscosity (η = qCd/k

2) could be estimated from the natural linewidth (Cd) obtained after
deconvolution of the instrument linewidth (418 MHz), η * 1.3 mPa s.

These high-frequency results are higher than the ones measured by the ultrasonic
pulse-echo method with a 10 MHz longitudinal transducer, VL = 1773 ± 53 m/s and
C = 3.2 ± 0.15 GPa.

Considering a Poisson ration m = 0.425, we calculated the Young modulus for each
frequency 10 MHz (1203 MPa) and 13 GHz (1788 MPa) and plotted them with the
quasi-static result (16 MPa) in a log-log scale as a function of the frequency, in Fig. 5.
Finite relaxation time and low compressibility provide a qualitative explanation for the
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Fig. 3 Mechanical behavior of the PCLU scaffold under uni-axial stress modes of compression:
a all strain range; b low strain range
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observed large difference in modulus between the ultrasound, Brillouin light scattering
and standard quasi-static mechanical tests.

Recent rheological studies have shown that the mechanical modulus (M) of many
soft materials follows a power-law dependence on frequency (f):

M ¼ M0 � f
f0

� �a

ð2Þ

Here, M0 and f0 are scale factors for stiffness and frequency, respectively, and a is
the scaling exponent factor (a = 0 for purely elastic and 0 < a < 1 for visco-elastic

Fig. 4 l-Brillouin light scattering spectra of the non-porous (dashed line) material and the
porous (line) PCLU scaffold. The peak is the inelastic scattering of light by the longitudinal bulk
acoustic wave with a frequency shift fB * 13 GHz

Fig. 5 Young modulus as a function of the frequency (log-log scale) of the PCLU non-porous
polymer. The dotted line is log-log linear fit

6 G. Rohman et al.



materials) [6, 9]. From the best-fit in Fig. 5, we found for the Young modulus
a = 0.194 and log(E0/(f0)

a) = 2.634. We need supplementary information on the loss-
modulus or on the dynamical shear modulus G to determine separately, the scale
factors E0 and f0 [8].

4 Conclusion

Quasi-static uni-axial tests provided the effective Young modulus of porous PCLU
(165 kPa) biopolymer and of the dense one, achieving sufficient strength for cell
culture and ultimate soft tissue formation. Our measurements revealed a strong linear
correlation (log-log scale) between hypersonic (MHz–GHz) and low-frequency Young
modulus. It is attributed to the power-law scaling of modulus in frequency. The power-
law dependence in the Young modulus has been measured at frequencies up to
*10 GHz.

Acknowledgements. The authors would like to thank the Interdisciplinary Institute of Exper-
imental Sciences of Université Paris 13 for the support and allocated grants.
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Abstract. Recycling of Al 2017 alloy machining chips via powder metallurgy
route including hot compaction and sintering processes was studied. This method
was proposed in order to elaborate Aluminium products based on Al 2017 alloy
powder. To obtain desired chips with small thickness, the optimal cutting con-
ditions are applied. The chips obtained after turning operation had undergone a
milling step by varying milling times. Then, these powders were hot compacted
and then sintered at various temperatures and times. The results indicated a
decrease of particle size of 2017A alloy by increasing the milling time which
reaches 70 µm after 20 h of milling. This is due to the successive plastic
deformation which makes particles hard and brittle. By using DSC analysis, a
high level of stored enthalpy release is observed due to the milling process where
two kinds of structural changes are presented. Also, heating the deformed powder
provides the elimination or the rearrangement of some dislocations and the
release of the residual stresses stored in the powder. Then, it can be deduced that
higher densities are obtained at higher sintering parameters (t2 = 90 min,
T2 = 550 °C) which explained by particle size refinement during the milling step
and the activated phenomenon of diffusion during the sintering step.

Keywords: Al 2017 alloy chips � Aluminium recycling � Powder metallurgy
route � Microstructure � Density

1 Introduction

The use of primary Aluminium to manufacture products requires a lot of energy. This is
why recycling methods of Aluminum and its alloy in the form of chips becomes a
major issue. These chips can be recycled by conventional methods by involving re-
melting method. However, it is difficult due to their elongated spiral shape and small
size, also, the oil oxides were coated on the surface of the chip which makes the
remelted alloys not good to use. Then, it was lead to high pollution that mainly due to
the fumes and dross generated during re-melting [1]. An average between 30% and
46% of the metal is lost during the re-melting process [2, 3]. To avoid these disad-
vantages, direct conversion method of recycling Aluminium chip has been introduced
without introducing the re-melting process which was based on powder metallurgy
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technique. This method was compared with the conventional method and it has been
proved that the direct conversion method is more suitable in terms of energy con-
sumption and material saving [1]. Then, this method was used where the Al 6060 alloy
chips reinforced with Al2O3 [4] or SiC [5] are directly cold pressed and then hot
extruded. As results, they concluded that these products can lead to similar or high
mechanical properties than the use of cast Al 6060 alloy. Gronostajski et al. [6] mixed
recycled Aluminium powder with reinforcing phase to produce composite via cold
compaction and hot extrusion and the characterization of their mechanical and tribo-
logical properties showed that the use of powder as the initial material improve the
mechanical behavior of composites. Chiba and Yoshimura [7] used the hot extrusion
step to recycle cast Al–Si alloy chips and then they concluded that a higher ductility is
shown for recycled material with a reduction of around 30% in the ultimate tensile
strength compared to the primary alloy.

The possibility of recycling Al 2017 alloy machining chips obtained by lathe
turning has not been studied yet which is the aim of this study. The microstructure,
such as size, shape, and morphology of Al 2017 alloy powder during milling step with
varying milling time are examined. Then, the effect of factors related to the sintering
processes such as sintering temperature and time on recycled Al 2017 alloy are also
studied. The density of different specimens of recycled Al 2017 alloy obtained under
different milling time and cycling conditions of sintering are compared.

2 Experimental Procedure and Characterization
of Mechanical Properties

Al 2017 alloy chips were used as the starting materials. Table 1 presented the basic
elements such as Cu, Mg, and Si of the Al 2017 alloy. To obtain desired chips with a
small thickness, the cutting conditions, namely, cutting rate, feed rate, and cut depth,
are adopted during the turning operations were 200 m/min, 0.2 m/min, and 0.25 mm.

Then, the cutting process is exploited to reduce the size of chips. This latter will be
passed by milling step in order to obtain a powder with a different size as a function of
milling time with using of 0.3 ml methanol and (10:1) ball to powder weight ratio to
reach a fine powder without his stick to the ball and the container wall. After, this
powder will be hot pressed by applying 150 MPa at 200 °C for 2 h. Then, the hot
pressed samples were sintered in a furnace for different combinations with 20 °C/min
of heating. The sintering temperature and time is about 450 °C (550 °C) and 45 min
(90 min).

To evaluate the effect of the milling process, particle size and morphology of
recycled Al 2017 alloy powder and their sintered were determined using an optical

Table 1 The chemical composition of the Al 2017 alloy

Al Si Fe Cu Mn Mg

Bal. 0.66 0.27 4.01 0.64 0.57
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microscope and an image processing program «ImageJ». Differential scanning
calorimeter from room temperature to 550 °C was performed at a rate of 5 °C/min
under a pure nitrogen atmosphere in order to determine the structural changes in the
powder during the annealing process. Also, their densities were measured based on the
measurement of dimensions and weight of each sample.

3 Results and Discussion

3.1 Particle Size

Figure 1 presents OM micrographs showing the morphology of milled Al 2017 alloy
powder for different times of milling. It can be noticed that the particle size of milled
powder decreases with the increase of milling time. Because of a good ductility of
aluminum and its alloys, particularly our alloy, for short milling time (5 h), the ductile
milled Al 2017 alloy powder tend to deform and weld cold. These mechanisms are
proved by the increase in their size compared to unmilled particles. But with long
milling times (after 7.5 h), there is a decrease in the particle size. This is due to

(a) (b)

(c) (d)

Fig. 1 OM micrographs of powder a unmilled, b 5 h, c 7.5 h, d 20 h
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successive plastic deformation which makes particles hard and brittle and the fracture
mechanism will be active. Zhao et al. [8] confirmed these results when they used a
milled Al 6061 alloy particles. And for a long period of milling, Ramezani and Neitzert
[9] proved that the fracture mechanism is dominating.

An image processing program «ImageJ» is used to determine the particle size of
milled particles. This method is used by Khorasani et al. [10]. The determination of
Feret Diameter (Fig. 2) indicates the average size of particles after different times of
milling. Table 2 presented a decrease in particle size from 450 µm after 2.5 h to 70 µm
after 20 h of milling.

Figure 3 illustrates the DSC analysis for the powders milled for different periods
showing a specific heat (Cp) presented a quantity of energy released during the
annealing step. An increase in their values with the increase of milling time. This is due
to the increase in the density of dislocations according to successive plastic deforma-
tion. A wide exothermic regime is observed from 100 to 450 °C. This regime may be
attributed to the presence of the precipitation Al2Cu into Al 2017 alloy. According to
binary phase diagram (Al–Cu), this sequence with their structural change provokes an
important deformation of the matrix and then, during the annealing step, this defor-
mation is released in the form of a huge quantity of enthalpy.

In addition, Révész and Lendvai [11] and Abdoli et al. [12] explained that heating
the deformed powder provides the required activation energy for releasing part of the
elastic energy and residual stresses stored in the powder. Then, the increase of the
heating process exposed by an exothermic peak at 500 °C contributes to the generation
of the recrystallization process driving the formation of new grains and a decrease of
the free energy. These mechanisms are proved by Tellkamp et al. [13]. After 500 °C,
there is a decrease in the Cp values which can be explained by the dissolution of

Fig. 2 Schematic drawing of Feret diameter for a particle

12 M. Bhouri and F. Mzali



precipitate phases and the diminution of lattice distortion induce then a decrease of the
Cp values.

3.2 Microstructure of Sintered 2017A Alloy

Characteristic OM micrographs of Al 2017 alloy with different milling times and
different combinations during sintering are shown in Fig. 5.

The microstructure of the metal phase (bright) shows a good chemical bonding
among the Al 2017 alloy particles in result having a denser structure as seen in Fig. 4.
It can see a visible residual porosity (black regions) which disappears with the increase
of the sintering parameters and consequently, the formation of a denser structure as a
result of the higher diffusion rates. Thus, the sintering temperature plays an important
role as controlling parameter in the sintering process.

For the effect of sintering time as seen in Fig. 4a–c, it can conclude that for 450 °C
there is less porosity for 90 min of sintering than 45 min. This explained that particles
of metal do not have much time to unite and to create a denser structure.

3.3 Density

The variation of the sintered porosity for different sintering temperatures is exposed in
Fig. 5. Four sintering curves proved that the sintered porosity gradually decreases with
the increase of the milling period. This can be explained by the adapted morphology of
particles after the milling process. According to Fig. 1, it is clear that the morphology

Table 2 The particle size of raw and milled powder at different milling times

Milling time (h) 0 2.5 5 7.5 10 15 20

Feret diameter (mm) 370.3 450.4 310.9 258.7 104.1 100.4 *70

Fig. 3 DSC analysis of milled powders after various milling times
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(a) (b)

(c) (d)

Fig. 4 OM images of sintered Al 2017 alloy for milled powder for 20 h at different sintering
times and temperatures; a [t1 T1], b [t1 T2], c [t2 T1], d [t2 T2]

Fig. 5 Variation of porosity as a function of milling time, sintering time and sintering
temperature
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of the particles is flattened for a short period of milling. But with the increase of milling
time, the fracture mechanism will be active and particles change their morphology to
become equiaxed. According to Fogagnolo et al. [14], these morphologies affect in the
powder packing during compaction step and consequently interfere in the sintered
density of the powder. Then according to these references [15,16], with the increase of
sintering parameters, there is an increase of the relative density and as a result, the
formation of denser structure with some porosity.

We can also determine that the effect of the sintering temperature is more signif-
icant than the sintering time on porosity. As a result, the microstructure is denser after
the optimal sintering combination (90 min, 550 °C).

4 Conclusion

In the current study, the feasibility of recycling Al 2017 alloy via powder metallurgy
route was investigated, by using a direct conversion method. A decrease of particle size
of Al 2017 alloy by increasing the milling time is observed. This phenomenon is
proved by the successive plastic deformation which makes particles hard and brittle.
Particles are characterized by two kinds of structural changes during annealing which
explained by a high level of stored enthalpy is observed due to the milling process.
Then, a denser microstructure is obtained at higher sintering parameters which
explained by particle size refinement during the milling step and diffusion phenomenon
during the sintering step.
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Abstract. The objective of the present paper emphasizes the investigation of
the fatigue strength of materials containing surface defects and the development
of a comprehensive analytical model, based on the response surface method-
ology (RSM), for correlating the interactive and higher-order influences of the
various parameters such as the size of the defect, loading, and load ratio on the
residual lifetime of these components. Firstly, a 3D-finite element analysis of a
specimen containing a surface defect using ABAQUS commercial software is
established to (i) simulate the distribution of the stress and the equivalent plastic
deformation at the vicinity of the defect and (ii) to predict the fatigue life using
the Smith-Watson-Topper SWT model. The non-linear kinematic hardening
model, coupled with Lemaitre and Chaboche’s damage model, is used to
characterize the material behavior. For this work, we used the experimental
design technique to characterize the effects and the interactions between the
defect size, the loading and the load ratio given by the Smith Watson Tooper
model. Finally, using the surface response method, we have been able to
develop an analytical model capable of predicting the fatigue response of steel
1045 considering defect size, loading and load ratio. Consequently, the finding
results show a good agreement with those experimentally obtained.

Keywords: Defect � Crack initiation � Smith watson tooper � Experimental
design technique

1 Introduction

The damage comes from the cyclic nature of the stresses applied to the mechanical
parts. The fatigue phenomenon is the most detrimental failure mechanism of
mechanical structures in several industrial sectors such as automotive, marine and
aeronautics [1]. During cyclic loading, micro cracks can be initiated and propagated in
mechanical structures, leading to an unexpected failure, even when the ultimate
strength of the material is much higher than the applied stress level [2]. When these
cracks occur, the remaining lifetimes of these components are of paramount importance
in the industry to properly ensure the safety behavior of these components. Since the
defects are inevitable during the machining process [3, 4], manufacturing companies
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always try to reduce the risk of ruin parts during operation in case of defective materials
and to determine the maintenance methods in order to change the damaged parts before
their loss. These defects are very damaging to fatigue resistance and generally lead to a
considerable reduction in their serviceability [5–7].

Hence, it is very important to find the accurate method to predict the fatigue crack
propagation in a structural component containing defect before final failure. In the
present study, we will propose an approach based on the Smith Watson Tooper method
SWT [8] to predict the onset of crack initiation in defective materials and the surface
response method to study the effects of the main parameters (loading and defect size)
influencing the polycyclic fatigue life of these defectives’ specimens.

Investigations are made for defective 1045 steel subjected to tension loading, by
corresponding numerical simulation. Comparisons have also been made to analyze the
validity of the improved model. A significant phase shift between numerical values and
experimentation was detected. Finally, using the experimental design technique we
evaluated the contributions of defect size, loading and load ratio over fatigue life and
we have been able to develop an analytical model capable of predicting the fatigue
response of steel 1045. The developed model has been validated in the case of 300 lm
defects of spherical shapes.

2 Finite Element Modeling

A single surface defect specimen containing a stationary defect size
p
area = 300

µms considered to investigate the correct mechanical response “cyclic plastic
behavior” in the vicinity of each defect.

The EDM [9] is the process chosen to introduce artificial surface defects on the test
sample. This method allows a good reproducibility of the geometries and sizes of
defects. In order to optimize the computation time, only a small volume surrounding
the defect is modeled as shown in Fig. 1. Considering loading and geometry sym-
metries, the completed model is simplified. Only a quarter of this small volume is
considered for the FE-analysis. The validation of these simplifications has been verified
in the work of Gadouini [9]. The choice of the cube (for tension) is based on the
experimental observation showing that the crack propagates in the plane perpendicular
to the maximum principal stress in opening mode I [10].

Due to the fact that cracks start to propagate from the surface of specimen [10], a
very fine mesh of type (C3D4R) is adopted for the SENT specimen and implemented in
the region of defect as illustrated in Fig. 2. In order to consider, the mean stress
relaxation, the Bauschinger effect and the cyclic hardening during cyclic loading,
Lemaitre and Chaboche kinematic hardening model, embedded in the commercial code
ABAQUS, is used.

The law of the elastoplastic behavior with nonlinear kinematic hardening proposed
by Chaboche [11] used to describe the plasticity in the 1045 steel is given by the
following form:
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Fig. 1 Fully completed model and simplification of the FE calculation model for a spherical
defect with applied load and boundary conditions

Fig. 2 Finite element mesh of the defective specimen
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f ¼ j2ðr� XÞ � k ð1Þ

where
J2 is the second invariant of the deviatoric stress tensors.
k is the radius of the cylinder of Von Mises in the absence of hardening (initial

radius).

X is the back stress tensor associated to kinematic hardening. This tensor represents
the position of the yield surface in the stress space.

The nonlinear kinematic hardening is described by the following differential
equation:

dX ¼ 2
3
Cdep � cXdp ð2Þ

C and c are two constants of the material. The nonlinearity introduced in this

equation (i.e. described by the terms cXdp) makes it possible to describe the effects of a
cyclic loading on the behavior of the material [11]. In order to use the criterion of
plasticity in numerical simulation, the identification of its own parameters is determined
by the method indicated in the Abaqus documentation.

The mechanical and cyclic parameters of the material are given in Table 1.

3 SWT Model’s Capability for Predicting Fatigue Life

Several multiaxial fatigue parameters are available to predict the onset of crack initi-
ation in mechanical structures. The fatigue behavior of a specimen containing defects is
studied using the empirical model of Smith Watson Tooper [8]. The damage parameter
proposed by Smith et al. is commonly accepted for engineering applications. The
sample is subjected to a cyclic fatigue load with a load ratio R = −1 for different
applied loads.

DPSWT ¼ rmax
Demax

2
¼ ðr0f Þ2

E
ð2NiÞ2b þ e0fr

0
f ð2NiÞbþ c ð3Þ

Table 1 Mechanical and cyclic parameters of the 1045 steel

Young modulus (MPa) 205,000
Yield stress (MPa) 580
Poisson’s ratio 0.3
Q 269
C 33,000
c 124
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where Ni, rmax, Demax2, are the number of cycles, the maximum normal stress, the
total strain amplitude and the modulus of elasticity, respectively. ef′ and present the
low-cycle fatigue coefficients, rf′ and are the high-cycle fatigue constants.

The SWT model (Eq. 3) is implemented to predict the fatigue life of defective
materials. The fatigue parameters of SWT for steel 1045 are shown in Table 2 for
purely alternating tension and torsion.

Figure 3 shows a good agreement between the experimental points [7] and the
SWT model for predicting fatigue life to predict the onset of crack initiation in
defective materials.

Table 2 1045 strain data life

Fatigue strength coefficient in tension r
0
f

998 MPa

Fatigue strength coefficient in torsion s
0
f

471 MPa

Fatigue strength exponent b −0.095
Shear modulus G 78.9 GPa
Young modulus E 205 GPa
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Fig. 3 Comparison between experimental results and simulation results
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4 Response Surface Methodology

The response surface design methodology is a very interesting tool for building
empirical models when the true linkage function between the process parameters and
the desiring response is very complicated.

In this study, three input parameters: external load, load ratio and defect size are
chosen as the main factors for generating the factorial experimental design and their
respective levels in actual and coded values are shown in Table 3.

To do this, a methodology based on experimental plans is putted in place. Then, in
order to optimize the performance of the simulations, we will study the sensitivity of
the various factors to the variability of our forecast.

Experiment plans help to understand how a system responds to parameters that
might change it. They present an interesting tool for the designers to have the maxi-
mum of information of the effect of variation of the various parameters of entries on the
behavior of a system with a minimum of test.

Each factor has three levels, which requires 27 data collection experiments. Fatigue
life is considered the main output response. In the first step, we define the variation
range of each input factors: external load, load ratio and defect size. Then, model
geometry, material parameters (1045 steel) and the loading conditions are fixed. In the
second step, an elastic plastic analysis using the non-linear isotropic/kinematic hard-
ening model embedded in ABAQUS is performed. The residual lifetime of the struc-
ture is predicted. The SWT model is implemented for predicting the fatigue life.
Minitab 18.0 statistical software is used to generate the 27 experiments collecting data.

The data collection experiments were conducted to identify the interactions and the
effects of the factors considered. Figure 4 respectively shows the main effect of the
input factors and their interactions on both the fatigue life resulting from the SWT
model. The coded variables (−1, 0, 1) that characterize the levels of each factor are
plotted on the x-axis. The y-axis shows the average fatigue life for a given level.

From the effect diagrams in Fig. 4, we find that the three parameters have signif-
icant effects on the prediction of the fatigue life of the 1045 steel containing defects.
The graph allows us to visualize the effects of each parameter on the response of our
system. These diagrams characterize the effects of the three parameters (

ffiffiffiffiffiffiffiffiffi

area
p

, applied
loading and load ratio) on the output (fatigue life at initiation). The level of each input
parameter is represented on the x-axis of the graph. The y-axis represents the value of
average fatigue life given for each level.

Table 3 Controllable factors adopted for testing

Factors Notation Level
−1 0 1

ffiffiffiffiffiffiffiffiffi

area
p

(lm) A 300 400 500

rA (MPa) B 210 220 230
Load ratio C −1 0.1 0.5
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The experimental design technique allowed us to develop a simple analytical model
capable of expressing the input factors of the system (defect size, loading and load
ratio) as a function of the output (fatigue life). The proposed model is expressed as
follows:

Fig. 4 The representation of the main effects and interactions
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Fatigue life ¼ 4;325;627;079þ 2; 465; 551A� 42;449;602B

þ 362;184;621C� 847A2þ 100;228B2

þ 30;284;354C2� 7826A�Bþ 89;997A�C� 1;675;073B � C
R2 ¼ 97:93%

ð4Þ

5 Conclusion

The application is established to validate the SWT model‘s effectiveness for predicting
the fatigue life of defective materials. Therefore, a defective specimen is considered in
this study. The specimen was applied to a cyclic fatigue loading with load ratio
(R = −1), for different applied loads. The SWT model is implemented to predict the
fatigue life at the initiation of the crack. Numerical results were compared with
experimental results and a reasonably good agreement was observed. It has been
proven that all these parameters are involved in the fatigue behavior of the steel 1045
with the major role of the load ratio factor.
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Abstract. Additive manufacturing is a revolution for many sectors of the
industry. These new manufacturing processes allow a substantial saving of raw
material while optimizing the geometry, and at the same time, reducing devel-
opment costs, by reducing the time between the concept and deployment phases
of a product. A 3D printing device using a Cold Metal Transfer (CMT) arc
welding station to melt a metallic filler wire is developed to build titanium parts
by optimizing the process parameters to control metallurgical and mechanical
properties of parts. In this study, two parameters (wire feed speed and movement
speed of the robot) have been studied. Their impact on the metallurgical,
dimensional process stability and mechanical properties of materials have been
analyzed. Microstructure and mechanical properties vary depending on the
energy expended during manufacture. This energy remains constant or decreases
respectively when the wire feed speed or the robot head travel speed increases.
Indeed, the electric generator adapts its power according to the speed of the
wire. Regardless of the energy parameters, the movement speed of the robot
seems to influence the wetting angles, the depth of melted zones, remelted and
heat affected zones and the metallurgy with a refinement of the substructure of
the deposits.

Keywords: Ti-6Al-4V alloy � Wire and arc additive manufacturing � Cold
metal transfer � Microstructure

1 Introduction

Additive Manufacturing (AM) is a promising way to produce near-net shape metallic
parts with complex geometries. It offers many advantages compared to machining
processes, as reductions in the manufacturing lead-time and cost due to low material
waste [6].

The Wire and Arc Additive Manufacturing (WAAM) is a Direct Energy Deposition
(DED) additive manufacturing process derived from welding that uses a wire as filler
metal and an electrical arc as heat source to produce wire melting [13]. It is a promising
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process, especially because of its high deposition rate [3, 9], high energy efficiency [4],
low-cost of raw materials, low material losses, and its capability to manufacture large
parts [12]. Among the various arc processes that can be used for wire melting, the Cold
Metal Transfer (CMT) process seems to be one of the more suited for WAAM, thanks
to its controlled current waveform and filler wire feeding, that allow to obtain regular
deposited weld bead and a mechanical control of the detachment of the molten drops
ensuring the deposition of weld seams without or with very few projections [7].

Currently, few studies have been done on single-deposits Ti-6Al-4V produced by
CMT. Most of the studies on CMT Ti-6Al-4V have been done on walls, and the impact
of layer superposition on microstructure and mechanical properties has been studied.
Ding et al. [3] show that the height of the seams increases and their width decreases
with the translation speed of the laser. Zhang et al. observes a decrease in the pene-
tration depth of the bead and of the wetting angles as a function of the speed of the
robot by CMT on magnesium alloys. The present work is a contribution to the
knowledge of the effects of these parameters (movement speed of the robot and wire
feed speed) on the metallurgical and mechanical properties of material added on parts
made by the CMT process to bring new functions.

2 Experimental Procedure

2.1 Description of Process

The cell is composed of a 6 axis robot (KUKA KR100-2 HA 2000) with its controller
(KUKA KR C2-05 AK9) and a welding station (FRONIUS TPS 3200 CMT Remote)
and a wire feeder (FRONIUS VR 7000-CMT 4R/G/W/F++). We choose a Ti-6AL-4V
wire from the supplier Technalloy, its diameter is 1.2 mm. The welding process is
inside an argon inserted chamber to ensure the protection of the Titanium weld bead
against oxidation. The chamber design is based on the fact that Argon is heavier than
the air: by pushing argon continuously in the box bottom, we progressively expel the
air definitively. The chosen welding process is a derivate MIG/MAG process devel-
oped by FRONIUS and it’s called CMT [5]. We choose the synergic law 1007 from the
data-base R0981. The synergic law combines the wire feed speed and the delivered
energy. Our experimental approach is to separate the robot speed and the wire feed
speed. For that purpose, we print 10 seams from 0.5 to 1.3 cm s−1 for movement speed
of the robot and 10 seams from 6 to 10.5 m min−1 for the wire feed speed. Current and
energy measurements are measured and supplied directly by the FRONIUS machine.

2.2 Characterization Techniques

Dimensional analyzes of seams were measured with 3D ATOS scanner and analysed
with CATIA V5 and ABviewer 12 software. All the seams were mechanically sec-
tioned along the longitudinal and transverse directions from the central part (Fig. 1).
The specimens were prepared in epoxy mount, ground with 600, 1200, 2500 grit SiC
paper under water, polished with OPS solution with hydrogen peroxide to a mirror
finish. They were then etched with the Kroll attack reagent composed of 3 mL of 40%
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hydrofluoric acid, 2 mL of 68% nitric acid and 95 mL of distilled water. Matter health
and microstructure were observed by optical (Leica wild M420 binocular and Olympus
PMG3 microscope) and scanning electron microscopy (SEM JEOL JSM-7000F) on
polished and etched specimens. EBSD analyzes (Oxford Nordlys II F+ camera) were
done to determine the fine microstructure of each zone of the seam. Finally, longitu-
dinal and transverse Vickers hardness filiations were made using a ZWICK ZHU 2.5
durometer with a load of 5 kg.

3 Results and Discussion

3.1 Deposits Geometry (Shape and Size)

The morphology of the seams was first observed by optical microscopy before cutting
(Fig. 2). The geometry of the seams is regular. They do not exhibit coloration induced
by the phenomenon of oxidation. Projections are observable on the edges of some
seams. In both cases, sampling according to the YZ and XZ plans were carried out as
shown above in order to have as much information as possible on the evolution and the
stability of the process.

The height of the seams increases with the wire feed speed and decreases with the
speed of translation of the robot. It is the same for the width of the seams (Fig. 3). In
conclusion, the amount of material deposited increases with the wire feed speed and
decreases with the movement speed of the robot.

It was noticed a singular behavior of the deposit with a wire feed rate of 8.5 m/min
compared to all the deposits.

This is due to an unexplained increase in projections when printing this deposit,
which merged with the deposit increasing its width locally at the expense of its height.

Fig. 1 Transverse (YZ) and longitudinal (XZ) sampling sections
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The variation of these two parameters does not affect the stability of the process,
where a similar regularity of the deposits and an almost constant number of projections
have been noticed above 7.5 m min−1 of wire feed rate.

The wetting angles were also measured. It has been found that the wire feed speed
does not affect these parameter, however the increase in the movement speed tends to
increase the wetting angle (Fig. 4). Ding et al., conclude also that increasing the speed
of the robotic head causes an increase in the wetting angle for Ti-6Al-4V alloy [3].

Fig. 2 Ti-6Al-4V deposits manufactured by varying wire feed speed speed

Fig. 3 Evolution of the depth of the main zones according to the wire feed speed (a) and robot’s
head speed (b)
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3.2 Defects and Microstructure

Some porosities of sizes between 16 and 375 microns have been detected at the
deposit/remelted zone interface and in the remelted zone. These porosities are generally
spherical, distributed in filiation or punctually. The characterization according to the
transverse plane YZ showed a small constant porosity rate all along the process
deposition.

The macrostructural study shows prior-b grains oriented in the direction of the
thermal gradient. This type of microstructure was observed for Ti-6Al-4V by Martina
[10]. The width of these b grains is stable as a function of the wire feed speed with
average widths between 0.4 and 0.6 mm for all the deposits and an orientation relative
to the vertical between 77° and 81°. On the other hand, a decrease in the width of the
ex-grains b as a function of the movement speed of the robot has been observed,
passing from an average width of 0.56 mm for the lowest speed to 0.34 mm for the
highest speed (Fig. 5), this decrease reflects faster cooling rate. The orientation of these
prior-b grains is between 77° and 84°.

Fig. 4 Evolution of the wetting angle according to the movement speed of the robot

Fig. 5 Evolution of width of b grains according to the movement speed of the robot
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The seams manufactured by CMT are composed of three different regions as shown
in the Fig. 6. These regions are (from top to bottom): the melted zone, the remelted
zone and the heat affected zone, the lower is the base metal.

It has been noticed an evolution of the dimensions of these zones according to the
parameters (Fig. 7). Indeed, in the case of the variation of the wire feed speed, the
height of the deposits increases and confirms the dimensional analyzes made before.
The deposit with the wire speed of 8.5 m min−1 has a very large width because of the
many projections merged with the deposit. On the other hand, the depth of remelted

Fig. 6 Micrography of cross section of Ti-6Al-4V deposit

Fig. 7 Evolution of the depth of the main zones according to the wire feed speed and movement
speed of robot
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zone and heat affected zones (HAZ) are quite similar varying from 1.5 to 2.5 mm for
the remelted zone and 0.7 to 0.9 mm for the heat affected zone (HAZ). The remelted
zone and HAZ depth, however, varies more according to the movement speed from 5.2
to 2.7 mm for the remelted zone and from 1.15 to 0.6 mm for the HAZ for the fastest
robot speed. These observations were observed by Zhang [14] for CMT applied to a
magnesium alloy.

The microstructural study shows a microstructure of Widmanstätten for all the
deposits studied, which indicates a high cooling rate during the beta/alpha transfor-
mation, of the order of 8000 °C/min [8]. This type of microstructure has been observed
by Antonysamy and Wang [1, 11]. So, the size of the lamellae a does not vary as a
function of the wire feed speed. A slight variation in the size of the a-lamellae, which
are finer for the most important movement speeds of robot as shown below which
confirms the existence of relations between movement speed and Ti-6Al-4V cooling
rates (Figs. 8 and 9).

It has also been noticed a gradient of a lamellae width which are increasingly
thinner at the bottom of the deposits compared to their upper parts as shown in the
Electron Back Scatter Diffraction (EBSD) analysis below.

This difference is due to the Ti-6Al-4V support plate on which the seam is
deposited, and which plays the role of heat sink, enabling the conduction of the heat
generated by the CMT process in the base zone of the deposits.

3.3 Mechanical Properties

The hardness of deposits is presented in the figure below (Fig. 10).
The wire feed speed does not affect the hardness of the as-built deposits where-as

increasing the speed of the robot head induces a light increase of hardness of deposits
up to a robot speed of 0.9 cm s−1, beyond the hardness remains constant. However, a
threshold is reached around 350–360 HV. These results are similar to those found by
Brandl [2]. The hardness of the HAZ is always greater than the hardness of melted and
remelted zones.

Fig. 8 Microstructure of deposits 1C-11 (left) and 1C-19 (right)
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In order to have a better understanding of the phenomena observed, a study of the
energy parameters is carried out. The Fronius generator automatically adjusts the
energy density delivered during wire feed rate variation. On the contrary, it is not
adjusted during the evolution of the head speed; the energy per volume of deposited
material decreases according to the movement speed as shown in the Fig. 11.

Fig. 10 Mean hardness of the Ti-6Al-4V deposits according to the wire feed speed and
movement speed of robot

Fig. 9 Inverse Pole Figure of cross-section obtained by EBSD analysis of a Ti-6Al-4V CMT
deposit
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These observations support the results found previously, explaining the different
cooling speeds during the variation of the movement speed of the robot, which on the
contrary do not vary during the increasing wire feed speed resulting in similar met-
allurgical and mechanical properties for all deposits of this study regardless of the flow
of material introduced into the molten bath.

4 Conclusion

The influence of two process parameters such as the wire feed speed and the speed of
movement of the robot head was evaluated for the production of Ti-6Al-4V seams by
WAAM method. Oxidation-free seams were made. Only the speed of movement of the
robot entails a change in the size and shape of the seams and the different zones that
compose them. Wire feed speed has a limited influence on the seams as the generator
compensates by varying the power density. The microstructural evolutions and the
properties of the seams are thus linked to the energy variations per unit of material
deposited during the process.

Acknowledgements. This work was financially supported by the FUI program (FUI Addimafil).
The authors thank Jade Pécune for her help to the metallographic preparation.

Fig. 11 Energy density delivered per volume of deposited material during the CMT process
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Abstract. Geopolymers obtained following acidic activation represent a
promising future material with their different advantages, namely high
mechanical strength, excellent dielectric properties and important chemical
stability. In the present research, Phosphate-based geopolymer was prepared
from metakaolin, as the aluminosilicate precursor and commercial phosphoric
acid H3PO4, as the activator precursor. These reagents were mixed with (Al/P)
molar ratio and solid/liquid (S/L) volume ratio equal to 1. To investigate the
obtained material structure, different techniques were used as Fourier Transform
Infrared spectroscopy (FTIR), magic angle spinning nuclear magnetic resonance
(MAS-NMR) spectra of 29Si, 27Al and 31P, X-ray diffraction powder (XRD) and
scanning electron microscopy (SEM). As well, the same techniques were used to
characterize the used aluminosilicate precursor, which is metakaolin. As a result,
the formation of a first aluminum phosphate geopolymeric network dispersed in
a second one based on (Si–O–T) units was proven, with T=Si, Al and
P. The XRD analyze shows the formation of an amorphous material. In fact, any
crystalline phases were observed. Accordingly, the Phosphate-based geopoly-
mer was considered as a composite material composed from two amorphous
networks: the aluminum phosphate geopolymeric network which plays the role
of reinforcement and the silicate network which represents the matrix.

Keywords: Phosphate-based geopolymer � Structure � Composite �
Metakaolin � Characterization

1 Introduction

Phosphate-based geopolymers are new eco-materials obtained by the reaction of alu-
minosilicate precursor with phosphoric acid solution. Recently, this family of material
becomes more and more attractive. This importance is explained by the different
advantages of this material namely high mechanical strength [1–3], excellent dielectric
properties [4], and important chemical stability [3].

These properties are very dependent on the material’s structure. Investigating the
literature, this structure is not yet well defined. The first structure was proposed by [5].
It was based on the presence of (–Si–O–P–O–Al–) units. This structure was confirmed
by many authors [6, 7]. Recently, Louati et al. [1] propose another structure. The
authors proposed the formation of a geopolymeric composite composed of a crystalline
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phase of AlPO4 dispersed in an amorphous structure of (–Si–O–P–) geopolymeric
units. In the same time, many authors continue to adopt the formation of (–Si–O–P–O–
Al–) units like He et al. [3] and Wang et al. [8].

This research aims to investigate the structure of Phosphate-based geopolymer
following different techniques as Fourier Transform Infrared spectroscopy (FTIR),
magic angle spinning nuclear magnetic resonance (MAS-NMR) spectra of 29Si, 27Al
and 31P, X-ray diffraction powder (XRD) and scanning electron microscopy (SEM).
With each technique, the characterization of the used aluminosilicate precursor, which
is metakaolin, is also mentioned.

2 Materials and Experimental Methods

In this work, the Phosphate-based geopolymer was obtained from the metakaolin
activation. The used metakaolin was provided by Imerys France. In addition, com-
mercial phosphoric acid (H3PO4 85% by mass) provided by Scharlau-chémie
(SA) society was used as activator. To synthesize the studied material, metakaolin,
phosphoric acid and distilled water were mixed with (Al/P) molar ratio and solid/liquid
(S/L) volume ratio equal to 1. The obtained mixture was kept at a temperature of 60 °C
in a plastic mold. After 24 h of curing, the material becomes consolidated and different
structural characterizations were carried: Fourier- transform infrared spectroscopy
(FTIR) was carried by a Perkin Elmer spectrum BX spectrophotometer apparatus in
transmittance mode and wave number range between 4000 and 450 cm−1. In addition,
the magic angle spinning nuclear magnetic resonance (MAS-NMR) spectra of 29Si,
27Al and 31P were performed out by using BRUKER 300 WB (7T), to investigate the
chemical environments. 31P, 29Si and 27Al shifts are given in ppm referenced to H3PO4,
TMS and aluminum chloride, respectively. As well, X-ray diffraction powder
(XRD) with a BRUKER-AXS-D8-Advance powder diffractometer using Cu Ka
radiations (kka = 1.5418 Å) was carried out. The analytical range was between 5° and
70° (2h) at a rate of 1°/min. Finally, the scanning electron microscopy (SEM) was
carried out using Jeol JSM-5400 microscope on sample, to observe the new
microstructure.

3 Results and Discussion

3.1 Infrared Spectroscopy (FTIR)

The infrared spectra of both metakaolin and Phosphate-based geopolymer are illus-
trated in Fig. 1. The metakaolin spectrum shows the presence of a first intense band
located at 1076 cm−1. It is attributed to Si–O stretching vibration [9]. Another band
located at 800 cm−1 is observed. This band is assigned to (Si–OH) bending vibration
[10]. As well, the spectrum shows a band at 448 cm−1, which can be attributed to
bending vibrations of (Al–OH) linkages. After geopolymerisation, Phosphate-based
geopolymer spectrum presents some changes, due to the new structure: the first
remarkable change is the disappearance of the bands located at 800 and 448 cm−1,
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respectively. This disappearance proves the condensation between monomeric silanol
(Si–OH) and aluminol (Al–OH) units to form the new polymeric structure. Added to
that, the band located at 1076 cm−1 shifted from 1076 to 1064 cm−1. This shift can be
explained by the transformation in the Si layer, to form the new geopolymeric network.

3.2 Nuclear Magnetic Resonance (NMR)

The solid-state NMR analysis is one of the most used techniques in the determination
of geopolymeric structures. The 29Si spectra of both metakaolin and Phosphate-based
geopolymer are illustrated in Fig. 2a. The 29Si spectrum of metakaolin shows a single
large signal around d = 92.05 ppm assigned to the Q3 (3Si, 1OH) environment [7].
This signal characterizes, usually, the amorphous metakaolin structure. After
geopolymerisition, a slight shift in this signal is observed from d = −92.05 ppm to
d = −116.54 ppm. This signal with this new resonance correlated with Q4 environ-
ment [7]. The observed shift can be explained by the transformation of the Si envi-
ronment from (3Si, 1OH) to (4Si) [11]. We talk about the formation of the first 3D
geopolymeric network Si–O–Si in the studied structure. A second signal located around
d = −101.35 ppm is assigned to Q3 environments with (3Si, 1Al). This signal shows
the persistence of some dealuminated aluminum attached on the starting Si layer.
Another narrow shoulder is observed at d = −92.05 ppm which correlated with the Q3
environment in the residual metakaolin. The weakness of this peak improves the
consumption of the starting metakaolin to form the new geopolymeric structure.

The 27Al spectrum of metakaolin is illustrated in Fig. 2b. This spectrum shows the
presence of a large and antisymmetric peak. This peak characterized an amorphous
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metakaolin with the presence of three aluminum environments: the aluminum hexa-
coordinated at 3.27 ppm, the aluminum penta-coordinated at 26.98 ppm and the alu-
minum tetra coordinated at 50.17 ppm [11]. After geopolymerisation, two resonances
are observed at d = 44 ppm and d = −10 ppm, respectively. The first resonance
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Fig. 2 29Si (a), 27Al (b) and 31P (c) NMR spectra
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located at 44 ppm is assigned to tetrahedral coordinated Al environment. The second
resonance located at −10 ppm coincides with the Al hexa coordinated [12]. These
resonances suggest the presence of another geopolymeric network based on P–O–Al–
O– units [13].

The analyze of 31P spectra of geopolymer, illustrated in Fig. 2c, confirms again the
presence of the second discussed geopolymeric network. This spectrum shows the
presence of only one resonance at around −16 ppm. This resonance correlated with the
same order as for the polymerized phosphorus species environment [14]. It confirms
the presence of the observed aluminum phosphate network, already discoursed with
27Al spectra.

3.3 X-Ray Diffraction

The XRD analysis of metakaolin, illustrated in Fig. 3, shows the presence of a diffuse
halo between 18° and 30° characteristic of an amorphous material obtained by calci-
nation of kaolinite. The absence of any crystalline phase in the used metakaolin is
proved by the absence of any peaks in the corresponding spectrum.

After geopolymerisation, the XRD analysis of the obtained material shows the
appearance of two new diffuse halos, compared to the metakaolin spectrum. As
illustrated in Fig. 3, the first diffuse halo is located between 5° and 15°. It can be
attributed to the presence of an amorphous aluminuim phosphate phases [15]. More-
over, another diffuse halo located at 45° is observed which justifies the presence of
another amorphous geopolymeric network. Therefore, the obtained structure corre-
sponds to a composite material composed from two amorphous networks.

3.4 Scanning Electron Microscopy

The SEM examinations of Phosphate-based geopolymer aged 1 day, is illustrated in
Fig. 4. The SEM image shows the obtaining of a consolidated material. Besides, the
presence of the two distinct networks is observed, as mentioned in the figure:

Fig. 3 X-ray diffraction spectra of metakaolin and phosphate-based geopolymer
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Aluminum phosphate phases are dispersed in another geopolymeric network to play the
role of reinforcement [9].

4 Conclusion

The combination of the Fourier Transform Infrared spectroscopy (FTIR), magic angle
spinning nuclear magnetic resonance (MAS-NMR) spectra of 29Si, 27Al and 31P, X-ray
diffraction powder (DRX) and scanning electron microscopy (SEM) provided the
formation of an amorphous composite material. It is composed of a first aluminum
phosphate geopolymeric network dispersed in a second one based on (Si–O–T) units,
with T=Si, Al and P. The obtained material is totally amorphous and it is free from any
crystalline phases.
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Abstract. Production in industry is limited by the vibration phenomenon, but it
is also at the root of the problems of surface quality and degradation of the
cutting tool and the machine. The vibration has been widely studied and
modeled. Most models aim to model the machining system using a model with a
single degree of freedom or two degrees of freedom where the cut is stable
depending on the dynamic properties of the part—tool—machine. The main
objective of this article is to model numerically in three dimensional the
dynamic behaviour of the machining system during turning operation while
considering the vibration of the unit workpiece and cutting tool. The writing
matrix of the differential equation of movement of the system was developed by
neglecting their damping effect where the cutting tool and the workpiece are
studied and characterized together by matrices mass and stiffness. The finite
element method is used to obtain the global matrices mass and stiffness of the
machining system by assembling the elementary matrices of the cutting tool and
the workpiece by considering them as two elastic deformable beams. We have
identified after the assembly that there is a matrix coupling. This method is also
used to identify the eigens characteristics of the system using the Matlab soft-
ware as a numerical simulation tool during a straight turning and to analyze the
influence of the cutting tool position and its mechanical characteristics on the
dynamic behaviour of the machining system. The dynamic model of the
machine was obtained by a numerical modal analysis to determine the modal
displacement of the machining system which is influenced by modifying the
position of the cutting tool have a great influence on the behaviour dynamic and
the modulus of elasticity which. Each machining system being machined has its
own frequencies and modes, for frequencies the system is stable and others
unstable. The paper concludes with numerical results for this three-dimensional
numerical model show that in order to have a stable system, it is obligatory to
avoid the eigens modes and frequencies of the machining system.

Keywords: Machining system � Global matrix � Finite element method � Eigen
characteristics � Dynamic behaviour � Numerical simulation
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1 Introduction

Manufacturing process presented many problems related to machining parameters [1].
In this context, during a turning operation there is vibration occurring between the tool
and the workpiece which generates a poor surface condition. Xiao and al. point out that
during vibration cutting the tool vibrations are damped, while during conventional
cutting the vibrations are generated. It means that vibration cutting is more stable with
respect to conventional one [2]. Experimental and simulation presented in demonstrate
that vibration cutting helps to control tool vibration [3]. More models have been
developed by researchers to explain the phenomenon of vibration, to predict the
dynamic behaviour of the machining system according to the position of the tool [4]
and to predict the optimal conditions for the development of a stable cut [5, 6]. We
model from existing models a three-dimensional model of the dynamic behaviour of
the machining system using the Finit Element Method (FEM) [7]. The resonance mode,
maintaining the same amplitudes of tool vibrations is considered to be the best for
vibration cutting [8]. The combined application of numerical analysis with accurate
finite element model as well as different experimental methods during investigation of
the vibration turning process allowed determining that the most favorable is the second
flexural vibration mode of the tool [9]. All these dynamic models do not express
correctly the dynamic behaviour of the machining system since they excluded the
influence from the vibration of the workpiece. We model starting from the existing
models of the dynamic behaviour of the system machining of use the FEM.

2 Numerical Model

To apply the Finite Element Method (FEM) to machining system, we consider several
elements whose number depends on the precision that we want to achieve. We cal-
culate for each of them the elementary matrices of mass Ke and stiffness Me then we
proceed to the calculation of global matrices; the global matrix MWT is obtained by
assembling the matrices of elementary masses and the stiffness matrix KWT is obtained
by assembling stiffness matrices elementary [6, 7].

The Finite Element Method (FEM) leads to obtaining a differential equation of
global motion while neglecting the damping effect of the unit cutting tool and work-
piece under the following matrix form:

MWTf g €qf gþ KWTf g qf g ¼ 0f g ð1Þ

With:
MWT matrix global mass of the system machining workpiece-tool
KWT matrix global stiffness of the system machining workpiece-tool
q vector moving point of contact between the workpiece and the tool
€q vector acceleration of the point of contact between the workpiece and the tool.

Figure 1 shows the 3D dynamic model of the machining system.
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With;
The elements (I) and (II) correspond to the workpiece and element (III) corresponds

to the cutting tool that are considered as stiffness beams Kij and mass Mij.

i = {x, y, z}: the three directions of space
j = {I, II, III}: element number (Fig. 2).

We modeled the workpiece by the Finite Element Method finished by a beam
discretized in two elements (I and II), three knots and five degrees of freedom (Xk Yk

Zk hijk hijk) for each node and the cutting tool is modeled by a single element (III) and
two nodes.

With:

k = {right, left}: the two sections of each element.

2.1 Global Displacement Vector

After assembling the two vectors movements of the tool and the workpiece, based on
compatibility conditions for travel level of the common node of the two elements, we

Fig. 1 3D dynamic model of the machining system

Fig. 2 Modelization of the machining system by finite element method
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get the global displacement vector of the block workpiece-tool qWT of order (1 � 21)
and are written in the following form:

qWT ¼ q1�2�3 ð2Þ

2.2 Matrix Global Stiffness

The stiffness matrix KWT is deduced from the matrices KW and KT. The global stiffness
matrix KWT is order (21 � 21) and may consist of ten sub-matrices and it takes the
form of next:

½KWT� ¼

½Að1�2�3Þ� ½0� ½U� ½0� ½H�
½0� ½Bg1� ½E1� ½0� ½0�
½U�T ½E1�T ½Cgdð1�2�3Þ� ½E2� ½F�
½0� ½0� ½E2�T ½Dd2� ½0�
½H�T ½0� ½F�T ½0� ½Gg3�

2
66664

3
77775

ð3Þ

2.3 Matrix Global Mass

The matrix global mass MWT is deduced from matrices MW and MT. The global mass
matrix MWT is of order (21 � 21) and may consist of ten sub-matrices and takes the
following form:

½MWT� ¼

½A00
ð1�2�3Þ� ½0� ½U 00 � ½0� ½H 00 �
½0� ½B0

g1� ½E0
1� ½0� ½0�

½U 00 �T ½E0
1�T ½C00

gdð1�2�3Þ� ½E0
2� ½F 00 �

½0� ½0� ½E0
2�T ½D0

d2� ½0�
½H 00 �T ½0� ½F 00 �T ½0� ½G00

g3�

2
6666664

3
7777775

ð4Þ

With;
The matrix A′′ (1-2-3) is of order (4 � 4) and which corresponds to the traction-

compression of the two elements of the workpiece and the bending of the tool. The
matrix C′′gd (1-2-3) corresponds to the flexion of the interface section and the
compression-pull of the tool. The matrix B′g1 corresponds to the flexion of the element
(1) of the room. D2 matrix corresponds to the bending of the element (2) of the tool.

The matrix G′′g3 corresponds to the flexion of the element (3) of the tool. The
following matrices: E′1, E′2, F′′, H′′, U′′ correspond to the coupling matrices in the
global mass matrix.
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3 Numerical Results

3.1 Eigen Frequency Analysis

Table 1 represents the determination of the eigen frequencies of the machining system
according to the position and the modulus of elasticity of the tool, we find that when the
cutting tool is at the end of machining the eigen frequencies increase. Also, as the
modulus of elasticity of the cutting tool increases, these frequencies increase.

3.2 Modal Displacement Analysis

Figure 3 represents the determination of the modal displacement of machining system
according to the position and the modulus of elasticity of the cutting tool. The analysis
is dedicated only to displacements at the contact workpiece cutting tool. For the
modulus of elasticity Eo = 1 � 105 MPa, the figure shows that at the beginning of
machining, the 3rd mode and the 5th mode are the most dangerous and at the end of
machining the 2nd and the 5th mode are the most dangerous. And for the other
modulus of elasticity, the figure shows that at the beginning of machining, the 3rd
mode and the 5th mode are the most dangerous and at the end of machining the 3rd and
the 5th mode are the most dangerous.

Table 1 Determination of the eigen frequencies (F en 104 Hz) according to the modulus of
elasticity and the position of the tool

Modulus of elasticity ET (105 MPa) Position of the tool
The beginning of machining The end of machining

1 0.0398 0.2293
0.1724 0.6980
0.6855 0.8089
0.9788 1.8842
1.1335 1.3722
1.4017 3.0410

2.1 0.0398 0.2356
0.1787 0.9145
0.9800 0.9929
1.2950 1.2521
1.3619 1.7342
1.7033 3.0642
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4 Conclusion

In this article, we have shown the variation of eigen frequencies and eigen modes,
depending on the modulus of elasticity and the position of the tool. We can thus
analyze these frequencies while varying the mechanical and geometrical characteristics
of the cutting tool. The vibration behaviour analysis can be exploited to predict
workpiece/cutting tool displacements and cutting forces of the machining system
taking into account the influence of the mechanical and geometrical characteristics of
the workpiece/cutting tool combination and the cutting conditions.
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Fig. 3 Determination of the modal displacement according to the modulus of elasticity and the
position of the cutting tool
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Abstract. In this paper, we present a numerical simulation of a round jet
impacting a polymer plate using the coupled Smoothed Particle Hydrodynamics
(SPH) and Finite Element (FE) methods. Numerical results are compared with
the results from other simulations carried out by other numerical method based
on the Eulerian Lagrangian (CEL) formulation presented in the work of [1].
Results from the CEL method were experimentally validated in the work of [2].
A water jet with a spherical head was used at an initial speed of 570 m/s to
impact on a flat plate made of Polymethyl-Methacrylate (PMMA). To simulate
the entire process, the SPH method was used to model the water jet and the FE
method was used for the modeling of the PMMA structure. The distribution of
the pressure on the impact surface and the resulting deformation of the structure
were discussed. A Numerical model was developed using ABAQUS/Explicit
version 6.14. Results of the coupled SPH-FE simulation were further validated.
It is demonstrated that the (CEL) method presents smoother curves compared to
the SPH method. The numerical model using the SPH/FE method proves its
ability to produce the entire physical processes of the impact.

Keywords: Water jet � Polymethyl-Methacrylate � Coupled
Eulerian-Lagrangian � Smoothed particle hydrodynamics

1 Introduction

The impact of a high velocity jet on an obstacle is widely studied. This is due to their
large applications from household appliances to space technology. They present many
advantages and ease of industrialization [3]. Only a few studies have been focused
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experimentally and numerically on high-pressure water-jet taking into account the
fluid/structure interaction (FSI). Simulations of IFS problems became numerous and
are growing rapidly with the evolution of calculators. Some studies used the CEL
approach. It has been used to simulate the FSI problem while a water jet impacting a
work piece during its machining based on the orthogonal cut hypothesis [4]. The CEL
method was carried out to validate experimental analyses of water jet impacting on a
transparent thermoplastic polymer structure [1]; or by the use of FE analyses to sim-
ulate welding [5], tube forming [6], or else by using the LS-DYNA3D code to
understand the decorating process [5]. In last decades, new studies are based on the
SPH approach. It shows a good efficiency to simulate problems of fluid flow for several
configurations. This method was used to treat two-dimensional interfacial flows where
the influence of the density ratio variations and the role of air entrapment on loads are
discussed [7]. An incompressible SPH was used to solve unsteady free-surface flows.
The used method is stable and agrees with the experimental results [8]. In another
study; the SPH was used to simulate the interaction between soil and water. The
obtained numerical results have shown that the gross discontinuities of soil failure can
be simulated easily [9]. Robustness, simplicity and relative ease of incorporating new
physics are the main advantages of the SPH method [1]. In some other new studies, the
coupling of the SPH method for fluid dynamics to FE method for structures was
investigated. The coupled SPH- FE method was used to simulate the abrasive water jet
machining. The abrasive water jet is modeled by SPH particles and the target material
is modeled by FE [10]. In the medical field, a fully-coupled FSI that combines SPH and
nonlinear FE method to study the coupled aortic and mitral valves structural response
and the bulk intraventricular hemodynamic in a realistic left ventricle model during the
entire cardiac cycle [11]. The application of the coupled SPH-FE method to fluid-
structure interaction is proven by the simulation of the drop of a flexible cylinder in
water [12]. In this paper, we propose a numerical study on high-speed water jet
impacting a PMMA target using the SPH method for the water and the FE method for
the structure. Results such as the distribution of the pressure on the impact surface and
the resulting deformation of the structure will be compared to results from [1] where the
CEL method was used to simulate the water jet impact. In [1] experimental results were
proved by Obara et al. [2]. In this study, the numerical model is carried out under
ABAQUS/Explicit code version 6.14.

2 Numerical Background

ABAQUS/explicit code version 6.14 presents the possibility to solve nonlinear phys-
ical problems using numerical methods based on Eulerian and Lagrangian approaches
such CEL and SPH methods. The CEL technique combines two mesh approaches
Lagrangian and Eulerian in the same analysis [1], while the SPH technique is a free
mesh and based only on a Lagrangian formulation. In one hand, the CEL method is
used to avoid mesh issues when running simulations contain high deformations [13].
The remaining components are meshed using the conventional Lagrangian technique.
The interaction behavior between is handled by Contact definition. When performing a
CEL simulation, the part dimensions of both Eulerian and Lagrangian parts should be
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carefully selected. The size of the Eulerian part should be selected in such a way that no
material is expected to flow out of it during simulations, because as it flows out it
becomes invisible to the ABAQUS solver [14]. The CEL analysis is restricted only to
dynamics problems in which inertia forces are considered [14]. In ABAQUS only
explicit integration of the governing equations is allowed Documentation of ABAQUS
6.14. It limits the application of the CEL analysis to short-term problems. In the
dynamic explicit approach the stable time increment is usually very small, thus the
long-term analysis would require millions of load increments and in consequence
would take weeks or even months on powerful workstations [15]. In the other hand, the
SPH presents a good alternative to resolve difficulties associated with fluid flow and
structural problems presenting large deformations and free surfaces. Furthermore, for
fluid dynamics problems governed by the Navier-stoke equations, the SPH method is a
very powerful method. It is implemented in ABAQUS based on the one node elements
formulation. ABAQUS 6.14 offers the possibility to directly define particle using the
conversion to particles technique. It is an alternative based on defining conventional
continuum finite element and automatically converting them to particle elements at the
beginning or during the analysis Documentation of ABAQUS 6.14. The studied system
is represented by a set of particles with predefined material properties and mechanical
behavior low. Generated particles are interacting with each other in a domain controlled
by à smoothing function. In that respect, the SPH method is quite similar to the FE
method. The SPH method is based on an evolving interpolation scheme to approximate
a variable field at any point in the studied domain. The value of a physical variable at a
particle can be approximated by summing the contributions coming from a set of
surrounding particles, for which the “kernel” function, is not zero. The SPH method has
advantages relatively to other traditional numerical methods using a grid to discretize a
problem. SPH can easily deal with complicated geometries and large regions of space
which are, in some case, devoid of particles. The readers may refer to [16] for more
details about the SPH approximation, techniques, and SPH smoothing function. In this
paper, we present a comparative study of a dynamic jet water problem impacting a flat
PMMA structure. A numerical model using the SPH method was developed under
ABAQUS/EXPLICIT. The water is modeled by the SPH technique while the PMMA
structure is modeled by the FE method. Results of this study are compared with results
presented in Hsu et al. [1]. This comparison shows the effectiveness of the proposed
method.

3 Problem Formulation and Numerical Study

In this study, the impact time is very short. So the heat exchange and vaporization of
water are not considered [1] (Table 1).

In this study, the water is modeled using the linear Huguenot form of the Mie-
Grneisen equation of state. It is a relation between the pressure and the volume of a
material at a given temperature [1]. ABAQUS/Explicit provides a linear Us–Up
equation of state model that can simulate incompressible viscous and inviscid laminar
flow governed by the Navier-Stokes Equation of Motion [14]. Equation parameters
appear in Table 2.

52 I. Ben Belgacem et al.



A horizontal structure of PMMA is subjected to the impact of a pure water jet
which has an initial velocity of Ve = 570 m/s through a nozzle having a diameter D of
3 mm. The thickness (e) of the PMMA sheet is 5.9 mm. These geometrical parameters
values are presented in Fig. 1.

A coupled model has been adopted to model the target and the water using,
respectively the SPH method and FEM. For the SPH method a set of points are
necessary to represent the column of water. These nodes are referred to particles or
pseudo particles. Starting by meshing the column of water with C3D8R (8-node linear
brick, reduced integration, hourglass control) to generate “parent” elements. These
“parent” elements will be after that converted to internally generated SPH particles
(PC3D elements) [14]. In order to carry out a good convergence study and to highlight

Table 1 Values of physical properties of water

Parameters Symbol Unit Value

Density q Kg m−3 0.4
Dynamic viscosity l Pa s 0.45

Table 2 Parameters for the US-UP equation of water

Parameters Symbol Unit Value

Reference speed of sound in water C0 m s−1 1450
Slope of Us-Up curve s – 0
Grüneisen ratio of water C0 – 0

Fig. 1 problem presentation of the water jet
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the behavior of the target under the first shock wave resulted from the impact of water;
the refinement of the mesh has been concentrated towards the center of the target.
Table 3 details the finite element model of the plate, and the water jet.

In SPH method, boundary conditions are applied to nodes of the parent elements
and couldn’t be transferred to the generated particles [14]. An initial velocity field of
570 m/s is applied to the water column during the movement along the Y-direction
before impingement. The bottom surface of the target was fixed as shown in Fig. 2

Moreover, general contact was used, and the type of contact domain was chosen as
All*with self. Analysis time was set at 30 ls,

Table 3 The description of the model

Target Water jet

Size 50 * 50 * 5.9 mm3 Size: Diameter: 3.0 mm and Length: 12 mm
Number of nodes: 773,025 Number of nodes: 38,850
Number of elements: 708,396 linear
hexahedral elements of type C3D8R

Number of elements: 36,396 linear hexahedral
elements of type C3D8R converted to particles
(one node elements: PC3D type)

Material property: PMMA
• Density: 1170 kg/m3

• Young modulus: 3.3 GPa
• Poisson’s ratio: 0.36
• Yield stress: 220 MPa

Fluid property: Water
• Density: 1000 kg/m3

• Dynamic viscosity: 10−3 Pa s
• EOS type: Us–Up
• Speed of sound: 1500 m/s

U =U =U =0x y z
U =U =U =0rx ry rz

An initial velocity field:

equal to 570m / sThe bottom of the target is 
fixed 

Fig. 2 Initial and boundary conditions
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4 Results and Comparison

This study proposes a method using ABAQUS to simulate the dynamic process of
impact by the SPH method. Simulation using the CEL method was carried out in Hsu
et al. [1] where numerical results were validated by an empirical result and an
experimental study presented in Mao et al. [11]. In this section, a comparison between
the results coming from the two techniques CEL and SPH is presented.

4.1 Dynamical Process of the Impact

The numerical dynamical process of the impact using the SPH method under
ABAQUS/EXPLICIT is presented in Fig. 3. Compared to the dynamical process of the
impact presented in Hsu et al. [1], Values of the velocity are relatively close.

At the initial stage of impact, the jet speed takes a uniform value equal to 548 m/s
as shown in Fig. 2b. Using the CEL method this value is equal to 530 m/s [1]. As
shown in Fig. 2c, during the impact, the velocity profile of the water jet presents a
dominating value equal to 485 m/s compared to 467 m/s using the CEL method.
Moreover, at the same stage, the maximal value of the velocity is equal to 934 m/s for
both methods. At the final stage of the process, velocity takes 466 m/s in the neigh-
boring areas in the center of the target as presented in Fig. 2c, while it is zero in the
center. The same ascertainment presented in the CEL method, where the velocity is
equal to 432.5 m/s and zero in the center [1].

Before impact

During impact Final stage of impact

Initial stage of impact

Fig. 3 The dynamical process of the SPH simulation a before impact, b initial stage of impact,
c during the impact and d final stage of the of impact
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4.2 The Peak Pressure and Its Duration

For a dynamic process like the impacting water jet, the initial pressure is comparable to
the water hammer pressure. This pressure lasts for the time it takes the release wave,
which is generated at the contact edge of the jet to reach the central point. Figure 4
presets the numerical pressure of the impact area in the center of the target from the
SPH method. It shows a peak pressure on the surface just over 0.94 GPA. This value is
comparable to the empirical, experimental and numerical by the CEL method results of
0.885, 0.88 and 0.9 GPa respectively presented in [1]. After peaking pressure declines
and oscillates strongly between a maximal value just over 0.5 GPa and a minimal value
of −0.45 GPa until the end of the impact. Results from the CEL method present a
smoother oscillation before remaining stable at approximately 0.18 GPa at the end of
the impact. This difference can be explained by the dispersion nature of the SPH
method, contrarily to the CEL method which presents more continuity and stability.
The simulation presents an agreement with CEL, experimental and empirical results
from Hsu et al. [1] in the duration of the water–hammer pressure (approximately
1.5 ls).

4.3 Von Mises Stress on the Target

Figure 5 shows the propagation of stress wave on the surface of the plate at 7.507 ls
from the top view. The same evolution of the stress in both simulations: SPH and CEl.
The maximum value is 2.19 and 2.2 GPa from respectively SPH and CEL simulations.
The dominant value in the impact area is just over 1.28 GPa for both methods. The
same coherence is observed for the minimal value of the Von Mises stress which is
equal to 1.83 GPa. The Von Mises stress on the target at different intervals from a side
view is presented in Fig. 6

A high pressure of 0.22 GPa occurs at the center first as shown in Fig. 6a, a
dominant value of 0.128A high pressure of 0.22 GPa is observed in the impact area.
Figure 6b, c show that the stress propagates on the adjacent areas to reach a dominant

Fig. 4 The impact pressure at typical point in the plate
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value respectively 0.11 and 0.19 GPa. During impact, in Fig. 6d, the stress takes
relatively a low value of just over 0.105 GPa. The Von Mises stress of the stagnation
flow is presented in Fig. 6e. It shows a dominating value equals to 0.106 GPa. When
comparing these results of the state of the Von Mises stress on the PMMA target with
those from the CEL method in Hsu et al. [1], a very good coherence is observed. In the
SPH simulation, the deformation of the PMMA target takes the same shape of water
particles. For the CEL analyses, this shape takes a hemispherical form coming from the
continuous head of the water jet.

Fig. 5 The propagation of stress wave on surface of the plate at t = 7.507 ls

t=1.5145E-06 s t=4.51052E-06 s

t=1.3052E-05s t=2.1013E-05s

t=2.8552E-05s

Fig. 6 Time history of Von-Misses stress in the target at different time intervals a t = 1.5145 µs,
b t = 4.51052 µs, c t = 1.3052 µs, d t = 21.013 µs, and e t = 28.552 µs
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4.4 Deformation of the Target

Figure 7 presents the deformation of the PMMA target subjected to the water jet
impact. It shows a maximal displacement equal to 0.0466 mm. it has the same dis-
tribution and values presented in the CEL simulation in [1]. Figure 8 presents the
profile of the depression surface for three different intervals from the impact process. It
shows a good coherence with those presented in the CEL simulation.

Fig. 7 The deformation of the target

Fig. 8 Profile of the depression surface
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5 Conclusion

This study presents a numerical simulation of the impact of a high-velocity water jet on
a rectangular PMMA target by the SPH method for the water and an ordinary FE
method for the structure. It aims to compare results with a simulation of the same
problem using the CEL method presented in a previous work in [1]. Numerical models
were carried out under ABAQUS; The SPH method has almost similar curves to those
presented by the CEL method and experimental analyses. Moreover; the values are
relatively close and have low errors. The CEL method presents smoother curves
compared to the SPH method, which can be explained by the high dispersion of the
water particles undergoing significant velocities.

Acknowledgements. This work is partially supported by Laboratory of Mechanical Engineer-
ing, National School of Engineers; University of Monastir. The authors also gratefully
acknowledge the helpful comments and suggestions of the reviewers, which have improved the
presentation.
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Abstract. Shears with the parallel knives are used for cutting bars to desired
lengths from the mill stock. The knives are manufactured mostly from tool steel
by heat treatment, while hard surface welding mainly used in repairs damaged
parts. This paper presents a comparison of the ordinary knife fabrication from
the tool steel X210CrW12 by heat treatment and knife fabrication from the
structural steel St 52-3 by hard surface welding. Detail procedure of knife
fabrication from tool steel is presented. The material X210CrW12 is received
from supplier in soft annealed condition. After machining, following stress-
relief annealing, preheating and austenizing, quenching, tempering and cooling
on the end. The procedure of knife fabrication from the structural steel is sim-
pler. The material St 52-3 is supplied in normalized condition. After machining
and preheating, first welding is welding of ductile and high strength build-up
layer, then following hard surface welding. An advantage of the fabrication by
hard surface welding compared to the ordinary knives fabrication from tool steel
is lower price, time of fabrication and possibility to extend total durability by
several times repeating hard surface welding, but this requires skilled mainte-
nance workers.

Keywords: Knife fabrication � Heat treatment � Hard surface welding � Cold
cutting shear

1 Introduction

Shears with parallel knives are used for cutting bars to desired lengths from mill stock,
Fig. 1. In very short time, three pairs of knives were broke down by spalling, Fig. 2.
Length of the upper knife is 830 and lower knife 850 mm. Each knife is 50 mm thick.
The height of the upper knife is 220 and lower knife 170 mm. The cross section of the
lower knife is symmetrical rectangle (with sharp edges at the angle of 90°) so that all
four corners can be used for the cutting. Upper knife is asymmetrical in height and can
use only two sharp edges, Fig. 3.

To avoid stopping production, new knives were made from structural steel St 52-3
according to German standard DIN (Deutsches Institut für Normung) by hard surface
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Fig. 1 Cold shear

Fig. 2 Failure of one knife

Fig. 3 Upper and lower knife
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welding. This paper presents a comparison of blade fabrication from tool steel
X210CrW12 according to German standard DIN by heat treatment and blade fabri-
cation from structural steel by hard surface welding.

2 Fabrication of Knives from Steel X210CrW12

Material used for the initial knives was tool steel X210CrW12 according to German
standard DIN, with hardness of the blade surface after heat treatment 59 HRc. The
material brand name is OCR12SP, (SIJ Metal Ravne online catalog). X210CrW12 is
ledeburitic chromium with high durability and cutting performance as well as low
distortion in hardening. Chemical composition of the knife material is shown in
Table 1.

2.1 Machining

Material X210CrW12 is received from supplier in soft annealed condition with max-
imum hardness of 25 HRC. This condition allows the steel to be easily machined and
heat treated. At the beginning of the process, before milling, workpiece has dimensions
840 � 230 � 60. The first step is milling of workpiece to get dimensions
830.3 � 220.2 � 50.5, Fig. 4, which differs from final dimensions by additional 0.3,
0.2 and 0.5 mm set aside for grinding.

Table 1 Chemical composition of steel X210CrW12

Chemical element (%)

C 2.14
Si 0.25
Mn 0.45
Cr 12
W 0.7

Fig. 4 Workpiece dimension before and after milling
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Second step is manual grinding of corners by 0.5 mm/45°. Third step is grinding of
both sides on the magnetic plate to get the thickness of 50.4 mm. Fourth step is drilling
holes for the bolts and slotting. Grinding to get a final dimension follows the heat
treatment.

2.2 Heat Treatment

After machining, the first step of the heat treatment is stress-relief annealing to reduce
internal residual stresses in a workpiece caused by machining, without the intention to
change structure and mechanical properties. This annealing is carried out by heating the
workpiece on the temperature of 650 °C, holding at that temperature for one hour and
slowly cooling in the furnace.

Before austenizing, due to poor conductivity, the workpiece is preheated to a
temperature of 650–700 °C to equalize temperature inside and outside of the piece.
Workpiece reaches the austenizing temperature much more rapidly and holding time at
the austenizing temperature is reduced. The intention of preheating is to reduce change
in size and risk of cracking, to avoid decarburization, grain coarsening and local
overheating of the basic structure.

Preheated workpiece is transported to the furnace at the austenitizing temperature of
940–980 °C and holding time is 50–55 min.

Quenching from the austenitizing temperature can be done in oil, air or warm bath.
Quenching in warm bath is used to avoid cracking of workpiece and to reduce
deformation. Temperature of warm bath is 500–550 °C. Workpiece should stay in bath
till equalizing temperature (cca 5 min), after which it is removed from the bath and
cooled in air.

After quenching, workpiece is in a highly stressed condition. To avoid cracking,
workpiece should be tempered immediately after quenching. Estimated tempering
temperature is 450 °C, see Fig. 7, and duration one hour. After that, the workpiece is
cooled down on room temperature.

For this material it is very important to protect the surface of tools from
carburization.

Figures 5, 6 and 7 show heat treatment diagrams [1, 2].

3 Fabrication of Knives by Hard Surface Welding

Material used for fabrication blades by hard surface welding was steel St 52-3
according to DIN. Steel St 52-3 is a low carbon, high strength structural steel, suitable
for welding and hard surface welding. Tensile strength of this steel is 520 N/mm2 and
the yield point is 335 N/mm2 for thickness from 40 to 100 mm. The plate is supplied in
normalized condition with chemical composition in Table 2.

3.1 Machining

At the beginning of machining, dimensions of the workpiece were 840 � 230 � 60.
Workpiece was machined by milling to get final dimensions 830 � 220 � 50. Next
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step was drilling holes for the bolts and slotting and preparation of the grooves for
welding in the corners of the workpiece, Fig. 8.

3.2 Hard Surface Welding

A sample was taken from the basic material of workpiece to confirm chemical com-
position by quantometer. Chemical composition determined by quantometer is shown
in Table 3.

Equivalent carbon content—Cekv is calculated according to (1) [3].

Cekv ¼ Cþ Mn
6

þ Ni
15

þ Mo
4

þ Cr
5

þ Cu
13

þ Si
4
þ P

2
þ V

5
ð1Þ

Since Cekv = 0.43 does not exceed value of 0.45, the workpiece was preheated to
the temperature of 100 °C. Room temperature in workshop was 20 °C. Welding is
done by SMAW (Shielded Metal Arc Welding) process.

First step was welding of ductile and high strength build-up layer to have sufficient
strength to support surfacing layer under working conditions. This weld pass is done
with electrode brand name EZ-Krom 10 R [4], classification E19 9 LR12 according to

Fig. 5 Continuous cooling transformation diagram
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European Norms EN 1600 and electrode thickness Ø3.25 mm. Approximate chemical
composition and mechanical properties of the all-weld metal are shown in Table 4 [4].

Next step was welding of hard cutting edges in few weld passes with electrode
brand name EZ-650 TN, [4], classification E Fe2 according to European Norms EN
14700 and electrode thickness Ø4 mm. Approximate chemical composition of the all-
weld metal is show in Table 5 [4] . Estimated hardness of all-weld metal is 57-62 HRC.

Welding sequences in both cases were from the middle to the ends with back-step
welding technique, Fig. 9. After welding, workpiece was covered with heat insulating
material to cool down slowly. Grinding to get the final dimensions followed after hard
surface welding. Hardness on the blade surface after welding was 55 HRc.

4 Comparison

Important parameters for the knives in service have been considered and compared;
quality of cutting, durability, failures, possible repair and costs.

First important parameter, quality of cutting, was monitored during the production.
Since the position of the cold shear is at the end of the production process of hot
rolling, the appearance of the final product depends on cutting quality. Monitoring
during the service showed that although hardness of blades fabricated by heat treatment

Fig. 6 Time temperature transformation diagram
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was higher (59 HRc) then hardness of welded blades (55 HRc), quality of cutting was
the same.

Fig. 7 Tempering temperature versus hardness of X210CrW12

Table 2 Chemical composition of steel St-52 [3]

Chemical element (%)

C 0.2
Si 0.55
Mn 1.5
Pmax 0.035
Smax 0.035

Fig. 8 Grooves for welding
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Second parameter, durability, was also monitored during the production. The ser-
vice life of the knife made from steel X210CrW12 is around 18,000 tons of cut bars,
during the period of about 3 months. The service life of the welded blades was also
18,000 tons.

Failures of blades made from steel X210CrW12 were spalling after normal service
life, Fig. 2. These are large dimension blades and common failures are result of

Table 3 Chemical composition of workpiece

Chemical element (%)

C 0.19
Si 0.43
Mn 0.8
Pmax 0.01
Smax 0.01

Table 4 Approximate chemical composition and mechanical properties of all-weld metal

Chemical element (%) Rp0.2 (N/mm2) Rm (N/mm2) A5 (%) KV (20 °C)

C � 0.03 >340 540–640 >35 >55 J
Si 0.9
Mn 0.9
Cr 19
Ni 10

Table 5 Approximate chemical composition and mechanical
properties of all-weld metal

Chemical element (%)

C 0.5
Si 1.4
Mn 2
Cr 6
Ni 0.6

Fig. 9 Welding sequences
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mistakes in heat treatment because of their dimensions. Inadequate heat treatment
results in a lack of toughness and finally reduces service life. This kind of failure is
unpredictable, which causes unpredictable stops in production and additional loss
occurs due to scrap.

Welding of tool steel is complicated and requires welding skills and a lot of time. In
order to reduce internal stresses and to eliminate crack formation, welding procedure of
tool steel requires preheating of workpiece on high temperature, maintaining the
temperature of workpiece during welding, then slow cooling and again heating after
welding. Because of this, repair welding of tool steel in ordinary practice is very
difficult.

Failure of knife with welded blade can be described like plastic deformation due to
compressive stresses during cutting, Fig. 10. Lower knife is also subjected to wearing
due to friction between rolled bars and the blade when the bars are moving in rolling
direction, Fig. 1. Quality of cutting due to plastic deformation gets worse slowly and it
is possible to change knives during regular production stops. After dismantling from
shear, knives were welded and used in service again.

Price of knives fabricated from the steel St 52-3 by hard surface welding is 70% of
price of fabrication from the steel X210CrW12 by heat treatment. Costs of repair
welding of knives from the steel St 52-3 are negligible.

Fig. 10 Failure of blade with welded blade
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5 Conclusion

Although the cost price of hard surface welded knife is only 30% of the cost price of
knife from heat treated tool steel, possibility to repeat hard surface welding extends
total durability of welded blades a few times and reduces basic costs. Time necessary to
fabricate knives by hard surface welding is much shorter then fabrication from tool
steel by heat treatment or buying new ones. Hard surface welding can be done in a
workshop near the production line. Fabrication by hard surface welding requires skilled
maintenance workers, but once they have reached requested procedure, it can be fre-
quently repeated.

Since knives with different shapes are used on the production line in steelworks,
similar welding techniques can be used to fabricate all of them.
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Abstract. The effect of post-heat treatment process on TiO2 nanoparticles
(NPs), prepared by hydrothermal-assisted sol-gel method, was investigated
through measurement of the band gap energy, crystal size, photocatalytic
activity and antibacterial efficiency of TiO2 NPs. X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FTIR), Scanning electron microscopy
(SEM) and UV-Vis spectroscopy were used to characterize treated as well as
untreated TiO2 nanoparticles. Methylene blue (MB) dye was used as a pollutant
model in order to investigate the photocatalytic activity of as-prepared TiO2

nanoparticles. The antibacterial activity of TiO2 nanoparticles was assessed
under UV-A irradiation by testing the growth inhibition of two bacterial strains:
a Gram negative bacteria Stenotrophomonas maltophilia (S. maltophilia) and a
Gram positive bacteria Micrococcus luteus (M. luteus). The results indicate that
the crystal size increases from 13 to 20 nm for untreated (NT) and treated
nanoparticles, respectively. FTIR results show that heat treatment eliminates
inorganic impurity. SEM micrographs prove that annealing does not modify the
morphology of nanoparticles, however, particle size increases due to calcination.
In addition, post-heat treatment at 500 °C for 2 h decreases the band gap energy
(from 4.35 to 3.25 eV) and consequently enhances significantly the photocat-
alytic activity as well as the antibacterial performance of as-synthesized TiO2

nanoparticles.

Keywords: Heat treatment � TiO2 � Nanoparticles � Photocatalytic activity �
Antibacterial activity
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1 Introduction

Nanocrystalline titania (TiO2) powders are of high interest because of their attractive
properties such as its non-toxicity, high chemical stability, low cost and strong oxi-
dizing power [9]. Their unique features make them a competitive candidate for many
applications such as photovoltaic cells, treatment of skin tumors or skin disease, killing
of bacteria, anti-fogging and self-cleaning application [1, 3, 4]. Many studies confirmed
that the anatase phase of titania showed the best photocatalytic activity which makes it
widely used for air purification, dangerous waste treating and water treatment. [6, 10,
13]. However, the fast recombination of photogenerated electron-hole pair is still the
main weakness of anatase TiO2 nanoparticles [7, 8]. Various studies have been
developed in order to enhance the photo-response of TiO2 nanoparticles and reduce
electron-hole recombination in the photocatalytic process. It is well known that
preparing methods and post-treatment conditions strongly affect the photocatalytic
activity of TiO2 because they have a critical influence on the physical and chemical
properties of TiO2 [11]. Crystal structure, particle size in addition to surface area are
considered as essential factors that affect the photoactivity of TiO2, on the other hand,
heat treatment can be used to control physicochemical properties of TiO2 [2].

In this work, the effect of heat treatment on crystalline size, particle size, structure,
band gap energy, photocatalytic and antibacterial activity of sol-gel prepared TiO2

nanoparticles have been investigated. Nanoparticles before and after heat treatment
were characterized using X-ray diffraction (XRD), Fourier-transform infrared spec-
troscopy (FTIR), Scanning electron microscopy (SEM) and UV-Vis spectroscopy.
Photo-degradation and antibacterial tests have been also carried out in order to
investigate the effect of calcination on the photocatalytic performances of TiO2

nanoparticles.

2 Materials and Methods

Sample Preparation. All the chemicals were of analytical grade and used without
further purification. In order to prepare the TiO2 nanopowder, 5 ml of ethanol, 5 ml of
acetic acid and 200 lL of hydrochloric acid used as catalysts in addition to 5 ml of
titanium tetra isopropoxide precursor were mixed in the indicated order. The mixture
was stirred for 15 min at a constant speed of 200 rpm to obtain the TiO2 sol. Then, the
resulting sol was introduced into autoclave heated up to 243 °C and pressurized to
overcome the critical point of ethanol (Tc = 243 °C, Pc = 63 bar). The sol gelation
occurred after maintaining the temperature at 243 °C for 1 h. To evacuate the inter-
stitial solvent, depressurization for 30 min down to room temperature is conducted with
nitrogen gas. Finally, titanium aerogel was obtained. The obtained TiO2 nanopowders
undergo heat-treatment at 500 °C for 2 h.

Characterization of as-prepared TiO2 nanoparticles. The structure and crystallite
size of TiO2 nanoparticles were analyzed by means of the XRD measurements which
were carried out at room temperature by using (BRUKER-AXS-D8-Advance) with
CuKa radiation (k = 0.154056 nm). The average crystallite size of TiO2 was calcu-
lated according to the Scherrer’s equation using the XRD line broadening as follows:

72 M. Ben Chobba et al.



D ¼ kk=b cos h ð1Þ

where D is the crystallite size (Å); k = 0.89; k is the X-ray wavelength equal to
0.154056 nm; b is the full width at half maximum intensity (FWHM) and h—half
diffraction angle.

Infrared spectra were recorded at room temperature using a Thermo Nicolet 5700
spectrophotometer. Measurements were done via transmission mode. Scanning electron
microscope (SEM) was performed in order to investigate the effect of heat treatment on
the morphological and particle size of nanoparticles of TiO2. SEM images were col-
lected by using MEB environmental QUANTA 250. Optical properties were investi-
gated using UV-Vis spectroscopy (Optima SP-3000 plus) within the wavelength range
of 200–700 nm.

Dye Photodegradation. Photocatalytic tests were carried out to evaluate the pho-
todegradation of methylene blue (MB) dye in the presence of TiO2 samples in aqueous
solution under UV light. UV-A irradiation was performed by using three UV lamps
with a maximum intensity at 365 nm. The intensity of UV radiation was found to be
0.76 mW/cm2. The distance between the radiation source and the solution was 10 cm.

Antibacterial test. Antibacterial activity of untreated and treated TiO2 nanoparticles
suspensions (0.1 and 1% w/v) was performed under UV-A light, the test was carried
out against two kinds of strains one Gram-negative bacteria (S. maltophilia BC656) and
one Gram-positive bacteria (Micrococcus luteus BC657). The source of UV-irradiation
was a 25 W fluorescent lamp with a maximum intensity at 365 nm. All strains were
isolated and kept in the bacterial collection of the Department of Biological and
Environmental Sciences (DISBA) of University of Messina, Italy. Fresh bacterial
suspensions were prepared after growth in TSA medium (Tryptone Soy Agar, Oxoid)
for 24–48 h and then adjusted at a final concentration of 1.5 � 107 cell/mL for Gram
negative strain and 1.5 � 105 cell/mL for Gram positive strain. For the experiment, two
different kinds of controls were used:

1. Bacterial suspension alone exposed under UV light and considered as a control to
test the effect of UV irradiation on tested bacteria noted ‘Cuv’;

2. Another set of experiment with only bacteria not exposed to the UV was used as a
control noted ‘C’ in order to check the viability of cells during the experimental
time scale.

After 1 h of UV exposure and in order to evaluate the percentage of surviving cells,
10 µL of suspension and respective decimal dilutions were inoculated on the surface of
Petri dishes containing TSA medium and then the percentage of surviving cells was
estimated by counting the colonies after incubation at 28 °C for 24–48 h.

3 Results and Discussion

To determine the crystalline structure of as-prepared nanoparticles, XRD analysis was
performed on both untreated and treated TiO2 (Fig. 1). All samples were pure anatase,
and no rutile phase was detected. However better crystallinity after annealing TiO2
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nanoparticles at 500 °C was observed. On the other hand, the average size of TiO2

nanopowder increased from 13 nm to be about 20 nm for untreated and annealed
sample, respectively. From these results, it could be concluded that post heat treatment
enhances the crystallinity of TiO2 nanoparticles and slightly increases their crystal size.

The FTIR spectrum of the as-synthesized TiO2 nanoparticles is given in Fig. 2. The
band around 437 cm−1 is attributed to the O-Ti-O band corresponding to the crystalline
titania in the anatase form. In the case of untreated sample, picks observed at the
wavenumber range between 1300 and 1800 cm−1, were attributed to C = O, t C = C
and CH3 vibration corresponding to the organic residues. A very low band, in the
higher wavenumber range, between 2700 and 3800 cm−1 was attributed to O-H cor-
responding to the surface adsorbed water and C-H vibrations. However, the as men-
tioned peaks are not observed in the case of treated which proves that heat treatment
removes organic impurities and adsorbed water which in turn could enhance the MB
adsorption on the surface of TiO2 nanoparticles and consequently ameliorate the
photodegradation performances.

Scanning electron microscope (SEM) was performed in order to determine the
effect of calcination on the morphology and particles size of TiO2 nanoparticles.
Figure 3 shows the SEM micrographs of TiO2 particles and present spherical shape
particles. It could be seen through the SEM analysis that TiO2 spheres of 1 lm consist
of a large amount of mono-dispersed crystallites with a size between 20 and 40 nm.
Moreover, it is observed that heat treatment does not affect the morphology of
nanoparticles which remain spherical after annealing. However, it is clear that particle
size increased after calcination which is consistent with the XRD result.

Fig. 1 XRD patterns of as-synthesized TiO2 nanopowders
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Figure 4 shows the UV-Vis absorbance spectra of samples. The band gap energy
(Eg) of TiO2 nanoparticles before and after heat treatment process was determined by
using the following equation:

aðhmÞ ¼ B(hm� Eg) ð2Þ

where h is Planck’s constant, B is a constant dependent on the transition probability,
and m is the frequency of the radiation and a is the optical absorption coefficient.

Fig. 2 FT-IR spectrum of as- prepared TiO2 nanoparticles

Fig. 3 SEM images of a not treated, b treated TiO2 nanoparticles
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It can be clearly seen from Fig. 4 that the absorbance of UV light was significantly
enhanced due to heat treatment. On the other hand, results indicate that annealing TiO2

at 500 °C affect the optical band gap energy which decreased from 4.35 to 3.25 eV
(inset of Fig. 4).

Photodegradation of MB dye was performed to investigate and compare the pho-
tocatalytic performance of treated and untreated TiO2 nanoparticles. Figure 5 shows
that not treated TiO2 nanoparticles do not exhibit any significant photocatalytic activity
by degrading only 10% of dye after 6 h. However, photocatalytic degradation rate was
notably enhanced after treated nanoparticles at 500 °C. It is clear that calcination has a
great effect on the photocatalytic activity of TiO2 nanopowders. The high photocat-
alytic performance of annealed TiO2 nanoparticles could be attributed to a several
factors: (i) better UV-light absorption of the catalyst because of higher crystallinity and
reduced band gap (ii) better adsorption of MB after the removal of organic impurities
resulting from used precursors and which remain after sol-gel process (iii) the increase
in the number of active sites and in the amount of photons absorbed by TiO2.

From the results shown in Fig. 6, we can conclude that UV light has no effect on
inhibiting the growth of tested bacteria. Indeed, no reduction in the percentage of
survival cell was observed after 1 h of exposure under UV-A radiation. This may be
due to the low intensity of the used UV lamp. Consequently, we can determine that
TiO2 nanoparticles are the only responsible for antibacterial activity and inactivation of
bacterial growth for both bacteria. Calcined samples showed more efficient photocat-
alytic inactivation than not treated samples due to their enhanced photocatalytic
activity. On the other hand, it is clear that 0.1% w/v suspension contains treated
powders showed better antibacterial activity than not treated samples (1% w/v). This

Fig. 4 Absorbance spectra untreated/treated TiO2 nanoparticles. The optical gap of each sample
has been determined from the linear fit of the Tauc’s plot corresponding to each spectrum as
shown as an inset
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result reveals the importance of the calcination on photocatalytic activity of TiO2. In
fact, it has been reported that the photocatalytic activity of TiO2 is greatly affected by
the calcination temperature [5, 12]. On the other hand, 1% w/v calcined suspension
showed the highest antibacterial action against gram negative as well as gram positive
bacteria with approximately a total inhibition after 1 hour of contact with TiO2

nanoparticles under UV light; which exhibit their effectiveness in determining practi-
cally the complete killing of bacteria tested.

4 Conclusion

The results of this work point out that the heat treatment strongly affects the photo-
catalytic performance of TiO2 nanoparticles, in particular, the photocatalytic efficiency
and antibacterial activity against. Enhancing the absorbance under UV light and nar-
rowing the band gap energy of heat-treated TiO2 nanoparticles are the main reasons for
efficient photo-response activity. The removal of organic impurities from TiO2 NPs
with heat treatment was beneficial to the studied application. The crystal size as well as
particle size increased due to calcination. However, the calcination has no effect on
particles morphology which remains spherical. Treated TiO2 nanoparticles seem to be a
promising candidate for many applications such as self cleaning surfaces, air purifi-
cation and water treatment.

Acknowledgements. The authors gratefully acknowledge the helpful comments and sugges-
tions of the reviewers, which have improved the presentation.

Fig. 5 Photocatalytic degradation of methylene blue dye of untreated (NT) and annealed TiO2

nanoparticles at 500 °C for 2 h
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Abstract. This paper presents a probabilistic analysis approach applied to finite
element analysis for modeling a cracked aluminum plate repaired with com-
posite patches under cyclic loading. For this, it is necessary to have a mechanical
model and a probabilistic model correctly representing the behavior of this type
of structures. The finite element method reported in this paper to analyse the
evolution of the stress intensity factor and to evaluate the effect of the composite
patch on increasing the life of cracked structures. The uncertainty of the geo-
metric characteristics and mechanical properties of the Glass/Epoxy repair patch
was presented in this study. The Probabilistic method applied to finite element
modeling provides another alternative medium for structural analysis of
repairing aluminum plates to achieve a robust and reliable design in a more
efficient manner. The Monte Carlo simulation was used in this study and the
reliability in this context is defined as the probability that the stress intensity
factor is less than the toughness under cyclic stress. According to this study, the
most influential parameter that has a significant effect on the stress intensity
factor is the thickness of the adhesive and the thickness of the patch that must be
tightly controlled.

Keywords: Finite element modeling � Monte Carlo simulation � Patch repair �
Probabilistic analysis � Composite material � Stress intensity factor � Fatigue �
Cyclic loading

1 Introduction

The aeronautical components are subjected in service to mechanical stresses giving rise
to generally multi-axial and variable amplitude stress states, which causes a phe-
nomenon of fatigue damage. This type of structure can suffer damage or local micro-
cracks. The damage that results is rarely singular, but it can potentially have adverse
consequences on the mechanical behavior of the structure in question. An alternative to
repairing these structures is to reinforce them preventively before the crack appears.
Several repair techniques can be highlighted. The most successful techniques are
usually the repair of damaged parts by intact plates fixed by a riveted, bolted
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(mechanical assembly), welded or glued joint. Designers of metal structures and
mechanical systems are constantly confronted with fatigue problems. Cyclical solici-
tations can sometimes be catastrophic, even if they largely respect the levels of static
sizing [1, 2]. Mechanical assembly techniques, although effective and perfectly con-
trolled, have the disadvantage of creating areas of high concentration of stress at the
connection points and expose the assemblies to high risks of degradation by corrosion.
New approaches to the repair of metal structures by new materials such as composite
materials, using new production techniques are currently proposed by the designers,
with the primary concern is to improve the performance of aluminum structures and
extend the life of the structures. Bonding offers the possibility of avoiding the different
problems of mechanical assemblies, thanks to a uniform distribution of stresses on the
contact surface and to the use of polymer adhesives and composite patches that are not
subject to corrosion [3]. These composite patches can delay the propagation of cracks
and consequently increase the life of the structures thus repaired, the asymmetry of the
repaired structure, the tensioning of the component before gluing the composite patch
[4, 5], imperfect gluing of the patch composite [6] or residual stresses [7], the size and
properties of the material of the adhesive, the patch and the plate on the evolution of the
stress intensity factor [8], the hydrothermal effect on the lifespan of aluminum plates
repaired with unidirectional composite patches [9] have been examined in the recent
literature. From all of the work mentioned above, it has been noted that the use of
composite patches allows a significant extension of the life of the damaged structures,
but in return, in this technique, the choice of shape, dimensions and the mechanical
properties of the repair patch become a problem. To solve this problem, a probabilistic
calculation of this technique proves essential. Consideration of uncertainty in
mechanical analysis is necessary for optimal and robust design of structures. It is with
this objective that probabilistic approaches for structural mechanics have been devel-
oped for several decades [10, 11]. These methods make it possible to study on the one
hand the reliability of the components or systems, and on the other hand the influence
of the variability of the parameters on the behavior of the component or the system.
Structural reliability methods are used to assess the probability of failure of a com-
ponent or mechanical system with respect to a given failure criterion [12, 13]. The
database obtained by Virkler et al. [14] gave rise to different statistical analyzes for the
identification of the probabilistic parameters of the propagation law used (i.e. the Paris-
Erdogan law) to predict the dispersion of the propagation curves of crack obtained
experimentally. Sensitivity and probabilistic analysis of the reliability of the foundation
of the machine according to the variability of soil stiffness, structure and geometry and
operation of the compressor was presented by Králik et al. [15]. The randomness in the
loading and the environmental effects, the variability of the material and the geometric
characteristics of these structures and many other “uncertainties” affecting the errors in
the computational model leads to a situation in which the real behavior of the structure
is different to the modeled behavior is presented by Marek P. et al. [16]. A probabilistic
analysis approach applied in finite element analysis for modeling prestressed inverted
T-beams with web openings structure used in building service system (mechanical,
electrical, communications, and plumbing) is presented by Ming et al. [17]. Shui-Hua
et al. [18] have proposed a non-intrusive stochastic finite element method for slope
reliability analysis considering spatially variable shear strength parameters. They found
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that the non-intrusive stochastic finite element method can efficiently evaluate the slope
reliability considering spatially variable shear strength parameters, which is much more
efficient than the Latin hypercube sampling (LHS) method. The propagation of multi-
scale uncertainty and selection of failure criterion, for the reliability analysis of com-
posites, were investigated by Zhoua et al. [19]. They noticed that the comparison of
failure criteria in reliability analysis demonstrates that the difference between the failure
mode based criteria and the failure criteria without failure modes becomes more evident
when the structures are in complex stress status, such as under biaxial or off-axis
loadings. In general, failure theories without failure modes are preferred in reliability
analysis for composites due to their efficiency. Chen et al. [20] studied, a concept of
repair tolerance by defining two critical thresholds, when to repair and when to replace,
to address both safety and economic issues. A probabilistic approach was applied to
optimize the two thresholds in repair tolerance by assessing the probability of failure as
well as minimizing the total maintenance cost. This method can be used by aircraft
manufacturers and operators to support their decision-making for an optimized repair
policy. A multi-scale finite element based reliability analysis is proposed for a com-
posite structure was presented by Zhou et al. [21]. The proposed method enables both
microscopic uncertainties, such as those in constituent material properties, and
macroscopic uncertainties, such as ply orientation angles, to be taken into account. The
proposed method will serve as a fundamental component in the development of
stochastic multi-scale design method for composite structures. Probability analysis of
optimal design for fatigue crack of aluminium plate repaired with a bonded composite
patch is presented by Errouane et al. [22], have studied a numerical model for prob-
abilistic analysis of optimal design of fatigue non-uniform crack growth behavior of a
cracked aluminium 2024 T3 plate repaired with a bonded composite patch is investi-
gated and they concluded that the uncertainties of the optimized patch have the largest
impact on the reliability of our model. Consequently, a small variation in the manu-
facturing process of these properties can seriously affect the fatigue life of the fatigue
life repaired aluminum 2024 T3 plate, and the four input variables: transversal mod-
ulus, thickness of adhesive, thickness and width of the patch are responsible for the
largest part of fatigue life reliability. In this work, a probabilistic analysis approach
applied to finite element analysis for modeling a cracked aluminum plate repaired with
composite patches under cyclic loading. The probabilistic analysis approach was
applied to account for the variability in dimensions and mechanical properties of the
patch. Monte Carlo simulation was used in this study to analyze the effect of geometric
parameter uncertainty, and the mechanical properties of the Glass/Epoxy patch.

2 Materials and Methods

A numerical model was carried out on the basis of an experimental model realized by
Hosseini Toudeshky [23]. According to Fig. 1, a 2024-T3 aluminum plate containing a
central crack (mode I) repaired asymmetrically. Glass/epoxy patch was modeled to
estimate the evolution of crack propagation under fatigue stresses. Subsequently, an
estimate of the life of this plate was validated by the experimental model. The
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geometric and mechanical characteristics of the aluminum plate and the patch have
been grouped in Tables 1 and 2.

The fatigue crack propagation analysis was carried out using the ANSYS program
ware for an initial crack size ainit = 5 mm able to propagate to a critical final size so
afin = 14 mm. The stress intensity factor is calculated at each increment of the size of
this crack. According to Fig. 2, the symmetry of loading and geometry has been
exploited, by the use of 1/4 of the geometry of the repaired plate. Solid 95 elements
were used, for the mesh of the aluminum plate and the Adhesive film. For the com-
posite patch, we chose Solid46 elements (Fig. 3).

Fig. 1 Typical geometry and loading of single-side repaired panels [23]

Table 1 Geometric characteristics of the plate, adhesive and composite patch [23]

2Wal (mm) 2Hal (mm) Tal (mm) 2WP (mm) 2HP (mm) Tp (mm) Hc (mm)

50 100 2.29 35 40 0.18/plis 0.1

Table 2 Material properties of the panel, adhesive layer and patch [23]

Material E1
(Gpa)

E2, E3
(Gpa)

m12,
m13

m23 G12, G13
(Gpa)

G23
(Gpa)

Aluminium
2024T3

71.3 / 0.33 / / /

Glass/Epoxy 50 14.5 0.33 0.33 2.56 2.24
Adhesive 1.89 / 0.33 0.33 / /
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3 Results

3.1 Fatigue Crack Growth Life

In order to check the precision of the developed numerical model, the obtained fatigue
crack growth life of the repaired thick panels using FEM is compared with experi-
mental results performed by Hosseini and al. [23] with and without bonded patch.
Figure 4 represents, the variation of crack length versus the number of load cycles for
both unprepared and repaired panels with four layers of glass/epoxy patch for thin
aluminum plate (Tal = 2.29 mm). The good agreement between our model and results
in the literature [23] validates the developed FEM non-uniform crack growth procedure
for patched and unpatched cracked aluminum plate as well as the material constants
used for the Paris law.
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Fig. 2 Typical finite element mesh of single-side repaired panel

Fig. 3 Element used for meshing geometry
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The Paris equation is used to relate the crack growth rate to the stress intensity
factor:

da
dN

¼ CDKm ð1Þ

where C and m are empirical material constants, are material constants, given by
3.2828 and 3.63 � 10−13 respectively for thin panels and 4.224 and

DK ¼ Kmax � Kmin ð2Þ

is the stress intensity factor range in fatigue loading, N is number of cycles, and da is
crack extension length. The material constants in Paris equation are calculated based on
the ASTM E-647 method. The required experimental crack growth data were obtained
from the tests of un-repaired panels with a central crack [23].

3.2 Probability Analysis of Composite Patch

The Probabilistic Design System (PDS) analyzes a component or system involving
uncertain input parameters. These parameters are defined as random input variables and
are characterized by their type and the distribution of variables (mean, standard
deviation). The main results of the simulation are defined as random output parameters.
The mechanical parameters include both the geometry of the structure and the
mechanical properties of the material. The geometric dimensions of a structure are
never perfectly known. In this study, the coefficient of variation of the dimensions is
fixed at 5%. The dimensions of the patch, including the width Wp, the height Hp, the
thickness Tp and thickness of the film Adhesive Hc are taken as random input
parameters. These quantities are therefore considered to be random and also described
by a Gaussian law. In this study, the Monte Carlo MCS method is used to perform
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probabilistic patch analysis in the composite. The stress intensity factor KI has con-
sidered random output responses. The mechanical properties of the repair patch made
of composite material, including the longitudinal modulus E11, transverse modulus
E22, the poison coefficient (ʋ12) and the shear moduli (G12 and G23) (see Table 3).

For the probabilistic analysis, the ANSYS probabilistic design system analysis was
looped through 1000 sample points considering the variations defined in the input
variables, and the corresponding statistical analysis of the output parameters are given
in Table 4. Figure 5 graphically represents the KI dispersion histogram for the two
extreme cracks. A summary of the statistical characteristics of the output parameters is
provided in Table 4, with a confidence level of 0.95. The dispersion of the input
parameters causes a great variability of the output parameters.

In this search, the value of the output parameter list in Table 4 which obtained from
using the probability analysis has a different value between deterministic analyses. For
example, the maximum value of KI is 405.32 MPa.0.5 of deterministic results with
probabilistic results the maximum of value of KI is 419.69 MPa.0.5.

So from the results from Fig. 5, the approach of probabilistic analysis is relatively
higher than deterministic analysis.

With respect to all geometric input parameters of 5% coefficient of variation, and
for mechanical properties by 10%, the coefficient of variation of the stress intensity
factor (output parameter) is too small equal to 3% for a small crack size; this coefficient
was increased about 6.9% for a large crack size.

Table 3 Random input variables of the model (a = 14 mm)

Input parameters Means COV % (%) Standard deviation Distribution

WP (mm) 17.5 5 0.875 Gaussian
HP (mm) 20 5 1 Gaussian
TP (mm) 0.72 9 0.0648 Gaussian
Hc (mm) 0.10 15 0.015 Gaussian
E11 (MPa) 50 E3 12 6000 Gaussian
E22 (MPa) 14.5 E3 12 1740 Gaussian
ʋ12 0.33 5 0.0165 Gaussian
G12(MPa) 2.56 E3 12 307.2 Gaussian
G23(MPa) 2.24 E3 12 268.8 Gaussian

Table 4 Probabilistic analysis results for both extreme crack sizes

Crack a = 5 mm Crack a = 14 mm
Means SD COV % Means SD COV %

KI (MPa) 405.3 12.29 3 650.28 44.71 6.87
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Asymmetry coefficient (skewness), from the probability distribution of a random
variable of real values (Fig. 5), qualitatively shows a negative inclination for two
extreme crack sizes. In the same figure, the tail on the left side of the probability density
function is longer than the right side and the majority of the values are on the right side
of the average. The asymmetry value for a crack of a = 5 mm and a = 14 mm is about
−3.5 and −2.63 respectively. These values are important compared to the normal
because it is greater than zero. Since the flattening coefficient (kurtosis), the probability
distribution of a random variable with respect to the actual value for a small crack is
higher (Fig. 5) represents a value of 15.91, and 9.52 for a size of the crack a = 14 mm,
which means the variance represents the result of the less frequent extreme deviations,
as opposed to frequent discreet size discrepancies. As shown in Fig. 5 the minimum
and maximum of KI are 332.63 and 419.69 respectively, and it increases by about
26.2%.

3.3 Sensitivity Analysis of Output Variables

The evaluation of the probabilistic sensitivities is based on the correlation coefficients
between all random input variables and a particular random output parameter. To plot
the sensitivities of a certain random output parameter, the random input variables are
separated into two groups: those that are significant (important) and those that are
insignificant (not important) for the random output parameter. The sensitivity plots will
only include the significant random input variables. The results of the sensitivity
analysis of stress intensity factor (KI) in mode I a cracked plate of crack length
a = 5 mm and a = 14 mm repaired by a composite patch are shown in Fig. 6. The
sensitivities are given graphically circular (pie chart).

He can observe that 3 parameters taken into account in the simulation have a
contribution to the sensitivity of KI (Fig. 6a), the thickness of the adhesive which
presents 54%, the thickness of the patch 13% and the coefficient 12% Poisson’s have
significant effects on the performance of the composite patch repair technique. These
three variables account for more than 80% of the effect on the probability of failure,
compared to the other six variables that together make up the remaining parts. They are
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Fig. 5 Histogram of the stress intensity factor for Initial patch
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followed by the height and width of the patch, the shear modulus in both directions,
and Young’s modulus in the longitudinal and transversal direction (Hc > Tp >
ʋ12 > Hp > Wp > G23 > G12 > E22 > E11 …). The same observations are observed
for a crack a = 14 mm, the input parameter (Hc) is the dominant input variable which
represents 60% of the sensitivity of the KI, the Poisson coefficient of a percentage of
11% and the patch thickness (Tp) is only 8% when compared with a small crack. The
sensitivity analysis gives us a reduction in the complexity of the problem from nine
input variables to only three most dominant parameters.

3.4 Dispersion Diagrams of Output and Input Variables

The correlation coefficients enable to estimate the sensitivity of output to input vari-
ables in a qualitative manner. The problem arises when it is necessary to determine
which input variable is the most significant. Such a comparison is necessary when it is
desired to optimize, for example, the fatigue life of the composite material repaired
structure by making changes only to the most significant input variables. A quantitative
measure can be obtained by calculation of probabilistic sensitivities based on scatter
plots. The scatter plots represent some interrelations between random input and output
parameters as shown in Fig. 7. The correlation coefficient chosen in this work is named
the Spearman rank order correlation coefficient. In particular, a qualitative sensitivity
measure of output parameter Siwith respect to input parameter Ri through the Spear-
man coefficient can be calculated

rs ¼
Pn

i ðRi � RÞðSi � SÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i ðRi � RÞ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i ðSi � SÞ2

q ð3Þ

where Ri, is rank of input parameters within the set of observations [x1, x2, x3,…, xn]T,
Si is rank of output parameters within the set of observations [y1, y2, y3, …, xn]T, are
average ranks of the parameters R and S respectively R, S [21].

It is observed that there is a non-linear relationship between random input Hc and
output KI parameters (Fig. 7). The relevant results are collected and uncorrelated case

a=5mm a=14mm 

Fig. 6 Sensitivity of KI with respect to input parameters for composite patch
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in Table 5 being equal to 1% of the corresponding mean value. The outcome of
computations shows that one model parameter (Hc) is strongly correlated (nearly
equal ±1) with the output parameter (KI), thus they slightly deviate from trend lines as
shown, e.g., in Table 5.

3.5 The Sensitivity the Geometric Ratio a (Wp/Hp) on the KI

Consideration of uncertainty in a mechanical analysis is necessary for the optimal and
robust design of structures. It is with this objective that the shape of the repair patch
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Fig. 7 Spearman Correlation Coefficient Between thickness of adhesive Hc and stress intensity
factor KI for a = 5 mm

Table 5 Spearman correlation coefficient Rank order
between input variables and output parameters

Variables Coefficient Spearman
ordre de rang KI
r r2 * 100

HP 0.153 2.3
WP −0.085 0.7
TP −0.225 5.0
Hc 0.913 83.3
E11 0.017 0.02
E22 −0.023 0.05
G12 −0.042 0.17
G23 0.044 0.19
ʋ12 −0.203 4.1
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was tested as a function of the geometrical ratio a in order to study the influence of the
variability of the shape of the patch on the mechanical behavior of the repaired
structure. In this part, we have chosen 3 geometrical ratios a [0.65, 1 and 1.5] as shown
in Fig. 7. Table 4 groups together the statistical results of the output parameters as a
function of geometrical ratio a, with a confidence level of 0, 95 a crack length
a = 14 mm.

Figures 9 and 10 show the relative density function and the curves of the cumu-
lative function of the probability of failure (dispersion) of the stress intensity factor as a
function of the geometric ratio a, a variation in the standard deviation leads to an
increase or decrease in the dispersion margin and thus a decrease or increase in the
slope of the probability distribution at a constant position.

In Figs. 8 and 9, according to Table 6, the average value of the KI density varies
from 1.78, 1 and 3.21% of a reference value (Table 3) for a equal to 0.65, 1 and, 1.5
respectively. A reduction of 3.21% of the average of KI is obtained for a = 1.5.
A variation of about 0.24, 0.15 and 2.12% is obtained in the standard deviation of a
reference value for a equal to 0.65, 1 and 1.5 respectively.

A variation in the average KI value of the relative density causes a variation in the
cumulative probability of failure distributions (Fig. 10) especially if the average rela-
tive density is shifted to low values. In this case, an increase in the probability of failure
(52%) was observed for the geometric ratio a = 0.65, for a geometric ratio a = 1, a
probability of failure has been increased to 82%.

From this study, it can be distinguished that the geometric ratio a = 1, is the
suitable ratio which gives an optimal shape of the repair patch as the coefficient of
variation of the mean and the standard deviation from the reference value is very small
compared to other reports.

X
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Z X

Y

Z X

Y

Z

α=0.65 α=1 α=1.5

Fig. 8 Numerical model according to the geometric ratio a
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Table 6 Probabilistic analysis results of the geometrical ratio a for a = 14 mm

a = 0.65 a = 1 a = 1.5
Means SD COV % Means SD COV % Means SD COV %

KI (MPa) 661.9 44.8 6.77 643.4 44.78 6.96 650.28 44.71 6.87
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Fig. 9 Relative density of the stress intensity factor as a function of the geometric ratio a
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4 Discussion and Conclusion

This work proposes a mechano-probabilistic study based on the Monte Carlo method
for solving the crack propagation problems of aluminum plate repaired with composite
patches under a cyclic loading modeled by the finite element method. In account
uncertainties related to the geometrical parameters and the mechanical characteristics of
the patch of repair. Reliability in this context is defined as the probability that the stress
intensity factor is less than the toughness (KIC) under cyclic stress. According to the
analysis results, three parameters taken into account in the simulation have a contri-
bution to KI sensitivity, adhesive thickness, patch thickness, and Poisson’s ratio. The
variation of the shape of the patch has a very significant effect on the sensitivity of the
KI. The square shape of the repair patch (geometric ratio a = 1.0) is the optimal form in
the composite material repair concept. The knowledge of the influence of each
parameter of the repair patch which directly influences the propagation of the crack and
above all the aeronautical structures allow us to use the best approximations which
accelerate the computation time while keeping an acceptable precision, and we quantify
the error made during the simplifications chosen.
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Abstract. In this paper, a design of a mini parabolic concentrator is studied.
The interior surface is covered with a reflective layer and equipped with a
cylindrical receiver in its focal position. To validate the sizing of the main parts
of our system and to make our mechanism resistant against external forces, we
used the numerical simulation carried out on. Currently, solar concentration
technologies present opportunities for commercial exploitation. These tech-
nologies are based on collectors that concentrate solar radiation and heat a heat
transfer fluid at high temperature. Hence the idea of designing and building a
parabolic solar concentrator which is composed of a reflective surface that
concentrates the incident radiation to its focus. Its size obviously depends on the
solar power required. This type of concentrator has the highest thermal effi-
ciency which is around 75%. Our system consists mainly of a dish, a cylindrical
receiver placed in the focal position, a recessed reflector on a nacelle, a coun-
terweight, a support supported by a pylon and a frame fixed to the ground. The
system is composed of 2 main classes. It has two degrees of freedom of rotation:
class 1 to adjust the azimuth angle and class 2 for the angle of elevation.

Keywords: Parabolic � Concentrator � Solar � Energy � Concentrator � Design �
Simulation

1 Introduction

According to studies by some research institutes, the energy consumption of devel-
oping countries will increase very significantly, especially after the globalization of
trade and exchanges between states. The latest oil crisis and the disaster at the Cher-
nobyl nuclear power plant have stimulated much research and development of new
sources of renewable and particularly solar energy. Currently solar concentrating
technologies present opportunities for commercial exploitation. These technologies are
based on collectors that concentrate solar radiation and heat a heat transfer fluid at high
temperature [1, 2]. Hence the idea of making and realizing a parabolic solar
concentrator.
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The parabolic concentrator is composed of a reflective surface that concentrates the
incident radiation to its focus. Its size obviously depends on the solar power required.
This type of concentrator has the highest thermal efficiency which is of the order of
75% [3].

As an order of magnitude, it can be considered that a concentrator with a diameter
of 8.5 m can provide up to 10 KW of electricity under an insolation of 800 W/m2. The
concentrator has two degrees of freedom to effectively track the sun. This tracking is
done quite autonomously, unlike parabolic trough sensors [4].

2 Model and Simulation Method

Physical model

A parabolic sensor is a concentration sensor that uses a dish-shaped reflector and
focuses the sun’s rays into a focal point (Fig. 2) [5]. Our system consists mainly of a
dish, a cylindrical receiver placed in the focal position, a recessed reflector on a nacelle,
a counterweight, a support supported by a pylon and a frame fixed to the ground. The
system is composed of 3 equivalence classes [Table 1]. In addition, it has two degrees
of freedom of rotation: a horizontal between class 0 and class 1 to adjust the azimuth
angle and another vertical between class 1 and class 2 for the angle of elevation
(Fig. 1).

Rotation guidance in azimuth: The solution adopted is the interposition of rolling
elements, and more specifically the mounting of a support, a guide and a rolling bearing
bearings and which suppress the degrees of freedom in translation.

a. Rotation guidance in azimuth: It is performed by the implantation of two rolling
bearings.

b. Rotation guidance in elevation: It is performed by the implantation of two rolling
bearings. It is the same solution existed to guide the mechanism in rotation in
azimuth.

The physical model used in our case is the simulation of masterpieces on (SOLID-
WORKS Simulation). The geometric parameters of the parabolic concentrator are
illustrated in Tables 2 and 3.

Table 1 Equivalence class in the system

Class number Components

0 Wheels; built; pylon; guide; rolling bearing; screw; nuts
1 Support; 2 rolling bearings; screw; nuts
2 Nacelle; parabola; lid; absorber (receiver); counter weight; stem
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Fig. 1 Perspective of the solar parabolic concentrator

Fig. 2 Schematic of the parabolic concentrator in the direction of the circle
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3 Results of Numerical Simulation

3.1 Results

Before performing the simulation of our mechanism, it is necessary to calculate the
forces applied on the concentrator.

The concentrator is subject to two forces:

• The weight P of the set “2” exerted on the other structures.
• The force applied by the wind F exerted on the assembly “2”.

Set “2” is essentially composed of a parabola; a nacelle; a counter weight; a rod.

P ¼ Mðset 2Þ :G

The set “2” is composed of four parts that will exert the effort P on the other
mechanism structures whose masses are as follows:

Mass of the dish: M1 = 125 kg; Mass of the nacelle: M2 = 7.5 kg; Weight of
counterweight: M3 = 13 kg.
Mass of the empty absorber and its mounting bracket: M4 = 6.5 kg so the weight of
the set “2” is:

P = (125 + 7.5 + 13 + 6.5) g

! P ¼ 1491:12N

We also have:

F ¼ 1=2:Cx : S :V2 : q

Table 2 Reflector parameters

Geometric parameters Value Unit

Diameter of the opening “d” 3 m
Depth “h” 0.5 m
Focal distance “f” 1.125 m
Opening area “Aa” 7.07 m2

Table 3 Receiver parameters

Geometric parameters Value Unit

Diameter of the opening “d2” 0.16 m
Capturing surface “Ar” 0.02 m
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The force applied by the wind F exerted on the assembly “2”.

F ¼ 1=2Cx SV2 q

Cx: constant = 1.4 for a parabolic surface [2].
S: the surface, or S =

Q
R2 = 7 m2

V: wind speed = 120 km/h = 33.33 m/s;
q: density of the air = 1.22 kg/m2 ! F ¼ 6641 N.

3.2 Numerical Simulation

Numerical simulation is performed on (SOLIDWORKS Simulation). This simulation
was used to validate the sizing of the master parts of the technical system.

The resistance criterion adopted in this study is defined by a comparison between
the Von Mises stress and the elastic limit of the material affected by a safety factor. At
the same time, the maximum elastic deformation must be negligible [6].

rVM�rad

With:

rad ¼ Re=s

Re: the elastic limit of the material
s: the safety factor = 1.5 [5].

The material used for the two masterpieces (guide and pylon) is a structural steel that
has the following mechanical properties (Table 4).

Table 4 The mechanical characteristics of the material “1.0035
(S 185)”

1.0035 (S 185)

Elasticity limit 1.75 � 108 Pa
Traction limit 2.9 � 108 Pa
Young’s module 2.1 � 1011 Pa
Hear modulus 7.9 � 1010 Pa
Density 7800 kg/m3

Poisson coefficient 0.28
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3.3 Validation of the Guide

3.3.1 Model
See Fig. 3.

3.3.2 Simulation
See Fig. 4.

3.4 Validation of the Pylon

3.4.1 Model
See Fig. 5.

Fig. 3 Guide template
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3.4.2 Simulation
See Fig. 6.

3.5 Interpretation of Results

The maximum displacement of the guide is 4566 � 10−6 mm, it is a negligible value,
so the guide is resistant to deformation, the maximum stress of Von Mises is
3.25 � 104 Pa, the yield strength Re = 1.75 � 108 Pa

rad ¼ Re=s ¼ 1:75� 108=1:5 ¼ 1:16� 108 Pa

• rVM < rad: Therefore the resistance of the guide is validated.

Fig. 4 a Moving the guide, b Constraint of Von Mises

Fig. 5 Pylon template
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Same methodology used the validation of the pylon. So the support works in the elastic
domain and it resists the constraints imposed during operation.

4 Conclusion

In the present work, a design of a parabolic solar concentrator of opening diameter of
3 m. According to the reports given by “SOLIDWORKS Simulation”, the maximum
stress of Von Mises rVM in the most stressed zones for the mechanism remains lower
than the admissible stress rad. Therefore, in static mode, the forces exerted by the wind
and the weight do not pose any danger for their resistances. This solar concentrator can
be used directly for several applications such as water heating, electricity generation
using Stirling engine, vapour production, etc.…it will be interesting to study a solar
concentrator with diameter aperture of 8.5 m with an application for Stirling system. It
would be interesting to compare our geometry used form simulate pylon with other
geometries as circular pylon for example.
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Abstract. In this work, an experimental investigation was proposed for the
evaluation the wear resistance of hybrid polymer composite inter-layer of
Petiole date palm fiber (PDPF) and glass fiber (GF). In order to enhance the
interfacial of hydrophobic fibers (PDPF) and hydrophilic (Vinylester resin),
chemical treatment was proposed based on 5% NaOH for 48 h. Besides, the
glass fiber (woven) was used in order to increase the specific stiffness and the
dimensional stability of specimens. The manufacturing of four hybrids speci-
mens was done using a VARTM process [(30PDPF/0GF), (20PDPF/10GF),
(10PDPF/20GF) and (0PDPF/30GF)]. The wear characteristics were evaluated
at a sliding distance of (1000 m), sliding velocity (1.7 m/s) and applied loads
(20 and 40 N). Scanning electron microscopy was performed on both treated
alkali fiber and worn surfaces of hybrid specimens to evaluate the surface
modification and wear mechanisms, respectively. The adding of glass fiber to
PDP fibers was advantageous on the wear resistance, where it improved the
wear resistance of 30PDPF/0GF around 190 and 310% as compared to
(20PDPF/10GF) and (10PDPF/20GF), respectively. The adding of loads was
disproportional to wear resistance. The SEM of worn surfaces showed
debonding and bending of fibers, and fragmentation, fiber broken, and defor-
mation on the resinous regions. In the end, the hybridization by 20% of glass
fibers exhibits a high wear resistance relative to its nature (partially bio-friendly)
and price.

Keywords: Petiole date palm fibers � Hybridization � VARTM process �Wear
resistance � Worn surfaces

1 Introduction

The polymer composite materials are covering wide interest in various engineering
fields. In particular, the marine structure application, because these materials exhibit
low density, high specific strength and specific modulus as compared to the
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conventional materials (metal and alloys) [1]. Due to the easiest manufacturing, low
cost and lightweight, the composite materials dominate in many other applications such
as pipeline, high speed vehicles, water turbine and aircraft engine blades [2]. In con-
trast, the fibers used as reinforcement in these composite are petrochemical nature
(Carbon, graphite and glass fibers … etc.). Where, it has negative effects on the
environment and also involves various health hazards [3].

Thanks to the bio-friendly, low density, less high mechanical properties and as well
as the economical benefit of industries, the natural fibers are becoming better alter-
natives to the synthetic fibers as reinforcements [4]. These natural fibers are composed
of lingo-cellulose components, which contain strongly polarized hydroxyl groups [5].
The hydrophilic nature of these fibers leads to poor adhesion with hydrophobic
matrices. Therefore, the combination of both constituents gives high water absorption.
The interfacial adhesion is one of the most efficient parameters to obtain good and
stable properties. This last can be improved by the modification of the matrix and/or
natural fibers. In order to improve the surface modification of fibers, many studies have
been done using chemical treatment [6–9]. The hybridization systems are proposed
from many types of research to enhance the strength, stiffness and as well as moisture
resistance and less cost ratio as compared to their properties. The hybrid composite can
be composed of more than one kind of reinforcements in the same matrix, known as the
combination of two reinforcements types be the most beneficial [10].

The presence of bio-composite materials in these application fields required high
tribological properties. The industry and scientific researchers have met a high case
number of failure mechanical parts when being subjected to tribological loading con-
dition [11]. Therefore, it becomes important to evaluate the wear and frictional char-
acteristics of bio-composite materials. Few studies have been done on the tribological
performance of natural fiber reinforced polymeric matrixes. Shuhimi et al. [12] studied
the tribological performances of epoxy resin reinforced by kenaf fiber and oil palm fiber
under temperature effects and content amount; they obtained that increasing of tem-
perature decreases the friction coefficient and increase the wear rates. They also showed
that fiber content amount increases the wear resistance for both composites. Stapathy
et al. [13] achieved an implementation of the artificial neural network (ANN) in ana-
lyzing the wear behavior of wood pine dust reinforced new class of epoxy filled matrix.
They found that enhancement of sliding wear is by the adding pine wood dust. Besides,
the filler content sliding velocity and normal load factors are affecting significantly on
the specific wear rate. Yousif et al. [14], compared the friction coefficient and wear
resistance of untreated and alkali treatment of oil palm as reinforcement of polyester
resin. The sliding distance, the load applied and sliding velocity (0.85–3 km, 30–100 N
and 1.7–3.9 m/s respectively) were the parameters studied. The untreated and treated
oil-palm fibers improved the properties of the composite by about 40–70% and 40–
80%. Besides, the interfacial between fibers and resin has highly influenced the
characteristics.

Vinyl ester resin is a mixture of epoxy and polyester resins. Where, it gives good
properties as compared to the easiest manufacturing and lower costs. The authors study
the wear resistance properties of Petiole Date Palm/glass Fiber combined with Viny-
lester Resin composite material using pin-on test. To enhance the properties, the
authors made an alkali treatment of PDPF fiber and added different amounts of glass

104 A. Merzoug et al.



fibers. Also, is an attempt to reduce the synthetic fibers amount in the environment and
valorization the waste of biomass. Based on SEM observations, the interpretation of the
worn surfaces was done.

2 Experimental

2.1 Materials

Date palm tree (Phoenix dactylifera) is a closely connected to the human life, it is grown
in arid and semi-arid region of the world. Algeria has over than 18 million trees which
occupy 1640 km2. Every picking season, large quantities of date palm petiole, rachis
and leave waster are accumulated in the agricultural land [3]. The fibers were obtained
from a petiole date palm (PDP) tree part of Biskra region. The extraction offiber method
consists to immerse the petiole wood in a water bath for 72 h in room temperature.
Where the wood will be soft, we can easily remove the fibers by hand. To enhance the
surface modification of fibers, an alkali treatment of 5% NaOH for 48 h was done. In
order to increase the strength and stiffness, the E-glass fibers were obtained in roving
form from Dostkimya (Istanbul, Turkey). Its areal density was 49 g/m2. Vinyl ester resin
(Poliya 702), methyl ethyl ketone peroxide (MEK-P) and cobalt naphthenate 6% were
obtained from Dost Kimya Tuzla, Istanbul, Turkey (Fig. 1).

2.1.1 Morphology Analysis
The PDPF diameter is measured using a ZEISS optical microscope equipped with a
Moticam 2500 camera digitally controlled by Motic Images Plus V2.0 image pro-
cessing program. Besides, Carl Zeiss ultra plus Gemini FESEM scanning electronic
microscopy was used for the examination surface fiber modification before and after
treatment. Where the magnification was used is 500X. The fibers were coated with gold
before subjecting it to SEM. the surface structure of untreated and treated of PDP fibers
are shown in Figs. 2 and 3. From the comparison, the untreated fiber had smooth
surfaces, covered by layers of substances like a wax and impurities. However, the
surfaces morphologies of PDPF treated were rough and significantly better as com-
pared to untreated fiber. Which, it could be attributed to the removal of the hemicel-
luloses and lignin components and packing of cellulose chains. Several works have
known the same remarks [15–17]. This morphological changing was affected directly
on the fibers diameters Fig. 2. Rachid et al. [3] have known the same remarks
(Table 1).

2.2 Hybrid Composite Processing

After the washing and the drying of PDP fibers, we chopped the length of PDPFs (60–
120 mm) to prepare nonwoven mat of 600 g/m2 areal density. Four inter-laminate
composites based on PDPFs/glass woven fabric were prepared. Where, the weight
fraction was fixed to 30:70 of the reinforcement and the matrix, respectively. The glass
fabric was adopted on the top and the bottom of PDPFs. The configuration of speci-
mens is given in Table 2.
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Fig. 1 Preparation of the alkali treated PDPFs, a Date palm tree, b Petiole of date palm wood,
c Extracted fibers, d drying in oven at 50 °C

(a) (b)

Fig. 2 Optical microscopy image of longitudinal surfaces of PDPF, a untreated fiber, b 5%
NaOH for 48 h
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The vacuum resin transfer assistant (VARTM) process was used for the preparation
of composites hybrid. All samples were fabricated over a cleaned glass plate. Poly-
urethane release film was placed on the top of the glass surface for easier removing of
the final composite. To ensure the resin flow across the samples and established an
even mold, two spiral pipes were then placed on the top edges of top layer for inlet and
outlet resin, the first was connected to the resin bucket and the other connect to vacuum
pump. After, peel ply and perforated film were added on the top surfaces of the hybrid
composite, respectively. In order to prepare the resin mixture and injected inside, the
infusion system was working well. Samples were set to consolidate for 24 h (Fig. 4).

Fig. 3 Scanning electron microscopy (SEM) of longitudinal surfaces of PDPF, a untreated fiber,
b 5% NaOH for 48 h

Table 1 Measurements of PDP fibers diameters

Fibers Untreated Treated

Diameters (µm) 145.54 ± 2.26 134.14 ± 3.34

Table 2 Hybrids specimens configuration

Hybrid specimens PDP fiber (%) Glass fiber (%) Vinylester resin (%)

30PDPF/0GF 30 0 70
20PDPF/10GF 20 10 70
10PDPF/20GF 10 20 70
0PDPF/30GF 0 30 70
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3 Specimens Characterization

3.1 Wear Test

The wear resistance of the hybrids samples based on PDPF and GF were evaluated
using a pin-on-disc tester. UTS Tribometer Test Machine (Karabuk University, Turkey)
was used to investigate wear properties of samples at 20–25 °C temperature and the
relative humidity of 30–45%. The wear tests were performed for all samples under
loads of 20 and 40 N. Sliding distance and velocity were kept constant as 1000 m and
1.7 m/s, respectively (Fig. 5).

3.2 Morphology Analysis

The worn surfaces of the hybrid specimens after testing were studied using Field
Emission Scanning electron microscopy (Carl Zeiss Ultra Plus). Before taking the
micrographs, the specimens were coated with a gold using plasma device. Due to their
sensible state, magnifications ranging from 100X to 1 KX were proposed.

Fig. 4 VARTM process preparation, a inter-layer the samples, b adding the perforated release
film, c lunch the process

Fig. 5 UTS tribometer t10/20 device
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4 Results and Discussion

4.1 Wear Rate

The weight loss of the hybrid samples was determined after testing, using a balance of
±0.01 mg. following the relation (2 and 3), the wear rate (WR) and specific wear rate
(SWR) was determined.

Wear rate:

WR ¼ Dm
qL

The specific wear rate is the ratio of wear rate by the load applied Fn.
A Specific wear rate:

SWR ¼ WR
Fn

¼ Dm
qL

� 1
Fn

ð3Þ

where, Dm is the loss weight recorded during the test (g). q is the specimen density in
(g/cm3) and L is the sliding distance traveled (m).

Figure 6 illustrates the specific wear rate of hybrid specimens having different
PDPF and glass fibers amount. The hybrid 0PDPF/30GF shows the highest wear
resistance (0.015 � 10−2 mm3/Nm), followed by 10PDPF/20GF. Due to its good
interfacial with the matrix, high mechanical properties and its fiber direction (normal to
the sliding movements) [18], the glass fabric has increased significantly the wear
resistance of hybrid specimens. However, the lowest wear resistance is noted to
30PDPF/0GF hybrid specimens, due to the low mechanical properties of PDPF, the
random distribution and its poor adhesion with vinyl ester resin comparatively to
GF/resin.

The effect of applied load on specific wear rate for PDPF/GF hybrid reinforced
vinylester is shown in Fig. 7. It observes an increase in specific wear rate with an
increase in applied load for all samples. The specific wear rate of 0PDPF/30GF was
increased by 64% as compared to that specific wear rate under 20 N. Besides, the
30PDPF/0GF was slightly increased by 34%. The proportionality between the specific
wear rate and applied load implies a higher weight loss rate. The authors achieved
similar results for polymer composite materials [19]. In comparison, when we have
applied 40 N, we observed a distortion and instability dimensional of samples at dif-
ferent levels. It could be due to the repeated high axial trust while sliding. Besides, the
poor tribological performance of polymer composite material and its low thermal
property can affect on the dimensional stability. Therefore, the samples got stuck on
counterface at higher load. Due to the direction of fibers and the combination of high
thermal properties (GF) and the good viscoelastic properties (PDPF), the hybrid
specimen 10PDPF/20GF has known the highest wear resistance.
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4.2 Morphology Analysis

Figure 8a, b, c, d shows the microscopic observation of worn hybrid specimens under
20 N loading. Removal top layer of resin, fibers debonded, micro-pitting, fragmenta-
tion and partially broken of glass fibers were the main wear mechanisms. The Pits were
produced due to adhesion between pin and counterface. Figure 8a shows the worn
surface of pure PDPF reinforced the vinyl ester resin. Where, the effect of alkali
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treatment of fibers was considerably (good interfacial). Further, 30PDPF/0GF hybrid
had known a removal of higher resin material comparatively to the others, due to the
random distribution of fibers. Plus, it could be due to the presence of micro-porosity
[14]. The adding of glass fibers is influenced significantly on the resin interfacial (b, c
and d). The glass fabric layout showed an important role in wear resistance. Where, the
direction of fiber in parallel to the normal force resisted more than that perpendicular
direction (tensile stress resistance). However, the other direction was easy to be
damaged and broken.

Figure 9a, b, c, d shows the microscopic observation of worn hybrid specimens
under 40 N loading. The increasing of loading was intense considerably to the wear
mechanisms. Moreover, due to the high thermo-mechanical loading and high sliding
distance (1000 m) leads to the softening of hybrid surfaces. Where, it produced

Fig. 8 SEM of worn surface of hybrid specimens under 20 N loading: a 30PDPF/0GF,
b 20PDPF/10GF, c 10PDPF/0GF and d 00PDPF/30GF
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fragmentations and broken fibers [14]. The hybrid 10PDPF/20GF shows the high
dimensional stability surfaces as compared to others. It could be due to both properties
(thermo-mechanical and viscoelastic) of glass fiber and petiole date palm fiber,
respectively. We suggest that the use of PDPF like cores, because they are more
appropriate to enhance the wear resistance of synthetic fibers and reducing the envi-
ronmental impact.

5 Conclusion

The following points are drawn from the experimental investigation results:

1. The alkali treatment at 5% NaOH for 48 h was affected significantly on the surface
modification of fibers. Where, it directly eliminated the impurities and wax layer
around the fiber core. In parallel, the diameter was reduced.

Fig. 9 SEM of worn surface of hybrid specimens under 40 N loading: a 30PDPF/0GF,
b 20PDPF/10GF, c 10PDPF/0GF and d 00PDPF/30GF
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2. The adding of glass fiber amount increased the wear resistance considerably of
hybrid specimens by 190 and 300%. Because of its high thermo-mechanical
properties of glass fibers and fiber orientation (roving woven).

3. The wear mechanism of hybrids specimens was predominated by removal and
sliding of vinyl ester (especially in pure PDPF hybrid), debonding, micro-pitting,
fragmentation and perpendicular (to the sliding direction) glass fiber broken.

4. The worn surface of 10PDPF/20GF shows less damage compared to others. There
was the optimum amount combination of both viscoelastic (PDPF) and thermo-
mechanical properties (GF).
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the financial support of this work.

References

1. Xu H et al (2018) Static and dynamic bending behaviors of carbon fiber reinforced
composite cantilever cylinders. Compos Struct 201(May):893–901

2. Raghavendra G, Ojha S, Acharya SK, Pal SK (2014) Jute fiber reinforced epoxy composites
and comparison with the glass and neat epoxy composites. J Compos Mater 48(20):2537–
2547

3. Benzidane R, Sereir Z, Bennegadi ML, Doumalin P, Poilâne C (2018) Morphology, static
and fatigue behavior of a natural UD composite: the date palm petiole ‘wood’. Compos
Struct 203:110–123

4. Sankar PH, Reddy YVM, Reddy KH (2014) The effect of fiber length on tensile properties of
polyester resin composites reinforced by the fibers of Sansevieriatrifasciata. 8:7–13

5. Liu L, Yu J, Cheng L, Qu W (2009) Mechanical properties of poly(butylene succinate)
(PBS) biocomposites reinforced with surface modified jute fibre. Compos Part A Appl Sci
Manuf 40(5):669–674

6. Lu T, Jiang M, Jiang Z, Hui D, Wang Z, Zhou Z (2013) Effect of surface modification of
bamboo cellulose fibers on mechanical properties of cellulose/epoxy composites. Compos
Part B Eng 51:28–34

7. Rajeshkumar G, Hariharan V (2015) Characterization of phoenix sp. natural fiber as
potential reinforcement of polymer composites. J Ind Text 46(3):667–683

8. Amroune S, Bezazi A, Belaadi A, Zhu C, Scarpa F (2015) Tensile mechanical properties and
surface chemical sensitivity of technical fibres from date palm fruit branches (Phoenix
dactylifera L.). Compos. PART A 71:95–106

9. Senthamaraikannan P, Kathiresan M (2018) Characterization of raw and alkali treated new
natural cellulosic fiber from Cocciniagrandis. L. Carbohydr Polym 186:332–343

10. Panthapulakkal S, Sain M (2006) Injection-molded short hemp fiber/glass fiber- reinforced
polypropylene hybrid composites—Mechanical, water absorption and thermal properties.
J Appl Polym Sci 103(4):2432–2441

11. El-Tayeb NSM, Yousif BF, Yap TC (2008) An investigation on worn surfaces of chopped
glass fibre reinforced polyester through SEM observations. Tribol Int 41(5):331–340

12. Shuhimi FF, Bin Abdollah MF, Kalam MA, Hassan M, Mustafa A, Amiruddin H (2016)
Tribological characteristics comparison for oil palm fibre/epoxy and kenaf fibre/epoxy
composites under dry sliding conditions. Tribol Int 101:247–254

Sliding Wear Properties of Palm/Glass Fiber Hybrid … 113



13. Kranthi G, Satapathy A (2010) Evaluation and prediction of wear response of pine wood
dust filled epoxy composites using neural computation. Comput Mater Sci 49(3):609–614

14. Yousif BF, El-Tayeb NSM (2008) Adhesive wear performance of T-OPRP and UT-OPRP
composites. Tribol Lett 32(3):199–208

15. Liu XY, Dai GC (2007) Surface modification and micromechanical properties of jute fiber
mat reinforced polypropylene composites. Express Polym Lett 1(5):299–307

16. Aly-Hassan MS, Elbadry EA, Hamada H (2015) Corrigendum to ‘agro-residues: surface
treatment and characterization of date palm tree fiber as composite reinforcement’. J Compos
2015:1

17. Islam MS, Pickering KL, Foreman NJ (2010) Influence of alkali fiber treatment and fiber
processing on the mechanical properties of hemp/epoxy composites. J Appl Polym Sci 119
(6):3696–3707

18. Dwivedi UK, Chand N (2009) Influence of fibre orientation on friction and sliding wear
behavior of jute fibre reinforced polyester composite. Appl Compos Mater 16(2):93–100

19. Bajpai PK, Singh I, Madaan J (2013) Tribological behavior of natural fiber reinforced PLA
composites. Wear 297(1–2):829–840

114 A. Merzoug et al.



Screening of Factors Influencing Phosphate-
Based Geopolymers Consolidation Time, Using

Plackett-Burman Design

M. Zribi(&), B. Samet, and S. Baklouti

Laboratoire de Chimie Industrielle, Ecole Nationale d’Ingénieurs de Sfax,
Université de Sfax, BP.W3038 Sfax, Tunisie

{zribi.mar,baklouti.samir}@gmail.com,

sametbasma@yahoo.fr

Abstract. In this paper, Plackett–Burman design was employed for screening
factors influencing phosphate-based geopolymers consolidation time, through
comparing the differences between each factor at two levels. This design screens
9 factors through 12 experiments. Considered factors are: Si/P molar ratio,
curing temperature, heating time, calcination of used aluminosilicate precursor,
mold’s condition, aluminosilicate particle size, chemical composition of alu-
minosilicate precursor, pH and acidic solution. Results show that curing tem-
perature, calcination of aluminosilicate precursor, mold’s condition and
aluminosilicate particle size factors are responsible for 97.79% of the consoli-
dation time variation. The most significant effect is attributed to curing tem-
perature, with a contribution of 73.46%. This factor presents a negative effect.
Thus, its increase generates the decrease of consolidation time. This result can
be explained by the endothermic character of the geopolymeric reaction. In fact,
the increase of the curing temperature activates the reaction which accelerates
the kinetics of consolidation. The impact of the other factors like Si/P molar
ratio, the heating time, nature of aluminosilicate precursor, pH values and the
acidic solution is very small and it can be neglected, in the studied conditions.
These factors did not present a kinetics influence and they haven’t a direct effect
on the consolidation time.

Keywords: Screening � Phosphate-based geopolymers � Consolidation time �
Plackett-Burman design � Curing temperature

1 Introduction

Phosphate-based geopolymers present a new variety of inorganic materials. They have
found a wide range of applications such as construction material, dental cements, and
radioactive waste stabilization [7]. These applications are insured thanks to several
proprieties observed in this kind of geopolymers like high mechanical strength [10, 12,
17], excellent dielectric properties [9] and important chemical stability [8]. In addition
to these proprieties, the consolidation time necessitates to be investigated, since it
represents an interesting issue for industrial applications. Related literature shows that
this propriety is not yet well controlled.
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The purpose of this work is to screen several factors that can influence phosphate-
based geopolymers consolidation time. According to literature, several factors can be
studied: the first one is the Si/P molar ratio (with Si = number of silicon moles derived
from alumino silicate source and P = number of phosphorus moles derived from
phosphoric acid). Several works have shown the dependence of phosphate based
geopolymer on this factor [6, 13]. The second proposed factor is curing temperature.
The significant effect of this factor on geopolymers proprieties and synthesis was
proven in different works that studied similar varieties of materials like fly-ash-based
geopolymers [15]. The third factor that can be studied is the heating time. The literature
shows few works that proved the effect of this factor on alkali based geopolymers [11].
Added to these factors, the aluminosilicate particle size can be a considerable factor on
this study. Many works proved the dependence of different materials proprieties on this
factor [4, 5, 12]. According to preliminary observations, the condition of the mold
during the heating (opened or closed) can present another factor to be studied in this
work. Also, the acidic solution that can be prepared immediately or before 24 h of the
reaction with the aluminosilicate precursor [17] can affect the consolidation time owing
to the released energy during the mixing of acid with water. Another factor, which is
considered in this work, is the chemical composition of aluminosilicate precursor. The
used precursor can present a mineralogical composition rich in different oxides like
Tunisian clays [13] or free of impurities [10] like pure kaolin. The calcination of the
aluminosilicate precursor presents also an important factor to be studied. Popularly, the
used aluminosilicate precursor should be calcinated to increase its reactivity [14].
Added to that, the pH of the starting mixture can be probably a significant factor at any
chemical synthesis. For the synthesis of phosphate-based geopolymers, this factor is
not yet studied.

The study of the consolidation time dependence on all these factors may be
addressed following two methods: classical method and statistical method [2]. Classical
method necessitates that only one factor is changed at each experiment to control its
effect. Since a large number of factors are considered for this study, it is not feasible to
independently study each factor. An efficient way to screen factors with the minimum
of experiments is the use of experimental design. This second method remains an
essential technique in chemometric science.

Experimental designs present several types namely we note: Bayesian experimental
design, Block design, Box–Behnken design, Central composite design, Fractional
factorial design, Optimal design, Plackett-Burman design, Taguchi methods……Each
design is used according to the purpose of the study and the number of factors that are
considered to be investigated in the considered work. Thus, the specific questions that
the experiment is intended to answer must be clearly identified before carrying out the
experiment. With the goal of this work which is screening, several experimental
designs like those used for optimization or for studying factors dependence and rela-
tionship are eliminated. As far as that goes, the choice becomes limited on some
experimental designs that are suitable for screening as fractional factorial design,
Plackett–Burman design, Taguchi’s Orthogonal Arrays… However, with an important
number of factors (9 factors), one of the most adequate designs is Plackett-Burman
design, thanks to its ability to identify active factors using as few experimental runs as
possible. This design is often used in literature for similar objects [1, 2]. It is considered
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as a two-level multifactorial design [16]. Through comparing the differences between
each factor at two levels, several factors can be screened out and other influencing one
can be retained.

2 Materials and Methods

2.1 Materials and Preparation

Two different aluminosilicate precursors were used in this work: kaolin provided by
Imerys France and natural Tunisian clay. The chemical composition of both precursors
is illustrated in Table 1. According to X-ray fluorescence element analysis, kaolin
present a mineralogical composition free of impurities, when natural Tunisian clay
presents a mineralogical composition rich in different oxides like K2O (6.07%) and
Fe2O3 (8.72%).

Also, a commercial phosphoric acid H3PO4 85% provided by the Scharlau-chémie
(SA) society was used. In accordance with each assembly, the corresponding alumi-
nosilicate precursor was mixed with the corresponding phosphoric acid solution. The
obtained mixture was kept at the mentioned curing temperature (25 or 85 °C) during
the heating time (the time at which the sample was conserved in oven) chosen for the
studied assembly (1 day or 7 days). The calcination of aluminosilicate precursors was
carried out at 750 °C for 3 h in a static bed oven. The consolidation time of each
sample was checked each 12 h. This time is determined according to the evolution of
penetration depth in geopolymers pastes.

2.2 Plackett-Burman Design

The Plackett-Burman design allows to study k factors through N experiments (N �
k + 1), where N must be a multiple of 4. The different factors considered in this work
are summarized in Table 2, with their high and low levels. Since the number of factors
used in this study was fixed at 9, a design consisting of 12 experiments (N = 12) was
used, as presented in Table 3.

Table 1 Chemical composition of the used aluminosilicate precursors

Type of aluminosilicate precursor Kaolin Natural Tunisian clay
Oxides %masse %masse

Al2O3 47 19.49
SiO2 51.91 49.03
CuO 0.01 3.94
Fe2O3 0.56 8.72
K2O 0.07 6.07
P2O5 0.05 0.09
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In this design, each experiment contained only either the +1 or −1 value of each
variable. However, it presents a completely different variable represented by +1 or −1
compared to another experiment. According to the Plackett-Burman design rules, none
of the twelve experiments was similar to the other [1]. For each experiment, the
measured response is recorded as illustrated in Table 4.

3 Results and Discussions

The influence of all factors on the phosphate-based geopolymers consolidation time is
presented in Fig. 1. Figure 1a presents the bar graph of factors effects. The surface of
each bar is proportional to the importance of the considering factor impact. Figure 1b, c
represent the individual and cumulative Pareto effects, respectively.

The design results show that the most significant effect corresponds to curing
temperature factor. In fact, according to the Pareto diagram illustrated in Fig. 1b, this
factor participates by 73.46% in the sensitivity of the consolidation time. Also, curing
temperature presents a negative effect which means that its increase generates the
decrease of consolidation time. This result can be explained by the endothermic
character of the geopolymeric reaction. In fact, the increase of the curing temperature
activates the reaction which accelerates the kinetics of consolidation. Added to this
dominant factor, calcinations, mold’s condition and particle size factors have a modest
effect on the discussed response. As shown in Fig. 1b, the effects of these factors can be
classified as following: X8 > X5 > X4. The calcination factor participates by 15.01%
in the variation of the consolidation time, when mold’s condition and particle size
participate by 5.33 and 3.98%, respectively.

According to the sign of contribution illustrated in Fig. 1a, we can conclude that:
The calcination of precursors participates in the decreasing of the consolidation time,
thanks to its influence on the reactivity of the starting material. The calcination

Table 2 Considered factors for the Plackett-Burman design and their high and low levels

Factors levels Lower level (−1) Higher level (+1)

Si/P molar ratio (X1) 0.5 2
Curing temperature (X2) 25 °C 85 °C
Heating time (X3) 1 day 7 days
aluminosilicate particle size (X4) � 63 µm � 63 µm
Mold’s condition (X5) Opened Closed
Acidic solution (X6) Aa Bb

Chemical composition of aluminosilicate
precursor (X7)

Kaolin Natural Tunisian
clay

Calcination of aluminosilicate precursor (X8) With Without
pH (X9) Low (between 1

and 3)
High (between 4
and 5)

aPrepared immediately
bPrepared 24 h before mixing with aluminosilicate precursor
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increases the reactivity of the aluminosilicate precursor [3]. As a result, the precursor
becomes more able to react with the phosphoric acid and it forms the new solidified
material faster.

The mold’s condition presents a minor effect (5.33%) but it can be explained by the
easy evaporation of the liquid excess when the mold is open. Consequently, the con-
solidation of material can be accelerated and the studied response decreased.

Finally, the particle size factor has the lowest impact on the consolidation time, that
is equal to 3.98%. When the particle size decreases, the specific surface increases which
ameliorates the reactivity of the precursor. As a result, the reaction becomes faster and
the time of consolidation decreases. In totality, curing temperature, calcination, mold’s
condition and particle size factors explain more than 97.79% of the consolidation time
variation, as presented in Fig. 1c. Consequently, to decrease the maximum of the
consolidation time, we are recommended to use the highest possible curing tempera-
ture, an open mold and a calcined aluminosilicate precursor with the smallest particle
size.

The impact of the other factors like Si/P molar ratio, the heating time, nature of
aluminosilicate precursor, pH values and the acidic solution is very small and it can be
neglected, in the studied conditions. These factors did not present a kinetics influence
and they haven’t a direct effect on the consolidation time.

4 Conclusion

A screening of different factors influencing phosphate-based geopolymers consolida-
tion time is carried out in this work, using Plackett-Burman design. Nine factors were
considered, according to literature. The impudence of each factor on the variation of the
measured response is discussed. As a result, curing temperature, calcination, mold’s
condition and particle size factors are considered as the main responsible to explain

Table 4 Design matrix and results of Plackett-Burman

No. exp. X1 X2 X3 X4 X5 X6 X7 X8 X9 Time of
consolidation (h)

1 1 1 −1 1 1 1 −1 −1 −1 24
2 −1 1 1 −1 1 1 1 −1 −1 24
3 1 −1 1 1 −1 1 1 1 −1 96
4 −1 1 −1 1 1 −1 1 1 1 48
5 −1 −1 1 −1 1 1 −1 1 1 168
6 −1 −1 −1 1 −1 1 1 −1 1 72
7 1 −1 −1 −1 1 −1 1 1 −1 144
8 1 1 −1 −1 −1 1 −1 1 1 48
9 1 1 1 −1 −1 −1 1 −1 1 12
10 −1 1 1 1 −1 −1 −1 1 −1 24
11 1 −1 1 1 1 −1 −1 −1 1 96
12 −1 −1 −1 −1 −1 −1 −1 −1 −1 4
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(a) Bar graph of factors effects

(b) Individual Pareto effects (c) Cumulative Pareto effects

Fig. 1 Screening results of the main factors of Plackett-Burman design
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more than 97.79% of the consolidation time variation. Added to that, curing temper-
ature was selected as the most influencing factor with 70% of the consolidation time
variation.
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Abstract. The properties of the coatings produced by plasma spraying are
essentially related to the adhesion force between the projected particles and the
substrate. The melting of the substrate can significantly improve this adhesion
strength. In this paper, a 2D axisymmetric model was developed to simulate the
impact of a fully melted particle of alumina in droplet form on an aluminum
substrate, taking into consideration the melting of the substrate and its re-
solidification using Ansys Fluent 14. Equations of fluid dynamics and energy
including phase change are solved in a structured mesh by finite volume dis-
cretization. The volume of fluid method (VOF) is used for tracking the free
surface of the droplet. An enthalpy-porosity formulation is used to model the
solidification. The effect of the initial temperature of the droplet on the melting
of the substrate has been studied. Substrate fusion was observed before the
droplet spread completely. The volume of molten substrate increases over time,
to reach its maximum, then it begins to decrease because of its re-solidification.
The substrate is completely solidified well after the solidification of the droplet.
It has been observed that the volume of the molten substrate is greater when the
initial temperature of the droplet is important, which can improve the adhesion
strength of the coating.

Keywords: Droplet impact � Substrate melting � Solidification � CFD � Plasma
spray

1 Introduction

Plasma spray process is used in industry to form coatings resistant to corrosion, oxi-
dation, wear, etc. The coating is formed by successive stacking of lamellae, consisting
of melted particles in the form of a droplet, and accelerated by the plasma jet, which
spread and solidify on a solid substrate. The properties of the coating thus produced
depend essentially on the spread of the molten droplet on the substrate, its cooling,
solidification, and the contact of the lamellae with the substrate and with each other. It
should be noted that industrial applications generally require good adhesion to the
substrate and good cohesion (adhesion between the deposited lamellae) [1–3]. The
melted droplet contains enough heat energy, which can melt the substrate locally after
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the impact. If substrate melting is important for good adhesion strength, it can also
influence the splat morphology (splashing) [4].

Several works have been devoted to the understanding of the process of the for-
mation of the coating, by experimental and numerical methods [1]. The time of
spreading and solidification of the droplets takes only a few microseconds, and with the
limits of the instruments, the experiment becomes very difficult [5]. Recently consid-
erable effort has been directed towards numerical studies of the impact, spreading and
solidification of the droplet [6–8]. Zhang [9] proposed a theoretical model to study the
spreading and solidification of droplet. Surface tension, solidification and thermal
contact resistance were included in this model. Bussmann et al. [10] have developed a
3D model of the flow of a free-surface fluid, which makes it possible to model the
phenomenon of splashing induced by the spreading of the droplet, without taking into
account the heat transfer between the droplet and the substrate. Pasandideh-Fard et al.
[11] extended the Bussmann et al. [10] model taking into account heat transfer and
solidification during spreading of the droplet.

The melting of the substrate has not been considered in the literature mentioned
above. However, the experiments have noted the melting of the substrate with the
impact of melted droplets [4, 12]. Wang et al. [13] numerically studied the cooling and
solidification of splat and substrate, and deduced the maximum depth of melting of the
substrate for various process parameters. Zarzalejo et al. [14] developed a numerical
model to study the impact of a metallic droplet on a solid substrate, the effect of
convection induced by the spreading of the droplet is modeled by an effective thermal
conductivity, and the model provides the position of the melting front and the re-
solidification in the substrate. Zhang et al. [15] experimentally and numerically studied
splat morphology and substrate melting, following the impact of a molybdenum molten
droplet on a molybdenum, mild steel and glass substrate. The effect of substrate nature
and temperature on splat morphology was studied. Li et al. [16] developed a numerical
model to examine the effect of droplet solidification, and the melting and re-
solidification of the substrate by thermal spray. Experimental and numerical studies
were performed for different combinations of droplets and substrates. It has been
experimentally validated that the properties of the droplet and the substrate have a
significant effect on the melting of the substrate. Rajesh et al. [17] have numerically
studied the impact, spreading and solidification of a melted droplet on a substrate of
different material taking into consideration the melting and re-solidification of the
substrate. They observed that the fusion of the substrate for the studied case begins
shortly after the droplet’s impact. Most of the previous work generally considers the
melting of substrate after the impact of millimeter metal droplet with low velocity,
which is far from plasma spraying conditions. Very few numerical studies have con-
sidered the melting and re-solidification of the substrate during the impact and
spreading of a melted ceramic droplet on a metallic substrate in a plasma spray con-
ditions. In this paper, a 2D axisymmetric model to study the spreading and solidifi-
cation of a droplet of alumina impacting an aluminum substrate, using the CFD method
was developed, using Ansys Fluent 14. The melting and re-solidification of the sub-
strate is taken into consideration in this model. The effect of the initial temperature of
the droplet on the melting of the substrate is studied.
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2 Numerical Model

Figure 1 represents the problem studied, a droplet of alumina 40 lm in diameter,
impacted with velocity of 150 m/s, on an aluminum substrate initially at 450 K. The
initial temperatures of the droplet at impact are: 2600, 2800 and 3000 K. In this model,
transient fluid flow during impact, spreading, heat transfer, and solidification of the
droplet are considered. The volume of fluid method (VOF) for tracking the free surface
of the droplet is used. The evolution of the melting volume in the substrate is modeled
by solving the equations of energy and solidification in the substrate. In this study the
mixing between the droplet and the melted part of the substrate is not considered. The
interface between the substrate and the droplet does not change and remains in its initial
state. In addition, substrate melt ejection does not occur [17].

2.1 The Fluid Dynamics

In this study, fluid dynamics of impact and spreading of the droplet is modeled using
the finite volume method. The equations of the dynamics are solved in a 2D
axisymmetric domain. The flow is considered incompressible, laminar and Newtonian;
the conservation equations for mass and momentum are as follows:

Substrate melting

y

Substrate

Flattened droplet

x

Fig. 1 Substrate smelting during spreading of the droplet

120 μm

160 μm

80 μm
Pressure ou-
tlet

Atmosphere (air)

Wall

Symmetry axis

Substrate

Fig. 2 2D axisymmetric domain for the simulation of the impact of the droplet on the substrate
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r �~v ¼ 0 ð1Þ
@ q~vð Þ
@t

þr � q~v~vð Þ ¼ �rPþr � l r~vþr~vT� �� �þ q~gþFvol þ Sy ð2Þ

In these equations,~v is the velocity vector, P the pressure,~g gravitational acceleration,
Fvol the surface tension force per unit volume, l r~vþr~vTð Þ½ �. The viscous stress
vector, Sy the source term, q the density and l is the dynamic viscosity. The volume of
fluid meth (VOF) was used to capture the interface between two immiscible fluids. In
this method a scalar function aq is defined, which represents a fraction of the volume of
a cell containing the qth fluid. Variables and properties in any cell are purely repre-
sentative of a phase or a mixture of several phases. When the cell is empty of qth fluid,
aq equals to zero. If aq is between zero and one, the cell contains the interface between
the qth fluid and one or more other fluids, and if the cell is full of qth fluid aq equals to
one. The tracking of the moving interface between the phases is accomplished by
solving the continuity equation for the volume fraction of one or more phases, for the
qth phase, the equation is as follows:

@aq
@t

þ~v � raq ¼ 0 ð3Þ

The surface tension is modeled by a force of volume (Fvol) acting on the liquid at its
free surface, which appears as a source term in Eq. (1). This force is calculated using
the continuum surface force (CSF) model, developed by Brackbill et al. [18]. This
model is also used to predict the curvature of the surface of the droplet near the wall
using the computed tangential and normal flow velocity components along the wall,
and the contact angle of the droplet at the substrate surface. In this study a constant
contact angle of 90° is considered. A porosity function, known as Darcy law, is
applied, which acts as a source term (Sy) in the momentum equation. The solidified
liquid decelerates until the droplet becomes stationary due to complete solidification.

2.2 Heat Transfer and Solidification

The porosity-enthalpy method [19] is used to model the process of solidification of the
droplet and the melting of the substrate. In this method the solidification interface is not
explicitly tracked. Instead, a quantity called liquid fraction, which indicates the fraction
of volume that is in a liquid state, is associated with each cell of the domain. An
enthalpy balance is used in order to calculate the liquid fraction. The mushy zone is a
region in which the liquid fraction is between zero and one. The total enthalpy in the
droplet or substrate is introduced as the sum of sensible heat and latent heat as follows:

H ¼ hþDH ð4Þ
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where

h ¼ href þ
ZT

Tref

CpdT ð5Þ

where href and Tref are respectively the sensible heat and the reference temperature, and
Cp is the specific heat at constant pressure.

The liquid fraction b is defined as:

b ¼ 0 if T\Tsolidus
b ¼ T�Tsolidus

Tliquidus�Tsolidus
if Tsolidus\T\Tliquidus

b ¼ 1 if T [ Tliquidus

ð6Þ

By the definition of the liquid fraction, the term of the latent heat becomes:

DH ¼ bL ð7Þ

where L is the latent heat of the material and it can vary between zero for the solid and
L for the liquid. The equation of energy for solidification/melting problems can be
written as:

@

@t
qHð Þþr � q~vHð Þ ¼ r � krTð Þ ð8Þ

In which H should be substituted from Eq. 3, k is the thermal conductivity.

3 Results and Discussion

In order to validate the model presented in this article, the results obtained by the
simulation are compared with those obtained experimentally. The results of the sim-
ulation of the impact of a tin droplet of 2.7 mm diameter on a stainless steel substrate
under the same conditions of the experiments, made by Aziz and Chandra [20], are
compared with those measured. Figure 3 shows the temporal evolution of the
spreading. A spreading phase is observed up to the time 3.3 ms where the maximum of
spread factor n (n is the ratio between the diameter D of the spreading droplet and its
initial diameter D0) reached is 1.96 against 2.05 measured by Aziz and Chandra [20].
Figure 3 shows a very good agreement between the values of the spread factor obtained
by the simulation and those measured.

After the validation of the model presented, simulations were carried out, for the
case of impact of alumina droplet on an aluminum substrate under the plasma spray
conditions. A 2D-axisymmetric computational domain is considered (Fig. 2); the
diameter and the initial velocity of the droplet are 40 lm and 150 m/s respectively. To
study the effect of the initial temperature of the droplet on the melting of the substrate,
three values are considered: 2600, 2800 and 3000 K. To take into account the non-
perfect contact between the droplet and the substrate, a thermal contact resistance of
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10−8 m2 K/W is retained. The substrate is initially at 450 K, the other walls of the
substrate are maintained at 300 K. The Thermophysical properties of the droplet and
the substrate used in the simulations are given in Table 1.

The left part of each picture in Fig. 4 shows the temporal evolution of the spreading
of the droplet at 3000 K as well as its solidification, and the melting of the substrate
and its re-solidification, represented by the liquid and solid fraction in the droplet and
the substrate. The right side represents the temperature field. When the droplet impacts
on the substrate, it starts to extend outwards. Due to the heat transferred from the
droplet to the substrate, a thin layer of solid appears in the droplet at 0.2 ls. At this
time the temperature of the substrate at the interface reaches its melting point tem-
perature, however the melting of the substrate begins. After about 0.82 ls the
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Fig. 3 Evolution of the calculated spread factor in comparison with experimental results [20],
for the impact of a 2.7 mm diameter tin droplet

Table 1 Thermophysical property data ([21, 22])

Properties Alumina (Al2O3) Aluminum (Al)

Density (kg/m3) 3990 2390
Thermal conductivity (W/m K) (sol) 5.9 210
Thermal conductivity (W/m K) (liq) 7.86 105
Specific heat (J/kg K) (sol) 1273 1080
Specific heat (J/kg K) (liq) 1358 1080
Kinematic viscosity (m2/s) 1.026 � 10−5

Surface tension (N/m) 0.69
Melting Point (K) 2327 934
Latent heat of fusion (J/kg) 1.16 � 106 3.97 � 105
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spreading of the droplet is at its maximum to reach a diameter of 132 lm, which
corresponds to spread factor of 3.3. The solidification of the droplet and the melting of
the substrate are progressing. At 3.62 ls, the melting of the substrate reaches its
maximum, while the droplet is not completely solidified, but the central part which is in
contact with the melted portion of the substrate is solidified. This situation promotes a
good adhesion between the coating and the substrate. After that, the substrate begins to
solidify, due to the heat transfer to the depth of the substrate by conduction. The spread
droplet is completely solidified while part of the substrate is still melted as shown in the
figure at 6.53 ls. The substrate is re-solidified completely to about 8 ls. After
spreading and solidification, the droplet is like a flattened disk with slightly raised rims,
related to the accumulation of mass under the effect of surface tension forces.

The temperature history of the surface of the substrate for different initial droplet
temperatures is shown in Fig. 5. It can be noted that the melting of the substrate is
earlier when the initial temperature is important. The maximum temperature reached in
the substrate is also proportional to this initial temperature. The cooling and re-
solidification time is also greater for a droplet with a very high initial temperature.

Figure 6 illustrates the temporal evolution of the volume of molten substrate for
different initial temperatures of the droplet. It can be observed that the melting of the
substrate begins shortly after the droplet has been impacted with the substrate. For an
initial temperature of 2600 K, the beginning of the melting of the substrate is at 0.4 ls,

Fig. 4 Evolution of the spreading, the temperature of the alumina droplet at 3000 K and the
melting and re-solidification of the aluminum substrate
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and the end of re-solidification is at 6.5 ls, to reach a maximum volume of 9.38% of
the volume of the droplet. The fusion of the substrate starts at 0.2 ls for an initial
temperature of 2800 K, and its re-solidification is finished at 7.47 ls, the maximum
volume reached is 20.84%. For an initial temperature of 3000 K, the maximum volume
is 33.74% between the beginning of the fusion at 0.1 ls and the end of re-solidification
at 8 ls. It can conclude that the volume of the molten substrate is proportional with the
initial temperature of the droplet. This phenomenon is quite easy to understand because
the droplet contains more energy at a higher temperature.
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4 Conclusions

A 2D-axisymmetric model based on the finite volume method was developed to
simulate the impact, the spreading, the solidification of a droplet of alumina on an
aluminum substrate, as well as the melting of the substance and its re-solidification.
The model used considers coupled phenomena, such as free surface movement, fluid
dynamics, heat transfer and phase change (solidification/melting). The effects of
thermal contact resistance and surface tension are taken into account in the model. The
initial temperature of the droplet was varied to study its effect on melting and re-
solidification of the substrate. The results are presented for the spreading and solidi-
fication of the droplet, as well as the melting and re-solidification of the substrate.
These results are obtained by simulations in the plasma projection conditions. It was
observed that the melting of the substrate begins shortly after the impact of the droplet.
The melting of the substrate reached its maximum, while the droplet is close to its total
solidification. A droplet initially at a high temperature contains more energy to further
melt the substrate, which can promote good adhesion between the coating and the
substrate.
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Abstract. Shearing of bulk material is a cost efficient method of producing
billets for subsequent forging operations. The procedure of rod shearing is
characterised by high billet output quantities without metal removal. This
technique is widely used in industrial processing of steel materials. Aluminium
billets however, are mostly produced by sawing, causing higher manufacturing
costs due to comparably low output. The aim of this paper is an enhancement of
sheared aluminium billet quality in order to fulfil industrial standards required
for further forging operations. To enhance the quality of sheared aluminium
billets, the shearing process parameter clearance (distance between the blades)
was varied to create billets of four different aluminium alloys, as EN AW 5754
(UNS A95754), EN AW 5083 (UNS A95083), EN AW 6082 (UNS A96082)
and EN AW 7075 (UNS A97075) in different conditions. The quality of sheared
billets is assessed by analysing inclination angle, waviness and surface defects
of the sheared parts with 3D-measurement. In the investigation, it can be shown
that the tensile strength of the investigated alloys influences the billet surfaces.
High tensile strength results in positive billet quality. Further, small clearances
show best results concerning inclination angles, while higher clearances result in
decreased waviness.

Keywords: Shearing � Aluminium � Forging � Billet production � Shear stress

1 Introduction

Aluminium is a lightweight material with outstanding properties such as high specific
strength, excellent formability, good machining properties and recyclability. This is the
reason for the steady increase of demand for aluminium products of different pro-
duction processes [1].

Forging represents a production technique for parts of superior mechanical prop-
erties. Forging processes are characterised by high productivity due to high grades of
automation, which results in large quantities of forged parts [2]. Due to the large
quantities, the production of billets for forging operations must fulfil high standards
concerning productivity and quality.
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Shearing represents an economic billet production method, since it creates high
billet output with short process times and a minimum of scrap material. Billets of
round, rectangular or tube shaped profiles can be processed in shearing procedures [3].

The schematic illustration of a commonly used tool set-up for shearing operations is
shown in Fig. 1. The shearing machine creates an acceleration of a moving blade,
which is moved along a stationary blade, causing a separation of the billet from the
remaining rod [4].

The rod is clamped between a fixed and a moving blade. The moving blade is
accelerated until contact to the rod is made, then causing elastic and plastic deformation
of the material. The two blades cut into both sides of the rod. Further movement of the
blade exceeds the deformability of the, not yet cut core rod material causing a fracture
of the remaining rod. The resulting billet surface is characterises by a smooth cut and a
rough fracture surface [4].

The shearing technique is well established for producing billets of steel materials
while aluminium alloy billets are mostly produced by sawing due to insufficient quality
of sheared billets. The sawing process produces billets of higher quality, is however
less economic in comparison to shearing [5].

Sheared billets for further forging operations must fulfil certain quality standards.
Table 1 shows typical characteristics used to describe billet quality.

Fig. 1 Shearing operation [4]

Table 1 Defects of billets for forging operations [4]

Defect Description

Waviness

Inclination angle W

Surface defects
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Since in most forging operations, billets are placed standing vertically between
forging dies, the inclination angle of the billet should not exceed approx. 1° to avoid
irregular material flow or even tool damage during forging [6]. Further, sheared sur-
faces with high waviness or surface defects can result in overlapping material in the
finished forging parts. These overlaps can function as initiation for cracks or ruptures of
the forged part in loaded conditions and should be avoided due to safety requirements
[3].

Billet quality can be influenced through different process parameters of the shearing
operation. The most relevant process parameter of shearing operations is the shear
clearance, which describes the parallel distance between the blades [4]. Other
approaches of increasing billet quality are high speed cutting with adiabatic effects
during shearing [7] or shearing using compressive stress states [8].

2 Objective

In the current state of scientific and industrial knowledge, aluminium alloy billets of
adequate quality required for following forging processes cannot be produced using
shearing operations with process parameters for steel materials. Since shearing shows
superior economical properties in comparison to sawing, the shearing process of alu-
minium is investigated with the aim of enhancing billet quality to a sufficient level. The
most influential process parameter, shear clearance between the blades, is varied in a
comprehensive experimental investigation of four industrially relevant aluminium
alloys. To evaluate billet quality, the inclination angle, the waviness and the surface
defects are determined.

3 Experimental Methods

Four aluminium alloys, shown in Table 2 are investigated in this shearing investiga-
tion. The used materials are initially characterised in tensile tests according to DIN EN
ISO 6892-1:2017-02, while five specimens were used for the determination of
mechanical properties as tensile strength and elongation at fracture. The selection of
alloys and temper condition was chosen to display a wide range of different material
properties. Preliminary work has shown that this selection of alloys in combination
with the specific conditions are promising to create sheared billets of adequate quality.

Table 2 Aluminium alloys and temper conditions used in shearing investigations

Aluminium alloy Condition

EN AW 5754—UNS A95754 H111
EN AW 5083—UNS A95083 H112
EN AW 6082—UNS A96082 T6
EN AW 7075—UNS A97075 O
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Specimen (Ø = 20 mm) of the alloys are sheared with a shearing tool (Fig. 2)
implemented in a screw press (Weingarten PSR 160) creating a cutting velocity of
430 mm/s in the shearing operation. By adjusting the distance between the blades in
the setup, clearances of u = 0; 0.1; 0.2; 0.3 and 0.4 mm were implemented. For each
experimental variation five specimens were used.

The sheared specimen surfaces were analysed with the 3D—measurement system
Keyence VR-3200 as shown in Fig. 3. The surface quality was evaluated regarding
surface waviness (w) and occurring surface defects such as ruptures or overlapping
material. The inclination angle was measured with a digital inclination sensor with
accuracy of ±0.1°.

4 Results and Discussion

The determined stress-strain curves of the alloys are shown in Fig. 4, indicating sig-
nificant differences in mechanical properties.

Comparably low ultimate tensile strengths of Rm = 236 MPa for EN AW 7075-O
and Rm = 243 MPa for EN AW 5754-H111 were detected. While yield strengths are
on an equal level, the elongation at fracture of EN AW 5754-H111 is distinctively
higher, resulting in the highest ductility of all investigated materials.

Fig. 2 Shearing tool used in the shearing operation

Fig. 3 surface analysis of sheared specimen
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Higher ultimate tensile strengths of Rm = 332 MPa for EN AW 5083-H112 and
Rm = 376 MPa for EN AW 6082-T6 were detected as well. In comparison to EN AW
5083-H112, EN AW 6082-T6 shows the highest yield strength and the lowest elon-
gation at fracture of all investigated alloys, resulting in comparably low ductility.

In Fig. 5, surface height measurements of sheared billets of EN AW 5083-H112
are exemplified for each investigated clearance. The clearance (u) between the moving
and the stationary blade was varied from 0 mm to 0.4 mm.

While the cutting area is unaffected by the variation of process parameters, the
topography of the fractured surfaces can be influenced through the variation of
clearance. Surfaces with small waviness and low heights differences can be produced

Fig. 4 Tensile strength of aluminium alloys

Fig. 5 Surfaces of sheared billets of EN AW 5083-H112 with varied clearance
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with the highest used clearance of 0.4 mm. This surface shows the smallest waviness
and no identifiable surface defects. When decreasing the clearance, the waviness of the
sheared surface increases. Further, surface defects such as elevation can be detected,
which can lead to unintended material flow during further forging operations.

The measured inclination angle for each shear clearance is shown in Fig. 6 In
comparison to the results of waviness, the best results in terms of inclination angles
could be obtained with small clearances. As shown in Fig. 5, sheared surfaces of higher
waviness can function as a contact point during vertical positioning, detectable in small
inclination angles of the billets. Surfaces of low waviness lead to higher inclination
angles. The highest elevation of these surfaces is located on the cutting surface while
the fractured surfaces shows no significant elevations, leading to a high inclination
angle during vertical positioning.

On Fig. 7 billet surfaces from each investigated material sheared with a clearance
of 0.4 mm are shown.

The surfaces show the process-specific characteristic sheared surfaces, with the
smooth cutting area at the edge of the surface and the rougher fractured surface beyond.

Fig. 6 Inclination angle of EN AW 5083-H112 as a function of shear clearance

Fig. 7 Surfaces of sheared billets from different aluminium alloys with clearance of 0.4 mm
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Sheared billets of alloys EN AW 5083-H112 and EN AW 6082-T6 showed small
height differences of the fractured area with no identifiable surfaced defects. These
surfaces can be rated as applicable for further forging operations, leading to forged
parts with accurate surface properties. Small irregularities were detected on the surface
of the billet of the material EN AW 5754-H111. These elevations must be assessed as
negative since it may cause overlapping material in further forging operations. These
may result in fractures of the forged parts and should be avoided to fulfil safety
standards. Further, the specimen exhibit a significantly larger cutting area. This surface
is created through the penetration by the sharp cutting blade, creating a smooth surface.
Through further movement of the blade, the deformability of the material is exceeded
and the fracture of the specimen occurs. Alloy EN AW 5754 shows the highest duc-
tility of all investigated alloys and thus the highest deformability before rupturing,
resulting in a larger smoothly cut surface area. Further the high ductility of the alloy
leads to deformation of the profile resulting in ovality of the billet. Specimen of alloy
EN AW 7075-O show the largest height differences leading to high surface waviness.
The resulting billet surface quality is insufficient for any further forming operations. It
was shown that adequate surface quality can be created by using the highest shear
clearances 0.4 mm for aluminium alloys of high tensile strength. Alloys with lower
strength show higher degrees of plastic deformations and result in surfaces with large
defects and height differences.

The waviness was determined for each investigated aluminium alloy and each shear
clearance. The results of the waviness measurements are shown on Fig. 8. For
improved visualisation, trend lines were added for each alloy.

The resulting waviness of all investigated alloys show a dependency on the used
clearance, while the smallest values can be detected for the highest clearance of
0.4 mm for each material. The clearance between the blades strongly influences the

Fig. 8 Waviness of sheared billet surfaces for different shear clearances
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prevailing stress state of the rod specimen leading to alterations of the fracture beha-
viour. The smallest waviness was found for alloys with high tensile strengths EN AW
5083-H112 and EN AW 6082-T6. The waviness of alloy EN AW 7075-O is on the
highest level of all investigated alloys. The high values can be explained with the
height differences of the specimen surfaces, as described in Fig. 7.

Figure 9 shows the inclination angle of sheared billets with the smallest clearance
of 0 mm in comparison to the respective tensile strength.

A correlation between tensile strength and inclination angle was determined.
Shearing of aluminium alloys with comparably high tensile strengths, such as
EN AW 6082-T6 (Rm = 376 MPa) and EN AW 5083-H112 (Rm = 332 MPa) results
in excellent inclination angles of 0.36 and 0.44°. Specimen of alloys with lower tensile
strength such as EN AW 5754-T111 (Rm = 243 MPa) or EN AW 7075-O (Rm =
236 MPa) show significantly higher inclination angles of 1.48 and 1.82°. Since the
inclination angle of approx. 1° should not be exceeded for forging operations, billets
from alloys such as EN AW 6082-T6 and EN AW 5083-H112 can be produced in
shearing procedures with adequate waviness. Alloys of lower tensile strengths show
higher inclination angles leading to inaccurate positioning between the forging dies and
thus to insufficient material flow or tool damage during forging.

5 Conclusion

The mechanical properties such as tensile strength strongly influence the resulting billet
quality. In the case of alloys with comparably high tensile strength, such as
EN AW 6082-T6 and EN AW 5083-H112 billets of high quality concerning waviness,
inclination angle and surface defects could be produced by varying shearing clearance.
While aluminium billets with small surface waviness can be produced by shearing with
comparably high shear clearances of 0.4 mm, small clearances of 0 mm create billets

Fig. 9 Inclination angle depending on tensile strength of aluminium alloys (clearance 0 mm)
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with smaller inclination angles. The ideal process parameters for the production of
billets depend on the quality requirements for further forging operations. In the case of
alloys with comparably high tensile strengths, an optimum of waviness and inclination
angle could be found for a shear clearance of 0.3 mm, creating billets with comparably
low waviness and low inclination angles as required for forging operations. Shearing
specimen of alloys with low values of tensile strength as EN AW 5754-H111 or
EN AW 7075-O lead to insufficient quality of inclination angle and surface waviness.
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Abstract. Bar shearing is an important operation that supplies semi-finished
billets to many metalworking processes such as stamping, extrusion and pre-
cision forging. Temperature rise and stress state variation during shearing have a
great influence on material behavior and rupture mechanics. Consequently,
accurate simulation of shearing requires a precise material modeling. The
studied material is the AW-6082 aluminium alloy. This paper concerns princi-
pally the improving of shearing simulation by means of adequate modeling of
ductile failure. The major contribution of this study is to present a relatively
uncomplicated method to calibrate a decoupled damage model. To this purpose,
the Hooputra ductile damage (HDD) model is selected since it reflects the
influence of different stress states and temperature variations on the mechanical
failure of the material. The triaxiality is considered as indicator of the stress
state. The identification of the parameters of the damage model is based on a
hybrid experimental-numerical analysis of three characterization tests, namely
tension tests on smooth bars, tension tests on notched bars and shear tests. The
obtained calibrated damage model is employed to simulate shearing. The frac-
ture is simulated using the “element deletion” technique. Computed shearing
results are eventually evaluated by comparing simulated force-displacement
curve to experimental one.

Keywords: Bar shearing � Decoupled damage model � Stress triaxiality � FEM

1 Introduction

Designing metalworking processes using finite element method (FEM) is nowadays a
reliable method to optimize the process parameters and reduce testing costs. The
exactness of process simulation is generally dependant from the accuracy of material
modeling. In this context, an appropriate simulation of shearing requires the under-
standing of different phenomena occurring during the process and influencing material
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behavior and failure. Temperature increase and stress state alteration in the shear zone
are the most important observed phenomena in aluminium bars shearing. Temperature
can increase to 120 °C in aluminium shearing due to the plastic work in the shear zone
[6]. Thus, temperature dependency is indispensable in damage modeling. Furthermore,
various stress states are involved in shearing: compression, shearing and traction [9].
Stress triaxiality describes the local stress state and is one of the most important
variables that must be considered in modeling aluminium ductile rupture [7]. That
means that a wide range of triaxiality should be considered in aluminium failure [2].
Many damage models take account of the role of triaxiality in the calculation of
damage variables [1, 12, 13, 16, 17]. Damage models are commonly classified into
coupled and decoupled models. Coupled models allow for depicting the experimentally
verified interaction between material behavior and damage evolution. However, the
identification of their high number of parameters is too complicated and could reduce
the accuracy of the obtained models [4]. Decoupled models, offer the advantage of
being generally easy to implement and having few parameters to identify. However,
they often prove unsuitable for complicated loading paths and large plastic
deformations.

The geometry of sheared billets plays an important role in the results of some
forging processes such as precision forging and stamping. It can induce at worst to
forging defects such as underfill and folds [10].

The idea of this work is to present a relatively uncomplicated method to predict the
rupture mechanics for the purpose of simulating accurately aluminium bars shearing.
The selected damage model is the decoupled Hooputra ductile damage (HDD) model
[11]. The calibration is based on three characterization tests with different triaxiality
values, namely tension tests on smooth and notched bars and shear tests, which are
performed in two temperatures. The identification of the parameters of the damage
model is based on the combination of experimental and numerical analysis of these
tests. The fracture strains are then calculated with the calibrated model and imple-
mented in ABAQUS as a function of temperature and triaxiality to simulate shearing.
A comparison between shearing simulation results and experimental results allows
evaluating the calibration method.

2 Ductile Rupture Model

The HDD model was introduced by Hooputra et al. [11] and it assumes that the
equivalent plastic strain at the onset of fracture is a two-term exponential function of
triaxiality (Eq. 1).

e feq ¼ ae�cg þ becg ð1Þ

where a, b, c are the material constants to identify and e feq is the equivalent plastic strain
at the onset of fracture. η is the stress triaxiality, or triaxiality and is calculated as the
ratio of hydrostatic stress (rm) and the von Mises equivalent stress (req) as follows:
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g ¼ rm
req

ð2Þ

The damage is calculated as a cumulative variable (D), which is related to the
evolution of strain (Eq. 3). In a simulation, the initiation of fracture occurs when the
effective plastic strain exceeds the fracture effective plastic strain. This means that the
damage variable D reaches a fixed value Dmax = 1.

D ¼
Z e feq

0

deeq
e feqðgÞ

ð3Þ

where ɛeq is the equivalent plastic strain.

3 Numerical Parameters Identification

The identification of the HDD model constants for the simulation of shearing requires
an appropriate selection of characterization tests involving a large range of triaxiality.
Test temperature should also be varied in the observed range in the shear zone, as noted
in Sect. 1. Three types of tests are carried out: round smooth bars traction (RST),
notched round bars traction (NRT) and shear tests (ST). The material of the specimens
is the aluminium alloy AW-6082. The tests were repeated for two temperatures: 20 and
100 °C. The strain rate is equal to 0.01 s−1 in all experiments. All experiments were
performed at the Institute of Forming Technology and Machines (IFUM) at Leibniz
Universität Hannover and are detailed in another publication of the authors [15].

The plasticity is tabular input in the material model according to flow curves
generated from compressive tests. In this step, the ductile rupture is not modeled.

Equivalent plastic strains and triaxialities are numerically identified according to
the following procedure. First, simulations of characterization tests are carried out
using the finite element analysis software ABAQUS/Explicit. For smooth and notched
round bars, axisymmetric specimens are modeled using the 4-node bilinear axisym-
metric quadrilateral element (CAX4R). For the shear specimen, a 3D model is built
with a thickness of 2 mm using the 8-node linear brick element (C3D8R). A fine mesh
with an element size of 0.1 mm is applied in the rupture zone. Only the plastic behavior
is implemented. Figure 1 shows the established geometries and mesh.

The numerical simulation of characterization tests ought to having similar results as
experimental tests. To this end, simulation parameters, like mesh and increment sizes,
are adjusted in order to obtain an acceptable similarity between simulated and exper-
imental force-displacement curves in each test case. As an example, simulated and
experimental force-displacement curves of smooth bars traction in 100 °C is presented
on Fig. 2.

The average value of triaxiality over the deformation of every test is then calculated
from the central element of the specimen. The equivalent strain at fracture is also
determined for this element. The three experimental points are plotted on the fracture
strain versus triaxiality plane for every test temperature (Fig. 3). To identify the
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parameters of the Eq. 1, a curve-fitting procedure is conducted on Matlab. The obtained
correlation coefficients of the fracture limit curves in 20 °C and in 100 °C are
respectively 0.42 and 0.99. The first coefficient is moderate because the scattering of
experimental points could not be fitted under consideration of the ordinary shape of
fracture limit curves. It should be noted that three experimental points for every curve
remain small for fitting procedure. A larger number of experiments involving other
triaxiality values would improve the exactness of the calibrated damage model. On the
other hand, the experiments in 100 °C are well fitted with the HDD model. These

Fig. 1 Geometry and mesh of SRT, NRT and ST specimen models Adapted from Moakhar et al.
[14]

Fig. 2 Comparison of simulated force-displacement curve of the SRT test to the experimental
one
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curves show that the increase in temperature to 100 °C reduces the strain at fracture by
elevated triaxiality. Secondly, the strain at fracture in both temperatures is a decreasing
function of triaxiality.

The obtained calibrated HDD equations in 20 and 100 °C are given respectively in
Eqs. 4 and 5:

efeq ¼ 1:12e�3:13g þ 0:03e3:13g ð4Þ

efeq ¼ 1:83e�2:12g � 2e2:12g ð5Þ

4 Evaluation of Aluminium Bar Shearing Simulation

A three dimensional shearing model is simulated in ABAQUS/Explicit using plasticity
law as described in the previous section. Material behaviour at fracture, which consists
in equivalent plastic strains as a function of triaxiality and temperature, is generated
using Eqs. 4 and 5 and introduced in a tabular form under the ductile damage tab. The
model components as well as the triaxiality evolution in the shear zone are presented on
Fig. 4, where d is the tool displacement in mm. Different triaxiality values are met in
the shear zone indicating different stress states from compression (negative triaxiality)
to tension (positive triaxiality) with a dominance of shear stress state (nearly zero
triaxiality). Hence, a damage modelling considering the influence of triaxiality on
rupture mechanics would be appropriate.

Therefore, the negative triaxiality states should be covered by further tests that
involve compression stress state. The results of these tests would be then integrated in
the damage model calibration.

In order to evaluate the material modelling, simulation results and experimental
ones are compared. Figure 5 shows the force-displacement curves from the FE simu-
lation and from the experimental shearing test (experimental data were obtained from a
previous study of [3]. It can be clearly seen here that the maximal shear force is
correctly predicted. Therefore the simulated force decreases prior to the measured
force. This can be due to the combined ductile and shear damage modes that occur

Fig. 3 Experimental points of characterization tests and fitted fracture limit curves in 100 °C
(left) and 20 °C (right)
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during shearing [8]. However, the utilized damage model considers only the ductile
mode. The numerical results could also be improved by a suitable element deletion
technique that better represents crack propagation [5]. As shown on Fig. 4., deleted
elements induce volume loss which results in lower friction between the two bar
sections. Consequently, simulated shearing force is expected to decrease sooner as
expected. Mesh refinement could be a solution for such problem but it provokes
considerably longer calculating time.

Fig. 4 Simulation model of shearing and triaxiality evolution in the shear zone

Fig. 5 Force-displacement curves of simulated and experimental shearing Adapted from
Moakhar et al. [14]
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5 Conclusion

In this paper, aluminium bar shearing is numerically analysed. The material modelling
for shearing simulation is carried out by means of a combined experimental and
numerical method. The decoupled HDD model is thereby calibrated based on char-
acterization tests involving different stress states and temperatures. Possible improve-
ments of the numerical and experimental methods are suggested. This work is a part of
a research about the improvement of shearing simulation based on adequate material
characterization. An enhancement of the quality of sheared billets would be the next
point of interest of this study in addition to the use of other damage models.
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Abstract. A multibody system can be considered as an assembly of inter-
connected components: flexible bodies, rigid bodies, joint and unit control. This
paper describes an analytical methodology for the predesign of a multibody
system mixing rigid and flexible structure and regarding the vibrational aspect.
Indeed, one of the principal aspects that limit performance in mechanical sys-
tems is the presence of vibrations. This contribution is based on the object-
oriented modelling with Modelica language. Structural engineers frequently
encountered problems arising from deflection of flexible structure such as plate
and beam under moving load. In this paper, we study the interaction between a
dynamic exciter moving with a constant velocity over a flexible beam resting on
an elastic foundation by using the theory of dynamic response of Euler Bernoulli
beam. The study of the moving load is of great importance in the transportation
field. This methodology will be illustrated to the railway system. In fact, the
dynamic response of a railway track subjected to a moving train load may be
simplified as a beam traversed by a moving load. An analytical based approach
is considered for the dynamic simulation of the flexible multibody system. The
effect of some parameters on the dynamic response of the system has been
studied.

Keywords: Multibody system � Flexible structure � Predesign � Object oriented
modeling � Analytical model

1 Introduction

A mechatronic system is an assembly of different components from different areas and
different technology. The target of the preliminary design is to specify the character-
istics of these components before defining them completely. At this level, to take into
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account the design constraints, it is necessary to have simple models allowing the
characterization of the component [1–3].

In the literature, there are several methodologies used for the predesign of a
multibody system, taking into account the multi-physic constraints [4–6]. For example,
Ghazoi et al. [7] proposed a new pre-designing method applied to a mechatronic system
and regarding the vibrational effect. The vibration interaction between dynamics
exciters (Motors) and receivers (Electronic cards) is studied. These components are
located over a flexible structure (plate). The model has been developed using the
objected oriented modeling language Modelica/Dymola.

The influence of the boundary conditions of a flexible beam on the dynamic
response of a system is studied in [8]. The beam supports dynamic perturbations
(motors) and receivers (electronic cards). Two types of beam boundary conditions are
considered simply supported- simply supported and clamped-clamped. This method-
ology helps system architect to quickly build up system model, the characterization and
the analysis of a mechatronic system at an early stage of design.

In another work, authors [9] create compacts analytical models which are flexible
beams in Modelica/Dymola. These elements may be inserted in a mechatronic system
in order to study the vibrational response at an early stage of design. This methodology
is applied to a typical example of a mechatronic system which is the wind turbine.
Some simulation results are presented in order to show the capability of this method to
have an insight about the system dynamic behavior.

The problem of a continuously distributed structure (beam, plate, etc.) carrying a
moving load has broad applications in engineering and mechanics such as flexible
manipulators and highway bridges with moving vehicles [10].

In dynamic mechanical system modeling, initial focus requires defining a system
boundary. The analysis of beam resting on elastic foundations is of interest several
fields such as aero-space structure and foundation engineering. The study of the
behaviors of structures subjected to moving loads has been the concern of several
researchers [11–13]. For example, Frýba [11] studied the problem of a beam resting on
Winkler foundation and traversed by a moving load using the Fourier transformation
method to solve the governing differential equations.

In railway engineering the track structure is generally modeled as an infinite,
flexible beam resting on continuous springs loaded by a moving force. Today, more
sophisticated models are required due to the increase of vehicles speeds in order to take
into account dynamic effects for track design [14, 15].

Our contribution aims to propose a new methodology for the predesign of a
multibody system taking into account the vibration constraint. More precisely, we
focus on the dynamic response of a flexible beam resting on an elastic foundation and
subjected to a moving load at a constant speed.

The paper is structured as follows. Section 2 describes the mathematical model
used in this study; Sect. 3 gives the implementation of the model in Modelica/Dymola.
The railway system is used as a support study. Numerical results are provided in
Sect. 4. Section 5 concludes the paper.
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2 Description of the Mathematical Model

The ordinary Bernoulli Euler theory of beams is considered in this paper, where the
effect of rotary inertia is neglected. Beam on elastic foundation subjected to a moving
load. Where, the foundation has been modelled by springs with constant foundation
stiffness (Fig. 1). The beam is considered of an infinite length. The material is elastic,
homogeneous and isotropic. The effect of damping is neglected. The force moves from
left end to the right end with a constant speed v0 [16].

The transverse vibration of the beam is governed by the following partial differ-
ential equation [16]:

EI
@4wðx; tÞ

@x4
þ qS

@2w x; tð Þ
@t2

þ kf wðx; tÞ ¼ f ðx� v0tÞ ð1Þ

where w is the beam deflection at point x, E is the module of elasticity, I the moment of
inertia of the cross- section, q is the density of material, S is the cross-sectional area, kf is
the foundation constant. f ðx� v0tÞ is the applied force moving with constant speed v0

Defining the following,

z ¼ x� v0t ð2Þ

Equation (1) can be written as:

EI
@4wðzÞ
@x4

þ qSv20
@2w zð Þ
@t2

þ kf wðzÞ ¼ f ðzÞ ð3Þ

The solution of Eq. (1) is [16]:

wðzÞ ¼ � P

i:4EI
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p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Fig. 1 Infinite beam on an elastic foundation subjected to an external moving load
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where,

a ¼ qSv20
2EI

ð5Þ

b ¼ q2S2v40
4E2I2

� kf
EI

ð6Þ

3 Application in Railway System

3.1 Modelica

Modelica is an object orientated equation based language for modeling of large and
heterogonous physical systems. It has been used especially in the design of multi-
domain engineering systems such as aerospace and automotive applications involving
electrical mechanical, hydraulic and control subsystems.

3.2 Implementation into Modelica

This section deals with the preliminary sizing and the object oriented modeling of the
railway system in the Modelica/Dymola environment. The graphic layout of the model
developed with Dymola, a simulation environment based on the Modelica modeling
language. The theory presented in Sect. 2 was implemented as components in Dymola.
The schematic diagram of the system is given in Fig. 2.

The system is composed of two components which are the railway model and the
carriage model. Every component is represented by an icon.

The railway component includes the equation of motion and all other necessary
equations to describe the beam. The railway model parameters include Young

Fig. 2 Set up of the railway system model developed with Dymola
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Modulus, boundary conditions (the foundation stiffness) and the mass density, etc. The
carriage model parameters include the load force and the speed.

Each component is equipped by a connector to be able to connect to other com-
ponents. The code of the developed connector is the following:

The developed connector is characterized by two variables, position and force.

4 Numerical Examples and Discussion of the Results

The effect of different parameters on the system response is exanimated. The material
and geometric parameters of the system are shown in Table 1.

Figure 3 shows the transverse vibration of the railway for different points on the
length of the beam. It can be seen that the three curves have the same oscillation
frequency and they are not in phase.

Figures 4 displays the transverse vibration of the beam for various values of
foundation stiffness at constant velocity. It is observed that higher values of foundation
stiffness’ kf reduce the deflection of the vibrating beam.

The influence of the moving load on the dynamic response of the beam is inves-
tigated. Figure 5 shows the response of the beam for various values of the load. It can
be seen that the dynamic deflection of the beam increases with the increase of the load
force.

Table 1 System parameters

Parameters Values

Mass density q = 7850 kg m−3

Elastic modulus E = 2.1011 N/m2

Constant of velocity V0 = 4000 m/s
The foundation stiffness Kf = 106 N/m3

Force magnitude P = 85000 N
Moment of inertia I = 3.10−5 kg.m2
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Fig. 3 Beam deflections for different points on the length of the beam

Fig. 4 Displacement response of the beam for various values of foundation modulus
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5 Conclusion

This paper presents a new methodology for the preliminary design of a multibody
system using the object oriented modeling methodology. This approach aims to study
the vibrational behavior of a multibody system in the predesign phase. In fact, engi-
neering machines during the life undergo multiple sources of vibrations. There are
many engineering problems can be modeled as a coupled flexible beam- moving load.
In this paper, we defined a Modelica model that can be used to predict the dynamic
behavior of a beam under the action of a moving load. The beam is resting on an elastic
foundation. The vibration response of a railroad track under the moving weight of the
carriage can be determined using the present analysis. Several parameters having an
impact on the vibrational behavior are analyzed. The modeling methodology is general
enough that different boundary conditions of the beam can be implemented to create
other models. The effect of damping is neglected.
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Abstract. The implementation of controller for a suspension system should
have as low as possible complexity. The engineer should find the appropriate
way to apply algorithms with low scaling parameters to achieve the required
performances such as: ride comfort ride comfort, suspension spaces and
dynamic tire load. For this reason, an appropriate way should be invented to
apply the algorithm that gives the force generated by each actuator based on the
motions of the vehicle which is received from various sensors located at dif-
ferent points of the vehicle. Two control strategies are investigated: First, the
Active Disturbance Rejection Control (ADRC) control is investigated for
showing its applicability to ameliorate ride comfort of passengers. Second, a
traditional skyhook control scheme equipped with an Magnetorheological
(MR) damper is investigated to show its superiority to give good performances
of road holding and suspension space limits compared to the introduced intel-
ligent controller ADRC. Furthermore, this semi-active controller is known as a
simple control strategy with straightforward tuning process where only one gain
parameter is needed for the implementation process. A simple prototype of
quarter-car suspension is given to show the effectiveness of the introduced
controllers. MATLAB/Simulink environment was used for investigating the
comparison between the proposed techniques.

Keywords: Active control � Semi active control � ADRC � Ride comfort �
Road

1 Introduction

The inconveniences of the passive control are harmful. For these reasons, some
techniques such as semi-active control was developed. Currently, these improvements
become intensified with a consideration of the arrival on the market of new intelligent
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materials with modified properties. Consequently, according to the operational con-
ditions, the characteristics of the mechanical items (damping, mass distribution, stiff-
ness) are modified: for example switching the characteristics of dampers. Furthermore,
there is no need of actuating energy. Therefore, there are no actuators in the sense of
active force, only the shock absorber is required to modify the overall characteristics.
Usually, a semi-active suspension can be actively remote by a control unit. The
modification of damping coefficient can be continuously or discontinuously.

The control strategies for semi-active suspensions have been developed with var-
ious forms such as the Skyhook damping proposed by Karnopp [1]. It can be seen that
semi-active suspensions operate under closed-loop control and are used as reference
model [2]. Suspensions operate under closed-loop control and are used as reference
model [2]. A variable damper effort is introduced in order to improve ride comfort in
this type of controller [3] presented this kind of control in the case of quarter car model.
The results give a better isolation to high frequency resonance compared to traditional
passive system.

Active control is widely used in industrial applications where vibration levels are
high. As opposed to passive control and semi-active control, active control requires
external actuation or operative energy. This energy is related to the power of the
actuators and amplifiers. Therefore, the control power and its effectiveness are limited
only by the choice of the components and the control algorithms.

The present paper is focused on the concepts of ‘Active Disturbance Rejection
Controller” which are introduced by Gao et al. [4] and their application in the active
suspension system. These tools have been presented in a large variety of academic
applications and industrial [5]. The power produced by the actuator resides in esti-
mating on-line unknown perturbations with a state observer. Only the knowledge of the
input-output behavior of the plant is needed.

The organization of the paper is as follows. Section 2 describes the implementation
process of ADRC controller. Section 3 gives a simple description of Skyhook control
method. The comparison between numerical results is discussed in Sect. 4. Conclusion
is summarized in the last section.

2 Intelligent Scheme of Control

The design of the ADRC suspension controller form proposed by Hasbullah et al. [6] is
used in the present paper. The structure of ADRC controller is described as follows by
two main parts: the extended state observer (ESO) used to estimate the internal and
external disturbances, and the law of state feedback to generate the control signal of
motion of active quarter car system presented in Fig. 1 are the following:

ms€zs þ dsð_zs � _zuÞþ ksðzs � zuÞ ¼ uA ð1Þ

mu€zu � dsð_zs � _zuÞ � ksðzs � zuÞþ ktðzu � zrÞþ dtð_zu � _zrÞ ¼ �uA ð2Þ

ms is the sprung masse, mu is the unsprung masse, ks is the suspension stiffness. the tire
damping dt is neglected because is very small. ds is the suspension damping and kt is
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the tire stiffness. The actuator force is denoted by uA and to obtain this power, the
following steps should be studied.

2.1 The System’s State

The first step is the transformation of Eqs. (1) and (2) into state spaces system (3):

_y1 ¼ y2
_y2 ¼ y3 þ 1

ms
uA

_y3 ¼ _f ðt; y1; y2;wÞ

8

<

:

ð3Þ

y1 ¼ zs, y2 ¼ _zs and y3 is all the un-known perturbations to be online estimated.

2.2 The Extended State Observer ESO

The key element of this active control scheme is the presence of an online observer to
estimate all external and internal perturbations:

_̂y
_̂y2
_̂y3

2
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L2 0 1
L3 0 0

2

4

3

5

ŷ1
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½L1; L2; L3� are the observer gains. All variables given by this symbol “^” represents the
estimate of this state.

Fig. 1 Active quarter car system
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2.3 The Feedback Controller

The actuator force equation is the following:

uA ¼ � ŷ3
b0

þ 1
b0

ðKpðyref � ŷ1ÞþKdð _yref � ŷ2ÞÞ ð5Þ

Kp and Kd are respectively, the proportional gain and the derivative gain.

3 Skyhook Control

The skyhook configuration can be considered us the good scheme to achieve the ride
comfort. For this reason, it is classified as is a comfort-oriented control strategy. In the
research work of [7], an introduction of skyhook damper between the stationary sky
and the sprung mass is chosen for the built of this configuration. The skyhook repre-
sentation is given by Fig. 2.

The problem of skyhook damper is its inability to ameliorate handling
performances.

For a semi-active suspension, the equations of motion is given by the following
system:

ms€zs þ dsð_zs � _zuÞþ ksðzs � zuÞ � dsky _zs ¼ 0 ð6Þ

mu€zu � dsð_zs � _zuÞ � ksðzs � zuÞþ ktðzu � zrÞþ dtð_zu � _zrÞ ¼ 0 ð7Þ

dsky is the damping coefficient of the skyhook damper.

Fig. 2 Semi active quarter car system
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4 Numerical Results

The basic suspension parameters used in this paper are ms = 285 kg, mu = 41 kg,
ks = 17,756 N/m, kt = 190,126 N/m, ds = 535 N/(m/s) dt = 0 N/(m/s). The road pro-
file is chosen as a bump road given by the following equation:

zrðtÞ ¼ 0:05ð1� cosð8ptÞÞ; t1 ¼ 0:5� t� t2 ¼ 0:75
0 otherwise

�

ð8Þ

The three performance requirements of a quarter-car system can be summarized
with the following aspects:

– Ride comfort: Fig. 3a shows sprung mass acceleration of the quarter car model.
The ADRC controller has the best ride comfort against semi-active and passive
controller. The vertical sprung mass acceleration Root Mean Square (RMS) im-
provement of active system reaches 80 and 75% for semi-active system (These
values are calculated and compared with the passive responses). In the frequency
domain (Fig. 3b), it is evident that the vibration of the sprung mass acceleration to
disturbance is reduced immensely in active suspension strategy and is better in the
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case of ADRC. It is clear that the first resonance peak is more reduced in the case of
ADRC. However, the ride comfort given by semi active system is acceptable and
can be adequate for operator requirement.

– Suspension space limits: The Skyhook control has the best ability of preventing the
suspension from hitting its displacement limits (see Fig. 4a). It is able to give the
best response with the lowest settling time. The high settling time in the case of
ADRC can be related to the choice of PD gains. For getting the best ride comfort,
the ADRC loses its ability to prevent the quarter car system from hitting its travel
limits. This results are justified by the presence of high resonance peaks in the PSD
curves of ADRC plotted in Fig. 4b. The controlled suspension spaces with ADRC
presents a tradeoff between suspension requirements. However, the semi active
suspension PSD response all fell into the acceptable ranges.

– Road holding: The good contact between the tyre and the road is given by Skyhook
system (Fig. 5a). In fact, for improving the road holding quality by ADRC, we
should make the proper choice of bandwidth parameter of observer ESO for getting
a good disturbance rejection. From frequency curves depicted in Fig. 5b, the first
peak of the accelerations of the sprung mass and the second peak of the unsprung
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mass (at their natural frequencies) decrease more in the case of Skyhook compared
to ADRC. The high PSD level in ADRC curve can be justified by the presence of
high disturbance perturbation transferred from the road to the suspension system.

5 Conclusion

This paper investigates a comparison between an intelligent controller and a semi
active controller for the suspension system. From the depicted results, the ADRC
shown its ability to ameliorate the ride comfort. However, the other required perfor-
mances are not achieved. Therefore, this problem can be related to the optimal control
of system that is not easy to be accomplished. On the other hand, the skyhook scheme
with easy implementation and design is more effective than ADRC controller to
ameliorate the suspension deflection response and the normalized tire deflection.
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Furthermore, the tuning process of ADRC controller is not straightforward. The per-
formance characteristics and the robustness of both semi-active and active suspension
systems will be evaluated in the future publication.

References

1. Karnopp D (1995) Active and semi-active vibration isolation. In: Dans: current advances in
mechanical design and production VI. s.l., Elsevier, pp 409–423

2. Zhang X et al (2013) Semi-active suspension adaptive control strategy based on hybrid
control. s.l., s.n., pp 625–632

3. Faris WF, Ihsan SI, Ahmadian M (2009) A comparative ride performance and dynamic
analysis of passive and semi-active suspension systems based on different vehicle models.
Int J Veh Noise Vib 5:116–140

4. Gao Z, Huang Y, Han J (2001) An alternative paradigm for control system design, In:
Proceedings of the 40th IEEE conference on decision and control, 2001. vol 5, pp 4578–4585

5. Herbst G (2013) A simulative study on active disturbance rejection control (ADRC) as a
control tool for practitioners. Electronics 2(3):246–279. https://doi.org/10.3390/
electronics2030246

6. Hasbullah F, Faris WF, Darsivan FJ (2015) Ride comfort performance of a vehicle using
active suspension system with active disturbance rejection control. Int J Vehic Noise Vib
11:78–101

7. Karnopp D, Crosby MJ, Harwood RA (1974) Vibration control using semi-active force
generators, Trans ASME, J Eng Ind 96:619–626

Comparison Between the Effect of Magnetorheological … 165

http://dx.doi.org/10.3390/electronics2030246
http://dx.doi.org/10.3390/electronics2030246


Geometrically Non-linear Free Vibrations
of Simply Supported Rectangular Plates

Connected to Two Distributions of Rotational
Springs at Two Opposite Edges

Ahmed Babahammou(&) and Rhali Benamar

University Mohammed V in Rabat, B.P. 765 Agdal, Rabat, Morocco
{ahmedbabahammou,rhali.benamar}@gmail.com

Abstract. Although the dynamic behavior of rectangular plates has been the
subject of much research for many decades, it remains of a crucial importance in
various engineering fields and some edge conditions have not yet been treated,
especially those involving edges connected to distributed rotational springs and
non-linear vibrations. Also, in the practice of Modal Testing, theoretical models
are needed for quantitatively estimating the flexibility of the real plate supports.
A complementary work is presented here corresponding to plates connected to a
distribution of rotational springs at two opposite edges vibrating in the geo-
metrically non-linear regime occurring at large vibration amplitudes. To build
the plate trial functions, defined as products of beam functions in the x and y
directions, the mode shapes of simply supported beams connected to rotational
springs are first calculated. Then, after exposing the general formulation of the
non-linear problem, based on Hamilton’s principle and spectral analysis, the
plate case is examined. Using the single mode approach, the backbone curves
are determined, giving the non-linear frequency-amplitude dependence for
plates having different combinations of stiffness and aspect ratios. It is noticed,
as may be expected, that the obtained hardening non-linearity effect becomes
more accentuated with increasing the rotational spring stiffness.

Keywords: Rectangular plates � Nonlinear vibration � Elastically restrained
support � Hamilton principle � Mode shapes � Backbone curves � Single mode
approach

1 Introduction

In spite of the amount of works performed on plate vibrations for many decades, only
few papers deal with simply supported rectangular plates connected to two distributions
of rotational springs at two opposite edges. Furthermore, to the knowledge of the
authors, the geometrically nonlinear vibration of such elastically restrained plates has
not been investigated, in spite of its theoretical and practical importance. On one hand,
such edge conditions may be really encountered in practical situations. On the other
hand, it should not be forgotten that the classical boundary conditions, i.e. simply
supported and clamped, are practically impossible to achieve perfectly in real structures
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since the supports have always some flexibility. Consequently, it is of a crucial
importance for designers to be able and quantitatively estimate how far do the plate real
dynamic characteristics deviate from the theoretical ones, corresponding to rigid ver-
tical supports and completely free rotations (simply supported case, denoted in what
follows as SS), and to rigid vertical supports and completely prevented rotations
(clamped case, denoted as C). From the point of view of modal analysis and testing, the
availability of theoretical results corresponding to flexible supports with various stiff-
ness values may be very useful in interpreting experimental data provided by modal
testing and also for an accurate identification process.

The purpose of this paper is to present the formulation of the problem of non-linear
vibrations of simply supported rectangular plates connected to two distributions of
rotational springs at two opposite edges, in both the linear and non-linear cases. The
Rayleigh-Ritz method is used in the linear case, with plate functions defined as
products of beam functions, with appropriate end supports, in each direction. The
extension of the Rayleigh-Ritz method to the nonlinear case, developed and applied to
various non-linear problems by Benamar and his co-authors [1–4] is used here to
investigate the large vibration amplitudes of the plates examined.

Consider the plate shown in Fig. 1. It is supposed to be simply supported at the four
edges and to be in addition connected to distributed rotational springs at the edges
y = 0 and y = b. As mentioned above, the Rayleigh-Ritz method is used to investigate
the linear vibration case, with plate functions defined as products of appropriate beam
functions in each direction. The next section is concerned with a brief presentation of
how to determine the mode shapes of the beam shown in Fig. 2.

Fig. 1 SS Plate connected to distributed rotational springs at y = 0 and y = b
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2 Mode Shapes of a SS Beam Connected at the Ends
to Rotational Springs

2.1 Theoretical Formulation

Consider the SS beam shown in Fig. 2, connected at the ends to two rotational springs
of stiffness K1Rot and K2Rot. The beam has the characteristics indicated in the figure. The
governing equation of the beam transverse vibration is governed by the well known
differential equation [5]:

d4w

dx4
þ b4:w ¼ 0 with b4 ¼ x2:

q:S
E:I

ð1Þ

The general solution of Eq. (1) can be written as:

wi xð Þ ¼ C1sin bi:xð ÞþC2cos bi:xð ÞþC3sinh bi:xð ÞþC4cosh bi:xð Þ ð2Þ

The bi’s are the beam mode shape parameters. C1, C2, C3 and C4 are determined by the
end conditions:

at x ¼ 0 : w ¼ 0 and Mx ¼ E:I:w00 ¼ þK1Rot:
@w
@x

ð3–4Þ

at x ¼ l : w ¼ 0 and Mx ¼ E:I:w000 ¼ �K2Rot:
@w
@x

ð5–6Þ

Mx is the bending moment. Equations 3–6 give a linear system with 4 equations and 4
unknowns. To avoid having only the trivial zero solution, the determinant of the system
must vanish, which gives the frequency equation, leading to the frequencies and mode
shapes of the vibrating beam connected to the rotational springs. The Newton–Raphson
algorithm was used to find the roots b1:l of the transcendental frequency equation,
corresponding to the first mode and to various values of the rotational spring stiffness
C*. The solutions are summarized in Table 1 and compared to previous results.

Fig. 2 SS beam, connected at the ends to rotational springs
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3 Linear Vibration of SS Rectangular Plates Connected
to Two Distributions of Rotational Springs at Two Opposite
Edges

To examine the vibration of the plate shown in Fig. 1, the transverse displacement is
assumed to be:

W x; y; tð Þ ¼ w x; yð Þ:sin xtð Þ ¼ ai:wi x; yð Þsin xtð Þ ð7Þ

In which the usual summation convention is used. The kinetic energy and the plate total
strain energy VT, which is the sum of the strain energy due to the bending Vb [6], plus
the membrane strain energy due to the axial load induced by large deflections Vm [6],
and the strain energy stored by the elastic edge restraints Vspring (VT = Vb + Vm +
Vspring) are given by Li [7]:

T ¼ 1
2
qH
Z
S

@W
@t

� �2

:dS,

Vb ¼ D
2

Z
S

@2W
@2x

þ @2W
@2y

� �2

þ 2: 1� mð Þ: @2W
@x@y

� �2

� @2W
@2x

:
@2W
@2y

 !" #
dS

ð8–9Þ

Vm ¼ 3:D
2:H2

Z
S

@W
@x

� �2

þ @W
@y

� �2
" #2

:dS

VSpring ¼ 1
2
Za

0

ðK1Rot:
@w x; 0ð Þ

@y

� �2

þK2Rot:
@w x; bð Þ

@y

� �2

dx

ð10–11Þ

The basic spatial plate functions (Eq. 7), are defined as [2] wi x; yð Þ ¼ PI xð Þ:QJ yð Þ,
in which PI xð Þ and QJ yð Þ are beam functions with appropriate end conditions in each
direction. The plate function index i is related to the indices I and J of the corre-
sponding beam functions by: i ¼ N: I� 1ð Þþ J, where N is the number of beam
functions used. One obtains after discretization of the energy expressions [2]:

Table 1 Beam fundamental frequency parameters b1:l for different values of the rotational

stiffness C� ¼ K2Rot:l
E:I

C* 0 1 10 100 1000

(a) 3.9237 4.0381 4.4229 4.6754 4.7151 4.7193
(b) 3.9237 4.0381 4.4229 4.6754 4.7151 4.7193

(a) Linear results obtained here (b) linear results obtained in Ref. [5]
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T ¼ 1
2
x2ai:aj:Mij:cos2 xtð Þ; Vb ¼ 1

2
ai:aj:Kij b

:sin2 xtð Þ; ð11–12Þ

Vm ¼ 1
2
ai:aj:ak:al:Bijkl:sin4 xtð Þ; Vspring ¼ 1

2
aiajKijspring :sin

2 xtð Þ: ð13–14Þ

In which Mij, Kij_b, Bijkl and Kij_spring are the mass, linear and non-linear rigidity
tensors, defined by:

Mij ¼ qH
Z
S

wi:wj:dS ð15Þ

Kij b ¼ D
Z
S

@2wi

@x2
þ @2wi

@y2

� �
@2wj

@x2
þ @2wj

@y2

� ��

þ 2: 1� mð Þ: @
2
wi

@x@y
:
@2wj

@x@y
� @2wi

@x2
:
@2wj

@y2

 !#
:dS

ð16Þ

Bijkl ¼ 3D
2:H2

Z
S

@wi

@x
:
@wj

@x
þ @wi

@y
:
@wj

@y

� �
@wk

@x
:
@wl

@x
þ @wk

@y
:
@wl

@y

� �
:dS ð17Þ

Kij Spring ¼
Za

0

K1Rot:
@wi x; 0ð Þ

@y
:
@wj x; 0ð Þ

@y
þK2Rot:

@wi x; bð Þ
@y

:
@wj x; bð Þ

@y

� �
:dx ð18Þ

The indices i and j are summed over 1, 2 … n, n being the number of the plate
functions used (n = N2).

A computer program has been written to calculate numerically the above param-
eters and solve the eigen value problem, corresponding to linear vibrations. To validate
the program, a limit case, corresponding to C–SS–C–SS rectangular plates, for which
the rotational spring stiffness tend to infinity, has been treated, for various plate aspect
ratios a. The results obtained are summarized in Table 2 and compared to previously
published results. Also, a comparison is made in Table 3 between the results obtained
here and those given in [6], corresponding to the plate with elastic restraints shown in
Fig. 1 (a = 0.4, 0.8, 1). 36 plate functions have been used in the Rayleigh-Ritz for-
mulation for various values of the spring stiffness. It appears that the percentage
difference remains reasonably small for small and high values of the stiffness, corre-
sponding to the SS and C edge conditions, and does not exceed 6.65% in all cases.
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4 Nonlinear Vibration of SS Rectangular Plates Connected
to Two Distributions of Rotational Springs at Two Opposite
Edges

To examine now the non-linear vibration of the rectangular plate examined, the
membrane strain energy Vm induced by the large vibration amplitudes has to be taken
into account in the application of Hamilton’s principle as follows:

d
Z2xp
0

T � ðVb þVspring þVm
� �

:dt ¼ 0 ð19Þ

After the integration of the time functions over the range 0; 2:px
� �

, one gets a non-linear
eigen value problem, written in a matrix form as [8]:

Table 2 Non-dimensional frequency parameters, of a C–SS–C–SS rectangular plate, for various
plate aspect ratios a (a) results obtained here (b) results obtained in Ref. [4] (c) results obtained in
Ref. [10]

Plate non-dimensional frequency parameters

a 0.2 0.33 0.4 0.5 0.6 0.66 0.7 0.8 0.9 1

(a) 10.358 11.372 12.149 13.698 15.74 17.2008 18.289 21.346 24.905 28.957
(b) 10.35 11.33 12.21 13.69 15.8 17.2 18.35 21.4 24.95 28.95
(c) – – 12.3 13.71 15.69 – 18.25 20.82 24.08 –

Table 3 Comparison of the frequency parameters x2:a2:b2:q
p4:D (b) calculated here with (a) results

given in [8] for different values of aspect ratio and different values of stiffness

C� ¼ KiRot :b
D

First frequency parameters

a = 0.4 a = 0.6 a = 0.8 a = 1
(a) (b) (a) (b) (a) (b) (a) (b)

0 8.41 8.41 5.138 5.1388 4.203 4.2035 4.000 4.000
0.5 8.438 8.4415 5.206 5.2081 4.326 4.3271 4.194 4.1941
1 8.468 8.4713 5.271 5.2736 4.441 4.4423 4.373 4.373
2 8.525 8.5261 5.387 5.3919 4.646 4.6483 4.691 4.691
3 8.572 8.5754 5.491 5.4958 4.825 4.8271 4.965 4.966
4 8.611 8.6199 5.584 5.5877 4.982 4.9837 5.205 5.2052
5 8.649 8.6604 5.666 5.6696 5.120 5.1219 5.415 5.4152
10 8.801 8.8169 5.974 5.9744 5.625 5.6252 6.169 6.1693
20 9.204 9.2167 6.671 6.672 6.719 6.723 7.777 7.7833
100 9.312 9.327 6.845 6.8452 6.981 6.9835 8.137 8.144
500 - 9.4382 6.974 7.0168 7.234 7.2382 8.494 8.505
1 9.448 9.47 7.059 7.065 7.304 7.3091 8.593 8.605

Geometrically Non-linear Free Vibrations of Simply … 171



2:K:~Aþ 3:B ~A
	 


:~A ¼ x2:M:~A ð20Þ

~A is the column vector of the basic function contribution coefficients. K and M are the

classical rigidity and mass matrices, well known in linear vibration theory, and B ~A
	 


is the nonlinear geometrical rigidity tensor. Equation (20) is the Benamar’s adaptation
of the Rayleigh-Ritz method to the nonlinear vibration problem, to be solved numer-
ically, or explicitly. From Eq. (20), it is possible to calculate the frequency x by pre-

multiplying the two hand sides of the equation by ~A
T
which gives:

x2 ¼
~A

T
:K:~Aþ 3

2 :A
T:B ~A
	 


:~A

~A
T
M:~A

ð21Þ

The single mode approach (SMA), consists of neglecting all the basic functions except
a single ‘‘resonant’’ mode. Thus, it reduces the multi-degree-of-freedom problem to a
single dof. The single mode approach is often used in the literature [4] due to the great
simplification it introduces in the theory on one hand, and on the other hand because
the error it introduces in the estimation of the amplitude dependent nonlinear fre-
quencies remains very small. Applying the SMA to Eq. (21) gives:

x2 ¼ K11

M11
þ 3

2
a2:B1111

M11
ð22Þ

In which K11, M11 and B1111 are the parameters related to the single mode examined,
which is in the present case the fundamental mode of the plate shown in Fig. 1.
Figure 3 shows, for a validation purpose, a satisfactory comparison between the results
obtained here and those given in [4], corresponding to CSSCSS plate. Figure 4 gives
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Fig. 3 Comparison between the present backbone curve and that of Ref. [4]. Aspect ratio = 0.66
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the backbone curves corresponding to various values of the stiffness of the rotational
springs distributed at the edges y = 0 and y = b of the rectangular plate. A hardening
type non-linearity, indicating an increase in the frequency with the vibration amplitude
is noticed and appears to become, as may be expected, more pronounced with
increasing the spring stiffness.

5 Conclusion

To investigate the vibration of the plate shown in Fig. 1, the Rayleigh-Ritz method has
been used in the linear case, with plate functions defined as products of x and y beam
functions, with appropriate end supports in each direction. The extension of the
Rayleigh-Ritz method to the nonlinear case, developed and applied to various non-
linear problems by Benamar and his co-authors, has been used here to investigate the
plate large vibration amplitudes. The basic functions used are obtained as product of
beam functions in the x and y directions corresponding respectively to SS and ER
(elastically restrained) beam end conditions, the last case being first analytically treated
and numerically validated. Analytical details have been given and the numerical results
were compared to those available in literature. The backbone curves are given for plates
having different combinations of stiffness and aspect ratios.
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Fig. 4 Backbone curves for the four plates: (1) a CC plate in the x direction and SS in the y
direction (2) a CC plate in the x direction and SS in the y direction with distributed rotational
springs of stiffness C� ¼ 50 C� ¼ KiRota:b

D

� �
; (3) a CC plate in the x direction and SS in the y

direction with distributed rotational springs of stiffness C* = 500; (4) a CC plate in the x
direction and SS in the y direction
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Abstract. This paper addresses the temperature effects in abrasive milling of
polymer matrices used in fibre reinforced polymers (FRP). Current knowledge
of fibre reinforced polymers machining still remains understudied and involves
challenging issues for their optimal use. A design of experiments including three
matrix types was constructed to analyse the heat distribution due to cutting
conditions. The cutting speed N, depth of cut ap, and feed rate Vf were kept
constant in this study. Milling tests were performed on resin specimens using an
abrasive grinding wheel and 5-Axis CNC Machine with maximum spindle of
12,000 rpm. Three resinous matrices, namely, polyamide, Epoxy and Polyester
were considered for the design of experiments. Equidistant thermocouples type
K were embedded within the median plan of the specimen in order to record the
temperature histories during cutting step. Measurements showed unequal tem-
perature peaks on the three matrices referring to heat losses irrespective to
matrix type. Temperature distribution within the specimens informs about heat
evacuation during tool advance. The temperature histories reveal three typical
regions regardless the matrix type being milled: fast heating period, maximum
peak, and a relatively longer cooling period giving rise to room temperature.
Those three periods vary sensitively with the resin properties.

Keywords: Temperature � Milling � Epoxy � Polyamide � Polyester

1 Introduction

Composite materials are widely used in various sectors such as mechanics, automotive,
aeronautics and the aerospace because of their high specific mechanical properties.
However, working and workability of these materials, i.e. by material removal volume,
still remain challenging issues in several applications. Particularly, machining of these
materials reveals damage in different type of composite structures.

The material structures are commonly pointed out as a main obstacle to control
efficiently the material removal process [1–4]. In particular, heat generation and dis-
tribution to be involved due to machining should be controlled throughout composite-
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made components. Since matrix material is the continuous phase acting to bind the
fiber reinforcement, and the fine interphase region i.e. the interface, its behavior plays a
key role under thermomechanical loadings. The influence of temperature raise at the
tool-tip could be reduced by selecting appropriate machining conditions in order to
enhance tool lifetime [5, 6]. In spite the achievements within the last years [7],
machinability of FRP still remain challenging. The physical phenomena to be involved
during cutting controls sensitively the behavior at the tool-material interface [8–12].
Yashiro et al. [13] records the temperature history at the cutting point of CFRP
composite. Machining generates high energy input per unit of material volume. This
energy is converted into heat, which yields temperatures localisation and thermal
damage into the material. During grinding [2], the thermocouple junction is exposed
and bonded to the workpiece by smearing of the workpiece material, thereby providing
direct contact with the material and, hence, ensure direct measurement of temperature
at that point. Experimental studies were also conducted to analyse the temperature
history in dry milling [12, 13]. The dynamic response of the measurement system is
important in order to measure the temperature change in high-speed intermittent cutting
with an end-mill. If the cutting temperature exceeds the glass-transition temperature of
the matrix resin, it generally causes delamination and reduces the material strength.

In FRP, the matrix can be of two types: thermosetting or thermoplastic. Ther-
mosetting resins are the most widespread in recent years for many applications. Two
main resins are commonly used for manufacturing FRP composites, namely, polyesters
and epoxy. These matrix resins are initially in viscous liquid state. The main advan-
tages of these resins results in their ease of implementation, their rapid cross-linking
without elimination of secondary products and their good mechanical properties.
Epoxy resins are generally used for high performance applications while thermoplastic
matrix composites become increasingly important in certain sectors such as aeronau-
tics. Polyamides have also good mechanical properties and good thermal behavior
under melting point. It is however worth noting that all aforementioned polymeric
matrices are very sensitive to temperature variation [14]. Reyne [15], among others,
have proposed the analysis of the resins behavior during cutting. Some properties of
matrices have direct influences on their machinability.

This paper addresses the temperature analysis during milling of three resinous
matrices, namely, epoxy, polyester, and polyamide. Milling tests were conducted using
abrasive wheel of 10 mm in diameter and 8 mm in height. Peak values and temperature
distribution obtained were specially discussed.

2 Experimental Setup and Method

Cutting tests were performed on epoxy resin parts using an abrasive diamond-grinding
wheel. The grinding wheel (Diamond grinding points—galvanic metal bonding—ref-
erence D126) used in milling tests was supplied by GARANT Co. It is of diameter
10 mm and a head length of 8 mm. The grinding wheel with selected because of
excellent cutting quality and optimum service life ensured by the galvanic nickel
binder. Many diamond particles are bunched or glued to the rod or tool body and act as
multiple cutting points. The matrix used was provided by UNIVERS RESINE
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Company and results in a mixture of an epoxy-type thermosetting resin. Its imple-
mentation is carried out by infusion at room temperature.

Table 1 summarizes the material properties of the three resins used. The panels are
melded in a mold of size 300 � 250 � 14 mm3, using a mixture of 75% resin and 25%
hardener. The panels were then laser cut to specimens of dimension 80 � 40 � 14
mm3 each. Subsequently, the specimens obtained were face milled to reach the
thickness of 8 mm, on a universal milling machine model MOMAC FU-1S of
1800 rpm maximum speed, and 7 kW power.

The temperature is recorded in the median plan through the thickness of the
specimen, using four thermocouples TCs (TC1, TC2, TC3 and TC4) type K, supplied
by ELECTRONIC SHOP Co. Their maximum measuring capacity, See beck coeffi-
cient(a) and standard deviation are −270 to +1370 °C/−454 to +2498 °F, 39.45 lV/°C
at 0 °C and 2.2–0.75%, respectively. The TCs are placed on the test specimen 20 mm
from each other inside a pre-drilled holes of 2 mm diameter, at a distance of 0.5 mm
away the trim plan. The test specimen equipped with the TCs is illustrated in Fig. 1.

The tests were carried out on a Spinner U-620 5-Axis CNC Machine with maxi-
mum spindle speed of 12,000 rpm and maximum power of 19 kW. The experimental
set-up was shown in Fig. 2.

The experimental device was connected to an acquisition system including com-
puter unit with an adapted LabVIEW program able to recording temperature history
outputs over the four TCs simultaneously at 0.1 s−1 while the tool advances through the
specimen.

The tool characteristics are shown in Table 2.
The profile milling operation (trimming) is carried out without lubrication with a

10 mm diameter galvanic diamond-grinding wheel on specimens of dimensions
(80 � 40 � 8) mm3. During grinding, thermocouples measure temperatures at a dis-
tance of 0.5 mm below the surface of the workpiece. All the milling operations were
carried out under the dry cutting conditions, and each experiment was repeated two
times. The parameters used, and their ranges are presented in Table 3.

Table 1 Proprieties of the matrices considered in the design of experiments

Matrix type Property Value

Epoxy Density q
Thermal conductivity at 20 °C
Dry extract in volume

1.27 ± 0.05 g/cm3

0.2 W/m � °C
33 ± 2%

Polyester Density q
Thermal conductivity at 20 °C
Dry extract in volume

1.1 ± 0.05 g/cm3

0.2 W/m � °C
31 ± 1%

Polyamide Density q
Thermal conductivity at 20 °C
Dry extract in volume

1.14 ± 0.05 g/cm3

0.25 W/m � °C
33 ± 2%
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3 Results and Discussion

The results of Fig. 3a show typical plots temperature histories recorded for polyamide
matrix using 4 thermocouples. It may be noticed an overall tendency for all curves
presenting, in turn, temperature fall after reaching a specified maximum in front of the

Fig. 1 Specimen design, TCs and tool location during cutting test of polymer matrix

Fig. 2 Experimental set-up. a Details of the testing device, and b enlarged view of the specimen
equipped with the TCs
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TCs, respectively. The findings refer physically to heating and cooling period during
tool passage. Cooling step mark much higher duration to reach room temperature than
heating step. The curves exhibit similar three typical regions:

(i) Quasi-static evolution reflecting stable temperature that precedes the starting of
the milling operation.

Table 2 Tool parameters

Abrasives Diamond
Abbreviation of the abrasive D
Diameter tail 6 mm
Head diameter 10 mm
Head length 8 mm
Form Cylindrical
Total length 60 mm

Table 3 Comparison of the frequency parameters x2:a2:b2:q
p4:D (b) calculated here with (a) results

given in [8] for different values of aspect ratio and different values of stiffness

a ¼ 0; 4 a ¼ 0; 6 a ¼ 0; 8 a ¼ 1

(a) (b) (a) (b) (a) (b) (a) (b)
0 8,41 8,41 5,138 5,1388 4,203 4,2035 4,000 4,000
0, 5 8,438 8,4415 5,206 5,2081 4,326 4,3271 4,194 4,1941
1 8,468 8,4713 5,271 5,2736 4,441 4,4423 4,373 4,373
2 8,525 8,5261 5,387 5,3919 4,646 4,6483 4,691 4,691
3 8,572 8,5754 5,491 5,4958 4,825 4,8271 4,965 4,966
4 8,611 8,6199 5,584 5,5877 4,982 4,9837 5,205 5,2052
5 8,649 8,6604 5,666 5,6696 5,120 5,1219 5,415 5,4152
10 8,801 8,8169 5,974 5,9744 5,625 5,6252 6,169 6,1693
50 9,204 9,2167 6,671 6,672 6,719 6,723 7,777 7,7833
100 9,312 9,327 6,845 6,8452 6,981 6,9835 8,137 8,144
500 - 9,4382 6,974 7,0168 7,234 7,2382 8,494 8,505
∞ 9,448 9,47 7,059 7,065 7,304 7,3091 8,593 8,605
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(ii) Sudden temperature raise resulting in the approach of the tool face to the ther-
mocouple level. The curves reach their maximum peaks at the passage of the
tool in front of the thermocouples, respectively.

(iii) Slow temperature drop over approximately 75% of the total milling period
marking the move of the tool away from the TCs locations, respectively. This
should draw a cooling step that marks much more time than heating previously
reached.

Figure 3b shows the relative peak average of temperature obtained at the afore-
mentioned milling conditions. Polyamide labels the highest peak average resulting in
approximately a double value compared with the values obtained for polyester and
epoxy matrices while the peak averages of the two last matrices can be roughly
confounded.
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Fig. 3 Temperature histories versus time. a Typical temperature histories recorded for
polyamide, and b relative peak average temperature for the three considered matrices

180 F. Guesmi et al.



4 Conclusions

In this attempt, an experimental approach is proposed to investigate the thermal
behavior of composite matrices under milling. Temperature histories locally recorded at
four milling stages were examined to explain heat distribution within the polymeric
matrices. It appears that the cutting temperature increases rapidly as the tool approaches
the TCs, marking a peak just in front of TCs respectively, and then, falls much more
slowly up to reaching room temperature.

Three typical regions were detected in the temperature curve regardless the matrix
type being milled: heating, maximum peak, and slight cooling up to room temperature.
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Abstract. In many engineering applications (automotive, computer and mobile
device industries, etc.), magnesium alloys have been widely used owing to their
interesting physical and mechanical parameters. However, magnesium alloys are
identified by the low ductility at room temperature, due to their strong plastic
anisotropy and the yielding asymmetry between tension and compression. In
this work, the ductility limit of a rolled magnesium AZ31 sheet metal at room
temperature is numerically investigated. This investigation is based on the
coupling between a reduced-order crystal plasticity model and the Marciniak–
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describe the plastic anisotropy due to slip and twinning modes, a combination of
two separate yield functions (according to Barlat and Cazacu) is used. The
coupling between the adopted constitutive framework and the Marciniak–
Kuczyński instability approach is numerically implemented via an implicit
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1 Introduction

The magnesium alloy AZ31B has been used in a wide range of engineering applica-
tions, notably in the aeronautic and automotive industries [17]. Compared to other
materials with hexagonal structures, the magnesium alloy AZ31B is characterized by
its lightweight and high specific strength. However, it is known to have low formability
at room temperature, due to its strong plastic anisotropy and the yielding asymmetry
between tension and compression. These characteristics are respectively caused by the
limited number of slip systems and the activation of the twinning deformation mode.
To accurately predict the plastic response of the magnesium alloy AZ31B, several
researchers have developed constitutive models that take into account both deformation
modes (namely slip and twinning). In this work, we have chosen a reduced-order
crystal plasticity model. This model has been recently developed for magnesium alloys
[8, 9, 13]. It allows describing the strong plastic anisotropy and its evolution as well as
the yielding asymmetry between tension and compression, which results from the
competition between slip and twin mechanisms. Hence, the plastic anisotropy is
described in this reduced-order model by two separate yield functions: the Cazacu yield
function [3] to describe the plastic anisotropy due to the activation of twinning mode
and the Barlat yield function [2] to model slip-induced plastic anisotropy.

Plastic deformation during sheet metal forming processes is limited by the occur-
rence of localized necking. To predict the ductility limit, the concept of forming limit
diagram (FLD) is introduced and applied in the present investigation. The determi-
nation of the ductility limit by experimental methods is often complex and relatively
expensive. To avoid these practical difficulties, several theoretical approaches for
localized necking analysis have been developed by different researchers to predict
FLDs, such as: the Swift model [14], the Hill model [6], the Marciniak–Kuczyński
(M–K) imperfection model [10], the bifurcation theory [12], the stability analysis by
linear perturbation theory [4] and the modified maximum force criterion [1].

The M–K formability limit analysis is one of the most widely-used ductility
approaches in the literature. Several researchers have coupled this approach with
various constitutive models to predict forming limit diagrams of HCP materials. In this
field, one may quote [16] who have coupled this approach with an elaborate version of
the Cazacu model [11] to predict the FLD for magnesium AZ31B alloy.

It is well known that FLDs are strongly influenced by the mechanical properties of
the used sheet metal, such as plastic anisotropy and hardening parameters. Hence, two
hardening laws are applied with the combined yield function (Cazacu–Barlat).

In the current study, a generic Mathematica script is developed to couple the M–K
approach with the reduced-order crystal plasticity model. The numerical predictions are
compared with experimental results of [8] to validate the implementation of this
reduced-order model. Then, the ductility limit of the AZ31B magnesium alloy is
analyzed. Furthermore, the effect of the activated deformation mode on the ductility
limit is also investigated.

Notations, conventions and abbreviations
Vectors and tensors are indicated by bold letters and symbols. Scalar variables and
parameters are designated by thin letters or symbols.
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The used Void convention leads to express all second-order symmetric tensors in

vector form as: V ¼ �11; �22; �33;
ffiffiffi
2

p �12;
ffiffiffi
2

p �23;
ffiffiffi
2

p �13
� �T.

2 Reduced-Order Crystal Plasticity Model

The constitutive model proposed in [8] is adopted here to describe the material
behavior of magnesium sheets. This model is formulated within the framework of rate-
independent finite plasticity. As this model is used to predict the ductility limit of thin
sheets, the plane-stress assumption is adopted (see, e.g., [7]).

To describe the anisotropic plasticity due to slip and twinning modes, two inde-
pendent yield surfaces are introduced.

2.1 Twinning Mode

Twinning leads to yielding asymmetry between tension and compression. For this
reason, the non-quadratic yield criterion developed by Cazacu et al. [3] is used. Within
this criterion, the effective stress ~rt for the twinning mode is expressed as:

~rt
Xt
1

;
Xt
2

;
Xt
3

 !
¼

Xt
1

�����
������ k

Xt
1

 !at

þ
Xt
2

�����
������ k

Xt
2

 !at

þ
Xt
3

�����
������ k

Xt
3

 !at !1=at

;

ð1Þ

where
Pt

1;
Pt

2 and
Pt

3 are the eigenvalues of tensor
Pt and k (comprised between −1

and 1) and at (superior to 1) are material parameters describing the initial stress dif-
ferential effect and the shape of the yield surface, respectively. Tensor

Pt is obtained
by a linear transformation from the deviatoric Cauchy stress tensor s;

Pt = Lt : s. The
transformation tensor Lt is given in the following matrix form:

Lt ¼

ltLL Lt
LT Lt

LS 0 0 0
Lt
LT ltTT Lt

TS 0 0 0
Lt
LS Lt

TS ltSS 0 0 0
0 0 0 ltLT 0 0
0 0 0 0 ltTS 0
0 0 0 0 0 ltSL

0
BBBBBB@

1
CCCCCCA
; ð2Þ

where Lt is expressed onto three orthotropic axes using three directions: longitudinal
(L), transverse (T) and short-transverse (S).

The activation of the twinning deformation mode is governed by the following
Kuhn–Tucker inequality constraints:

/t ¼ ~rt � Yt � 0; _~et � 0; /t _~et ¼ 0 ð3Þ
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where Yt is the hardening yield function and _~e
t
is the equivalent plastic strain rate due

to twinning. Yt is expressed as a function of the cumulated plastic strain due to slip ~es

and twinning ~et:

Yt ~es;~et
� � ¼ Rt

0 þQt
1 1� e�bt1~e

t
� �

þQt eq
t~et � 1

� �
þHt~et þHst~es: ð4Þ

The plastic strain rate _et due to twinning is given by the normality law:

_et ¼ _~e
t @/t

@r
rð Þ: ð5Þ

The equivalence relationship of the plastic work rate allows us to determine the

expression of _~e
t
:

_~e ¼ r : _et

~rt : ð6Þ

2.2 Slip Mode

Limited number of slip systems for HCP materials leads to a strong initial and evolving
plastic anisotropy. For this reason, the yield criterion proposed by Eyckens et al. [2]
and based on a linear transformation technique is used in this work. Within this
criterion, the effective stress ~rs for the slip mode is expressed as:

~rs
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;
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¼ 1
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where
Ps

1;
Ps

2 and
Ps

3 are the eigenvalues of tensor
Ps and as (superior to 1) is a

material parameter describing the shape of the yield surface. Tensor
Ps is obtained by

a linear transformation from the Cauchy stress tensor:
Ps ¼ Ls : r. The transformation

tensor Ls is given in the following matrix form:

Ls ¼

1
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0
BBBBBB@

1
CCCCCCA
: ð8Þ

The activation of the slip deformation mode is governed by the following Kuhn–
Tucker inequality constraints:
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/s ¼ ~rs � Ys � 0; _~e
s � 0; /s _~e

s ¼ 0; ð9Þ

where Ys is the hardening yield function and _~e
s
is the equivalent plastic strain rate due

to slip. Ys is expressed as a function of the cumulated plastic strain due to slip _~e
s
and

twinning _~e
t
:

Ys ~es;~et
� � ¼ Rs

0 þQs
1 1� e�bs1 ~e

s
� �

þQs
2 1� e�bs2 ~e

s
� �

þHts~et: ð10Þ

The plastic strain rate _es is given by the normality law:

_es ¼ _~e
s @/s

@r
rð Þ: ð11Þ

The equivalence relationship of the plastic work rate allows us to determine the
expression of _~e:

_~e
t ¼ r :_es

~rs : ð12Þ

2.3 Combined Yield Surface

The plastic anisotropy of the studied HCP materials is defined by a combination of the
Cazacu and Barlat yield functions as shown in Fig. 1.

Fig. 1 Schematic illustration of the combined yield surface
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The plastic strain rate given by Eq. (5) [resp. Eq. (11)] represents only the con-
tribution to the total plastic strain rate _ep when the twinning mode (resp. the slip mode)
is activated. When both deformation modes are activated simultaneously, the stress
state is located at the intersection of the two yield surfaces as illustrated in Fig. 1, and
the plastic strain rate _ep is expressed as:

_ep ¼ _~e
t @/t

@r
rð Þþ _~e

s @/s

@r
rð Þ: ð13Þ

3 M–K Localized Necking Criterion

The theoretical M–K approach assumes that the sheet is composed of two zones: the
homogeneous zone (a) and the band zone (b). Figure 2 illustrates this concept, where
the band is characterized by its orientation h with respect to the major strain direction,
and its relative thickness f with respect to the homogeneous zone (f = tb=ta). The
relative thickness f is also called the imperfection factor or imperfection ratio, and its
initial value classically ranges between 0.98 and 0.999 [5].

The current band orientation h is related to its initial counterpart ho by the following
relation:

tang hð Þ ¼ tang hoð Þe ea11�ea22ð Þ; ð14Þ

where ea11 and ea22 are the major and the minor strain in the plane of the sheet (in the
homogenous zone).

Fig. 2 Marciniak–Kuczyński (M–K) model
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In addition to the constitutive equations described in Sect. 2, the M–K approach is
defined by the following equations:

• The equation describing the force equilibrium between the band and the homoge-
neous zone:

_ra.~nta ¼ _rb.~ntb: ð15Þ

• The geometric compatibility condition linking the velocity gradient in the homo-
geneous zone La to its counterpart in the band zone Lb: allowing us to relate the
strain rate fields in the two zones:

Lb ¼ La þ _~b�~n; ð16Þ

where _~b is the jump vector.
To predict the occurrence of strain localization, a biaxial loading is applied to the

sheet metal, which is defined by the following velocity gradient in the homogeneous
zone:

La ¼ La
11 0
0 q La

11

� 	
; ð17Þ

where q is the strain-path ratio. Due to the presence of the geometrical imperfection,
the plastic strain will become more and more concentrated within the band (as com-
pared to the homogeneous zone). Strain localization is assumed to occur when the
strain-rate ratio _eb33

�� ��= _ea33
�� �� reaches a critical value (this critical value is typically set to

10).
When this strain localization condition is satisfied, the current strain component ea11

is referred to as the critical strain e�11 corresponding to the strain-path ratio q and to the
initial band orientation h0.

The prediction of the entire FLD using the M–K approach is based on the following
incremental algorithm with two nested loops:

• For each strain-path ratio ranging from q ¼ �0:5 to q ¼ 1 (we take intervals of
0.1).

• For each initial band orientation ranging from h0 = 0° to h0 = 90° (with typical
intervals of 1°).

Apply the implicit incremental algorithm based on the theoretical framework and
constitutive equations presented above to calculate the critical strain e�11.

The smallest critical strain e�11 over all possible initial band orientations h0 defines
the localization limit strain eL11 corresponding to the strain-path ratio q. This major limit
strain is used to calculate the associated minor limit strain eL22 using the corresponding
strain-path ratio q.
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4 Results and Discussions

The numerical simulations in the current work are based on the parameters for the
AZ31 magnesium alloy, as shown in Table 1. For elastic behavior, this material is
characterized by Young’s modulus E ¼ 43GPa and Poisson’s ratio m ¼ 0:29.

In the current paper, the amount of deformation due to slip and twinning modes is
predicted by numerical simulations. In the literature, this amount can be experimentally
investigated by using the electron backscatter diffraction (EBSD) which is capable to
observe the activation of different twin and slip systems. Based on EBSD, twin mode is
identified from local intergranular misorientation maps, and active slip system is
identified from long range intragranular misorientation maps [15]. Another diffraction
type denoted X ray diffraction (XRD) is used in the literature to calculate the amount of
deformation, but for materials with high symmetry. Thus, XRD is not valid for HCP
materials due to their yielding asymmetry between tension and compression.

In a preliminary stage, some relevant comparisons are carried out in the current
work, using the parameters identified in [8], to assess and validate the numerical
implementation of the constitutive framework. Then, predictions of forming limit
diagrams (FLDs) are undertaken for magnesium AZ3B alloy.

Experimental results were carried out based on uniaxial tension and compression
tests for the AZ31B magnesium alloy to predict the engineering stress F/So, where F is
the applied force in the tensile and compression tests, and S0 represents the nominal
section of the sheet. Moreover, numerical simulations are carried out, taking into
account the anisotropy parameters as well as the hardening function. Despite the
complexity of the material behavior, Fig. 3 clearly shows that the reduced-order model
is able to reproduce the experimental results with good agreement, owing to flow
stresses and plastic anisotropy parameters.

Accordingly, the constitutive modeling of the AZ31B magnesium alloy is validated
compared with experiments in [8]. The aim of this investigation is to predict FLDs for
this material based on the M–K approach using the reduced-order model. For this

Table 1 Isotropic hardening and plastic anisotropy parameters using slip and twin model for
magnesium AZ31B alloy [8]

Slip Hardening Rs
0 ¼ 206MPa Qs

1 ¼ 126MPa Hts ¼ 637MPa
Qs

2 ¼ 40:3MPa bs2 ¼ 230 bs1 ¼ 23:6
Anisotropy Ls

LL ¼ 1 Ls
TT ¼ 1:09 Ls

SS ¼ 1:25 as ¼ 4
Ls
LT ¼ 1:22 Ls

TS ¼ 1:69 Ls
SL ¼ 1:55

Twin Hardening Rt
0 ¼ 30MPa Qt

1 ¼ 0MPa bt1 	ð Þ Hst ¼ 386MPa

Qt ¼ 19:4 MPa qt ¼ 6:3 Ht ¼ 0
Anisotropy ltLL ¼ 1 ltTT ¼ 0:97 ltSS ¼ 0:33 at ¼ 4

ltLT ¼ 0:78 ltTS ¼ 0:61 ltSL ¼ 0:60 k ¼ 0:53

Lt
LT ¼ 0:22 Lt

TS ¼ 0:76 Lt
LS ¼ 0:73
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reason, the numerical simulation is carried out with a fixed imperfection factor
f ¼ 0:98.

The onset of localized necking is determined by the numerical necking criterion In
(where In represents the strain-rate ratio _eb33

�� ��= _ea33
�� ��). More specifically, localized

necking occurs when the strain-rate ratio In becomes larger than 10 for a given strain
path and initial band orientation. Figure 4 shows the evolution of this localized necking
indicator for four representative strain paths and an initial band orientation h0 ¼ 0:
uniaxial tension q ¼ �0:5ð Þ, plane-strain tension q ¼ 0ð Þ, biaxial tension
e:g:; q ¼ 0:5ð Þ, and equibiaxial expansion q ¼ 1ð Þ.
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The imperfection factor depends on thicknesses ta, tb and the initial imperfection
factor f0. It is always smaller than f0 during sheet deformation (see Fig. 5).

The necking criterion of Sect. 3 allows us to predict the FLD of the AZ31B
magnesium sheet metal. Figure 6 compares the FLD predicted by the proposed
reduced-order Cazacu–Barlat model to that obtained by the simpler Barlat–von Mises
model.
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To recover the classical von Mises criterion from the Cazacu criterion, the fol-
lowing parameters should be taken: at ¼ 2, k ¼ 0, and Lt ¼ I, where I is the identity
tensor.

The FLD predicted with the reduced model is limited to the strain between −0.07
and 0.15, whereas the FLD based on von Mises-Barlat model is ranged from −0.10 to
0.20. This is due to the limits of validity of the proposed model. From these predicted
FLDs, it is clearly seen that the twinning mode has a clear distinct influence on the
forming limit diagram. As expected, the mechanical behavior of the material and its
evolution have a strong influence on the predicted FLDs. Due to the twinning mech-
anism, the FLD predicted by the Barlat–Cazacu model is lower than that predicted by
the more classical Barlat–von Mises model.

5 Conclusions

A reduced-order crystal plasticity method has been used in this work to model the
plastic anisotropy while taking into account the twinning and slip mechanisms. The
resulting two-surface constitutive model has been coupled with the M–K imperfection
approach to predict the ductility limit of the AZ31B magnesium alloy. The proposed
numerical tool has been developed as a generic Mathematica script so that it can be
easily applied to other HCP materials. The predicted material behavior has been
compared with experimental results, which allowed us to validate the proposed
reduced-order model. Also, it has been shown that the combined yield surface
(Cazacu–Barlat) has a great influence on the predicted FLD.
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Abstract. This paper investigates the effect of capacity tightness on perfor-
mance of multi-objective particle swarm optimization (MOPSO) algorithm in
solving the multi-item capacitated lot-sizing problem with consideration of setup
times and backlogging (MICLSP-SB). The considered problem is formulated as
a multi-objective optimization model. The formulated model aims at simulta-
neously minimizing two objective functions. The first one seeks to minimize the
total cost, which the sum of production, setup and backlogging costs. The
second one seeks to minimize the total inventory level. Sensitivity analysis is
performed on a set of generated problem instances. The capacity tightness factor
is defined as the ratio between the required capacity and the total available
capacity. Three levels of capacity tightness factor are considered for each
problem instances. The metrics, which are used for evaluating the performances
of the MOPSO algorithm, are number of Pareto solutions, spacing and com-
putational time. Results of sensitivity analysis show a considerable impact of
capacity tightness on performances of MOPSO algorithm in terms of number of
Pareto solutions and computational time. This investigation offers to the deci-
sion makers a clear insight into the performances of MOPSO algorithm in
solving the considered MICLSP-SB depending on problem features especially,
the capacity tightness factor.

Keywords: Lot-sizing � Capacity tightness � Production planning �
Multi-objective particle swarm optimization

1 Introduction

The multi-item capacitated lot-sizing problem labeled CLSP is a production-planning
problem. The CLSP consists in finding production plans, which minimize production,
inventory and setup costs while satisfying the demands for a set of items over a given
planning horizon [3]. Since the CLSP with setup times belongs to NP-hard problems
[1], a lot of approaches are used to solve this problem in the literature. Many of these
studies used metaheuristic approaches such as harmony search [7], vibration damping
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optimization algorithm [8], non-dominated sorting genetic algorithm [11], multi-
objective harmony search algorithm [3], non-dominated ranking genetic algorithm [6].

Particle swarm optimization (PSO) which is a population based-stochastic opti-
mization technique is developed [4]. It has been successfully used for solving the lot-
sizing problems in the literature. In this context, [10] utilized PSO for solving a
stochastic dynamic lot-sizing problem with consideration of backlogging. They proved
that the PSO algorithm could very efficient even with large-sized instances with respect
to solution accuracy and computational time. A particle swarm optimization-based
algorithm is developed by Pan et al. [9] for solving the multi-item capacitated
production-planning problem. The authors demonstrated that the proposed algorithm
outperforms commercial optimization software with respect to solution quality and
execution time.

In recent years, [12] proposed an iterative improvement binary PSO (IIBPSO)
approach for solving a very large capacitated multi-item multi-level lot-sizing problem.
The proposed approach consists at finding a reasonable solution using binary PSO.
Then, they applied an improved local search procedure in order to improve the obtained
solution with binary PSO. The proposed approach IIBPSO outperforms the BPSO, the
binary genetic algorithm (BGA) and iterative improvement BGA (IIBGA) in terms of
solution quality.

Although many works in the literature focused on the application of PSO in solving
lot-sizing problems, no one has investigated the impact of the problem in-stance fea-
tures (e.g. capacity tightness) on the performance of PSO algorithm.

The purpose of this paper is to investigate the effect of capacity tightness on
performances of multi-objective particle swarm optimization (MOPSO) in solving the
multi-item capacitated lot-sizing problem with consideration of setup times and
backlogging (MICLSP-SB).

The paper is organized as follows. Section 2 presents the problem formulation.
Section 3 describes the multi-objective particle swarm optimization. In Sect. 4, the
experimental results are detailed. Finally, Sect. 5 draws conclusions of this paper.

2 Problem Formulation

The presented model is a bi-objective optimization model for MCLSP-SB, which
provides an optimal production plan over a given planning horizon while meeting
demands with respect to the capacity constraints. The formulated model attempts to
minimize simultaneously the total cost and the total inventory level.

The formulated model must satisfy the following assumptions:

– Demand of each item type is assumed to be deterministic
– Backlogging and inventory quantities are determined at the end of each period
– Backlogging and inventory quantities are null at the beginning and the end of the

planning horizon
– Shortage is considered as backlogging.
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Consider the following notations and parameters:

Indexes

i product index, i = 1, …, N,
t period index, t = 1, …, T

Parameters

Dit: Demand of item i at period t
bci : Unit backlogging cost of item i
c i: Unit production cost of item i
s i: Unit setup cost of item i
vi: Required time to produce a unit of item i
sti: Setup time of item i
Mit: Maximum production level of item i in period t
Ct: Available capacity in period t (in time units)

Decision Variables

Xit: Production quantity of item i in period t
I it: Inventory quantity of item i at the end of period t
Bit: Backlogging quantity of item i at the end of period t
Zit: Binary setup variable. Zit = 1 if the resource is setup for item i in period t, and 0
otherwise.
I: Total Inventory Level
TC: Total Cost.

The developed mathematical model is presented below:

Min TC ¼
XT
t¼1

XN
i¼1

ðciXitÞþ ðsiZitÞþ ðbciBitÞ½ � ð1Þ

Min I ¼
XT
t¼1

XN
i¼1

Iit ð2Þ

Subject to

X it þ I i;t�1 þBit ¼ Dit þ I it þBi;t�1 8 t ¼ 1; . . .; T ; i ¼ 1; . . .;N ð3Þ

XN
i¼1

ðviXit þ stiZ itÞ�Ct 8 t ¼ 1; . . .; T ð4Þ
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Xit �MitZ it8 t ¼ 1; . . .; T ; i ¼ 1; . . .;N ð5Þ
Iit � Bit ¼ 0 8 i ¼ 1; . . .;N; t ¼ 1; . . .; T ð6Þ

Mit ¼ min
XT
t0¼t

Dit0 ;
ðCt0 � stiÞ

vi

( )
8 i ¼ 1; . . .;N ð7Þ

Xit; Iit;Bit � 0 8 t ¼ 1; . . .; T ; 8 i ¼ 1; . . .;N ð8Þ

Zit 2 0; 1f g 8 t ¼ 1; . . .; T ; i ¼ 1; . . .;N ð9Þ

The first objective function (1) aims to minimize the total cost that is sum of
production, setup and backlogging costs. The second objective function (2) tries to
minimize the total inventory level. Constraints (3) details the flow balance equation
between production, inventories, backlogging and demand for each item type at each
period. Constraints (4) define the production capacity in each period. Constraints (5)
present the production and setup linkage. Constraints (6) define the interdependence
between inventory and backlogging levels for each item at each period. The upper
bound for the lot size of each item type at each period is represented by constraints (7).
Constraints (8) and (9) specify the decisions variables domains.

3 Multi-objective Particle Swarm Optimization

Particle swarm optimization (PSO) is a population-based stochastic optimization
technique. The recent literature review stated that PSO becomes potential competitor of
genetic algorithm that is mainly used to solve a wide variety of single as well as multi-
objective optimization problems [2, 5]. Moreover, PSO shows a good performances in
generating near-optimal solutions for lot-sizing problems [12].

In this paper, a multi-objective particle swarm optimization (MOPSO) is adopted in
order to find the Pareto optimal solutions corresponding to the presented bi-objective
model.

The main steps of the adopted MOPSO algorithm are as follows:

Step 1: Initialize the position P0
i of each particle of the population POP:

Step 2: Initialize the velocity of each particle on the POP V0
i ¼ 0

Step 3: Evaluate each particle of the POP
Step 4: Save the non-dominated particles in an archive called repository (REP)
Step 5: Create the hypercubes of the search space, and using these hypercubes as a
coordinates system for locating the particles
Step 6: Initialize the personal best position of each particle: Pbest ti ¼ Pt

i
Step 7: Initialize counter loop t = 1
Step 8: Select REPt from repository as global best position
Step 9: Compute the velocity of each particle i at iteration t + 1 by the means of the
following expression:
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Vtþ 1
i ¼ W � Vt

i + C1 � R1 � Pbestti � Pt
i

� �þR2 � C2 � REPt � Pt
i

� � ð10Þ

where W is the inertia weight, C1 and C2 are cognitive and social factors
respectively. The parameters R1 and R2 are two random numbers in the range [0, 1].
Step 10: Compute the new position of each particle using the Eq. (11).

Ptþ 1
i ¼ Pt

i þV tþ 1
i ð11Þ

Step 11: Evaluate each particle of the POP
Step 12: Update the contents of repository and the localization of the particles
within the hypercubes
Step 13: Update the personal best position
Step 14: Increment the loop counter t
Step 15: If stopping criterion (maximum number of iterations (Maxit)) is not
reached, go to step 8, else, report the contents of the repository as final Pareto front.

4 Experimental Results

In this section, firstly, the considered instances are described. Then, obtained results are
presented and analyzed.

4.1 Instances Description

Four problem instances are studied. The main features are presented in Table 1, where
N and T represent the number of items and periods, respectively. The purpose of this
work is to investigate the effect of the capacity tightness on the performances of the
MOPSO algorithm in solving the MICLSP-SB. For this purpose, for each problem
instances, the capacity tightness (CT) is considered at three levels as shown in Table 2.

The parameters used for MOPSO algorithm are given in Table 3. The MOPSO
algorithm is coded in MATLAB R2103b software. Computational tests are performed
on an Intel Core i5 CPU 3.2 GHz PC with 8.00 GB of RAM.

Table 1 Considered instances

Parameters N T

P1 4 6
P2 8 10
P3 12 6
P4 10 12
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4.2 Results and Discussion

The performances of the MOPSO algorithm are quantified by the following metrics:

• Number of Pareto solutions: measures the number of non-dominated solutions
obtained with an algorithm. Larger value of this metric is preferred than the smaller
one.

• Spacing: measures the uniformity of the distribution of the non-dominated solutions
along the discovered Pareto front [13]. The small value of spacing metric is
desirable.

• Computational time: measures the execution time for running an algorithm to find
near optimal solutions.

Figure 1 shows the non-dominated solutions obtained with MOPSO algorithm for
each problem instances with the three levels of capacity tightness.

The computational results of MOPSO algorithm in terms of number of Pareto
solutions for solving the problem instances at different levels of capacity tightness
reported in Fig. 2. As shown in this figure and Fig. 2, the performance of MOPSO
algorithm in terms of number of Pareto solutions decreases with the increase of the
capacity tightness level of the problem instance. In fact, the average number of Pareto
solutions obtained with MOPSO for solving problem instances with a capacity tight-
ness equal to 0.85 is 12% lower than the average one obtained with a capacity tightness
equal to 0.75. Whereas, the average number of Pareto solutions obtained with MOPSO
algorithm for solving problem instances with a capacity tightness equal to 0.95 is 56%
lower than the average one obtained with a capacity tightness equal to 0.85. It can
concluded that MOPSO algorithm has better performance in terms of number of Pareto
solutions in solving the considered problem instances with a capacity tightness equal to
0.75 and 0.85 than the one with a capacity tightness equal 0.95. However, even though
the number of Pareto solution of MOPSO algorithm for solving problem instance with
capacity tightness level equal to 0.95 is less, it remains important for all considered
instances and varies between 10 and 30 solutions in the Pareto front.

Table 2 Levels of capacity tightness

Capacity tightness CT Level
0.75 0.85 0.95

Table 3 Parameters of MOPSO algorithm

Parameters Value

NPop 75
Maxit 1000
NRep 100
W 1
C1 2
C2 2
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(a) Test problem P1

(b) Test problem P2

(c) Test problem P3

(d) Test problem P4

Fig. 1 Obtained Pareto front for considered instances in different levels of capacity tightness
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Figure 3 shows the effect of the capacity tightness on performance of MOPSO
algorithm in solving the different considered problem instances, regarding the spacing
metric. It is clear from this figure and Fig. 1, that there is no significant effect on the
performance of MOPSO algorithm for solving problem instances P1, P2 and P3 with
different levels of capacity tightness. In addition, there is no significant effect of
capacity tightness on performance of MOPSO algorithm in terms of spacing metric for
solving problem instance P4 with the levels of capacity tightness equal to 0.75 and
0.85, respectively as shown in Fig. 3. Whereas, the spacing value obtained with
MOPSO algorithm for problem instances P4 with capacity tightness equal to 0.95 is
78% greater than the one obtained with a capacity tightness equal to 0.85.

Figure 4 shows the effect of the capacity tightness on performance of MOPSO
algorithm in terms of computational time for the different considered problem
instances. According to this figure, the computational time of the MOPSO algorithm
increases with increase of the capacity tightness level of the problem instance. In fact,
the average computational time of MOPSO algorithm for solving problem instances
with capacity tightness equal to 0.85 is 12% greater than the average one obtained with
a capacity tightness equal to 0.75. Whereas, the average computational time of the

Fig. 2 Effect of capacity tightness on the performance of MOPSO in terms of number of Pareto
solutions metric

Fig. 3 Effect of capacity tightness on the performance of MOPSO in terms of spacing metric
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MOPSO algorithm for solving problem instances with capacity tightness equal to 0.95
is 24% greater than the average one obtained with a capacity tightness equal to 0.85.

Based on the sensitivity analysis, it can concluded that the capacity tightness has a
significant impact on the performance of MOPSO algorithm in solving the considered
problem instances of MICLSP-SB.

5 Conclusion

In this paper, an investigation of the impact of capacity tightness factors on the per-
formances of MOPSO algorithm in solving a bi-objective planning model is proposed.
The considered model attempts to minimize the total cost and total inventory level.
A randomly generated problem instances, having three levels of capacity tightness, are
considered. For each studied problem instance, while changing the capacity tightness
level, the performances of the MOPSO algorithm in terms of the number of Pareto
solutions and computational time varies significantly. Whereas, regarding the spacing
metric, there is no significant impact on the performances of MOPSO algorithm. Based
on the sensitivity analysis performed on the considered problem instances, it can be
concluded that the capacity tightness feature has a significant impact on the perfor-
mances of MOPSO algorithm in solving the considered MICLSP-SB.

In fact, the performance of MOPSO algorithm in terms of the number of Pareto
solutions decreases with the increase of capacity tightness level. However, even though
this performance decreases, it remains important and varies between 10 and 30 solu-
tions in the final Pareto front for a problem instances with a capacity tightness equal to
0.95. Moreover, the computational time of MOPSO algorithm for solving the con-
sidered problem instances increases with the increase of capacity tightness level.

Fig. 4 Effect of capacity tightness on the performance of MOPSO in terms of CPUT metric
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Abstract. Damping plays an important role in the simulation of the mechanical
system. Various damping models are used such us non-viscous damping, cou-
lomb damping, and hysteresis damping. For mathematical convenience, Ray-
leigh damping is usually used in a gear system to model damping. Rayleigh
damping coefficients (RDCs) can be identified using the frequencies when the
degree of freedom of the system is low. However, for complex systems, prob-
lems of selecting the frequencies of the RDCs are presented. The classical
methods used only a constant damping ratio for all modes can underestimate the
dynamic response. Continuous wavelet transforms (CWT) method is recently
used to identify the modal parameters such as the natural frequencies and the
damping ratios. This study presents initial research into the use of the CWT
method to select the optimal frequencies of the Rayleigh damping formulation to
identify RDCs. The RDCs are identified using the modes contributing to the
dynamic response of the two-stage gear system. The modes that remarkably
affect the dynamic responses are determined on the basis of the modes corre-
sponding to the maximum values of the wavelet spectrum. The proposed method
is validated using the simulated responses of a two-stage gear system and
compared with the classical methods.

Keywords: Rayleigh damping formulation � Optimum frequencies �
Continuous wavelet transforms � Dominant frequency

1 Introduction

Non-viscous damping model is usually used on gear system analysis. Recently, we
presented a new technique to identify non-viscous damping on one stage system using
the integral method [1]. However, Rayleigh damping model is the most used formu-
lation of damping. In the structural dynamics, many procedures are used to select
RDCs such us the method presented by Chowdhury and Dasgupta [2] for systems with
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large degrees of freedom but their study neglects the influence of input motion to select
the optimal frequencies of RDCs. Zhe et al. [3] developed a new method to calculate
Rayleigh damping coefficients based on the spectrum of the dynamic response. Kwok
et al. [4] illustrated that the use of 1st and five times that frequency can be used to
estimate RDCs. The target frequencies are established through a process by which
linear time domain and frequency domain solutions are matched.

For the gear system analysis, a constant damping ratio is always used to identify
RDCs [5]. However, this type of the approach has some limitations and can under-
estimate the dynamic response. Therefore, the damping ratios should be identified and
the optimal frequencies of the Rayleigh damping formulation must be selected using an
improved procedure. So, the CWT method is used to select optimum modes of the
Rayleigh damping formulation that contribute to the dynamic responses from the
dominant modes of the wavelet plot where the high energy is concentrated.

This study is organized as follows. Section 2 introduces the classical Rayleigh
damping formulation. Section 3 presents the proposed calculation method of Rayleigh
damping coefficients. Section 4 provides the validation of the proposed method using a
numerical example of two-stage gear system.

2 Current Rayleigh Damping Formulation

On gear systems, the Rayleigh damping matrix [C] is derived from a combination of
the mass matrix and the stiffness matrix [5]:

C½ � ¼ a M½ � þ b K½ � ð1Þ

where [M] = mass matrix, [K] = stiffness matrix. The coefficients a and b in Eq. (2)
are defined using a constant damping ratio n for all modes, the first frequency f0 and the
second frequency f1 as follows [4]:

a ¼ n
4p f0f1ð Þ
f0 þ f1

; b ¼ n
1

p f0 þ f1ð Þ ð2Þ

This formulation can underestimate the dynamic response and presents some
limitations.

3 Proposed Calculation Method of Rayleigh Damping
Coefficients

In the original formulation proposed by Rayleigh and Lindsay [4], a and b coefficients
in Eq. (2) can be determined using two modes m and n:

a ¼ 2wkwn
w2

n�w2
k
nkwn � nnwkð Þ

b ¼ 2 nnwn�nkwkð Þ
w2

n�w2
k

8<
: ð3Þ
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where wn and wk correspond to the frequency of the n-th mode and k-th mode
respectively, nn and nk are the damping ratios. So, the modes wn and wk should be
selected to find the RDCs. This study uses this formulation on gear system to model the
damping matrix by specifying the desired damping ratios of two different modes using
the wavelet transform and to present the limits of the classical Rayleigh damping
formulation which considers a constant damping ratio.

The continuous wavelet transforms (CWT) based on damping identification
methods is used to identify damping ratios on two stage gear system in this first step
then, to select the frequencies of RDCs based on the dominant frequencies. The CWT-
based damping-identification procedure is composed by the following steps. Initially
the signal of the gear system should be transformed at time-frequency plot which
presents the variation of this amplitude with the time and the scale s using the following
equation [6]:

Xw a; bð Þ ¼ Rþ1

�1
xðtÞw�

a;bðtÞdt

wa;bðtÞ ¼ 1ffiffiffi
a

p w t�b
a

� �
8><
>: ð4Þ

where W�ðtÞ are the complex conjugate of WðtÞ. Using the modulus of the wavelet
coefficients Wxða; bÞj j.

The second step is the envelope extraction of each mode separately. The third step
is to identify the damping ratio using the slope of the straight line of the semi loga-
rithmic plot of wavelet modulus [6]:

ln wxða0; bÞj j ¼ nxnbþ ln
ffiffiffiffiffi
a0

p
2

B w�j j a0xdð Þ
� �

ð5Þ

The last step of the CWT-based damping-identification is to determine the domi-
nant frequencies, from which the optimal frequencies of the Rayleigh damping for-
mulation are selected. The proposed procedure uses the 1st mode for wn and defines wk

based on the range of frequency at which the high amplitude of wavelet transform is
concentrated.

4 Numerical Example and Validation of the Proposed
Algorithm

4.1 Numerical Example

The dynamic model of a two-stage gear system is studied with the parameters presented
at Table 1 [5]. Gears are modelled by concentrated masses, Bearings are modelled by
linear springs (Fig. 1). The dynamic model studied is characterized by 12 degrees of
freedom and can be defined by
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qf g ¼ x1; y1; x2; y2; x3; y3; hm; h1; h2; h3; h4; hr½ � ð6Þ

where xj and yj are the bearings displacements, (i = 1, …, 4) are the dynamic angular
displacements the of the gears, hm and hr are the dynamic angular displacements of
motor and brake.

The lagrange formulation was used to formulate the differential equation governing
the system motion of the two stage gear:

M½ � €qf gþ C½ � _qf gþ Ks½ � þ KðtÞ½ �ð Þ qf g ¼ F0f g ð7Þ

[M] is the mass matrix. [Kmoy] is the average stiffness matrix of the system is of a
size 12 � 12 [5]. Rayleigh damping [C] is of a size 12 � 12 given by

Table 1 Parameters of the studied two-stage gear system

Material: 42CrMo4 q ¼ 7860 kg/m3

Motor torque (N m) Cm = 10
Bearings stiffnesses (N/m) kxi ¼ kyi ¼ 106

Torsional shaft flexibilities (N m/rad) khi ¼ 105

Teeth module (m) m ¼ 4� 10�3

Teeth number Z1 = 30; Z2 = 45, Z3 = 30; Z4 = 45
Average mesh stiffness (N/m) k1moy ¼ k2moy ¼ 3� 108

Fig. 1 Dynamic model of the two-stage spur gear system [5]
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C½ � ¼ a M½ � þ b Kmoy
� � ð8Þ

The two teeth deflections d1ðtÞ and d2ðtÞ of each stage gear are defined by

d1ðtÞ ¼ ðx1 � x2Þ sin a1 þðy1 � y2Þ cos a1 þ r1h1 � r2h2

d2ðtÞ ¼ ðx2 � x3Þ sin a2 þðy2 � y3Þ cos a2 þ r3h3 � r4h4 ð9Þ

The simulated responses correspond to the input first teeth deflection and the input
second teeth deflection are obtained using step by step iterative Newmark method and
presented in Fig. 2. Our objective is to identify the RDCs from only the simulated
responses.
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Fig. 2 a Temporal first teeth deflection. b Temporal second teeth deflection
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4.2 Validation of the Proposed Method

4.2.1 Identification of the Damping Ratios
The procedure presented at Sect. 3 is used to identify the damping ratios of each stage
separately. So, Fig. 3 shows the energy spectrum distribution in the time-scale (fre-
quency) domain of the first stage and the second stage. For the first stage, seven values
of the dilatation parameter are predominant in this plot. The 5th mode corresponds to
the dominant frequency where high energy is concentrated

The wavelet transform is used to identify only the frequencies that are localized on
the wavelet ridge where high energy is concentrated (high energy frequencies) on the
basis of the modes corresponding to the maximum values of the wavelet spectrum. The
wavelet envelope is presented in fig. 4.The wavelet envelope of each mode can be
extracted from the wavelet plot by a slice parallel to the time axis through each
frequency wi for i = 1, …, 7 in the frequency axis which can be used to estimate the
corresponding damping ratio. The identified modal parameters for the seven first modes
are presented at Table 2. For the second stage, seven values of the dilatation parameter
are predominant. The 4th mode corresponds to the dominant frequency and the same
steps are used to found the modal parameters of the high energy frequencies presented
at Table 3.

Fig. 3 a Wavelet plot of the first stage. b Wavelet plot of the second stage
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4.2.2 Identification of the Rayleigh Damping Coefficients
This paper develops an algorithm for selecting the RDCs based on the calculated modal
parameters obtained in the previous section using the wavelet transform. The selected
coefficients using CWT method are closely compared to the results obtained using the
classical Rayleigh formulations. The methods widely used and the proposed calculation
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Fig. 4 a Envelope of the wavelet transform of the first stage. b Envelope of the wavelet
transform of the second stage

Table 2 Damping ratios correspond to frequency of the first stage using wavelet demodulation

High energy mode i = 1 i = 2 i = 3 i = 4 i = 5 i = 6 i = 7

fi ¼ wi
2p (Hz) 77.3 128 240.36 501.35 883.98 1558 3610

1i 0.04 0.01 0.22 0.186 0.009 0.1 0.14
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method of Rayleigh damping coefficients can be summarized at Table 4. Thus, the use
of the proposed Rayleigh damping with the selected frequencies provides an exact
match to the RDCs. The interpretation of Table 4 has been made. The coefficients a
and b selected and obtained using the T.O method presented in Table 4 (Case 5) are
compared to the results obtained using classical Rayleigh formulations (case 1, case 2,
case 3, case 4 presented at Table 4).

Figures 5 and 6 compare the input teeth deflection of the two stages of the gear
system with the obtained response using different optimal frequencies. As it shown, the
conventional Rayleigh damping formulation underestimate the response and a good
estimation is obtained when using wk as the first mode and wn as the dominant

Table 3 Damping ratios correspond to frequency of the second stage using wavelet
demodulation

High energy
mode

i = 1 i = 2 i = 3 i = 4 i = 5 i = 6 i = 7

fi ¼ wi
2p (Hz) 64 115 168.18 501 921.9 1494.507 3678.64

1i 0.0008 0.01 0.08 0.0007 0.05 0.021 0.002

Table 4 Rayleigh damping coefficients obtained by
different methods for the input first teeth deflection

Methods a b Involved orders

Case 1 0 0.001109 1
Case 2 4.4946 0.001861 1, 3
Case 3 2.7039 0.0005741 1, 4
Case 4 10.36 8.3965e−6 1, 5
Case 5 9.94 7.91e−5 1, 7
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Fig. 5 First teeth deflection uses first natural mode approximation as well as proposed full
Rayleigh viscous damping formulation
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frequency (higher mode) which corresponds the maximum value of the amplitude of
the wavelet transform.

5 Conclusion

In the traditional method, the damping ratio is considered as constant for all modes to
identify the RDCs in the gear system. As a result, the dynamic response can be
underestimated. In the proposed method, the dominant modes that influence the
dynamic responses are identified in the basis of the continuous wavelet transform
method. Then, the optimum frequencies are selected from the dominant modes to
obtain the RDCs. Comparisons with the simulated time domain response demonstrate
that the proposed procedure is very efficient in selecting the optimum frequencies of the
Rayleigh damping formulation from the first teeth deflection and the second teeth
deflection of the gear system.
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Abstract. Technology evolution and the demand of modern life have led to
more using for machine tools which are the basic energy consumption devices in
manufacturing. Subsequently, CO2 emissions in the atmosphere will increase,
causing several climate changes such as the greenhouse effect. As the resources
and energy in the earth are limited and getting fewer and fewer, sustainable
manufacturing is gaining more and more attention to produce the same product
with less negative environmental impacts. In this paper, a mono-objective
optimization for sustainable manufacturing is presented. Such approach needs a
balance between economic and ecological aspects. Thus, the objective of this
work is machining product with less environmental impacts by minimizing
consumed energy with respect to technological and economic constraints. The
consumed energy is modelled based on the dynamic behavior of the cutting
forces. A case study of single pass of face milling operation is carried out using
the particle swarm optimization tool. The surface quality is adopted as an
objective in this work. Three decision variables are taken into account during the
resolution such as rotational speed, axial depth of cut and feed per tooth. Results
show that the proposed optimization model has a great efficiency to find a trade-
off between the four objective functions in order to minimizing them.

Keywords: Sustainable manufacturing � Optimization � Particle swarm �
Consumed energy

1 Introduction

In manufacturing, the machining process is the main electrical energy consumer [7]. In
fact, the CNC machining has an important effect on environment due to the high level
of electrical energy consumption [3] and global warming [10]. Thus, the reduction of
the consumed energy by the machining process is important [6]. For this reason several
works aim to study the relationship between the electrical energy demanded and cutting
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parameters during machining. For example, Luan et al. [9] utilized the response surface
method (RSM) to study the effect of cutting parameters (cutting speed, axial depth of
cut, radial depth of cut and feed per tooth) on the consumed energy during a face
milling operation. The obtained results minimize the consumed energy and ameliorate
the surface roughness. Wang et al. [12] used genetic algorithm to find optimum values
of cutting parameters in case of high speed milling process in order to achieve max-
imum machining efficiency. Jang et al. [5] adopted particle swarm algorithm to obtain
optimum cutting parameters that reduce energy consumption in milling operation case
and minimal lubrication case. Li et al. [8] presented a resolution of a multi objective
problem of energy efficiency and cutting time in case of milling process based on Tabu
Search algorithm (TS). Results show that the radial and axial depths of cut are the
significant parameters on the consumed energy while the spindle rotational speed is the
most significant on the cutting time. Alberteli et al. [1] presented an optimization of
both consumed energy and treatment time of a face milling operation. Firstly, mono
variable optimization considering only the cutting speed is performed. Secondly multi
variable optimization, using a multi-dimensional exhaustive enumeration method
considering the axial depth of cut, feed per tooth and cutting speed, to minimize both
the energy consumption and the production time, is performed. Tapoglou et al. [11]
have elaborated a novel approach in order to ameliorate the energy efficiency of
machine tools based on online cutting conditions optimization.

The common point between the backgrounds of developed works described above
that they all strived to minimize the consumed energy by the milling machine tool.
However, the time variation of the milling forces during the removing material process
as well as the incorporation of the surface roughness as an objective during the opti-
mization of the consumed energy is neglected. Thus, the aim of this work is to develop
a new model of face milling machining energy optimization by considering cutting
time, surface roughness and cutting cost factors.

2 Objective Functions

The objective function can be modeled as the sum of four objective functions
describing cutting time; cutting consumes energy, machining cost and surface quality
as described in the above sections.

2.1 Cutting Time

The required time to remove material is calculated using the following equation:

f1 ¼ tmachining ¼ Lþ da
XfzN

ð1Þ

where L is the workpiece length, X is the spindle rotational speed, fz is the feed per
tooth, N is the tool teeth number and da is the approach distance calculated as
following:
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da ¼ D=2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D
2

� �2

� ae
2

� �2

s
ð2Þ

where ae is the radial depth of cut and D is the tool diameter.

2.2 Machining Energy

The mathematical model of cutting energy is presented in the next equation:

Emachining ¼
Ztmachinning

0

Pmachinning tð Þdt ð3Þ

where Pmachining(t) is the variable power consumed by the machining system (spindle
and axis feed) at the tool tip to remove material which can be estimated by the next
model shown in equation:

f2 ¼ Emachining ¼
Ztmachining

0

Pmachinning tð Þdt ¼
Ztmachining

0

Ft tð Þ Vc þFf tð Þ Vf
� �

dt ð4Þ

where Vc and Vf are respectively the cutting speed and the feed rate, Ft(t) and Ff(t) are
respectively the tangential and the feed components of the cutting force. These two
forces are variable and their values change with time due the non-linearity of the
milling operation. They are calculated in two steps: firstly we calculate the differential
tangential dFt,i radial dFr,i and axial dFr,i components for the ith tooth which are
expressed as a nonlinear function of varying chip load h(Фi) expressed as following
[2]:

dFt;i Ui tð Þð Þ ¼ g Ui tð Þð Þktaph Ui tð Þð Þ
dFr;i Ui tð Þð Þ ¼ krg Ui tð Þð Þktaph Ui tð Þð Þ
dFa;i Ui tð Þð Þ ¼ kag Ui tð Þð Þktaph Ui tð Þð Þ

8<
: ð5Þ

where kt, kr and ka are the specific pressure of the cutting force considered as constants,
ap and fz are respectively the axial depth of cut and the feed per tooth and g(Фi(t)) is a
function describing whether the ith tooth is active or not. It is expressed as following:

g Ui tð Þð Þ ¼ 1; Ust �Ui tð Þ�Uex

0; else

	
ð6Þ

with Ust and Uext are respectively the cutter entry and exit angles.
The variable chip generated during the machining phase is composed of two

components: static hs and dynamic hd caused by the instantaneous angular position of
the ith tooth Ui(t).
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h Ui tð Þð Þ ¼ fz sin Ui tð Þð Þ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
hs

þ ux tð Þ � ux t � sð Þð Þ sin Ui tð Þð Þþ uy tð Þ � uy t � sð Þ� �
cos Ui tð Þð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

hd

ð7Þ

where Ui(t) is modelled as following:

Ui tð Þ ¼ X tþ i� 1ð ÞUp ð8Þ

where Up is the tooth spacing angle.
For a face milling process, the cutting forces components acting on the workpiece

on feed direction X, on normal direction Y and on axial direction Z are obtained from
the next equilibrium relation:

dFx;i /i tð Þð Þ
dFy;i /i tð Þð Þ
dFz;i /i tð Þð Þ

8><
>:

9>=
>; ¼

� cos /i tð Þð Þ � sin /i tð Þð Þ 0
sin /i tð Þð Þ cos /i tð Þð Þ 0

0 0 1

2
4

3
5

dFt;i /i tð Þð Þ
dFr;i /i tð Þð Þ
dFa;i /i tð Þð Þ

8><
>:

9>=
>; ð9Þ

The total cutting force components in the X, Y and Z directions are computed by
summing the elementary cutting force components exerted by all tooth. It can be
expressed:

Fc tð Þ ¼
Fx tð Þ
Fy tð Þ
Fz tð Þ

8><
>:

9>=
>; ¼

XN
i¼1

d Fx;i /i tð Þð Þ

XN
i¼1

d Fy;i /i tð Þð Þ

XN
i¼1

d Fz;i /i tð Þð Þ

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

ð10Þ

To estimate these forces components, a resolution of the differential equation of
motion of a spindle flexible structure using the finite element method [4], as shown in
Eq. (11), is elaborated.

Mb½ � €qf gþ 2X Gb½ � _qf gþ Kb � X2 Cb½ �� �� �
qf g ¼ Fc t; qð Þf g ð11Þ

where [Mb], [Gb], [Kb] and [Cb] are respectively the mass, the gyroscopic, the stiffness
and the centrifugal matrices. The vector {q} denotes the degrees of freedom vector
caused by elastic movements and associated to different nodes. The second member
constitutes the total cutting force.
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2.3 Surface Quality

The quality of the surface is described by the roughness which is adopted as a function
to minimize in our work and it is modeled as following:

f3 ¼ kVx1
c f x2z ax3p ð12Þ

where x1, x2, x3 and k are constants depending on workpiece and tool material.

2.4 Machining Cost

The machining cost is calculated as a sum of machine cost, tool cost and energy cost as
expressed:

f4 ¼ Ctotal ¼ k0tmachining þ keEmachning þ kt
tmachining

T
ð13Þ

where k0 is the machine cost during the cutting phase, ke is the cutting energy cost, kt is
the tool cost and T is the tool life modelled by [13]:

T ¼ CTDbv

Vcf
uv
z aevp a

rv
e znv

� �1=xv

ð14Þ

where bv, uv, ev, rv, nv, CT and xv are constants.
During the optimization of the objective functions, some constraints must be sat-

isfied. In the next section, we describe those constraints.

3 Constraints

3.1 Cutting Power

The cutting parameters values should verify the condition on the available power. In
fact, the machining consumed power must be lower than the maximum power available
on the spindle machine Pmax as shown:

g1 ¼ ksapfzNVc

60;000PD
�Pmax ð15Þ

where ks is a specific pressure of the cutting force.

3.2 Cutting Force

The cutting force applied by the cutter tool on the workpiece must be lower than the
maximal one that can be supported by the cutter tool. So, a constraint on the cutting
force should be taken into account as following:
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g2 ¼ ksapfzN
PD

�Fmax ð16Þ

3.3 Constraint with the Tool

The rupture resistance condition of a milling cutter constraint is written as following:

g3 ¼ 8ksapfzzVc

P2D3
� smax ð17Þ

4 Mathematical Formulation

In this paper, the objective is to find the optimum cutting parameters in a single pass of
face milling operation (rotational speed X, feed per tooth fz and axial depth of cut ap) to
minimize the cutting time f1, the cutting energy f2, the surface roughness f3 and the
machining cost f4 at the same time. In order to normalize the total objective function, an
optimization of each function is elaborated to obtain f �1 the minimum cutting time, f �2
the minimum cutting energy, f �3 the minimum surface roughness and f �4 the minimum
cutting cost. Our optimization problem is described as following:

min Fð Þ ¼ f1
f �1

þ f2
f �2

þ f3
f �3

þ f4
f �4

s:c :

g1 � fmax

g2 �Pmax

g3 � smax

8>><
>>:

8>>>>>>><
>>>>>>>:

ð18Þ

The limit of the machine tool must be also considered as following:

Xmin �X�Xmax

fzmin � fz � fzmax
apmin � ap � apmax

8<
: ð19Þ

5 Results and Discussions

To resolve the optimization problem, particle swarm algorithm (PSO) is used firstly to
find f �1 , f

�
2 , f

�
3 and f �4 and secondly to find the minimum global objective function F.

Indeed, PSO can solve a variety of difficult optimization problems and it is charac-
terized with a few parameters to adjust, which makes it particularly easy to implement.
Furthermore, research show that PSO algorithm has a better performance compared
with other algorithms. In our study, each resolution is repeated 10 times to decrease the
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random effect of PSO algorithm. The tool and the workpiece materials are respectively
carbide and steel. The parameters used during the simulation are summarized in
Table 1.

The mono objective optimizations performed for the same milling process of only

one objective function results are recapitulate in Table 2. For each optimization we
calculate the value of the others function based on the optimum cutting conditions.

The cutting parameters obtained by minimizing the cutting time are different from

ones obtained by minimizing surface roughness, cutting energy and cutting cost.
Similar results are obtained for the cutting energy, the surface roughness and cutting
cost. For this reason a global optimization of these four functions is elaborated as
described in Eq. (18) in the next step. The results of the best solution obtained from the
10 resolution performed are summarized in Table 3.

Table 1 Simulation parameters

Parameters Value

Workpiece length (mm) 100
Tool diameter (mm) 40
Radial depth of cut (mm) 20
Axial depth of cut range of variation [ap

min ap
max]

(mm)
[1, 4]

Feed per tooth range of variation ½f minz f maxz �
(mm/tooth)

[0.1; 0.6]

Rotational speed range of variation [Xmin Xmax]
(rpm)

[397,8; 2387]

Roughness parameters k = 1.001, x1 = 0.0088, x2 = 0.3232, x3 =
0.3144

Machine cost ($/min) k0 = 0.3
Tool cost ($) kt = 6.87
Energy cost ($/KWh) ke = 0.13
Specific pressure (N/mm2) Ks = 2000

Table 2 Optimization results of only one objective function

Model 1 Model 2 Model 3 Model 4

f �1 = 1.075 (s) f �2 = 3.19 � 102

(J)
f �3 = 0.6 (mm) f �4 = 6.92 ($)

f2 (J) f3
(mm)

f4 ($) f1
(s)

f3
(mm)

f4
($)

f1
(s)

f2 (J) f4
($)

f1
(s)

f2 (J) f3
(mm)

1.063 � 103 1.3 22.96 6.43 1.63 6.92 10.2 4.46 � 103 9.64 6.28 3.19 � 102 1.63
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We conclude that the proposed optimization model (model 5 given by Eq. 18)
ensure a balance between the minimum machining time, minimum machining energy,
minimum machining cost and minimum of surface roughness. Indeed, compared to
model 1, model 5 increases the machining time by 64.81% but decreases the cutting
energy by 52%, the surface roughness are similar and the cutting cost is decreased by
52%. In comparison to model 2, it decreases the cutting time by 53%, the surface
roughness by 20.24% but increases both the cutting energy and the cutting cost by
37%. When model 5 is compared to model 3, it decreases the cutting time by 70.04%,
the cutting energy by 88% but increases the surface roughness by 54% and the cutting
cost by 12%. Finally, compared to model 4, model 5 decreases the cutting time by
51.35% and the surface roughness by 18.75% but it increases the cutting energy and
the cutting cost both by 37%. Those results prove that the proposed model 5 has a great
efficiency to find a trade-off between the four objective functions in order to mini-
mizing them.

6 Conclusion

In this paper, a mono objective optimization of a global model for minimizing cutting
time, cutting cost, cutting energy and surface roughness is proposed and solved through
PSO algorithm. A case study of single pass of face milling operation is conducted and
search for the trade off solutions of minimizing cutting time, cutting cost, cutting
energy and surface roughness. Three decision variables are taken into account such as
rotational speed, axial depth of cut and feed per tooth. This work ameliorates the
background described above by considering the surface roughness as an objective
function and by considering the dynamic behavior of the cutting force during cutting
energy modeling. As perspective, we propose to validate the obtained results from PSO
algorithm by other results obtained from another algorithm such as Genetic Algorithm.
We can also optimize a multi-pass face milling operation.
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Abstract. The aim of this paper is to investigate the optical properties of the
recycled polymer during numerous internal reprocess using experimental
design. The process conditions (material temperature, mold temperature, injec-
tion rate) and recycling on the gloss and colorimetric properties of polypropy-
lene containing 2 wt% of pigment was studied. Several injection parameters and
cycles numbers must be tested. One most limit for this kind of study is the large
number of experiments that requires longtime and significant investments. The
idea is to vary three injection parameters (Temperature of material, Temperature
of the mold, injection rate) for five injection cycles using statistical approach.
The three variables (materiel temperature, mold temperature and injection flow)
were investigated at three industrial used levels. The number of recycling varies
from cycle 0 to cycle 4 at five levels. The complete matrix for screening was
designed using D-optimal quadratic design. The experimental design was gen-
erated with the statistical software MODDE 10.1-Umetrics. A set of 45 exper-
iments was carried out to determine the influence of injection parameters and
recycling on the appearance properties of samples. The statistical software
package Nemrodw® version 2007, LPRAI (Marseille, France) was used to
analyze the experimental design.

Keywords: Recycling � Gloss properties � PP � Experimental design

1 Introduction

Appearance properties of objects are one of the most challenges of nowadays indus-
tries, to keep a place in a diversified market full of competition. To this commitment of
quality was also added the necessity of recycling, especially for the plastics industry. In
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a commercial production process, it is important to get rid of waste product. These are
usually recycled to improve cost performance. However, this recycling process often
brings unfavorable effects, e.g., an increase in appearance properties. To achieve this
compromise between recycling and good esthetic of produces, studies on the effect of
recycling on the appearance properties of polymers are needed. The effect of recycling
on optical properties of polymer films has been few analyzed in the literature [1, 2] but
no study has been done on the effect of recycling on the appearance properties of
injected parts. Among other plastics, polypropylene (PP) is a commodity polymer
product and used in large quantities for many applications. The main reasons for the
success of PP are its quite good price/performance ratio, its excellent mechanical
properties, and suitable optical characteristics [3]. The huge consumption of this
polymer makes its recycling strategically very important for the environmental policy
of industry [4]. On the other hand, appearance properties of polymer products are
mostly determined by the processing parameters. A low cavity surface temperature
makes the polymer melt freeze prematurely and consequently a frozen layer will be
formed during filling process at the interface between the hot polymer melt and the cold
mould cavity, which leads to a series of defects of the final moulded parts, such as flow
mark [5, 6] weld mark [7, 8], swirl mark [9], roughness [10], low gloss [11], and low
replication accuracy [12]. Zhang et al [13] showed that surface quality of plastic parts
can be improved significantly by increasing mold cavity temperature. The gloss of both
ABS/PMMA and ABS/PMMA/nano-CaCO3 gradually increase with the increase of
mold cavity temperature. The process conditions had a strong influence on the gloss
development and on the color of pigmented PP. A better replication of the mold texture
can be achieved at a lower melt viscosity at higher shear rates and higher mold
temperatures. This gives a higher gloss in smooth regions. The gloss had a significant
effect on the color: all the factors that contributed to an increase in gloss showed
concomitant effects of increasing the color coordinate b* and of decreasing the light-
ness L*. Studies were published showing that the processing parameters may affect the
gloss of injection molded parts [14], the mold temperature commonly being considered
the more important parameter to be controlled. It was clearly shown that the mold
temperature is the more relevant parameter and that a clear interaction exists between
that parameter and the holding pressure.

From a physical point of view, the two quantitative descriptors of appearance (gloss
and color) are the consequences of complex psychophysical phenomena of visual
perception related to a situation in which the light reflected from the surface of an
opaque sample is either predominantly in the specular direction (gloss) or diffuse in all
directions (color) [15]. The four variables that primarily affect the gloss are the surface
topography (or texture) [16], the wavelength and angle of the incident light and the
refractive index of the material [17], whereas the color depends on the illumination
conditions, the observation angle, the optical characteristics of the material, the amount
of the colorant present, the surface topography [18], and the gloss [19]. Work on
polymeric surfaces has shown a decrease in gloss with increased roughness [20].

In this paper, we mainly focus on the effect of process conditions (material tem-
perature, mold temperature, injection rate) and recycling on the gloss and colorimetric
properties of polypropylene containing 2 wt% of pigment using statistical approach.
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2 Materials and Techniques

2.1 Materials

The PP homopolymer SABIC® PP 575P produced by SABIC Europe was used in the
experiments. SABIC® PP 575P is an homopolymer for injection molding. A master-
batch supplied by Clariant was used to obtain a gray-beige complexion. The master-
batch was characterized with EDS analysis by scanning electron microscopy. The
analyze show the presence of: CaCO3 (calcium carbonate), TiO2 (titanium dioxide) and
Sb2O3 (Antimony trioxide). Blending of PP with 2 wt% of pigments (masterbatch) was
performed in the PEP “plastics technical center” with a co-rotating intermeshing twin-
screw extruder (Clextral EVOLUM HT 32, diameter 32 mm, centerline distance
21 mm) with a length to diameter ratio L/D 44. The screw profile is made of conveying
and kneading elements, also using opposite pitch to ensure melting, mixing, shearing,
and a good dispersion of the components. The extrusion process was carried out with a
screw rotation speed of 350 rpm, at a temperature of 210 °C and a throughput of
30 kg h−1. The colored pellets were also injection-molded to obtain samples for study.

2.2 Techniques

Material processing: The mold was supplied by CFO company specialized on
“Manufacturing Design Tools”. The mold design was realized in C2MA to obtain
samples of 100 mm � 100 mm with a thickness of 2 mm. the samples show two
different faces, a polished mirror surface and a rough surface. All specimens were
prepared on a Krauss Maffei KM50-180CX injection molding machine. The
maximum clamping force is 50 tons. During experiment, corresponding to each set
of experimental parameters, the 5 first injected samples are thrown away to ensure
that the process was stable. PP was injected from zero to five steps of recycling.
Samples are grinding with a Cutting Mill SM 300 to be reinjected.
Colorimetry: In a uniform color scale, the differences between points plotted in the
color space correspond to visual differences between the colors plotted. The L* axis
is the light-dark axis, and thus gives a measure of the relative brightness of the
sample ranging from total black (L* = 0) to the white (L* = 100). The a* axis is the
red-green axis (positive a* = red, negative a* = green), and the b* axis is the blue-
yellow axis (positive b* = yellow, negative b* = blue) [21] (Fig. 1).
Brightness: In terms of physical measurements, especially in the industrial field,
gloss of materials is considered only at specular angles using a glossmeter [22].
Glossmeters are built to afford three specular geometries (Fig. 2). The geometry is
chosen based on the gloss level observed, selecting the 20 specular reflection for
high-gloss materials and 85 for quasi-matt samples, while 60 is used for samples
with an intermediate, satin-like appearance.
Statistical approach: In a purpose of understanding the effect of injection
parameters and recycling on the appearance properties of polymers, several injec-
tion parameters and cycles numbers must be tested. One main limit for this kind of
study is the large number of experiments that requires longtime and significant
investments. The idea is to vary three injection parameters temperature of material
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Fig. 1 (L*, a*, b*) representing color space

Fig. 2 Graphic representation of the difference in weight of the factors on total effect for the
gloss response a R20, b R60, c R85
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(Tmaterial), Temperature of the mold (Tmold) and the injection rate for five
injection cycles. The work material selected for the study was polypropylene
because of its large use and the need to recycle it with the maintaining of good
aspect properties.

The effects of four factors known to influence injection conditions, material tem-
perature, mold temperature, injection flow and number of injection cycles were studied
using a statistical approach. The three variables (materiel temperature, mold tempera-
ture and injection flow) were investigated at three industrial used levels (materiel
temperature: 220, 240, 260 °C, mold temperature: 30, 50, 80 °C and injection flow: 10,
20, 40 cm3/s). The number of recycling varies from cycle 0 to cycle 4 at five levels.
The complete matrix for screening was designed using D-optimal quadratic design. The
experimental design was generated with the statistical software MODDE 10.1-
Umetrics. A set of 45 experiments was carried out to determine the influence of
injection parameters and recycling on the appearance properties of samples. The sta-
tistical software package Nemrodw® version 2007, LPRAI (Marseille, France) was
used to analyze the experimental design.

The response approach involving a D-optimal quadratic design was adopted for
studied the effect of injection parameters and recycling on the final response (colori-
metric and gloss). In fact, A D-optimal quadratic design is a computer aided design
which contains the best subset of all possible experiments. Depending on a selected
criterion and a given number of design runs, the best design is created by a selection
process.

Each variable (material temperature, mold temperature, injection rate) was studied
at three different levels (1, 2, and 3). The four recycling cycles was studied with four
levels (1, 2, 3, and 4). All variables were taken at a central coded value of zero. The set
of levels of the variables is summarized in Table 1.

Table 1 D-optimal plan variables used in the area of interest (Design of Experiments—DOE)

Type de variable Name(Pi) Value

Discrete block Number of cycle 0
1
2
3
4

Continue T material (°C) 220 240 260
Tmold (°C) 30 50 80
Injection rate (cm3/s) 10 20 40
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Each variable was coded between −1 and 1 according to Eq. (1):

Xi ¼ 2
Pi � Pimax þPimin

2

Pimax � Pimin
¼ 2

Pi � Pi

DPi
ð1Þ

with Pi, the variable to be coded between Pimin and Pimax respectively corresponding to
the minimum and maximum of the experimental variables. The use of reduced centered
variables has the advantage of being able to generalize the theory of the experiments
plans whatever the factors or the fields of studies retained.

The responses have been adapted in order to know the final evolution of the
colorimetric and brightness parameters according to the quadratic D-optimal model
described above and corresponding to Eq. (2).

The minimum and maximum range of variables investigated and the full experi-
mental plan with respect to their actual and coded forms. The analysis of the data was
carried out to obtain an empirical model defining the response Y (Eq 1), which is the
value of colorimetric (L*, a*, b*) or gloss (R20, R60, R85).

Y ¼ b0 þ b1A:X1A þ b1B:X1B þ b2A:X2A þ b2B:X2B þ b3A:X3A

þ b3B:X3B þ b4A:X4A þ b4B:X4B þ b4C:X4C þ b4D:X4D
ð2Þ

Yi was the responses in terms of colorimetry and brightness. This result was of
three separate tests and reflect the colorimetry values L*, a*, b* and brightness
respectively at angles R20, R60, and R85.

3 Results and Discussion

Results in terms of gloss and colorimetric responses are analyzed with the statistical
software package Nemrodw-version 2007, LPRAI (Marseille, France) and shown
respectively in Figs. 2 and 3. The reference is taken on the value of the highest level
(black bar). The influence of the injection temperature (220, 240 and 260 °C), the mold
temperature (30, 50 and 80 °C), the injection rate (10, 20 and 40 cm3/s) and the
number of injection cycle (cycle 0 to cycle 5) on the gloss of different PP samples with
smooth surface is shown in Fig. 2.

Figure 3 shows the effect of varying injection parameters and number of cycles on
gloss (R20, R60, and R85). It can be observed that the recycling number change the
gloss properties by varying R20, R60 and R85. These variations are not in the same
way because of recycling lead to a decrease in R20 and an increase in R60 and R85.
The effect of material temperature is observed only for R20 (Fig. 2a) for which the
increase in material temperature lead to a decrease in R20. The modification of the
mold temperature leads to variations in R20 and R60. The increase in mold temperature
leads to an increase in R20 and R60. The interaction between the effect of material
temperature and mold temperature lead to the increase of R20 at 80 °C of mold
temperature. The injection rate does not significantly affect the gloss properties. In
general, the number of injection cycles and the mold temperature has the greatest effect
on the gloss level. For colorimetric response (Fig. 3) we have the same important effect
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of the recycling and the material temperature on (L*, a*, b*) that increases with
increasing the number of cycles and the material temperature. The effect of mold
temperature and injection rate is opposite and leads to a decrease in (L*, a*, b*).

We can note that colorimetric and a gloss property depends on changes in injection
conditions and number of recycling cycles. The recycling and material temperature
have the most important effect on colorimetric. The variations of gloss are obtained by
changing the number of cycles, the material temperature and the mold temperature.
Table 2 illustrate the pareto effect of all parameters. So, we notice that the numbers in
bold highlighted the most important effect on gloss measurements. The studies of the
appearance properties of the injection molded samples revealed that changes in
injection parameters and number of cycles had a significant influence on colorimetric
and gloss. Generally, appearance properties are related to the surface roughness. The
differences in optical and appearance properties between samples were presumed to
arise from the variation in the surface topography in according to the literature.

Fig. 3 Graphic representation of the difference in weight of the factors on total effect for the
colorimetric response a L*, b a*, c b*
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4 Conclusion

The optical properties of recycled parts can be maintained during numerous internal
recycling. The variations of properties are in the same range that is observed by
changing processing parameters. The recycling and the material temperature are the
most important factors changing the colorimetric properties of the material. The mold
temperature affects only the gloss and there is no change in properties by varying the
injecting flow. Also, aspect properties of recycled parts can be maintained during
numerous internal recycling up to three cycles.
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