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Preface

This volume contains 37 technical papers from the 2016 Conference, Fatigue
Durability India. The theme of this 2nd International conference was fatigue,
durability and fracture mechanics. As in the past conference, the format consisted of
keynote talks, invited lectures, contributed papers, exhibition and contributed
posters. A total of 220 delegates participated in the conference, and 72 papers were
presented in Fatigue Durability India 2016.

The conference began with the domain experts Shri. R.J. Patel—
BARC; Shri. B. Jaypal—Defence; Prof. Dattaguru—Former Professor, IISC;
Shri. B.N. Suresh—Former Member of Space Commission; Prof. Pingsha Dong—
Director, Welded Structures Lab, University of Michigan, USA, introducing various
contemporary technical aspects in the areas of fatigue, durability and fracture
mechanics in nuclear energy, defence, aerospace and welded structures. This was
followed by keynote talks from Prof. Dattaguru, Prof. Pingsha Dong, Prof. Kamran
Nikbin—Imperial College London and Dr. Omar Ibrahim—MD Process
Optimisation, USA.

In the parallel sessions that followed on the first day as well as second and third
days, 68 contributed paper presentations were made.

The second-day keynote presentations are made by Prof. Adolfo B. Matamoros—
The University of Texas at San Antonio; Dr. G. Raghava—Chief Scientist at CSIR;
Dr. Ramesh Chadwani Managing Director of Zentech International, UK;
Dr. Asim Ghosal—Consulting Engineer/Technologist at GE Aviation, Bangalore.
The third-day proceedings were further enriched by the following keynote speakers:
Prof. Xiaosheng Gao—University of Akron; Dr. Yogesh K. Potdar—Manager at GE
Global, India; Dr. U. Kamachi Mudali—Outstanding scientist and Associate Director
at IGCAR, Kalpakam; Dr. R.C. Prasad—Former Professor at IIT Bombay;
Dr. Rabindra Nath Ghosh—Chair Professor at IIT Kharagpur; Mr. M. Mohan Kumar
—Senior Scientist, SSTD, CSIR-NAL and Mr. Vitthal Londhe—Technical Specialist
at Siemens Industry Software, Pune.

All the presented papers led to detailed interactions in the areas of crack growth
in nonlinear problems, advances in master S-N curve method for fatigue evaluation
and welded structures, fracture mechanics-based structured integrated problems,
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realistic fatigue life predictions, fatigue studies in water power reactors, viscoelastic
parameters, behaviour of stainless steel at high temperatures, thermal stripping
studies in dynamic sodium environment, potentiality of small punch test to generate
J-R curve, materials characterisation and productive modelling, failure analysis
studies, civil engineering applications, high-temperature crack growth behaviour,
effectively induced residual stress, investigations and real size components, tech-
nology trends in aircraft engines, multi-axial fatigue tests, environmental effects,
structural integrity assessment of UAV structures, fatigue strength of Al-Mg alloy
processed by cryorolling, failure studies and coatings, creep-fatigue evaluation life
assessment extension and certification, application in automotives, bridges, piping,
operating machines, elasticity and ductile fracture, corrosion fatigue and hydrogen
embrittlement, importance of structural test developments and significance and
importance of durability for engineering components. The conference ended with
the three awards of presentations to Mr. J. Veerababu of IGCAR, Chennai,
Mr. Anjaneya Dixit of IIT Delhi and Mr. Siddappaji B. of ADE, DRDO.

The conference was sponsored by IOCL, KPCL, ISRO, BISS, Ansys, ICAT,
Altair, CADMarC, NETZSCH Technologies, TII Techno Testing Services, TCR
Engineering Services and IIPE.

This volume contains 37 papers featuring significant aspects of fatigue durability
and fracture mechanics emphasising structural integrity of components as addressed
through materials characterisation, productive modelling, environmental as well as
service conditions component fabrications roots and damage diagnosis along with
condition assessment and defect tolerance potential.

We thank all the sponsors, participants and exhibitors for their contributions to
Fatigue Durability India 2016. We specially thank the authors and reviewers of the
papers in this volume. Special thanks to all organising committee members and
programme committee members of Fatigue Durability India 2016.

Bengaluru, India Dr. S. Seetharamu
Hyderabad, India Dr. K. Bhanu Sankara Rao
Bengaluru, India Dr. Raghunath Wasudev Khare
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Finite Element Analysis-Based Approach
for Stress Concentration Factor
Calculation

Yuvaraj Hodhigere, Jyoti S. Jha, Asim Tewari and Sushil Mishra

Abstract The geometric discontinuity often causes the ‘stress raiser’ or the stress
concentration (K,). The fatigue life of a structure depends on the stress concen-
tration, and hence it is very much required to calculate the ‘K’ value correctly. The
calculation of exact ‘K,” value is cumbersome task. Here a VBA-based tool has
been developed to calculate the ‘K,” which is well validated with other approach.

Keywords Fatigue and damage tolerance (F&DT) life analysis - Stress concen-
tration factor - Geometrical discontinuity

1 Introduction

The fatigue and damage tolerance (F&DT) life calculation is required to check the
structural integrity of a component. There are various tools available for fatigue and
damage tolerance analysis. While doing the fatigue and damage tolerance, the
engineers often required ‘K,” value, for the structure, which they directly get from
handbook. To reduce the effort, VBA-based code has been developed which
includes ‘K;” value for all the different types of geometry. To other approach has
also been suggested which is based on finite element analysis.
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2 Stress Concentration Factor

An abrupt change in the geometrical cross sections gives rise to high stress gradient
values at the localized areas such as holes, notches and fillet, etc. Hence the
irregularity in the stress distribution causes the stress concentration as shown in
Fig. 1.

Stress concentration factor defined the ratio of the maximum stress located at the
discontinuity of a component to the nominal stress. Figure 2 shows the stress
gradient for a plate with hole subjected to axial tension load.

K, = O-max/an

Omax Maximum stress at the discontinuity.
On Nominal stress is calculated through the general stress equations.

Analytical formula to calculate the nominal stress:

0, = load /Cross sectional area

Fig. 1 Stress concentration
for a plate with V-notch . —
subjected to axial tension load (1 B

Fig. 2 Stress gradient for a
plate with hole subjected to
axial tension load

)
>l d le \umin
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Numerical formula to calculate the nominal stress:

Axial case:
o, = Ay, /Distance

In plane bending case:

The area under the pure bending stress gradient is:
= 1/2 g, * Distance from neutral axis

o, = 2 * Ay, / Distance from neutral axis

3 Methodology

Methodology for stress concentration calculation.

3.1 Finite Element Analysis Based has been Used
to Determine the Worst Principle Stress

FEA software (ANSYS workbench) post-processor provides an integration calcu-
lation via path operation, from that extract worst principle stress along the distance
at abrupt changes in geometric location. And hence these stress—distance profiles
can be further used as input data to calculate the stress concentration factor.

3.2 VBA Code-Based Analytical Approach to Calculate
the Stress Concentration Factor

In Microsoft excel area under the curve method has been used to determine the
stress concentration factor. It consists of two methods (1) integration method and
(2) trapezoidal method. In this paper both the methods have been used to calculate
the stress concentration factor.

3.2.1 Integration Method

In this method calculate the area under the curve by doing definite integrals between
two points. This method gives more accuracy compared to trapezoidal method.
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y= [ ras (1)

3.2.2 Trapezoidal Method

In this method discrete the points within a specified intervals and its considered as a
trapezoid. Based on the trapezoidal formula calculate the area under the curve for
particular segment [4]. For example area under the curve for segment x and y is
given in Fig. 3.

AUCyy = (8y +S(y+1))/2 % (Dx = Dx1)) (2)

This method is less accurate compared to integration method because last seg-
ment is not considered for the summation to calculate the area under the curve.

Flowchart for stress concentration factor

Based on the two inputs stress and distance graph get’s plot, then its fit the curve
using polynomial trend-line type and generate a sixth-order polynomial equation.
This equation can further be used for the integration to calculate area under a curve.
Depends on the load case nominal stress should be calculated. Maximum stress gets
it from ANSYS post-processing result, and finally stress concentration factor can be
determined (Fig. 4).

100

Stress

(1] 2 4 6 8 10 12
Distance

Fig. 3 Area under the curve using for segment x and y
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Worst principle stress and
Distance ar¢ inputs from
ANSYS Software

| Trapezoidal Method Integration Method

Plot the graph and
fit the polynomal
ot opeica Maximum stress
3 (0o
Integrate the
polynomial equation
with respect to Distance

For each segments

AUC, = (8% Sye)/ 2°D:Dsy)

Sum ofall segment be : In-plane bendin
the area under the curve (f,;; o i

| Aw/Distnce | [ 2/ Distance |

Nominal stress(o,)
1
k‘ = Gy / G

Fig. 4 Flowchart for stress concentration factor

4 Comparative Study

Comparative study has been done to validate the numerical results with the ana-
Iytical results. Some standard geometries are selected from Roark’s handbook to
ensure the accuracy of the stress concentration factor calculator (Table 1).
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Table 1 Result

No. Type of geometry Geometric data (mm) Stress concentration factor
Analytical (k,) Numerical (k,)
1 . . r=20.25 2.30 2.3
-1 0 D =150
2 r=25 3.04 3.1
D =400
h=50
3 r=12.70 1.33 1.4
D =76.20
h =25.40
5 Conclusions

Finite element analysis-based stress concentration factor calculation gives very
close to analytical approach. The excel-based tool using VBA for FE
simulation/analytical is very simple to use.
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Evaluation of Viscoplastic Parameters
of an Austenitic Stainless Steel at High
Temperature

A.K. Asraff, Merin V. George, Krishnajith Jayamani and S. Sarath
Chandran Nair

Abstract Metals at high temperatures are sensitive to strain rate effects and exhibit
viscoplastic behavior. The Perzyna model is one of the most widely used ones to
study rate-dependent plasticity. This paper presents the details of calibration of
Perzyna model parameters of an austenitic stainless steel from tension tests and
calibration of Chaboche and Voce model parameters from low-cycle fatigue test at
1000 K. Tests are conducted in an INSTRON 8862 electromechanical UTM.
Perzyna model parameters are validated by comparing tension test results with finite
element simulations using ANSYS (Version 16.0) software. Sensitivity of Perzyna
model parameters on viscoplastic behavior is investigated for monotonic as well as
cyclic loading situations. Perzyna model is combined with the Chaboche—Voce
cyclic plasticity model for investigating cyclic loading. Finally, viscoplastic cyclic
stress analysis of a double-walled rocket engine thrust chamber is carried out using
a combination of Perzyna, Chaboche and Voce models and its cyclic life evaluated.

Keywords ANSYS - Chaboche model - Voce model - Perzyna model
Stainless steel -+ UTM - Viscoplasticity

1 Introduction

Plasticity in metals can be classified into two: classical plasticity which is time
independent and viscoplasticity which is time or rate dependent. For
time-dependent plasticity, the stress—strain behavior is dependent on rate of loading
and whether the loading is strain- or stress-controlled [1]. Viscoplasticity in metals
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is observed when the operating temperature is above 0.5 T, where T,, is the melting
point in kelvin. The strain rate effect is also significant under dynamic loading [2].
Most theories of viscoplasticity are formulated by adding the strain rate effects to
classical theory of plasticity. The total strain rate may be additively decomposed
into elastic and inelastic parts as given in Eq. 1:

E=+d (1)

where & represents the elastic effects and &’ represents combined viscous and plastic
effects. It is important to note that in this equation, viscous and plastic effects cannot
be separated and are combined together.

The behavior of structures operating at elevated temperatures beyond the yield
limit requires taking into account material viscosity and hardening properties. For
modeling the rate-dependent plastic deformation of metals and alloys, two types of
constitutive equations have been used. In one approach, no yield surface is assumed
and plastic deformation starts from the onset of loading although its value might be
negligible under certain levels of stress. This approach is usually referred to as the
unified creep plasticity theory because there is no separation between time-
dependent (creep) and time-independent deformations. In the second approach, a
yield surface is assumed after which plastic deformation develops. Viscoplastic
models fall in this category. This approach uses the notion of static yield surface
and dynamic loading surface. The positive difference between the current dynamic
stress and corresponding static stress is known as the overstress measure [3]. The
fundamental empirical equation of Cowper and Symonds provides the simplest
description of dynamic behavior of a viscoplastic material (see Eq. 2).

20}

where g, is the rate-dependent or dynamic yield stress, o, is the static yield stress
(yield stress at zero strain rate), ¢ is the strain rate, D has the same unit as that of
strain rate and is called the material viscosity parameter. m is called the material
strain rate hardening parameter and O < m < 1. The ratio of dynamic yield stress to
static yield stress (0,/0;) is known as ‘stress ratio’ [4]. In order to describe vis-
coplastic behavior, many constitutive laws have been developed, Anand [5],
Perzyna [6] and Chaboche [7, 8] being some of them. Out of these, Perzyna model
is one of the simplest ones. Yang and Luo [9] conducted a series of tensile
experiments at a single temperature and different strain rates as well as under the
same strain rate and different temperatures on carbon constructional quality steels,
and the experimental results were analyzed theoretically. Furthermore, the rheo-
logical models of carbon steels were built combining the strong points of Perzyna
and Johnson—Cook models. Results proved that the model can reflect the temper-
ature effect and strain rate effect of these steels better. Safari et al. [2] developed a
constitutive equation for austenitic stainless steel 310S at high temperature taking
into account viscosity and strain rate effects. For this, the authors performed both
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static and dynamic tension tests at various temperatures. To verify the model, the
tension test results were compared with numerical results using ABAQUS program.
Klosowski and Mleczek [10] dealt with identification of parameters for Perzyna and
Chaboche viscoplastic models for aluminum alloy at elevated temperature. Results
of these were verified by numerical simulation of the laboratory tests. The material
parameters were calculated on the basis of uniaxial tension test. The authors
emphasized that a simple constitutive law like Perzyna model can very well rep-
resent viscoplastic material behavior. Yang et al. [11] conducted detailed vis-
coplastic structural analysis of a double-walled thrust chamber wall to study its
damage process, phase by phase. Analysis revealed that under the same level of
thermal structural loading, the duration of startup and shutdown phases plays an
important role in the stress and strain evolution.

In this work, a series of tension tests are conducted on specimens made of
austenitic stainless steel at 1000 K and different strain rates. From the test results,
the viscoplastic parameters are determined by curve fitting based on the procedure
developed by Klosowski and Mleczek [10]. Sensitivity of different model param-
eters is investigated for monotonic and cyclic loadings from finite element simu-
lations. Cyclic plasticity model parameters of the material are calibrated from LCF
tests. The Chaboche—Voce model combination has been used for cyclic plastic
modeling. Two-dimensional finite element modeling and cyclic stress analysis of a
double-walled thrust chamber has been conducted using a combination of Perzyna,
Chaboche and Voce models and its cyclic life evaluated.

2 Viscoplastic Models in ANSYS

The following viscoplastic models are available in ANSYS [5]: (1) Anand model,
(2) Pierce model, (3) Perzyna model and (4) Chaboche model. This work uses the
Perzyna viscoplastic model. It has to be combined with a suitable classical plasticity
model to represent the elastoplastic part. The Perzyna model is obtained by rear-
ranging the basic Cowper and Symonds equation as follows:

é:D(ﬂ— 1>l/m (3)

The parameters D, m and o, are evaluated by curve fitting from tension tests at
the desired temperature [10].
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3 Tensile Testing of Austenitic Stainless Steel

Tensile tests are conducted in an INSTRON 8862 electromechanical UTM.
Photograph of the machine is shown in Fig. 1. Salient features of the machine are
listed below:

Load frame rating: 100 kN

Test temperature range: 30-1400 °C

Induction heating system

Water-cooled environment chamber inside which tests can be conducted
Argon purging system

Water-cooled pull rods.

Tests are done at 1000 K (727 °C) and strain rates of 1 x 10_4/5, 5 x 10_4/5,
1 x 10_3/5, 5 x 10_3/3, 1 x 107%s.On average, three specimens per strain rate are
tested. The specimen design and testing procedure conform to ASTM E8 standards
[12]. Dimensions of the specimen are shown in Fig. 2. The austenitic stainless steel
considered for the study is equivalent to SS-321 which has a material composition
listed in Table 1.

Photographs of a specimen before and after testing are shown in Figs. 3 and 4,
respectively.

Fig. 1 Photograph of
universal testing machine
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Fig. 2 Dimensions of the tension test specimen

Table 1_ _Material Alloying element % by weight
composition of SS-321
Carbon 0.12 max
Chromium 17-19
Nickel 9-12
Titanium 0.7 max
Iron Balance

Fig. 3 Specimen before
testing

Fig. 4 Specimen after testing

The stress—strain curve, yield and ultimate strengths, percentage elongation and
percentage reduction in area of each specimen are recorded from the tests. A total of
15 specimens are tested. Stress—strain curves at each strain rates tested are shown in
Fig. 5. The average yield strength at each strain rate is listed in Table 2, and the
variation of yield strength with strain rate is illustrated in Fig. 6. The static yield
strength (yield strength corresponding to zero strain rate) is found to be
199.2 N/mm? which is obtained by extrapolating the curve in Fig. 6 to zero strain
rate.
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Fig. 5 Stress—strain graphs at 300
different strain rates
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4 Determination of Perzyna Parameters

The Perzyna model parameters are evaluated based on the methodology reported by
Klosowski and Mleczek [10]. The logarithmic values of (stress ratio-1) and strain
rate are determined and are plotted in linear scale as shown in Fig. 7 so that the
equation for the linear curve is obtained.
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The equation for the linear curve is
y = 2.425x — 0.491 4)
By taking logarithm on both sides of Eq. 3 and rearranging, we get:
.1 Od
logé =—log|——1 |+ logD (5)
m O

By comparing Eqgs. 4 and 5, we get:
1/m=2425m= 0412, logD = —0.491,D = 0.322

The Perzyna model for the stainless steel can thus be expressed as:

o 1/0.412
- 0.322(—"— 1) .

5 Numerical Examples

This section covers two examples to illustrate viscoplastic modeling and analysis.
The specimen geometry, material model adopted and different load cases consid-
ered are discussed below.
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5.1 Stress Analysis of a Tension Specimen Under
Monotonic Loading

The purpose of this exercise is to validate the above-developed viscoplastic model.
It is done by comparing actual tension tests with Perzyna based finite element
simulations. Due to the symmetry of the tension test specimen (see Fig. 2) along
axes X and Y, a quarter portion is idealized as illustrated in Fig. 8. Four noded
axisymmetric solid elements PLANE182 are used for meshing. Perzyna model is
combined with the rate-independent multi-linear isotropic hardening (MISO)
plasticity model for analysis of monotonically loaded structures. The material
properties used are shown in Table 3, and MISO model graph is shown in Fig. 9.
True stress—true strain properties corresponding to a strain rate of 1 x 10™/s are
used for MISO modeling.

All the nodes along the line AD are arrested in the radial direction, while the
nodes along line CD are supported in the axial direction (refer Fig. 8). All the nodes
along line AB are coupled together and pulled up in Y direction to simulate the
displacement loading pattern as in a UTM. A small reduction in diameter is
modeled at mid-length of the specimen in order to force the neck formation at this
location. Displacement loading is applied on the top nodes in increments till the
specimen failed. Failure is indicated by a non-convergence of equilibrium iterations
signaling tensile rupture of the specimen. The following investigations are made:

Fig. 8 FE model and < 4mm

boundary conditions i A

20mm|

3.95mm
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Table 3 Viscoplastic Property Value Unit
properties used for SS-321 1055822 MP
. a
v 0.3 -
m 0.412 -
D 0.322 mm/mm/s
Fig. 9 MISO model graph 300
for SS-321
250 /—,
‘E 200
£
Z 150
£ 100
@
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0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Strain (mm/mm)

Sensitivity study of duration of application of load

Sensitivity study of parameter m

Sensitivity study of parameter D

Comparison of stress—strain behavior with actual tension test results.

Sensitivity study of duration of application of load

Different durations are considered from 40 to 40000 s (strain rate ranging from 0.01
to 0.00001 mm/mm/s) for load application, and the stress—strain graphs plotted for
each case. The plots are compared with the experimental stress—strain curve for the
strain rate of 1 x 10~ mm/mm/s, the actual duration of application of load being
400 s. An elastoplastic analysis is also done without considering the Perzyna
model. This graph is also included in Fig. 10. From this figure, it is clear that
duration of application of load has got a significant effect on the stress—strain
response. It can be seen that as duration increases the yield strength decreases (i.e.,
as strain rate reduces, the yield strength decreases). The shape of simulation curve
matches fairly with the test curve for a duration of 130 s.

Sensitivity study of parameter m

In order to study the effect of parameter m, simulations are run with m ranging from
0.162 to 0.612. Duration considered for this study is 400 s. The value of m could
not be decreased below 0.162 due to computational difficulties. Stress—strain graphs
plotted for different values of m are illustrated in Fig. 11. From this figure, it is
observed that as m approaches zero, the effect of viscoplasticity becomes pre-
dominant while as the value approaches one the viscoplastic effect is lower. For a
value of 0.212, the test curve matches well with the simulation curve up to a strain
of 0.3 mm/mm.
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Fig. 10 Sensitivity study of
load application duration
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Sensitivity study of parameter D

D is varied from 0.012 to 0.522/s. The obtained stress—strain curves are plotted
along with the test curve as shown in Fig. 12. It is found that as D decreases the
yield strength increases. It can be seen that the shape of the simulation curve
matches fairly with the test curve for D = 0.082/s.

Validation of Perzyna model

Validation of the above-developed Perzyna model is done by comparing ANSYS
simulations with test results. The stress—strain graph obtained with m = 0.412 and
D = 0.322/s at a strain rate of 1 x 107> mm/mm/s for the actual test duration of
400 s is plotted in Fig. 13 together with the corresponding test graph. It is found
that both the graphs do not match well. However, for a simulated test duration of
130 s, the test graph and Perzyna prediction match reasonably. This indicates that
the fitted values of m = 0.412 and D = 0.322/s based on tension test data derived
from 15 specimens do not represent the true viscoplastic behavior of the material.
Therefore, a larger number of specimens should have been tested to get better
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Fig. 12 Study of parameter 350
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estimates of the Perzyna parameters. However, the Perzyna model gives a better
stress—strain response for the stainless steel tested compared to the MISO-based

classical plasticity model which gives an odd pattern of the stress—strain graph after
peak stress point.

5.2 Cyclic Stress Analysis of a Simple Block

The following material models are studied to check their suitability for analysis of
cyclically loaded structures:

e Chaboche nonlinear kinematic hardening plasticity model [8]
e Chaboche + Perzyna model
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e Chaboche + Voce model [13]
e Chaboche + Voce + Perzyna model.

A single plane stress element is used for two-dimensional cyclic stress analysis
with an element size of 1 mm as shown in Fig. 14. Displacement loading of
£0.05 mm is applied on one edge of the element for two cycles as shown in
Fig. 15. The cyclic stress—strain graph obtained using the above material model
combinations is shown in Fig. 16. From this figure, it is observed that a combi-
nation of Chaboche, Voce and Perzyna models is well suited for modeling cyclic
plasticity combined with viscoplasticity. The stress corresponding to a given strain
with this model is found higher compared to other models.

Sensitivity study of m and D
Sensitivity study of m and D parameters is conducted for cyclic loading of the
simple block with a combination of Chaboche, Voce and Perzyna models. Different
values for m and D are investigated, and the corresponding stress—strain graphs are
plotted as shown in Fig. 17. It is found that as m decreases while keeping
D constant, the yield strength increases. Similarly, as D decreases, keeping
m constant, the yield strength increases.

Thus, the Perzyna model as implemented in ANSYS could be successfully used
in association with a combination of Chaboche and Voce cyclic plasticity models to
analyze cyclically loaded structures.

Fig. 14 FE model of 2D
block
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Fig. 17 Results of sensitivity study of m and D parameters

6 Calibration of Chaboche and Voce Model Parameters
of SS-321

For simulating cyclic hardening of a material, it is required to combine the
Chaboche nonlinear kinematic hardening model with the Voce nonlinear isotropic
hardening model.

Chaboche model: To model smooth nonlinear stress—strain behavior, the
Chaboche model, as given below, is commonly used:
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2
o = gcisp — y;odp (7)

where o = back stress, dp = accumulated plastic strain, ¢, y = material parameters.
A third-order Chaboche model is found sufficient and hence used for the current
idealization as given below:

3
o= Zai (8)
i=0

A third-order Chaboche model has 7 parameters o, Cy, 71, Ca, 72, C5 and ys3.
Voce model: This model is used for materials exhibiting a smooth exponential
transition from the linear elastic region to a final constant linear strain hardening
slope. It is given below:

oy =k+Roe’ + R (1 — ") 9)

where g, = yield strength, ¢” = plastic strain, k = elastic limit (initial yield point,
which is the first tensile peak stress point in the cycling), R, = slope of linear plastic
region, Reo = stress intercept, b = exponential hardening term. The specialty of this
model is that it can represent cyclic hardening or softening of a material when
combined with the Chaboche model resulting in the translation and expansion of
yield surface.

In the combined Chaboche—Voce model, the former one represents the charac-
teristics of the stabilized stress—strain graph (hysteresis loop), while the latter
simulates the cyclic hardening (or softening) of the material from the virgin state to
the final state. These parameters are calibrated by performing a cyclic stress analysis
of a simple block under displacement loading (uniaxial tension—compression
loading), and the resulting cyclic stress—strain graph is compared with the LCF test
results. The parameters are adjusted by trial and error till both the curves match
well.

The FE model of the simple block made of SOLID185 element is shown in
Fig. 18. Figure 19 represents the cyclic displacement load used for calibration
studies. The steps involved in the calibration process of SS-321 at 1000 K and
strain rate of 1 x 107> mm/mm/s are as under:

e Step 1: LCF cyclic stress—strain graph of SS-321 at 1000 K is plotted using MS
Excel. Yield strength is noted. The stress—strain curve got stabilized after a few
number of cycles.

e Step 2: From the LCF test results, it is possible to plot a graph with cycle
number versus peak tensile stress in each cycle as shown in Fig. 20. This graph
gives the cyclic hardening or softening characteristic of a material as well its
cyclic stabilization. The cycle number at which the graph becomes stabilized
can be found out from this curve. It is found that at the tenth cycle, the graph got
stabilized.
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Fig. 18 FE model of a
simple block

Fig. 19 Cyclic displacement
load

Fig. 20 Cycle number versus
peak tensile stress graph

Displacement (mm)

Stress (N/mm?)

0.0025

21

0.0015 -

0.0005 -

-0.0005 -

-0.0015 -

-0.0025

Time (s)

200
150 -
100 -

u
o o
L

——Max Stress
——Min Stress

-50 -
-100 -
-150 -

-200

10

T

20 30 40
Cycle number




22 A.K. Asraff et al.

e Step 3: The stabilized cyclic stress—strain graph is plotted in this step. A sample
cyclic stress—strain graph and the procedure for evaluation of the Chaboche
model constants are shown in Fig. 21.

The cyclic stress—strain graph typically consists of three regions: (I) a linear
elastic region, (II) a curvilinear transition from elastic to elastoplastic region and
(IIT) a gently curved strain hardening region. Initial values of the six Chaboche
model parameters are taken as follows: C; is taken as the slope at the beginning of
region I, C, as the slope at the middle of region II, and C; as the slope of region III.
Y7 is taken as the rate at which C; reduces decays to C,, Y5 is the rate at which C,
decays to Cs, and Y3 is the rate at which C; decays. With the above-evaluated initial
values of the Chaboche model parameters, a cyclic stress analysis of the simple
block under uniaxial tension—compression is conducted, under displacement- or
strain-controlled loading for a strain range of +0.5% (displacement = 0.005 X
0.5 = 0.0025 mm). From this analysis, the stabilized stress—strain graph can be
obtained. The Chaboche model parameters are fine-tuned by comparing the com-
puted cyclic stress—strain curve with the LCF test results as shown in Fig. 22. This
is done by trial and error till both curves match reasonably. The final values of
Chaboche model parameters are tabulated in Table 4.

BO
| I T ¢3
| —r g
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-80
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Fig. 21 Graphical method of evaluation of initial Chaboche parameters
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Fig. 22 Comparison of Chaboche graph with test graph

Table 4 Calibrated Chaboche and Voce parameters

Chaboche Parameter C, 71 C, V2 Cs V3 T,
Value 55000 2750 45000 1940 2500 5 130

Voce Parameter K R, R b - - -
Value 90 0 10 20 - - -

e Step 4: The original Voce model relates the variation of yield stress against
plastic strain as seen in Eq. 9, but in the absence of this information, we can fit
an approximate equation for peak tensile stress against cycle number as
described in Step 2. Since the material stabilizes to a constant stress—strain
graph, the slope of the curve in the plastic region, Ry, would be zero. Only one
parameter b needs to be fitted from the above curve based on trial and error.

e Step 5: Now do a combined Chaboche exact model and Voce approximated
model modeling of the material and perform cyclic stress—strain analysis till
stabilization of stress—strain graph is achieved. The Voce model parameters
b can be calibrated by trial and error by comparing the computed cyclic stress—
strain graph with the LCF test results. Analysis is continued till a reasonable
match is obtained between the two curves as shown in Fig. 23. Table 4 shows
the calibrated Voce parameters.
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Fig. 23 Comparison of Chaboche and Voce simulations with test results

7 Cyclic Stress Analysis of Thrust Chamber

Thrust chamber is one of the important subsystems of a rocket engine. The thrust
chamber generates propulsive thrust force for the flight of the rocket by ejection of
combustion products at supersonic speeds. A double-walled construction is
employed for these chambers where in the inner wall and ribs are made up of
copper alloy up to area ratio 10 and stainless steel beyond area 10. The outer walls
are made up of stainless steel throughout. The pressure and temperature load varies
throughout the length of the chamber. So a section which experiences maximum
temperature is taken for the cyclic stress analysis which is at area ratio 100. As the
temperature is high, this location will experience viscoplastic effect.

FE model of a cyclic symmetric sector of the chamber cross section, with
appropriate circumferential symmetric boundary condition, is used for analysis as
shown in Fig. 24. Two-dimensional plane strain model of the thrust chamber cross
section is modeled using PLANE182 elements. Two-dimensional analysis is carried
out using Chaboche + Voce and Chaboche + Voce + Perzyna material model
combinations, and the results are compared. Analysis is carried out considering
temperature and pressure loads during seven stages of a single hot run of the
engine: (a) pre-cooling, (b) ignition start, (c) hot test condition, (d) hold time for
7200 s (720 s with a factor of safety of 10), (e) initiation of shutdown,
(f) post-cooling, (g) back to ambient. Duration of application of all loads except
hold period is considered to be 1 s. Analysis is done for two hot tests. With these
loads, the cyclic life of the thrust chamber is computed using both the model
combinations. Figure 25 shows the hoop cyclic stress—strain curves at mid-channel
gas side wall for two cycles of both the models combinations.
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Fig. 24 Plane strain model of thrust chamber cross section
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Fig. 25 Hoop cyclic stress—strain graph

From Fig. 25 it is observed that the hoop stress corresponding to Perzyna model
is higher and strains lower compared to the model without Perzyna model. Also
peak strain at the end of the third load step is lower by 1.5E—04.

7.1 Life Cycle Prediction of Thrust Chamber

The failure mechanisms, viz. LCF and ratcheting, contribute by varying degrees to
the failure of the chamber. These damages are summed up to get the total damage
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(known as cumulative damage technique), the reciprocal of which gives the life of
the chamber.

e Low-cycle fatigue damage: Damage due to LCF is simply the reciprocal of the
number of cycles to fatigue failure as expressed below:

1

DLCF = ﬁf (10)
& 2
where Ny = (E) (11)

& is the fracture strain expressed as

5 =i —s) (12)

where RA is the reduction in area in fraction form and Ag is the strain range
expressed as 4& = &nax ~ Emin-

For a temperature of 1000 K and strain rate of 1 x 10 > mm/mm/s RA = 0.867,
& =2.019 and Ae¢ is obtained from Fig. 26. Considering a factor of safety of 4,
Dicr = 1.43 x 107 (for Chaboche + Voce combination) and 1.36 x 10~* (for
Chaboche + Voce + Perzyna combination).
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Fig. 26 Determination of strain range
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e Ratcheting damage: It is the ratio of accumulated plastic tensile strain in a cycle
to the fracture strain of the material. It is expressed as:

&
Dratchetting = 8:; ( 13)

where &, is the ratcheting strain (as shown in Fig. 26) and & is the elongation
(37.53% for 1 x 10 > mm/mm/s).

Thus, Drgcheting = 2.09 % 1073 (for Chaboche + Voce combination) and
1.87 x 1073 (for Chaboche + Voce + Perzyna combination).

e Total damage is obtained as Dy, = 4 X Dycp + 2 X Dyycheting Where 4 and 2
are the factor of safety considered for LCF and ratcheting, respectively. Number
of cycles to failure is the reciprocal of total damage expressed as

N, — 1
f_Dmt

(14)

N is obtained as 210 (for Chaboche + Voce combination) and 233 (for
Chaboche + Voce + Perzyna combination).

Study on duration of load application: The material model considered for this
study is a combination of Chaboche, Voce and Perzyna models. Duration of
application of load steps is varied from 1 to 3 s. It is found that the corresponding
life decreases from 233 to 225 cycles.

8 Conclusion

Perzyna viscoplastic model parameters are calibrated for an austenitic stainless steel
using the methodology reported by Klosowski and Mleczek from tension tests
conducted at 1000 K, at different strain rates. These parameters are validated by
comparing actual tension tests with finite element simulations using ANSYS.
Increase in dynamic yield strength of the material due to strain rate effects is clearly
seen both in tests as well as in numerical simulations. A combination of Perzyna
and MISO model is found to give good results for simulating monotonic loading.
For cyclic loading, Perzyna model combined with Chaboche nonlinear kinematic
hardening model and Voce nonlinear isotropic hardening model is found excellent.
The sensitivity of parameters ‘m’ and ‘D’ in the Perzyna model is also investigated.
It is found that when ‘m’ and ‘D’ reduce, the rate-dependent effects increase.
Calibration of Chaboche and Voce parameters at 1000 K for a strain rate of
1 x 10~* mm/mm/s and strain range of £0.5% has also been done.
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Cyclic stress analysis of a double-walled rocket engine thrust chamber has been
performed for a region which experiences high temperature. The material model
used for the viscoplastic analysis is a combination of Perzyna, Chaboche and Voce
models, whereas only the Chaboche—Voce model combination is used for classical
elastoplastic based thermostructural analysis. Plane strain model of the required
cross section is adopted for both the analyses. Number of cycle to low-cycle fatigue
failure is found to be 210 for Chaboche + Voce combination and 233 for
Chaboche + Voce + Perzyna combination. When the duration of application of
load steps is varied from 1 to 3 s, the corresponding cycle life varies from 233 to
225 cycles. It is also observed that the hoop stress corresponding to Perzyna model
is higher and strains lower compared to the model without Perzyna model. Because
of this, the predicted cyclic life is higher for Perzyna model.
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Potentiality of Small Punch Test Using
Damage Model to Generate J-R Curve
of 20MnMOoNi55

Pradeep Kumar, B.K. Dutta, J. Chattopadhyay and R.S. Shriwastaw

Abstract This study explored the determination of J-R curve and J; (fracture
toughness) of nuclear structural materials using small punch test of 3 mm disk. The
punch load versus central deflection data are collected up to fracture which is
signified by the rapid drop in load carrying capability of the specimens. The
experimental data for 20MnMoNi55 material is then used to evaluate yield strength
and ultimate tensile strength making use of available correlations in the previous
studies. These material data are then used to calculate Ramberg—Osgood hardening
exponent leading to the generation of complete true stress—strain data. The next task
is to determine GTN parameters of the materials which can simulate average P/ tg
versus biaxial strain up to fracture. These GTN parameters along with true stress—
strain data are then used to generate J-R curves of the materials by finite element
modeling of ASTM standard CT specimen. Calculated J-R curves are then com-
pared with the experimental values of previous studies. The proposed methodology
has the potential to determine J-R curve and J; (fracture toughness) of irradiated
material using small punch test.
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1 Introduction

In those conditions where determination of mechanical properties is necessary but
due to limited availability material such as aged materials or in-service components,
standard test cannot be conducted. There are now several nonstandard test tech-
niques available which solves such difficulty. The miniaturized small punch test
(MSPT) technique is one of them in use to determine change in mechanical
properties of the materials, such as yield stress, ultimate stress, ductility and fracture
toughness [1-12]. Mao et al. developed 3 mm diameter and 0.25 mm thickness
disk bending technique to determine mechanical and fracture properties of several
materials in which equivalent fracture strain has been chosen as a fracture parameter
for the SP specimen [1, 2]. The acceptable ductile fracture toughness result was
found with this fracture parameter. Furthermore, the fracture toughness of aged
material has been determined by several researchers using same fracture parameter
for the SP test [2—12]. Misawa et al. successfully used this test technique for the
identification of change in cracking mode in low toughness steel from low tem-
perature to high temperature and perform statistical analysis of equivalent biaxial
strain and fracture toughness [3]. Using such tests, Finarelli et al. [4] estimated
mechanical properties of austenitic steel and martensitic steels which were irradi-
ated in a spallation environment with 530 meV protons. Guan et al. [5] imple-
mented small punch test technique to assess fracture toughness of CrMo low alloy
steels subjected to long-term reactor service conditions. Similarly, using small
punch test specimens, Rodriguez et al. [6] tested a hot-rolled API X-70 steel plate
and its heat affected zone at room temperature to estimate elasto-plastic fracture
toughness. Furthermore, workers have used material damage GTN model to study
the variation in nucleation porosity (fy), critical porosity (fc) and failure porosity
(fp) [7, 8]. One of the major challenges at present is to obtain the fracture toughness
and J-R curve of a material from this type of test. The main objective of this work is
to extend existing methodology of single fracture parameter evaluation to complete
J-R of material using SPT. Yield strength (YS) and ultimate tensile strength
(UTS) are evaluated using proposed Garcia et al. equations [9]. These strength
values from SP test are used to evaluate Ramberg—Osgood hardening exponent and
complete true stress and plastic strain data points up to 100% plastic strain.
However, GTN damage model is used to simulate the load-central deflection curve
obtained from small punch test (SPT) for obtaining the constitutive materials
parameters like initial void volume fraction, nucleation void volume fraction, void
volume fraction at coalescence and fracture. Furthermore, these numerically cal-
culated GTN material constant values and same true stress and plastic strain data
points obtained from SP experiment test are used to generate J-R curve obtained
from CT specimen. Finally, some numerical modifications have been carried out in
J-R curve using phenomenological form of g, parameter in GTN model. Dutta et at.
have proposed a phenomenological equation with a statement that g,, = 0.3 and
g>» = 8 will be same for SA333 Gr.6 and 22NiMoCr37 materials [10]. The
advantage of this material independency of g,, and g,,, parameters is utilized in this
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paper for 20MnMoNi55, which improves J-R initiation as well as remaining part of
J-R curve. The numerically modified J-R curve using phenomenological equation is
compared with experimental plot. The experimental J-R plot for the validation
purpose is taken from published research work [10].

2 Materials Used and Experimental Procedure

2.1 Materials

This study has been explored for 20MnMoNi55 nuclear structural materials. The
chemical composition and mechanical properties at room temperature are shown in
Tables 1 and 2, respectively [10].

2.2 Small Punch Test Experimental Setup

A Schematic diagram of small punch bend test setup is shown in Fig. 1a, b. The
circular disk with ¢ 3 mm and initial thickness (#;) is loaded centrally in lower die
by the plunger with a hemispherical ball of ¢ 1 mm. The fixture has an upper die, a
lower die and a plunger. Both the dies are firmly tightened with each other using
LN screws as shown in figure. The function of this fixture is to prevent cupping of
specimen in upward during loading and, therefore, material is plastically deformed
in the region below steel ball. The small punch test experiments have been per-
formed at a crosshead speed of 0.2 mm/min at room temperature at PIED lab
BARC, Mumbai.

2.3 Small Punch Test Experiment

The specimens were then tested using 5 kN test machine with a load cell of capacity
1000 N having a provision for mounting LVDT. The tests were conducted under

Table 1 Chemical composition (wt%)

Material C Si Mn S P Ni Cr Mo vV | Al Cu |[Nb |W |N Fe

20MnMoNi55 0.19 | 023 | 133 |0.001 |0.007 |0.52 |0.062 |053 |- |0.056 |- - - 0.009 | bal
[10]

Table 2 Mechanical properties at room temperature

Material | Properties E (MPa) J; (N/mm) oy (MPa) o, (MPa)
20MnMoN:i55 [10] 2.0E5 150 440 580
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Fig. 1 a Schematic diagram of small punch test (SPT) fixture, b schematic external view of the
SPT fixture along with LN screws
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Table 3 Variation of thickness in SPT specimens of 20MnMoNi55 materials

No. of Tl 72 T3 T4 T5 Tove

specimens (mm) |(mm) |(mm) |(mm) |(mm) |(mm)=(T1+ T2+ T3 + T4 + T5)/
5

A 0.239 |0.235 [0.239 |0.241 |0.235 |0.238

B 0.228 |0.229 |0.223 |0.228 |0.222 |0.226

C 0.220 |0.216 |0.224 |0.217 |0.224 |0.220

displacement controlled loading with a constant punch velocity of 0.2 mm/min.
The experimental load versus central deflection curves are shown in Fig. 3 for all
specimens. The standard features in a load versus central deflection curve of SPT as
reported in [1], viz., elastic bending, elastic-plastic bending, work hardening,
geometrical softening and local necking, micro-cracks initiation, coalescence and
complete damage of material are visible in this plot. It is planned to have initial
thickness of 0.25 mm for all the specimens. However, after preparation, thickness is
found to vary between the specimens as well as within a specimen as shown in
Table 3. Thickness is measured at five locations within a specimen. Locations of
such measurement are shown in Fig. 2. Average value of initial thickness for each
specimen was taken for further analysis.
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Fig. 2 Locations of thickness
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2.4 Estimation and Comparison of Yield Strength
and Ultimate Tensile Strength Using SPT Data

The yield strength (YS) and ultimate tensile strength (UTS) of the materials using
SPT data were evaluated using Egs. (1) and (2) proposed by Garcia et al. [9]. The
evaluated yield and ultimate strength using experimental SPT data are shown in
Table 4. It is shown in Fig. 3 that specimen’s initial thickness has major influence

Table 4 Yield strength and ultimate tensile strength of nuclear materials determined by SPT data

Material name | Py w0/t | P,o/f3 | Yield strength (MPa) UTS (MPa)
YS values | % Variation |UTS % Variation
calculated | of average values of average
using values with | calculated | values with
Eq. 1 standard test | using standard test
values Eq. 2 values
20MnMoN:i55 | 891 5036 |39%4 8.15 596 3.12
Fig. 3 Load versus central = Test-A
deflection plot of 300 ~ —e— Test-B
20MnMoNi55 steel 1—4—Test-C
250 -
| 20MnMoNi55
- 200 -
Z
® 150 -
o
-
100
50 4
0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Central deflection (mm)
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on the SPT curve; therefore, it is worthful to transform experimental SPT data to the
average P/t versus equivalent biaxial strain up to fracture as shown in Fig. 4.
Equivalent biaxial strain was evaluated using equation proposed by Kumar et al.
[11]. However, the dependency of initial specimen thickness is practically elimi-
nated when yield and ultimate load are divided by square of initial specimen
thickness (t(z)) [1, 9]. Moreover, the average percentage variation of yield strength
and ultimate tensile strength with standard test values for 20MnMOoNi55 are shown
in Table 4.

P
YS (MPa) = 0.442 YI—ZM‘“’ (1)
0
Py,
UTS (MPa) = 0.065 " +268.81 )
0

2.5 Calculation of Ramberg-Osgood Strain-Hardening
Exponent and True Stress—Strain Data

The YS and UTS values determined above are further used to determine
strain-hardening exponent and true stress—strain data of the material and assumed to
follow Ramberg—Osgood hardening law shown in Eq. (3).

i) ®
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Fig. 5 Generated stress— 1200
strain data for three materials
using SPT data
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Here, ¢ is elastic strain at yield = ¢¢/E, o is a dimensionless parameter such that
oc(“—b?) = 0.002, n is hardening constant, &’ and ¢ are true plastic strain and true
stress, respectively. For each material, the values of &) and « are calculated using the
average value of yield strength quoted in Tables 4. Using values of &} and « in
Eq. (3), a set of true stress—plastic strain data are generated for various trial values
of hardening parameter n. The true stress—plastic strain data are then converted to
engineering stress—strain data to know the ultimate stress associated with various
trail values of hardening parameter n. The hardening parameter n corresponding to
which the ultimate stress matches with the value quoted in above Tables 4 is taken
as the hardening parameter of that material. This procedure is used not only to know
the hardening parameter but also to generate entire true stress—strain curve of the
material (Fig. 5).

3 FEA Modeling and Determination of Gurson
Parameters

3.1 Finite Element Modeling

The axis-symmetric FE models of miniaturized small punch test (MSPT) of 3 mm
diameter disk and 0.25 mm initial thickness were developed and simulated using
the in-house finite element implicit code MADAM (MAterial DAmage Modeling)
[12]. The code has the ability to solve both two- and three-dimensional structures.
The quasi-static nonlinear FEA analysis of SP test was performed with quadratic
fully integrated axisymmetric elements based on force-based contact model using
augmented Lagrange contact algorithm method. Meshing was done using
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Fig. 6 FE mesh and boundary conditions of small punch specimen

eight-noded quadratic fully integrated axisymmetric elements with an element size
of 0.0625 mm along the radial direction and four equal layers in thickness direction,
in accordance with the sensitivity analysis performed in previous studies [8, 11].
The hemispherical steel ball of diameter 1 mm was modeled as rigid body. SP
specimen was centrally loaded by hemispherical ball under displacement controlled
loading. The boundary conditions are shown in Fig. 6. The coefficient of friction
between hemispherical ball and SPT specimen was set to 0.25, in accordance with
the contact frictional analysis performed in a previous study [8].

3.2 Numerical Calibration of Gurson Material Parameters

For the calibration of Gurson material damage parameters, SPT experiments have
been performed. Furthermore, the FE analysis of small punch test was carried out to
generate load-central deflection data points with initial thickness of 0.25 mm.
However, the experimental and numerical load-central deflection curves were
transformed into P/ t% versus biaxial strain (g,) curves as shown in Fig. 7. Hence,
transformed curves reveal that single FE model could be sufficient. On utilizing this
concept, three Gurson material parameters viz. nucleation void volume fraction (fy),
void volume fraction at coalescence (fc) and void volume fraction at failure (fg)
have been evaluated after trial and error method. The other six Gurson material
parameters have assumed to be constant according to the literature. Determination
of all these parameters is done by comparing numerically calculated P/f versus
biaxial strain (¢,) curves curve with the average of experimentally measured values.
The comparison method includes the rate of load drop/slop with the central
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Table 5 Numerically calibrated GTN and friction parameters

Material GTN and friction parameters Numerically calibrated values
20MnMoNi55 Initial porosity (f;) 0.00001

Nucleation porosity (fx) 0.009

Critical porosity (fc) 0.02

Failure porosity (fr) 0.25

Coefficient of friction (u) 0.25

displacement/biaxial strain must be same for both because this region of curve is the
manifestation of fracture process in the specimen. Gurson parameters determined
numerically are also listed in Table 5.

4 Estimation of J-R Curve Using SPT Data

4.1 Finite Element Modeling of CT Specimen

The Gurson parameters shown above are then used to generate J-R curve. For this
purpose, an ASTM E1820 standard CT specimen was modeled by finite elements.
The geometrical details and FE model with the zoomed view near to crack tip
region are shown in Fig. 8. The 8-noded 2-D isoparametric plane strain finite
elements are used for the modeling. Only half of the CT specimen is modeled with
appropriate symmetric boundary conditions as shown in Fig. 8. Seven hundred and
forty elements with 2343 nodes are employed to model the specimen. The mini-
mum size of the element in FE model surrounding the crack tip is 0.2 mm x 0.2
mm. This element size leads to the average distance between two Gauss points as
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Fig. 8 Detailed schematic diagram of CT specimen and FE model with the zoomed view of the
crack tip region

0.1 mm along the crack line. This average distance is same as the characteristic
length . in Gurson material model. The loading is assumed to be displacement
controlled.

4.2 Numerical Estimation of J-R Curve

The true stress—plastic strain data points and Gurson parameters estimated from
SPT data are used for J-R curve estimation from CT specimen. The J-integral at the
crack tip as a function of load was calculated as per standards ASTM E-1820. The
crack growth is determined by calculating the maximum distance between crack tip
and Gauss points which are lying along the crack line and completely damaged. The
numerically evaluated load versus load-line-displacement and crack increment data
points are then used to get J-R curves, which are shown Fig. 9. The same figure also
shows the experimental values of J-R curves taken from the literature [10]. It may

Fig. 9 Predicted J-R curves 1200
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X ) . " 20MnMoNi55 p
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be seen that the slope of the calculated J-R curves match well with the experimental
values. However, calculated J-R curves are bodily shifted upwards with respect to
experimental values leading to much higher values of J-initiation. Similar difficulty
was reported in [13].

4.3 Numerical Modification of J-R Curves Estimation

To overcome the difficulty described above, computations are redone incorporating
the suggestions of [13]. Dutta et al. [13] suggested a phenomenological form of g,
Gurson parameter to improve the prediction of J-initiation and also the entire J-R
curve. The suggested form of ¢, parameter is shown in Eq. (4).

g2 = 1+ qoge /10 4)

The values of two additional material constants which are used to describe ¢, are
g2o = 0.3 and ¢q,;, = 8 for two ferritic steels [13]. Same values of ¢,, and g,;, are
used in the present analysis. Figure 9 shows the modified J-R curves using such
variation of g, near the crack tip. A remarkable improvement in prediction of
J-initiation and entire J-R curve may be seen in Fig. 9.

5 Conclusions

The following conclusions are summarized as below.

1. Yield strength and ultimate tensile strength of 20MnMoNi55 obtained in SP
experiment are acceptable values as compared to standard.

2. Ramberg hardening exponent and stress—strain curve obtained by small punch
test simulates acceptable plot of average P/ t% versus biaxial strain up to fracture.

3. The Gurson material parameters are verified with bilateral experimental test
results, viz., SP test with average P/ t(z) versus biaxial strain up to fracture and CT
test with J-R curve.

4. Numerically evaluated Gurson parameters with g,, = 0.3 and ¢,, = 8 produce
acceptable J-R curve and J-initiation values for each materials.
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Experimental Facility for Thermal
Striping Studies in Dynamic Sodium
Environment

S. Vijayaraghavan, P. Rajasundaram, T. Chandran,
M. Shanmugavel, B. Babu and P. Selvaraj

Abstract In the Prototype Fast Breeder Reactor [PFBR], sodium coolant streams
flowing out through the various fuel and blanket subassemblies mix in the sodium
pools. This mixing interface is unstable, oscillating and the component structures
nearby are subjected to the effects of oscillating temperature conditions causing
stresses to be induced in the components. Thermal striping [TS] occurs due to the
random thermal cycling of a structural component by a flow stream resulting from
the mixing of nonisothermal jets near that component. The random thermal cyclic
load leads to development of surface cracks and assist in crack growth which in turn
may lead to failure of the structural component due to crack initiation by the high
cycle fatigue mode. TS has been a critical mode of failure which has been studied in
many FBR systems worldwide. An experimental facility has been constructed and
commissioned at FRTG to study TS by conducting in-sodium experiments simu-
lating the fuel-blanket interface to measure the temperature fluctuations on the
surface due to mixing of nonisothermal jets in sodium. This paper brings out the
spectrum of activities involved in establishing this test facility, focusing on its
features, the challenges overcome, testing philosophy adopted for the effective
utilisation of experimental facilities for conducting the TS experiments.
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1 Introduction

Thermal striping [TS] is a thermal hydraulic phenomenon which occurs due to
random thermal cycling created due to the mixing of different temperature streams
of sodium flow on the surface of structural components. The structural components
could fail if the temperature fluctuations are high in magnitude and oscillation.
Hence, it is important to study the mixing behaviour in sodium, where thermal
fluctuation is transferred to the component surface without much attenuation at the
boundary layer due to high thermal conductivity of liquid sodium. With this
objective, an experimental set-up has been incorporated in the existing fatigue loop
of IN-SOdium Test facility for materials testing [INSOT]. To study the temperature
fluctuations of two nonisothermal jets, a simulation of cold and hot streams of
sodium with definite temperature difference of 150 °C, impinging on an instru-
mented plate immersed in a dynamic sodium pool has been created in the TS test
set-up (Fig. 1). The results of the In-sodium experiments conducted will be utilised
to validate the computational analysis of the mixing phenomena.
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2 Objective of the Experiments

The objectives of carrying out the TS studies in sodium are as follows;

(a) To understand the thermal hydraulic phenomena in the mixing region of
nonisothermal streams in sodium.

(b) To arrive at an appropriate extrapolation rule, that can improve accuracy of
prediction from studies conducted in water.

(c) To assess the Boundary Layer Attenuation (BLA) of thermal fluctuations in
case of sodium.

(d) These studies will also be utilised for validation of numerical codes.

(e) To study the fatigue damage assessment due to TS.

In sodium cooled FBR’s, situations exist where sodium streams having a tem-
perature difference of 100-150 °C mix in the vicinity of the structural parts. These
situations occur in the mixing of fuel and blanket sodium flows below the control
plug, fuel and control rod subassembly flows near control and safety rod drive,
mechanism (CSRDM), intermediate heat exchanger (IHX) outlet primary sodium
near main vessel and inner vessel, etc. The TS studies earlier were carried out in
scaled down models using water as stimulant [1]. It is possible to extrapolate the
fluid thermal fluctuations as measured in water into sodium condition using
appropriate similarity laws. However, the thermal fluctuations as seen by the
structures in sodium cannot be directly estimated from the studies carried out in
water since the attenuation of thermal fluctuations in the boundary layer is less in
case of sodium than water due to the higher thermal conductivity of sodium.

3 Experimental Facility

Fatigue loop of INSOT has been integrated with [8] the thermal striping test set-up
[TSTS] consisting of sodium thermal striping test vessel [TSTV] with the testing
mechanism, heater vessels and the connecting stainless steel pipelines. It was
ensured that there was no ingress of atmosphere, metallic burrs, oils into the loop
during modification works to avoid addition of any impurities such as oxygen,
moisture, carbon to the system. The components required have been fabricated,
inspected and qualified for sodium service.

4 Thermal Striping Test Vessel (TSTV) and Piping

The TSTV is shown in Fig. 2; its size is 600 mm inner diameter and 961 mm in
height. The vessel has been fabricated from 316 L grade stainless steel [SS]
materials and is covered by a gasket-sealed top flange. The TSTV consists of two
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Fig. 2 View of thermal
striping test vessel
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inlet circular jet nozzles connected to the loop piping for maintaining hot and cold
sodium jets at different temperatures. An instrumented plate [IP] is mounted on a
30 mm diameter rod supported from the top flange by a screw-nut mechanism
through a bellows sealing arrangement (Fig. 6). Position of the IP has been cal-
culated to ensure that it is completely immersed in the dynamic pool of sodium
maintained in the test vessel during its vertical travel to and from the nozzles. The
sodium level is continuously monitored and indicated by continuous and discrete
mutual inductance [MI] level probes mounted on the top flange nozzles. The hot
and cold nozzles, the inlet hot and cold sodium piping, drain and return sodium
pipelines are supported from the bottom dished end of the TSTV.
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5 Operation Philosophy and Process Requirements

The operation philosophy is to fill the loop with sodium after conducting all checks,
circulate in the loop and purify the sodium with TSTV isolated. Sodium is then
admitted into the TSTV, purified and operated at an isothermal temperature of
300 °C. Purity of sodium is maintained within acceptable level by continuous online
cold trapping, and the impurity level is periodically monitored using plugging
indicator. Sodium in the storage tank is kept isolated. The loop temperature is
steadily increased to the test condition required in the hot and cold nozzles of the test
vessel by means of immersion heater vessels in incremental stages ensuring stabil-
isation of the system at each step. The TSTS has an arrangement of hot and relatively
cold sodium jet passing to the TSTV through a heat exchanger and heater
arrangement. The heat balance in the thermal striping test section and the utility of
the bye-pass line provided to maintain the cold and hot stream temperatures has been
evaluated and found adequate [7]. During these test campaigns, operation parameters
of sodium system like flow rate, purity, level, temperature were monitored and
maintained as per the test requirements. Sodium to sodium heat exchanger,
immersion heater vessels, sodium to air heat exchanger (NAX) and EM pump have
been provided in the loop to maintain the hot and cold jet temperatures with the
required velocities. Sodium-air heat exchanger has been used intermittently as a heat
sink to maintain the temperature of cold leg region of the loop below 350 °C.
Figure 3 gives the schematic layout of fatigue loop with the TS section.
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Fig. 3 Schematic diagram of fatigue loop with TS set-up
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6 Experimental Methodology

The experimental phase of a TS campaign commences as soon as the test param-
eters of temperature and flow is established and the system has stabilised. The
temperature distribution across the mixing zone of the two inlet circular jet nozzles
inside the test vessel is measured by the Instrumented Plate thermocouples (IPTC)
embedded on the IP. During each test condition, the test data from the embedded
thermocouples on the IP, cold, hot sodium inlet nozzles and mixed outlet pipeline
of the TSTV were acquired in real time by a high-speed, portable data acquisition
system. Temperature profile was also measured in two mutually perpendicular
planes, and the temperature data were recorded. The readings were taken at every
10 mm interval vertical positions of the IP by varying the distance between IP and
the hot and cold nozzles levels using a screw-nut mechanism mounted on top flange
of test vessel. The TS experiment has been conducted with hot sodium jet tem-
perature range of 450-550 °C and cold sodium (relatively cold) jet temperature
range of 300-450 °C, with total sodium flow rate varied from 0.1 m*h to a
maximum of 1 m>/h as per the experimental parameters.

7 Experimental Scheme for TS Studies at INSOT Loop

The nozzle outlet geometry for the full series of experiments is circular outlet. The
following parametric studies have been planned and carried out during the exper-
iments [11].

(a) Validating our experiment with published data in the literature (Wakamatsu
Model) [14].

(b) Effect of Peclet number (Pe) variation with same velocity ratio between hot and
cold jet.

(c) Effect of Pe variation with same Reynolds (Re) ratio between hot and cold jet.

(d) Effect of Pe variation with same Pe ratio between hot and cold jet.

Process parameter requirements such as flow, temperature ratios have been
worked out for each experimental campaign [10].

7.1 Scheme for Fixing and Routing of the Thermocouples
Jor the Instrumented Plate

The TS phenomenon changes rapidly with time; hence, fast response thermocou-
ples are used to measure the temperature and these data are acquired by means of a
high-speed data acquisition system [DAS]. The surface temperature fluctuations
along with the fluid temperature fluctuations are measured using 13 numbers of



Experimental Facility for Thermal Striping Studies in Dynamic ... 47

0.65 mm diameter SS sheathed K-type thermocouples which have been embedded
on an instrumented plate [IP]. The challenge faced was to safely route these delicate
thermocouples from the IP to the exit pipe located on the top flange of the TSTV.
Since the IP is a mobile assembly; the thermocouples have been carefully bunched
together, ensuring that the routing arrangement is flexible enough with the right
slack to allow for the vertical movement during experiments. This arrangement has
performed well during the test campaigns.

7.2 Data Acquisition of Experimental Data

A dedicated DAS has been employed to monitor and store the experimental tem-
perature data from the thirteen IPTC, three thermocouples of hot and cold sodium
inlet nozzles and mixed sodium outlet nozzle during each TS experiment. The
elevation of the IP has been varied from 5 to 155 mm from the nozzle exit in steps
of 5 and 10 mm. Analysis of these temperature data focuses mainly on two
parameters; mean temperature distribution and the peak-to-peak temperature
fluctuation for the thermal characterisation of the mixing phenomena. Figure 4
shows the view of thermocouples fixed on the IP.

Fig. 4 Thermocouples
(IPTC) fixed on IP
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8 Commissioning of Thermal Striping Test Set-up (TSTS)

TSTS has been subjected to quality control checks including pressure hold test, the
response of all the sensors in cold and hot argon atmosphere in the test vessel, IPTC
and the vertical movement of the IP have been carried out to assess the performance
and found satisfactory. The functionality and precommissioning checks of the MI
level probes, flow, pressure, temperature indicators/controllers, wire- and plug-type
leak detectors, SID systems and gas communication clearance for all fill paths were
checked before filling of sodium in the loop. All the control and safety interlocks
for the safe and systematic operation of fatigue loop were checked and confirmed
[6]. Then, the entire loop was preheated to a temperature of 200 °C, monitored and
controlled through the PLC-PC-based data acquisition and control system. The cold
commissioning works for the TSTS have been carried out systematically including
the cold and hot purging with argon gas to ensure that the oxygen and moisture
levels in the TSTS were brought down to acceptable levels. The actuation mech-
anism arrangement erected on the top flange of the TSTV (Fig. 5) for enabling the
vertical adjustment of the IP was operated and checked for proper actuation. After
checking the performance of the preheating system, cover gas system, sodium
system, electrical system, instrumentation system, etc. the loop was made ready for
sodium filling. Figure 6 shows a view of the actuation mechanism provided for
vertical movement of the IP in the TSTV.

Fig. 5 Thermal striping test
vessel (TSTV)
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Fig. 6 Mechanism for
actuation of IP

8.1 Operation of TSTS at 300 °C and Conduct of in-Sodium
Trial Test

The sodium was filled, circulated in the loop, purification of loop sodium was
carried out [9] and the sodium was admitted into the TSTS. Sodium level rise was
monitored by the MI type continuous and discrete level probes in the TSTV. The
temperature of loop sodium was maintained at 300 °C, sodium flow rate was
maintained in the cold and hot inlet nozzles of the TSTV. The loop with TSTS was
operated at 300 °C steady state, isothermal condition. The operation parameters like
flow rate, sodium purity, sodium level and temperature were monitored and
maintained to meet the test requirements. The in-sodium trial test was carried out
for duration of 120 min. Test data from the IPTC, cold, hot sodium inlet nozzles
and mixed outlet pipeline of the TSTV were acquired by DAS. The performance of
TSTS in sodium with respect to the establishing of the process conditions and
acquiring test data was demonstrated.
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8.2 Conducting TS Experiments up to 550 °C

The temperatures of cold and hot nozzles have been maintained at a AT of 150 °C
as per the process requirements for testing. Initially, experiments with a relatively
cold sodium jet temperature of 300 °C and hot sodium jet temperature of 450 °C
have been carried out. The sodium flow rates in the hot and cold nozzles have been
varied, established and stabilised for each set of hot and cold nozzle temperatures
and sodium flow rate requirements for carrying out the planned TS experiments.
Subsequently, experiments with a relatively cold sodium jet temperature of 400 °C
and hot sodium jet temperature of 550 °C were carried out. Performance of the
immersion heater vessels for maintaining the temperature of hot and cold sodium
streams within £1 °C, with its control system operating continuously at high
temperatures up to 625 °C, was satisfactory. Many parametric studies have been
carried out with various combinations of hot and cold jet sodium flow rate and their
temperature difference. Seven successive test campaigns have been carried out from
and all planned 156 numbers of TS experiments have been completed [3]. Basic
studies in small-scale model to investigate influence of various nondimensional
numbers and jet geometry on thermal mixing phenomena have been carried out
successfully [2].

9 Safety Ethos Followed

Safety has been integrated in every part of the design, construction, erection,
commissioning and operation of the sodium system [12, 13]. Design, fabrication
and inspection of the components and piping have been carried out as per the
standard codes of ASME. Flexibility analysis of piping has been carried out for
operation up to 600 °C. Helium leak test of components has been carried out to
ensure leak tightness below 10™® std atm.cc/s and qualified for sodium service. All
butt weld joints exposed to sodium service have been subjected to LPI and 100%
X-radiographed. Wire-type leak detectors have been provided on the surface of pipe
lines and components. Leak collection trays are provided below each of the com-
ponents and piping. Plug-type leak detectors have been provided in the bellows
sealed valves. Nondestructive examination comprising of visual testing, liquid
penetrant inspection [LPI] and Eddy current testing were conducted to check and
qualify the integrity of the thin-walled cross sections of the heater element sleeve of
the immersion heater vessels has been carried out between high temperature test
campaigns on these areas. Sodium aerosol detector (SAD) is used for detecting
global sodium leak from the loop. Adequate quantity of DCP fire extinguishers has
been provided in the loop area. The operation, removal, sodium cleaning and
installation procedure for each experiment have been followed as per check lists [4,
9]. Early detection, prevention and mitigation approaches to events are inbuilt in the
systems for safe operation.
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10 Future Direction

In-sodium experiments on different material specimens are also in the pipeline to
investigate the metallurgical effects of TS. TS experiments with higher flow rates of
sodium are being pursued at another test facility in FRTG in order to generate
experimental data in sodium to give realistic and practical inputs to the designers
and operation personnel.

11 Conclusion

The successful operation of the thermal striping test set-up in fatigue loop has been
realised by adopting safe work procedures, surveillance, preventive maintenance
and inspections of all systems in the facility [4, 5, 9] and ensured the availability of
facility for conducting the TS experiments characterisation of thermal mixing due to
mixing of two nonisothermal parallel sodium jets in the vicinity of an instrumented
plate has been studied. The experimental data generated from these basic studies are
very useful for component design and validation of numerical code. The authors
wish to acknowledge the teamwork and contribution of the members from the
INSOT facilities section and experimental thermal hydraulics section of FRTG,
IGCAR in conducting these studies.
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Linear Elastic Fracture Mechanics
(LEFM)-Based Single Lap Joint

(SLJ) Mixed-Mode Analysis for Aerospace
Structures
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Abstract This paper investigates the study of crack propagation on single lap joint
(SLJ) using cohesive zone modeling (CZM) for aerospace applications. To carry
out the above task, linear elastic fracture mechanics (LEFM) approach using finite
element methods was used to study the damage propagation in adhesively bonded
joints. A traction—separation law was used to simulate the mode-II and
mixed-mode-I+II interfacial fractures of adhesively bonded specimens loaded
(quasi-static) in three-point bending and mixed-mode bending. An initial crack
opening was introduced at the interfaces of the adherend/adhesive. The boundary
conditions for SLJ have been set to carry out the interlaminar mode-II (shear mode)
and mixed-mode fracture analysis by end notched flexure (ENF) and mixed-mode
bending (MMB) methods. Optimized cohesive parameters from the literature sur-
vey were used for simulation of the tests, and same parameters have been validated
to continue the research work focusing mainly on progressive delamination in
SLJ. The total displacement of 10 mm was applied at free end, and as a result the
reaction forces at fixed end steadily progressed up to 60% of applied displacement;
further it has been observed the model starts failing by reduction in load versus
displacement slope curve.
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Nomenclature

SLJ Single lap joint

LEFM Linear elastic fracture mechanics

SERR Strain energy release rate

CZM Cohesive zone model

ENF End notched flexture

MMB Mixed-mode bending

Gc Critical strain energy release rate/fracture toughness
Gt Total strain energy release rate

Gic Fracture toughness in pure mode-I direction

Gre, Gric Fracture toughness in pure mode-II and mode-III direction
n Exponent in B-K law

Knns Kss and Kpr  Elastic parameters for traction—separation law in the normal
direction and the two shear directions

Nmaxs Smaxs Imax ~ Maximum stresses for traction—separation law in the normal
direction and the two shear directions

AL, Characteristic length of the cohesive element
a, Initial crack length

0 Delamination length

toly Cured ply thickness

1 Introduction

Fracture mechanics methodology was developed and experimentally demonstrated
for the prediction of the growth of bond-line flaws in an adhesively bonded
structure that has been with success applied to several engineering problems in
recent years. The damage tolerance design concept, originally adopted in the air-
craft industry, was based mainly on the well-established concept of linear elastic
fracture mechanics (LEFM), and it has gradually gained ground in other engi-
neering fields. Many studies dealing with adhesive joints use the strain energy
release rate (SERR), G, and respective critical value or fracture toughness, Gc,
instead of stress intensity factors because these are not easily determinable when the
crack grows at or near to an interface. Linear elastic fracture mechanics (LEFM) has
proven to be an efficient tool for analysis of the criticality and propagation rate of an
interlaminar defect for a given structural component and service conditions [1]. The
scalar quantities which are in use to characterize the resistance of an interlaminar
interface to crack propagation are: (a) fracture toughness under static loading for
principal loading modes and (b) Paris law parameters and thresholds for cyclic
loading [2]. Cohesive zone models (CZMs) can be considered to model the inter-
facial fracture behavior based on the concept of local stresses and fracture
mechanics using continuum approach of either equally or differentially oriented
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plies in stacked composites or the adhesive/adherend interface to simulate adhesive
failure [3].

Interlaminar fracture toughness tests were conducted under pure mode-I, pure
mode-II, and mixed-mode-I+II loading [4]. Test data were used for development of
numerical simulations and their validation [4]. Mode-I, mode-II and mixed-mode-I
+II fracture toughness tests are conducted as per ASTM D5528, ASTM D7805, and
ASTM D6671 [5-7]. The test procedure and fracture toughness calculations are not
presented in current work since it is well defined in the open literature. However, a
brief detail of all tests and measured fracture toughness is presented, and this detail
can be found in the literature [4, 8]. Cohesive zone models are based on interface
elements where propagation occurs without any user intervention which has the
ability to simulate crack initiation and crack propagation [9-11]. From
Benzeggagh—Kenane (B-K) law [12] the measured fracture toughnesses
Gic =325 J/m?, Gyc = 2492 J/m?. These data are used for development and val-
idation of numerical simulation for ENF and MMB test. A bilinear traction—sepa-
ration description of a cohesive zone model was employed to simulate progressive
damage in the adhesively bonded joints [13]. The single lap joint has been modeled
and analyzed using the geometrically nonlinear finite element method [14].
A damage law used was able to simulate damage evolution prior to crack growth
using power law relationship to define damage rate [15]. Mode-II cohesive zone
parameters were used directly from the previously determined mode-I parameters
[4] to predict the fracture and deformation of mixed-mode geometries [8].

1.1 Scope of the Work

Adhesive bonded joints are ideal for joining parts in highly contoured,
low-observable composite structures for aerospace structural applications; it is also
critical in certifying the repaired bonded joints in assemblies [3]. In view of
above-said scientific problems, there is a need to understand the behavior of
adhesively bonded joints under complex bilateral loading conditions, which
includes statics and dynamics. This research will address the durability damage and
fracture development in adhesive composite joints.

The delamination process is frequently met in composite materials, and in most
cases it results from mode-I, mode-II, or mixed-mode-I+II delamination. The pre-
sent study concerns the simulation of delamination initiation and propagation in the
mode-II and mixed-mode loadings.

Cohesive zone model (CZM) was developed in a continuum damage mechanics
framework and made use of fracture mechanics concepts to improve its applicability
[2]. The advantage of using CZM is their ability to simulate onset and growth of
damage without the requirement of an initial flaw, unlike classical fracture
mechanics approach. CZM fits seamlessly into available FE tools to model the
fracture behavior of adhesively bonded joints and thus opening a scope and pos-
sibilities to carry out the research problem.
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2 Approach

The aim of this investigation is to study types of damages and their propagations in
SLJs to establish simplicity in design and to increase service efficiency. Presently
large amount of databases has been archived on experimental methods to under-
stand SLJ and always been the subject of considerable research. In-line to this finite
element method will play a significant role in SLJ structural analysis and are
capable of solving problems with various types of damages in adhesively bonded
joints; combining with the concepts of linear elastic fracture mechanics based CZM
provides a practical and convenient means of studying the damage propagation in
adhesively bonded joints. The damage modes in SLJ and the damage propagation
were studied and presented in this paper as a nonlinear finite element analysis.

The CZM is an advanced numerical analysis technique in the area of fracture
mechanics to understand the separation of the surfaces involved in crack propa-
gation across an extended crack tip or cohesive zone. The limitation of CZM is
restricted by cohesive tractions. The CZM formulation brings out robustness, sta-
bility, and integrity of FE model by evaluating cohesive parameters (penalty factor
and 0r,4,). CZM implicitly represents traction—separation laws to model interfaces
or finite elements. The analyzed results will be used to demonstrate the use of
cohesive zone approaches for the design of adhesively bonded SLJ and to validate
approaches for determining the relevant properties to define mixed-mode (tension
and shear) interaction in SLJ [16]. An eight-nodded cohesive element for modeling
delamination was used between shell elements on the basis of a 3D cohesive
element previously developed by authors [4, 10] is proposed.

In addition to mode-II analysis, this paper also focuses on different ratios of G/
Gt MMB modals to show good agreement with assumptions and boundary con-
ditions in literature [10, 16]. The quadratic interaction between the tractions is
proposed to predict delamination propagation for the mixed-mode fracture tough-
ness. In post-processing ABAQUS/Standards, the validation part will reproduce
load—displacement response of (i) ENF and (ii) MMB from literature [8]. Finally,
SLJ will be modeled in 2D to show cohesive element for shells which can be used
to represent the onset propagation of delamination in composite structures.

2.1 Fracture Mechanics Approach

2.1.1 Cohesive Zone Modeling

A relatively effective method for prediction of delamination and growth within the
framework of damage mechanics is cohesive zone model (CZM). CZM can be used
to predict both the initiation of a new crack and growth of an existing crack [8].
CZM is widely used in finite element tools for interfacial failure or
disbond/delamination modeling. The increased application of cohesive element
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with ABAQUS has both standard (implicit) and explicit solution procedures
enabling the user to model a defined plane of finite or zero thickness where the
crack is expected to develop in the structure. The interface response in cohesive
element modeling is defined by parameters such as fracture energy is obtained from
fracture toughness test. The constitutive response of these elements depends on the
specific model and certain assumptions about the deformation and 3D stress
vectors.

2.1.2 Bilinear Traction Separation Law

The law states that cohesive elements should follow linear path governed by its
elastic parameters such as Kyn, Kss, and Krr. Once the traction reaches the
nominal value of Ny, Smax, and T the stiffness of the element reduces grad-
ually. Traction—separation based modeling is opted for these simulation(s) [8].
Response of the traction—separation law is defined within the base framework of
CZM [10]. The element follows a linear (or exponential) degradation post-initiation
response.

The work done to completely degrade the cohesive element stiffness to
approximate zero is called fracture energy Gc¢. Further degraded cohesive element
acts only as a contact region to deny any physically impermissible crossover of the
two base structures close to overlap zone. The element fails completely with final
displacement dy,; (Fig. 1).

All the above cohesive element parameters are material dependent as shown in
the equations

G
Nmax = 25 I_C (1)
fail
G
Smax = Imax = Z%IC (2)
fail
T‘ Damage initiation

Nomaxs Smax, Tmax [[=77="" Fracture Energy

c

Linear post-initiation response

/
[

Complete failure

S init O fail

Fig. 1 Traction—separation law for cohesive elements
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Grc
Ky =201 _ ()
Oratio X 5%311
Guc
Kss =Krr=2—5— (4)
bratio X 5fai[

where penalty factor = Op;)/ AL, and 0.0 = Oinit/Otait- Gic and Gyyc are the fracture
energies measured from mode-I and mode-II fracture toughness tests experimen-
tally, in this case from literature [4]. Gyyc is assumed to be equal to Gyc. AL, is
decided by the over meshing factor (OMF). OMF is the ratio of structural mesh to
cohesive zone mesh. The cohesive zone mesh need to finer than the surrounding
structural mesh based on modeling experience by the authors [8].

2.1.3 Benzeggagh and Kenane (B-K) Law

In the analyses presented herein, energy-based Benzeggagh and Kenane (B-K) law
was used for damage evolution criterion as shown in Eq. (5). In general, each load
case is a combination of mode-I/II thus bringing the mixed-mode B—K criterion to
play vital role for damage evolution. Interface failure is expected for a given
mixed-mode ratio G/Grt, when Gt exceeds the Gc.

G n
Gic + (Guc — Gie) (G_z> =Gt (5)

It is assumed that the onset of damage can be predicted by quadratic normal
stress criterion. Damage is assumed to initiate when nominal stress ratios reaches a
value of 1 given in Eq. (6).

(N:) * <s,f) + (T:)— . (6)

3 Simulation and Validation

It is important to use proper stiffness definition of cohesive elements in numerical
simulation of delamination or disbond [8]. Cohesive element poses numerical
convergence issues if softening constitutive model stiffness is not optimized.
Furthermore, cohesive parameters like penalty factor and J,,, affect computation
time, accuracy of results and output file size. The stress and stiffness for cohesive
elements in opening mode were calculated from the fracture toughness measured
from test data using Eqgs. (1-4).
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3.1 Parametric Study of Cohesive Elements from Simulation
of ENF and MMB Tests

Using the ABAQUS/CAE (Pre-processor), the finite element model of ENF spec-
imen was modeled. The model is composed of two sub-laminates, each of 1.8 mm
thick. The initial crack length a, is 41 mm, and total laminate length (L) is 120 mm
and width (w) is 25 mm. Each sub-laminate has a stacking sequence of [0;¢]. The
material properties and dimensions of ENF specimen used in modeling are men-
tioned in Table 1 and Fig. 2, respectively. The laminate consists of 20 plies (all 0°
orientation), with the initial delamination at the midplane. Figure 2 shows the
configuration of the specimen along with the boundary conditions applied [8].

Each sub-laminate was modeled with four-noded shell elements (S4R) and a
layer of eight-noded cohesive element (COH3DS8) was modeled at mid plane next to
the pre-crack region to simulate progressive damage growth under mode-II loading.
Tie constraints were used to tie the top and bottom faces of cohesive element layer
to the shell elements. The thickness of cohesive elements was taken as 0.01 mm. In
order to aid the convergence of simulation in the nonlinear region, viscosity
parameter of 1 x 107> was used for cohesive elements [8]. OMF of five has been
used as found in Diehl’s work [10]. A mesh convergence study was conducted
while assuming penalty factor and J,,, of 0.08 and 0.5, respectively (Table 2).

Using above-said parameters and properties, MMB specimen has been modeled.
The specimen was composed of two sub-laminates each of 1.67 mm thick. The
initial crack length (a,) is 27.5 mm, and the total specimen length (L) is 100 mm
and width (w) is 25 mm. Each sub-laminate has a stacking sequence of [0;¢].

In MMB test, the failure is assumed in the specimen once crack growth initiates
and crack growth leads to unstable. The cohesive element layer was modeled only
up to 10 mm from crack tip along the length of specimen. Different G/Gr ratios
(literature [8]) were simulated by applying different displacement boundary con-
ditions using kinematic coupling feature available in ABAQUS/standard.

The advantage of kinematic coupling is that different mode ratios can be sim-
ulated simply by changing the length C of loading lever. A schematic of the
developed numerical model (specimen, interface elements and applied boundary
conditions) is shown in Fig. 3. The green line in Fig. 3 represents loading lever
which is connected to the specimen with hinged boundary conditions. Loading
lever transferred only load without generating any moment at the connection.

Table 1 Material properties Ey 115 Gpa
f IMA/M21
o prepreg Ery 10 Gpa
G 5.2 Gpa
Via 0.302
t, 0.182 mm

a 41 mm
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Fig. 2 Schematic of ENF specimen model

Ul=Free, U2=U3=0
UR1=UR2=0, UR3=Free

Table 2 Optimized cohesive

Cohesive element parameter

Refined value

element parameters

Penalty factor 0.08
éralio 0.5
C - nmn —>
Cohesive .
U1=0, U2=-10mm, elements layer Crack Tip
U3=0 \
UR1=UR2=UR3=0 \ /
—— 2t+0.01mm
A A
-— a,—»
< L

Ul=U2=U3=0 U2
UR1=UR2=0, UR3=Free

u1

Fig. 3 Schematic view of MMB specimen model

4 Results and Discussion

Ul=Free, U2= U3=0
UR1=UR2=0, UR3=Free

The model of ENF specimen uses 9600 structural (S4R) elements of 1 mm x 1
mm size and 6900 cohesive elements (COH3DS) of size 0.2 mm x 0.2 mm. The
numerical simulation of ENF test typically takes about 7 h of CPU time and

generates an output file size of about 4 GB.
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Fig. 4 Comparison of reaction load versus applied displacement for simulation of ENF test with
literature

The global response of the tested ENF specimens in terms of load (RF2) versus
displacement (U2) curves is depicted from numerical simulation, and it was
observed that accurate results were obtained by comparing it with the model from
literature [4]. From Fig. 4, we can observe that a good repeatability of the results
exhibits an initially linear response, followed by increasing nonlinearities, as the
crack begins to propagate. The crack propagated in a stable manner during the
displacement control fracture testing of models.

In similar way, the model of MMB specimen uses 5000 structural (S4R)
elements and 62,500 cohesive elements (COH3DS8). The plot of reaction load (RF2)
versus applied displacement (U2) for different mode ratios was generated from
numerical simulation for all load cases and compared with reference data from
literature. Figure 5 shows the load—displacement data which show good agreement
with reference data. The FE analysis were forcefully terminated once crack start to
grow due to a fact that numerical simulation faces convergence issues for simu-
lation of sudden drop in stiffens and requires high computation time.

The numerical simulation of MMB test typically takes about 50 h of CPU time
and generates an output file size of about 11 GB.

By validating ENF and MMB numerical simulations, the model is comparable
with literatures with optimized parameters and properties. Henceforth, same
methodology has been taken to develop a single lap joint mixed-mode analysis in
next section.
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Fig. 5 Comparison of reaction load versus applied displacement for simulation of MMB test with
literature

S Numerical Modeling of SLJ

The standard single lap joint was modeled by two laminates of size 175 x 125 mm
(approximately) as shown in Fig. 6 and bonded together alongside the components.
As the surface preparation plays important role on adhesive strength, the component
and traveler panel shall undergo the same treatment and at the same time.

For the SLJ, the finite element model of the mixed-mode specimen was devel-
oped in preprocessor ABAQUS/CAE. The specimen is composed of two
sub-laminates, each of 1.80 mm thick with four-noded plane stress shell elements

< 175mm >
Panel Layup [0/+45/90]s
Or [+]4
125mm l
l 12.5+0.2mm
.................... Panel Layup [0/+45/90]s
Or [+]4

Fig. 6 Dimensional panel for modeling bonded assembly
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Fig. 7 Boundary conditions for the single lap joint assembly

(S4R) were used for the substrates and to study the progressive damage in the
adhesive, one layer of eight-noded cohesive elements (COH3D8) with the bilinear
traction—separation descriptions as defined in earlier sections were utilized.

Cohesive element was modeled at mid plane and placed between two laminates
with (12.5 + 0.2) distance from each lamina. Moreover, one end of the substrate
was constrained by an encastre constraint (u; = u, = uz = 0), while the transverse
displacement and rotation about the out of plane axis of the other end were con-
strained (#; = 10 mm, u, = u3 = 0) as shown in Fig. 7.

Top and bottom faces of cohesive element layer were tied to the shell elements
using tie constraints. The thickness of cohesive element was taken as 0.01 mm.
From the previous analysis, penalty factor and 0., are assumed to be 0.05 and 0.5
in order to avoid mesh convergence issues. The quadratic stress criterion was used
to predict damage initiation in the cohesive elements. A higher mesh density was
used near the cohesive elements to obtain more accurate results (Fig. 7). It is
assumed that there is no friction between the cohesive and the laminates during the
test, so that we use frictionless interaction property in this case.

The number of elements used in model is 70,525 (55,125 linear hexahedral
elements of type COH3D8 and 15,400 linear quadrilateral elements of type S4R),
and the number of nodes is 167,180. The reaction force for above model is plotted
against applied displacement (Fig. 8). The main output parameters include
QUADSCRT and SDEG. QUADSCRT indicates whether the maximum nominal
stress damage initiation criterion has been satisfied at a material point.
When QUADS reaches 1.0, it means that the damage initiates. SDEG is the overall
value of the scalar damage variable. The parameter SDEG increases from 0.0 to 1.0,
which stands for the damage evolution, and the evolution is finished when SDEG
equals to 1.0, which means that the cohesive element is fully damaged and therefore
a crack is formed.

The numerical simulation of mixed-mode model typically takes about 168 h of
CPU time and generates an output file size of about 15 GB. Figure 8 shows the load
versus displacement response for SLJ, and the plot shows failure near to 5 mm
displacement for the applied displacement of 10 mm.
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Fig. 8 Load versus applied displacement curve for single lap joint mixed mode test

Table 3 Output database

Model name Total no. of elements CPU time (h) Output file size (GB)
ENF test (from literature) 55,375 10 8
ENF modeled 16,500 7 10
MMB tests (literature) 11,300 50 8
MMB tests 31,750 50 11
SLJ mixed-mode 70,525 168 15

6 Conclusion

A pure mode-II and mixed-mode cohesive zone model has been used to simulate
the propagation of adhesively bonded specimen loaded by three-point bending and
mixed-mode bending. The material properties required to define traction separation
law, i.e., strength and stiffness were calculated using refined cohesive element
parameters.

A quadratic normal stress criterion is used for onset of delamination and sub-
sequently B-K law is used for damage evaluation in numerical simulations.
Cohesive element parameters J.,, and penalty factor are refined for optimum
solution by ENF test and MMB test. The characteristic strength for the mode-II
traction separation law was essentially identical to the cohesive strength of the
interface. The reaction forces on a single lap joint (SLJ) subjected to 3ENF test
using the parameters described in above sections are shown in Fig. 8. A method is
presented for the prediction of crack growth in specimens under pure mode-II and
mixed-mode tests using ABAQUS cohesive elements. Table 3 gives a brief detail
about testing procedures for various models simulated for analysis. Numerical
predictions for the reaction loads versus displacements are obtained using cohesive
zone modeling. In order to capture the unstable onset of delamination growth in the
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simulation, displacement and time period of the simulation had been resolved with
convergence issues. The proposed mixed-mode criteria for SLJ can predict the
strength of composite structures that exhibit progressive delamination.

7

Future Scope of Work

Numerical results will be validated with the experimental test data for better
understanding of the crack propagation, and acoustic emission testing will be
carried out to characterize the fracture initiation and damage propagation.
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Study of Fatigue Crack Growth Rate
of AA6061 at Different Stress Ratios

Rajesh P. Verma and K.N. Pandey

Abstract In the present work, fatigue crack growth behaviors of AA6061 are
studied at different stress ratios, R = 0.1, 0.5 and 0.9. The fatigue crack growth rate
and stress intensity factors at steady-state regime were determined by fatigue test on
compact tension specimens. Fatigue tests were performed according to ASTM
standards using Biss 25-kN, servo-hydraulic testing machine with graphic interface
and auto-calibration. Lower fatigue crack growth rate as well as a higher fatigue
crack growth threshold for stress ratio, R = 0.1, was observed and compared to
R = 0.5 and 0.9. The dependency of crack growth on stress ratio is also modeled
based on Walker approach, and Walker exponent was identified to model the
dependency of fatigue crack growth rate of AA6061-T6 on stress ratios. The
mathematical model developed shows 95% adj R square, which is acceptable.

Keywords Aluminum alloy - AA6061 T6 - Fatigue crack growth rate
Stress intensity factor - Stress ratio -+ Modeling

1 Introduction

AAG6061 aluminum alloys are widely used in structural application due to its high
strength-to-weight ratio, high extrudability and high formability. These advantages
of the alloy attract it to use in automobile, aerospace, architectural and naval
structural applications [1]. Fatigue failure of structural components is one of the
major challenges for the reliability of components as the structural components
undergo repeatedly mechanical and vibrating stresses [2]. The fatigue load causes
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the growth of the preexisting micro-crack in material. The micro-crack subse-
quently grows to macro-crack and ultimately results into the failure of the com-
ponents even before the first detection of the crack on surface. So, the study of
crack growth phenomena is very important to understand the failure mechanism of
any structure.

Usually fatigue crack growth can be divided into three regimes: slow crack
growth regime, steady crack growth regime and unstable crack growth regime. It is
very difficult to control the crack growth once the crack becomes unstable. So the
stable crack growth regime is the main concern of researchers and designers to
investigate the critical crack length and corresponding crack properties. Paris
pointed out the stress intensity factor range (AK) as a main parameter that controls
the rate of crack growth (da/dN) and proposed the behavior of fatigue crack growth
in relation to the change in stress intensity factor [3]. The stress intensity factor
range below which the fatigue crack will not propagate is known as threshold stress
intensity factor (AKy,), and the stress intensity factor at which material will fail
(unstable crack growth occurs) is known as critical stress intensity factor (K¢). It is
needed to evaluate AKy, and K¢, which are the important parameters to study the
crack growth for estimating the residual lifetime of a component.

The real-life components are basically subjected to variable amplitude fatigue
loading, and a complex mathematics is required to study it in the majority of cases
[4]. By knowing the fatigue behavior of a material at different stress ratios, the
fatigue study of real components can be performed effectively and accurately to
some extent without bothering about the complex mathematics involved in study
under variable amplitude loading [5]. In the present work, fatigue crack growth
behaviors of AA6061-O aluminum alloy are studied at different stress ratios
(R =0.1, 0.5 and 0.9). A mathematical relation between the crack growth rate and
stress ratio for AA6061-T6 alloy is also presented.

2 Experimental Details

The fatigue crack growth rate test was performed to evaluate crack growth rate and
threshold stress intensity factor using the standard compact tensile (CT) specimens.
The CT specimens were cut from commercial plates of AA6061-T6 of 6-mm
thickness using power hacksaw and then machined to the required dimensions. The
chemical compositions of the alloy are presented in Table 1. The tensile properties
of material have been evaluated as per ASTM B-557 M from the load extension
plots and are presented in Table 2. ASTM E647-08 guidelines were followed for

Table 1 Chemical composition of material AA6061-T6

Material | Si Cu |Fe |Zn |Mg |Ni Mn |Cr Ti Sn Pb Al
6061 T6 |0.79 |0.19 (0.0 |0.07 [0.98 [0.03 |0.17 |0.04 |0.03 |0.02 |0.02 |Balance
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Table 2 Tensile properties of material AA6061-T6

Material AA6061-T6
Tensile strength (MPa) 285.4

% elongation 14.2
Modulus (GPa) 70

Room temperature (°C) 27

Fig. 1 Photographs of fatigue testing machine and a sample of compact tensile specimen

preparing the test specimens and for performing the crack growth tests. A pre-crack
of 8 mm was made on the CT specimens to make the testing results more accurate.
Fatigue tests were performed on Biss 25-kN, servo-hydraulic testing machine with
graphic interface and auto-calibration at 20 Hz frequency (Fig. 1).

3 Results and Discussion

3.1 Fatigue Crack Growth Data

Crack growth was monitored through graphical interface at three stress ratios,
R =0.1, 0.5 and 0.9. The experimental data were used to obtain the relationship
between the fatigue crack growth rate (da/dN) and the stress intensity factor
amplitude (AK) in the stable crack growth regime by curve fitting using Paris—
Erdogan crack growth law [3]:
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Table 3 Paris constants obtained for material AA6061-T6

R.P. Verma and K.N. Pandey

Paris constants Stress ratio
R=0.1 R=05 R=09
Exponent, m 4.25 4.47 5.01
Intercept, C 1.76 x 1078 1.38 x 1078 270 x 1078
da/dN = C(AK)" (1)

where C and m are material constants, which were determined by experimental data

fitting (Table

3).

Figure 2 shows the comparison between the steady crack growth behaviors of
alloys 6061-T6 near-threshold value at stress ratios, R = 0.1, 0.5 and 0.9. The linear
regression of the AKy, and K¢ versus the stress ratios is also shown in Fig. 3. In
Fig. 3, it is clear that the AK, decreases with the increase in stress ratio from 0.1 to
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Fig. 2 a Experimental curve at stress ratio = 0.1, b experimental curve at stress ratio = 0.5,
¢ experimental curve at stress ratio = 0.9, d fitted curve (adj R> = 0.98) of fatigue crack growth
rate da/dN (mm/cycle) versus mode I stress intensity factor range AK (MPa,/m)
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Comparatively lower crack growth rate was observed for stress ratio R = 0.1.
The stress ratio R = 0.9 showed the greatest crack growth rate. Noroozi et al. [6]
proposed two important parameters, stress intensity factor range (AK) and maxi-
mum stress intensity factor (K,.x), that control the growth of a crack under fatigue
loading. A larger K., is obtained with the increase in stress ratio at the same AK,
and it results in greater crack growth driving force and lower threshold, AKy,. In
Fig. 4, it is clear that the stress ratio, R = 0.9, exhibits larger K., and hence
exhibits faster crack growth. After AK = 20 MPa,/m, the slower crack growth rate
was observed at stress ratio R = 0.5 than R = 0.1. The reason might be that the
plastic zone at crack tip becomes large with increased AK and that leads to great
difficulty in crack growth [7]. Also, a larger K.« was observed at R = 0.1 than
R =0.5 at AK = 22 MPa,/m as shown in Fig. 4.

Fig. 4 K. (MPay/m) at s
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3.2 Mathematical Modeling of Crack Growth Based
on Walker Approach

The crack closure governs the crack growth driving force at crack tip in variable
amplitude loading conditions, which may induced by plasticity, oxide at aluminum
alloy surface or rough surface finish [5]. The repetitive compressive loads also
induce crack closure effect at crack tip near-threshold regime. The larger positive
stress ratio opens a crack longer during a stress cycle; subsequently, a larger part of
the cycle contributes to crack propagation. The crack closure effect is accounted by
many investigators in terms of the effective stress intensity factor range (AK.g) [3].

An another approach was proposed by Walker to deal such situations by the
effective stress range (Agwaiker) [8] as.

Aowaiker = (1 - R)Vamax (2)

where o,,,x 1S maximum stress level and y is arbitrary exponent that depends on
material.

Expressing o, in terms of stress range (Ag) and stress ratio (R), Eq. (2)
becomes

Ao

R .

Aowaiker =

Further expressing Eq. (3) in terms of the stress intensity factor range (AK),

AK
AKwalker = m (4)
Rearranging Eq. (4),
AK = AKwarer(1—R)'7 (5)

Equation (5) is in power form as y = ax’, where a = AKwaker and b = (1 — )
are material-dependent constants.

The determination of y in Eq. (5) requires that AK is not the function of R, but it
is not the case in crack propagation data. Many researchers have attempted to
overcome this type of situation by fixing points in a region of da/dN or AK [9]. The
literature [10] showed that the determination of vy at different da/dN values has no
much effect on the obtained Walker exponent, y. Therefore, y was determined at da/
dN =1 x 107 mm/cycles (near AKy, in steady-state regime) only.

The constants ‘a’ and ‘b’ were evaluated by curve-fitting method (adj R* = 95%)
using the experimental data, and then, y and AKw.r are calculated as 8.26 and
0.62, respectively. The proposed value of y and AKwaer Was confirmed (error
<20%) by the experimental values as presented in Fig. 5. Generally, y varies
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between 0.3 and 0.8 at positive stress ratios, where lower limit indicates a strong
and higher limit indicates a weak dependence on stress ratio [11]. The calculated
Walker exponent y = 0.62 for AA6061-T6 alloy is toward higher side, and hence,
the average dependency of crack growth on R was found.

4 Conclusion

The fatigue crack growth behavior at different stress ratios was studied for
AAG6061-T6 alloy. The alloy shows a significantly higher resistance to crack
propagation at lower stress ratio, R = 0.1, near-threshold point, but lower resistance
to crack growth is observed toward critical point. At intermediate positive stress
ratio, R = 0.5, higher crack growth resistance is observed near-threshold point than
that at critical point compared to R = 0.1. The fastest crack growth rate was
observed at stress ratio, R = 0.9. The proposed mathematical model based on
Walker approach can be effectively used to model the crack growth of AA6061-T6
near-threshold region, as the calculated Walker exponent, y = 0.62, is in permis-
sible error range.
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Cooler Casing Fatigue Analysis:
An ASME Approach

Prathapkumar Ramamoorthy, David K. Harper and Sam P. Joseph

Abstract Extended surface heat exchangers are widely adopted in centrifugal air
compressors to transfer heat from compressed air to cooling water. These heat
exchangers are enclosed in a casing which is made either by casting or fabrication.
This paper reviews the cast casing fatigue qualification as per ASME Section VIII
Division 2 guidelines. Casing is considered as a pressure vessel in industry which
needs to be certified by ASME or PED or GB or CRN depending on the location of
use. Machine operating parameters were used as inputs for fatigue screening criteria
to determine whether the fatigue analysis is required as part of casing design. On
failing the screening criteria, a detailed fatigue evaluation was performed. Coupled
field analysis were ran in ANSYS and the maximum stress intensity values are used
to compare against the material’s fatigue criteria on the pressure boundary and
non-pressure boundary regions separately, to qualify the casing.

Keywords Fatigue qualification - ASME fatigue screening - Coupled field
pressure vessel analysis - Compressor load cycle and heat exchanger manufacturing

1 Introduction

The centrifugal compressor is a type of dynamic compressor where the kinetic
energy imparted to the flow by a rotating impeller is subsequently converted to
pressure energy with the help of a diffuser section and a scroll or volute casing.
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The inflow and outflow directions are, characteristically, perpendicular to each
other. The compressed fluid can be any gas of engineering importance, but air is the
subject of this study.

The rise in temperature of air during compression limits the pressure level
achieved by the single stage compression. Hence, multi-staging compression with
inter-stage cooling helps in reducing temperature and volume of air, resulting in
reduced power consumption. The after cooler (heat exchanger) reduces the com-
pressed air temperature to that which can be tolerated by the end application—
generally 5-10 °C above ambient. Heat exchangers are thus a vital component in
any air compressor. Heat exchangers may be air-cooled or water-cooled. Air-cooled
heat exchangers are limited to smaller compressors, while the water-cooled option
is recommended for compressors with higher capacity. The latter is more effective
because of its heat absorption capacity. For water-cooled heat exchangers used in
the centrifugal air compression, the shell and tube construction, with extended heat
transfer surfaces on the tubes, is the most preferred.

The construction consists of a cylindrical shell housing a group of tubes and
extended surfaces, collectively called a cooling bundle or a tube bank. Wavy,
extended surfaces (fins) are attached to the tubes to increase the heat transfer rate
between the primary hot fluid (compressed air) and cold secondary fluid (water).
Tube banks are usually arranged in an inline or staggered manner and typically the
primary fluid moves over the tubes, while the secondary fluid at a different tem-
perature passes through the tubes. Depending on the number of secondary fluid
circulations within the control volume, heat exchangers are called single pass or
multi-pass heat exchangers. Tube ends are securely attached to two perforated flat
plates called tube sheets. Both the primary and secondary fluids come in contact
with tube sheets. Tube sheets are either fixed to the shell or floating depending on
its function and location. A fixed tube sheet is attached between the shell flange and
the water bonnet flange surfaces by fasteners and holding the weight of the cooling
bundle and maintaining tube bank alignment. A floating tube sheet is connected to
the reversing plate through fasteners and does not carry cooling bundle weight. The
water bonnet provides a connection for the inlet and outlet water connections, and
the reversing plate on the other end returns the water to the bonnet. The number,
length of tubes, and fin density are decided based on the required cold temperature
difference (CTD), heat rejection, and cooling water temperature rise. During the
heat transfer phase, water vapor present in compressed air condenses and is
removed from the heat exchanger by condensate traps. If not properly designed,
there will be condensate carry over issues in downstream equipment, after the
compressed air exits the shell.

Heat exchanger fabrication requires welding, metal forming, drilling and cutting
operations as well as precise adherence to dimensions and close tolerances, espe-
cially, for the tube bundles. Tubes are expanded into tube sheets at a uniform rate
using advanced technologies to assure consistent expansion and leak-tight joints. In
most modern constructions, computer-controlled machines make the tube to tube
sheet joint in a uniform manner, with or without use of filler metal.
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Alternatively, the shell may also be cast using ductile grades of cast iron. Owing
to poor weldability of cast irons, flanging and bolting of sections are employed, e.g.,
for the end bonnets.

As the shell is to withstand the internal air pressure and the thermal—structural
loading associated with centrifugal compression, the designer should consider this
as a case of a pressure vessel with complex loading and the possibility of fatigue
failure.

Most common failure mechanisms of a pressure vessel [1] under complex, cyclic
loading are:

e Elastic deformation—Elastic instability or elastic buckling. Geometry and
material of the vessel and its stiffness are to protect against buckling.

e Brittle fracture—Can occur at low temperatures (40-50 °F range) in vessels
made of low carbon steel. This may be checked through suitable hydro-test
procedures.

e Excessive plastic deformation—The primary and secondary stress limits are
recommended by ASME Section VIII, Division 2, to prevent excessive plastic
deformation and incremental collapse.

e Stress rupture—Progressive deformation and fracture as a result of fatigue or
cyclic loading. Creep is a time-dependent phenomenon, whereas fatigue is a
cycle-dependent phenomenon.

e High strain—Low cycle fatigue is strain-governed occurring mainly in
lower-strength high-ductile materials.

It is against these failure modes that the designer must compare and interpret
stress values. Design details and fabrication methods are as important as “allowable
stress” in design of vessels for cyclic service. A logical design work flow would be
to start with the choice of appropriate geometry, material and manufacturing pro-
cess, followed by design using ASME Code, Section VIII, Divisions 1 and/or 2
guidelines and, if necessary, an FE Analysis of the shell design.

2 Material Selection

Considering the complex shapes achievable in the casting process and the ductility
requirement for pressure vessel materials, ductile iron was the logical choice of
material for this application.

In ductile irons, graphite inclusions are in the form of nodules rather than flakes
as in gray iron. The iron matrix is mostly ferritic with some pearlite. Nodule
formation is achieved by the addition of nodulizing elements, most commonly
magnesium, to the melt. Under loading, graphite flakes provide likely stress con-
centration points within the metal matrix whereas rounded nodules inhibit the
creation of cracks, thus improving ductility.
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Fig. 2 Relative deformation
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Ductile iron is also known as nodular cast iron or spheroidal graphite iron (SG
iron). It also has much more impact and fatigue resistance than typical cast irons,
due to its nodular graphite inclusions. A comparison of the stress—strain curves and
relative bending test behavior of gray cast iron, ductile cast iron, and steel is shown
in Figs. 1 and 2, respectively.

3 Design Methods

The ASME Boiler and Pressure Vessel Code (BPVC) is an American Society of
Mechanical Engineers (ASME) standard that regulates the design and construction
of boilers and pressure vessels. Every unfired pressure vessel in the USA is
designed according to Division 1 and/or 2 of ASME Section VIIL In Division 1, by
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using the predefined procedures, empirical relations, and charts, pressure vessels are
designed. There are some additional specific guidelines and rules defined to handle
discontinuities, thermal gradients and fluctuating loads. These procedures minimize
the amount of analysis required to ensure the safety of the vessel. The allowable
stresses in this code are based on a simplistic average membrane stress and assume
large factors of safety in the stress concentrating regions and geometric disconti-
nuities, leading to a conservative design. Division 1 does not cover every detail that
the designer may want to use and does not explicitly consider the effects of com-
bined stress or neither does it give detailed methods on how stresses are combined.
This method is well identified as design by rule or design by formula approach.

When the vessel is subjected to complex loadings such as cyclic, thermal loads
and where significant discontinuities exist, the more rigorous design by analysis
approach is adopted. With these alternate rules, the designer is able to calculate
stresses everywhere in the vessel and not just the average membrane stresses in
regular sections such as cylinders and heads. The code invariably allows for the use
of finite element tools, providing the opportunity to bring the calculated stresses
closer to real stresses. Design by analysis approach helps to develop complex
pressure vessel design with less material without compromising the safety. This
design method removes the unnecessary conservatism of the design by rule
approach.

In the design by analysis approach, a three-dimensional vessel geometry with
loads is evaluated through detailed structural analysis. The basis of this analysis is
the creation of a high-quality mesh followed by accurate load application and then
the extraction and classification of stresses per the code. The structural analysis may
be elastic or plastic in nature depending on the anticipated material behavior and
loading conditions.

4 Fatigue Screening Criteria

Often, a vessel designed for static loading conditions may not survive the cyclic
conditions due to damage accumulations in a localized region, and failures can occur
at stress amplitudes considerably below the yield strength. Material behavior will not
follow stress—strain relationship in the repeated loading situation. Detailed design
plays a key role in eliminating regions of stress raisers and discontinuities. Fatigue
cracks can grow slowly and without an easily detectable change in component
dimension or performance. Upon reaching a critical size, catastrophic failure occurs.

ASME Code, Section VIII, Division 1 does not specifically provide design
guidelines for pressure vessels under cyclic conditions. ASME Code, Section VIII,
Division 2 has standard detailed criteria for determining when a vessel must be
designed for fatigue. To determine the necessity of fatigue analysis, ASME section
VIII Division 2 section 5.5.2 guidelines are provided. These screening guidelines
are not applicable if the pressure vessel life requirements are more than 10° cycles,
but instead the designer is advised to conduct detailed fatigue evaluation.
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A screening assessment is the first step in performing a fatigue analysis. Three
fatigue screening options given in ASME will assist the designers to decide the
requirement of detailed fatigue analysis. If any one of the below mentioned
screening criteria are satisfied, then a detailed fatigue analysis is not required as part
of vessel design.

e Method 1—Experience with comparable equipment operating under sim-
ilar conditions—New vessel fatigue evaluation is excepted if successful pre-
vious experience is attained with similar equipment design with similar
operating conditions and similar loading histogram pattern is followed. In the
case of a new vessel design, these data are not available, so another method must
be selected.

e Method 2—Based on materials of construction—This method can only be
used for the vessels with an ultimate tensile strength less than 552 MPa. SA-395
material’s ultimate tensile strength is 414 MPa. So, this method can be used for
screening. This method has seven steps.

— Step 2a—Determine load history based on user specification—Some insight
must be found in the machine’s duty cycle, although this is often difficult to
confidently know, but assumptions and generalizations can be made. Large
industrial compressors will operate on a different duty cycle than smaller
compressors. In applications with smaller compressors, there may be sig-
nificantly more starts as it is more economical to turn off the compressor than
to leave it running. It is also more likely the customer does not have as
sophisticated set of controls. However, a smaller compressor would have a
lower expected life due to its lower investment cost.

— Step 2b—Full range load cycle, Napp includes startup and shutdown. An
application with a large industrial compressor like a centrifugal will probably
start the machine only once per week or at most only once per day, at the
start of the first shift due to its large start-up power. The customer probably
has matched the compressor to his system and installed proper controls to
protect his investment such that the compressor will stay within its normal
operating limits so that it will not often reach surge conditions.

— Step 2c—Operating pressure fluctuations, Napo—The machine operating
limits are also a factor in a fatigue analysis. The full range of pressures
should be considered including the control band (the online and offline
pressures). Cycles to be included depend on the method of pressure vessel
construction. For integral vessels, the value is 20% and for non-integral
vessels the value is 15%.

— Step 2d—Overshoot pressure fluctuations—Pressure rises to surge, and the
air systems overshoot pressure (the maximum observed pressure before the
controller recognizes it and the compressor can respond to it). Air systems
with large capacity help reduce fatigue stress of the compressor because they
require a long time for the pressure to respond to changes in supply or
demand, meaning the overshoot pressure is reduced and the time between
fluctuations is extended.



Cooler Casing Fatigue Analysis ... 81

Step 2e—Effective changes in metal temperature, AT;—Temperature factor
for fatigue screening criteria is given in Table 5.8 of Division 2. Temperature
factor ranges from O to 20 depends on adjacent point temperature difference.
An adjacent point value for shells and dished head is given by Eq. 1.

2.5VRt (1)

Step 2f—For welded construction, determine thermal expansion coefficient
value will be calculated using Eq. 2. For casted construction, this step will be
skipped.

(o1 — o) AT (2)

Step 2g—Find out total number of cycles (pressure and temperature) and
compare against the criteria given in Table 5.9 of Division 2. If the total
number of cycles is more than the limiting valve, then a fatigue analysis is
required as a part of vessel design. In our case, the total number of cycles is
more than 1000. So, fatigue analysis is required.

e Method 3—This method can be applied to all metals and requires design fatigue
curves for evaluation. Annex 3-F of division 2 has fatigue material for materials
and does not have SA-395 fatigue curve. So, fatigue curve available in Atlas of
Fatigue Curves by Howard E. Boyer was used for fatigue evaluation.

Step 3a—Determine load history based on user specification—similar as 2a.
Step 3b—Determine screening criteria factors. These factors are available in
Table 5.10 of Div. 2.

Step 3c—Compare the full range pressure cycles, Napp determined in Step
2b with Eq. 3. If the criteria were satisfied, proceed to step 3d.

Nargp <N(C,S) (3)

Step 3d—Compare the maximum range of operating pressure fluctuations
determined in Step 2c and 2d and compare with Eq. 4. If the criteria were
satisfied, proceed to Step 3e.

apy< g () )

Step 3e—Compare the temperature difference, ATy between the adjacent
points with Eq. 5. In our case, the criteria are not satisfied. So, the screening
procedure stopped at this point, and a fatigue analysis was conducted.

(5)

sy (b))

CzEym X
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5 Finite Element Analysis

Since the pressure vessel is also a heat exchanger in our application, the thermal
cycles and pressure cycles occur simultaneously. Primary and secondary stresses
are induced. Primary stresses are because of pressure and secondary stresses are
because of thermal loading. Non-essential geometries were de-featured to reduce
element count. De-featured 3D model of the pressure vessel is presented in Fig. 3.
Openings of the vessels are covered with thick plates to simulate the loads from
compressed air and water pressure exerted by the bonnets. Hex dominant method
with body sizing control was imposed to mesh the model with the average element
quality of 0.75. Mesh was then supplied to ANSYS workbench for coupled analysis
to determine the stress and deformation values.

The vessel body is constructed of nodular, ductile iron that conforms to
ASME SA-395 Grade 60-40-18 which per spec implies an essentially ferrite
structure with spheroidal graphite. This is equivalent to EU standard EN 1563:1997,
EN-GJS-400-18-LT or Chinese standard GB-1348, QT400-18 (Table 1).

The vessel body undergoes various combinations of pressure and thermal con-
ditions. Combined maximum operating pressure and steady state thermal is eval-
uated against fatigue code criteria. In all cases, vessel feet are restrained vertically
and 1 foot is constrained and transverse to avoid rigid body motion.

Fig. 3 FEA model of vessel



Cooler Casing Fatigue Analysis ... 83

Table 1 SA-395 material

. Property Value

properties Density (kg/m’) 6920
Elastic modulus (Pa) 1.70E+11
Shear modulus (Pa) 6.52E+10
Poisson’s ratio 0.29
Tensile strength (MPa) 414
Yield strength (MPa) 276
Elongation (%) 18
Thermal conductivity (W/m C) 52
Coefficient of linear thermal expansion (m/m/C) 1.01E-05

5.1 Steady-State Thermal

The vessel is a heat exchanger and as such has a thermal gradient between the hot
and cold side of heat exchanger bundle, also between the body and water-filled
bonnets (heads). The thermal gradient creates strains in the part that can fatigue it
over time. In this condition, the most extreme steady state temperatures were
assumed along with values for convection obtained through open literature on heat
exchangers. This temperature gradient is modeled in ANSYS at the steady-state
conditions using the nominal ambient temperature and maximum discharge tem-
perature from the compressor stages. The external free air convection coefficient
used for the vessel body is 10 W/m? K, which is a typical average value for natural
convection of a gas from published literature. The internal forced convection
coefficient for a gas is 50 W/m? K, again an average typical value seen in literature.
The maximum compressor discharge temperature is applied on one half of the heat
exchanger casing (Fig. 4) and the other half of the casing is applied with com-
pressor suction side temperature (Fig. 5). These values are used as the bulk tem-
perature inputs in the ANSYS steady-state thermal analysis. The ANSYS FEM
model used is the same mesh as the structure with the 20 node solid 90.
Temperature distribution is shown in Figs. 6, 7 and 8.

5.2 Maximum Pressure Standard Operation

The vessel chambers are experiencing different pressures (—0.85, —0.25 and 1.1)
during its operation. Pressure magnitudes mentioned above are normalized values.
This is the maximum pressure in each of the vessel chambers under the standard
operation. Standard operation is defined as when the compressor discharge is in
steady-state discharge (not surge), and maximum represents the highest discharge
pressure under cold day conditions for the larger machine. This is not the design
pressure of vessel body, but the loading condition that accumulates LCF fatigue
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B Scroll Temperature
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Fig. 4 Hot side or scroll temperature

W Suction Temperature
B Suction Temperature
B Suction Temperature

Fig. 5 Cold side or suction temperature
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A: Steady-State Thermal
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Fig. 6 External free convection
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Fig. 7 Internal forced convection
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Fig. 8 Thermal analysis outcome with normalized values

cycles. The ANSYS FEM model used the same mesh as the thermal with the
10-node solid 187 (Fig. 9).

ANSYS multilinear, isotropic hardening method was used to predict the true
stresses due to applied loading. In this plasticity method, linear stress—strain

Pressure 3
Time: L s

08/31/2016 6:25 PM

B Pressure:  -0.85
B Pressure 2: -0.25
B Pressure 3: 110

Fig. 9 Pressure vessel with normalized operating pressures values. End plates are concealed for
clarity
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behavior is followed till the yield point. Post the yield point, yield surface expands
uniformly and follows plastic stress—strain curve data supplied to ANSYS. First
point of the plastic stress—strain curve starts at yield point. ASME VIII division 2
offers a detailed and easy to follow approach to check the stress results against the
stringent ASME requirements.

5.3 Fatigue Assessment

In fatigue assessment, highest stress from the coupled analysis is used on a material

fatigue curve to determine the fatigue life. If the allowable number of cycles

exceeds the actual number of cycles, then the vessel design is acceptable. On the

other hand, the actual number of cycles exceeds the allowable number of cycles,

and the vessel should be redesigned until an acceptable result is achieved.
Fatigue assessment is broken into two parts:

1. Vessel Pressure Boundary Fatigue Assessment
2. Vessel Non-Pressure Boundary Fatigue Assessment

It was separated in this way as the pressure boundary areas could rupture if a
through crack from fatigue occurred. A fatigue crack away from the pressure
boundary, while undesirable would not result in failure to contain pressure.

The fatigue strength of a material is normally defined by citing its fatigue limit,
also called the endurance limit. The fatigue limit is the magnitude of the cyclic
stress at which the fatigue life exceeds a specified number of cycles, usually 10°.
Due to small defects such as graphite nodules and microshrinkage cavities existing
in the structure, fatigue strength of ductile iron is lower than that of defect-free steel.

The maximum number of fatigue cycles expected during the life span of the
vessel is calculated in screening methods. The fatigue curve obtained from the Atlas
of Fatigue Curves by Howard E. Boyer for 60-40-18 ferritic cast ductile iron shown
above runs out at 200,000 cycles, as it is primarily an HCF curve. The minimum
fatigue strength at the lower minimum for 200,000 cycles will be used as a con-
servative value, at 275 MPa (Fig. 10).

5.3.1 Pressure Boundary Fatigue Assessment

The combined maximum standard pressure and steady-state thermal condition were
run in ANSYS, and the maximum local stress intensity was used to compare against
the above fatigue criteria. In the case of the fatigue assessment of the pressure
boundary vessel body, the maximum stress intensity is —0.13 (normalized value) as
shown in Fig. 13. This value is well below the 275 MPa requirement for >200,000
cycles (Figs. 11 and 12).
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Fig. 10 Ductile cast iron fatigue curve [3]
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Fig. 11 Vessel 1 maximum stress (normalized value)—pressure boundary
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Fig. 12 Vessel 2 maximum stress (normalized value)—pressure boundary

[ [ N N N N S N

1.8 05 -1.8

Fig. 13 Vessel 3 maximum stress (normalized value)—pressure boundary
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Unit: MPa
Time: 1

Fig. 14 Non-pressure boundary stress (normalized value)

5.3.2 Non-pressure Boundary Fatigue Assessment

The combined maximum standard pressure and steady state stress intensity values
for the entire vessel body occurs on the bottom strengthening ribs. The stress
intensity is 0.19 (normalized value) shown in Fig. 14. This value is also below the
200,000 cycle limit, and thus the vessel body should experience no fatigue failures
in its life.

6 Conclusion

Fatigue screening for the shell was performed as per ASME Division 2 guideline
and subsequently; it was clear that detailed fatigue assessment is required. So, a
nonlinear, coupled, thermal-structural analysis is performed using ANSYS.
Pressure boundary and non-pressure boundary stress values are queried separately.
Stress values obtained in the analysis is based on the vessel’s operating conditions
and is found to be less than the material’s limiting fatigue value thus indicating an
infinite life of the pressure vessel. Shell manufacture is proceeded as per the design
and analysis above and is currently operational in centrifugal compressor installa-
tions in the field.
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Failure Analysis of HSS Punch Tool:
A Case Study
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Abstract The work reports the failure investigations of HSS M35 grade steel that
is used as a punch tool during cold forging process. The test samples were prepared
from the heat-treated tool material and studied for composition, hardness, retained
austenite, and microstructure. The punch tool operates at 800 MT during cold
forging. It had produced 800 nos. of forged components before its failure. It is
observed from the results that composition, hardness, and microstructure are con-
forming to the standard HSS M35 grade tool steel. The retained austenite
(RA) percentage of the tool is within the acceptable limits. Fractographic studies
were conducted on the failed sample using scanning electron microscope (SEM) to
examine the fractured features. The cause of failure has been arrived at based on the
fractographic analysis as well as macro-visual inspection of the fixture that is
employed to clamp the punch tool. It is observed that, at the inner portion of the
fixture, the presence of small pits and rubbing marks/ridges has caused stress
concentration zone, leading to breakage/failure.
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1 Introduction

The manufacturing processes are classified into metal shaping, metal forming, metal
cutting, metal treatment, and metal joining [1]. Each one of these deals with the
different methodologies and is further divided into subgroups of the process
catering to various applications. Forging is one of the key forming processes, which
is further divided into hot forging, warm forging, and cold forging. Three types of
process exist for the hot/cold forging process. They are hydraulic, mechanical, and
screw types of systems [2]. There has been an increased use of the cold forging
process in recent times because of its advantages such as: it is conducted at room
temperatures, it is energy efficient, it produces near net-shaped products, it requires
little to no finishing work, it provides improved dimensional control, and it has
improved reproducibility. The scope of the work deals with the failure investiga-
tions of HSS material used as a punch tool in the cold forging process. The details
regarding the material grade, heat treatment, procedure, history of the failure are
covered in the following sections.

2 Materials and Methods

2.1 Materials

The breakage of HSS M35 grade steel used as punch tool has occurred, and the
cause of failure has been investigated in this work. The punch is operated at 800 T
load, and the forged equipment is produced at room temperature in one stroke. The
tool has served for 800 nos. of such cold forged components and subsequently
failed. The cause of failure has been investigated based on the metallurgical,
mechanical and fractographic studies.

2.2 Methods

The various processes and investigation test methods adopted to find out the cause
of failure of the punch tool are detailed below.

Heat treatment schedule of the punch tool

Cold forging methodology of producing a component using the punch tool
Visual inspection

Composition analysis

Hardness test

Microstructure analysis

Retained austenite test

Fractographic analysis
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2.2.1 Heat Treatment Process

The heat treatment of the punch tool was carried out involving hardening at 1150 °C
followed by three stages of stress relieving/tempering in the temperature range of
550-600 °C.

2.2.2 Cold Forging

The materials are made or reduced to standard shapes and process further to obtain
component involving forming technique [2]. The primary metal forming process
consists of rolling, forging, extrusion, drawing, etc. In forging, cold goring is one
such method and it is defined as forming or forging of a bulk material at room
temperature with no initial heating of the preform or intermediate stages [3]. Cold
extrusion is a special type of forging process, wherein the cold metal flows plas-
tically under compressive forces into a variety of shapes. These shapes are usually
axisymmetric with relatively small no symmetrical features, and, unlike
impression-die forging, the process does not generate flash. The terms cold forging
and cold extrusion are often used interchangeably and refer to well-known forming
operations such as extrusion, upsetting or heading, coining, ironing, and swaging.
These operations are usually performed in mechanical or hydraulic presses. The
cold forged parts are generally used in various engineering applications such as
aerospace, automotive industry for connecting rods, transmission shafts as they
possess high strength and ductility (Fig. 1).

2.2.3 Visual Inspection

In the visual inspection, the tool that failed during cold forging has been inspected
based on the macro-photographs.

1—Billet material
2—Tooling
3—ToolMaterial interface

4 - Delformation zone/ work
S5—Equipment

&—Product

7 = Plant and environment

Fig. 1 Cold forging as a system [3]
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2.2.4 Chemical Composition

The composition of the tool material has been determined using optical emission
spectrophotometer.

In this method, the sample is placed in its position and an arc is struck between
the electrode and the sample. During the emission process, the sample is analyzed
for the concentration involving optical/grating principles.

2.2.5 Hardness

The hardness measurement has been taken using Rockwell hardness tester (on ‘C’
scale). The load applied is 150 kg, and the type of indentor used is diamond cone
(120°).

2.2.6 Microstructure

The sample is subjected to metallographical examination involving various stages
of polishing—<cloth polishing followed by etching (Nital) to reveal microstructure.
The microstructure is observed using inverted metallurgical microscope
(Neophot21).

2.2.77 Retained Austenite

The RA% has been measured using X-ray diffraction method (Rigaku stress ana-
lyzer) using Cr target at 30 kVA and 10 mA. The RA is determined by measuring
the intensities of both alpha and gamma phases in the material.

2.2.8 Fractography Analysis

The failed sample is examined using scanning electron microscope (SEM) to study
fractured features including origin of crack and propagation of crack.

3 Results and Discussion

3.1 Visual Inspection

The macro-photographs of the failed sample M35 HSS grade steel are shown in
Fig. 2a, b respectively, wherein Fig. 2a represents the top half of the tool which is
clamped to the fixture and Fig. 2b is the bottom half of the failed tool.
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(a)
F

Crack
Initiation

Clamping Region
Fig. 2
The visual observation reveals moderately brittle type of failure revealing beach
marks, cracks, matrix distortion, smooth and rough surfaces, etc. Further, the origin

of crack and the region where the punch tool is clamped to the fixture of the cold
forging machine are shown in the photograph (Fig. 2a).

3.2 Chemical Analysis

The result of the chemical composition of the tool steel sample is listed in Table 1.
It is observed from Table 1 that the composition is conforming to the standard
specification of M35 HSS grade steel.

3.3 Hardness Measurement

The hardness measurements of the failed HSS tool steel sample are given in
Table 2. The hardness obtained is greater than 60 HRc, and it is found to be in
accordance with the standard hardness value for M35 HSS grade steel.

Table 1 Composition of the sample

Elements C Si Mn Cr Mo Ni Co Cu W
wt% 0.96 0.29 0.21 4.15 5.02 0.10 4.83 0.11 6.38
Table 2 Hardness data S. No. Hardness (HRC) Average hardness (HRC)

1 60, 62, 60, 64 62
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3.4 Microstructure Analysis

The microstructure of the failed sample is carried out at two magnification levels:
500x and 1000x, and they are given below. The microstructure consists of
spheroidal/angular carbides in a matrix of tempered martensite, which is con-
forming to the standard microstructure of M35 HSS grade steel. It is observed that
the angular carbides are uniformly distributed in the matrix of tempered martensite.

3.5 Retained Austenite

The retained austenite (RA) % content of the tool sample is given in Table 3. The
RA% is within 5%, which is the specified limit for this grade steel. Hence, it is well
within the accepted level.

3.6 Fractographic Studies Using Scanning Electron
Microscopy

The SEM pictures (Fig. 3a—d) show the fractographic features. Figure 3¢ shows the
close-up view of the damaged surface. It is seen from Fig. 3a that the presence of
beech marks in the form of striations is generally attributed to fatigue type of
failure. It is reported in the literature [4] that concentric lines which are called as
ripples or striations are observed as part of the fracture surface. These ripples are
attributed to either the stress amplitude during cyclic loading or due to the sudden
impact on the component, which affects the life of the component. It is also reported
in the literature [4] that the distance by which the ripple is growing in one cycle is

:able 3 Retained austenite S. No. RA (%) Av. RA (%)
aa 1 1.0, 1.4, 1.3, 1.2 12
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Fig. 3

equal to the width of the ripple. Also, it is the general observation of a fatigue
failure that the rough granular part is attributed to fast crack growth after the critical
condition is attained. The smooth portion of the fracture surface corresponds to
slow crack growth.

In Fig. 3c, d, it is noticed that the damaged surface is indicating the presence of
deep grooves due to severe plastic deformation, chip formation and network of
cracks. These features are attributed to fast failure. It is reported [5] that the chip
formation in the form of metallic pieces is one of the causing failures as they initiate
cracks on the surface. The rubbing marks and pits of the fixture are observed in
Fig. 4, and they are the root cause of initiating the cracks as they act as stress
concentration regions.

The beech marks seen (Fig. 3a, b) on the failed punch tool are the indications to
fatigue failure. As the punch tool has failed at the clamping end, it is held using a
fixture on the top portion of the cold forging machine. The fatigue failure has
occurred due to the sudden load application in one stroke. A slight misalignment of
the tool, causing failure, has not been ruled out, as one could observe small
pits/rubbing marks/ridges where the tool is fixed using fasteners. These pits acts as
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Fig. 4 Inner portion of the
fixture to which the punch
tool is clamped

stress raisers, and this has caused micro-cracks and aggravated further due to crack
propagation, leading to fatigue failure. It is reported [4] that the failure of punch tool
in most cases is attributed to misalignment causing fracture due to excessive load
application. This would cause cracking due to irregular and excessive stresses, which
would have acted on it. It is further reported that over-loading is to be avoided to
prevent such failures. The procedure to reduce the failure of the tool deployed in cold
forging has been reported [6]. This is based on the expertise, experience gained, and
knowledge developed in the past. One of the methods suggested is the adoption of
finite element simulation; a new design may be evolved to avoid the failure. The
other method being measurement of residual stress and its analysis which will
perhaps throw more light on the cause of the failure as one can get stress mapping at
different regions of failure. No attempt has been made in this work to evaluate
residual stress of the failed punch tool. The cold forged tools have complex geometry
from high carbon to alloy steels as reported [6], having high forging pressure, and the
ductility of the tool is low. In view of this, the tool life is not that long and the defects
formed during forging limit the economic use of the cold forging process.

The fatigue limits are generally established experimentally (SN curve) on a
smooth polished surface as the surface roughness, stress concentration, temperature,
and nonmetallic inclusions are the factors which would reduce the fatigue strength
[5]. Therefore, it is desirable to evaluate the fatigue strength experimentally.

Thus, in the present case, the fatigue fracture (beach marks) has occurred due to
sudden load application, and moreover, the punch tool material being moderately
brittle has cracked (chip formation and pits) and subsequently failed. Thus, this
finding gets very good support from the literature report [4—6]. The remedial
measure suggested is to adopt advanced coating methodology for the inner side of
the fixture to minimize wear/pitting formation.
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4 Conclusions

The following salient conclusions are drawn based on the above investigations.

The chemical composition is meeting the standard specifications of M35 grade
tool steel.

The hardness value obtained is matching with that of the standard value of M35
grade tool steel.

The microstructure reveals spheroidized carbides in a matrix of tempered
martensite as it is in line with the M35 grade tool steel structure.

The retained austenite % is much below the acceptable value of 5%.

The fractographic analysis shows beech marks and moderately brittle type of
fracture.

The cause of failure is attributed to fatigue failure due to the ridges/rubbing
marks seen at the inner portion of the fixture where the tool punch is clamped as
they act as stress raisers.

It is desirable to provide advanced coating to the inner portion of the fixture to
reduce wear from the point of improving the surface integrity characteristics.
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Evaluation of Fatigue Strength of Alloy
Steel Pipe Under Influence of Hydrostatic
Pressure

Deepak Kumar Rout and Raghu V. Prakash

Abstract The influence of hydrostatic pressure on the performance of the material
is becoming increasingly important in several applications such as ocean engi-
neering, nuclear engineering and petroleum engineering. It is required to meet the
increasing demand to analyze the influence of hydrostatic pressure under fatigue
load. The magnitude of hydrostatic pressure increases with increase in depth of the
water from surface level. For example at a depth of 2 km from water surface,
200 bar hydrostatic pressure will act on the submerged body. In addition to that
when components are used in subsea environment, corrosion will occur in the
component. So it is necessary to determine what will be the effect on fatigue life of
the components which are subjected to hydrostatic pressure with fatigue load in a
corrosion environment. This analysis will be taken into consideration while
designing machine element which is used for underwater application. High
hydrostatic pressure alters the yield criterion of materials. Thus, it becomes essential
to generate the fatigue strength data of structural steel in pressurized simulated sea
water (3.5% NaCl solution) conditions. This paper presents the comparison of
fatigue life data evaluated for alloy steel pipe under ambient conditions and under
hyperbaric pressure conditions. To generate fatigue strength data under the influ-
ence of hydrostatic pressure, experiment has been done in MTS machine setup
which consists of high-pressure chamber assembly and computer-controlled
servo-hydraulic test system for applying cyclic load and differential hydrostatic
pressure. Here both external and internal pressures are applied with the axial load to
the specimen pipe. The S-N curve for alloy steel pipe (ASTM 106 grade B) is
evaluated for two differential hydrostatic pressures at 10 bars internal with 30 bar
external and 30 bar internal with 50 bar external pressure which are applied to the
test specimen pipe.
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1 Introduction

Nowadays, lots of mechanical components are used in ocean engineering, petro-
leum engineering and nuclear engineering. These mechanical components are
subjected to both static and dynamic loads. When components are subjected to
dynamic load (cycle/repeated variable), it is important to find the endurance
strength (S-N curve) of the material. Endurance limit is known as the minimum
stress value below which the component will be in service for infinite life cycle
without any fail. But generally endurance limits are found at atmospheric pressure
condition which may not be always the case. There are certain cases like ocean
engineering, petroleum engineering and nuclear engineering where components are
subjected to both hydrostatic stress and fatigue load.

The magnitude of hydrostatic pressure increases with increase in depth of the
water from surface level. For example at a depth of 2 km from water surface, 200
bar hydrostatic pressure will act on the submerged body. In addition to that when
components are used in subsea environment, corrosion will occur in the component.
So it is necessary to determine what will be the effect on fatigue life of the com-
ponents which are subjected to hydrostatic pressure with fatigue load in a corrosion
environment. This analysis will be taken into consideration while designing
machine element which is used for underwater application. For this analysis, some
knowledge regarding fatigue and hydrostatic stress is required.

1.1 Fatigue

Fatigue is the progressive, localized, permanent structural change occurring in a
material that is subjected to a condition that produces fluctuating stress and strain at
some point or points and that may culminate in cracks and complete facture after a
sufficient number of fluctuations [1].

Fatigue is a surface phenomenon. Generally, fatigue starts with an initiation of a
small crack; the crack may be so small and minute and cannot be seen without help
of high-magnified electron microscope. The crack usually develops at a point of
discontinuity in the material, such as scratches, a change in cross section, a keyway
or a hole, pits, inclusion, or embrittled grain boundaries. Microcracks may be
initially present due to welding, heat treatment or mechanical forming. Once a crack
is initiated, the stress concentration effect becomes greater and the crack progresses
more rapidly. As the stressed area decreases in size, the stress increases in mag-
nitude until, finally, the remaining area is unable to sustain the load and the
component fails suddenly.
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The fatigue failure process can be divided into five stages [7]:

(a) Cyclic plastic deformation prior to fatigue crack initiation

(b) Initiation of one or more microcracks

(c) Propagation or coalescence of microcracks to form one or more microcracks
(d) Propagation of one or more macrocracks

(e) Final failure

1.2 Hydrostatic Pressure

When a body submerged in water, it is subjected to hydrostatic pressure.

Hydrostatic pressure depends on both density of the fluid and depth of the water

column. Magnitude of hydrostatic pressure increases with increase in the depth.
Hydrostatic pressure

P = pgh (1)
where

p density of the fluid in kg/m®
g acceleration due to gravity = 9.81 m/s?
h height or depth at which body is immerged (m)

2 Experimental Details

2.1 Methodology

To achieve the above-mentioned objective, following steps can be followed

e Design and manufacture of adapter to hold the fatigue test specimen in MTS 810
machine

e Prepare the fatigue test specimen (seamless alloy steel pipe in ASTM 106 grade
B material)

e Conduct the tension test for specimen pipe in UTM machine

e Conduct the experiments in MTS 810 for various stress values under plain
fatigue and differential hydrostatic pressure.

e Examination of fractured surface under SEM (scanning electron microscope)
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2.2 Finite Element Analysis of Test Specimen Pipe

Before deciding on final dimension of the test specimen (seamless alloy steel pipe),
finite element analysis has been done by using the software ANSY® Work bench.
Dimension details of the pipe used for finite element analysis are mentioned in
Fig. 1. Tetrahedral solid element is used for finite element analysis.

2.3 Specimen Preparation

A seamless pipe made of ASTM 106 grade B steel is used for the experimental
specimen whose chemical composition is given in the below table

Elements Composition (%)
Carbon 0.3

Manganese 0.290-1.060
Phosphorous 0.035

Sulfur 0.035

Silicon 0.1

Chromium 0.4

Molybdenum 0.15

Nickel 0.4

The dimension of test specimen has been finalized for the manufacturing
drawing of the specimen based on the finite element analysis. Twenty round fatigue
specimens are prepared in CNC machine with high surface finish. The specimen has
M26 x 1.5 threading on both sides to fix on fatigue loading arrangement assembly.
The manufacturing drawing of the specimen is shown in Fig. 2.

(2) (b)

Fig. 1 a Mesh model of the test specimen, b finite element analysis model of the test specimen
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Fig. 2 Manufacturing drawing of fatigue specimen pipe

2.4 Schematic Diagram of Test Setup

107

It consists of a hand pump for pressurizing the 3.5% NaCl solution (simulated sea
water) and non-return valve to allow the fluid in only one direction. The pressure
gauge is used to monitor the pressure level in the high-pressure chamber. Air relief
valve is provided in the chamber to relief the air accumulated in the pressure
chamber. Drain valve is used to remove the water from the chamber after every

experiment (Fig. 3).
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Fig. 3 Schematic diagram of test setup
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2.5 Experimental Procedure

Axial fatigue test is carried out on the alloy steel pipe specimen by using MTS 810
fatigue testing machine. The effect of hydrostatic pressure on fatigue life of the test
specimen is studied by applying the pressure on inside as well as outside diameter
of the test specimen in specially designed chamber.

The procedure is followed during the experiment as follows: First mount the top
and bottom pull push rod in MTS 810 machine, and then pressurize the test
specimen assembly which contains adapter at both ends of specimen with
non-return valve to the required fixed internal pressure using hand pump. After that,
assemble the internally pressurized test specimen pipe in the pull push rod and then
mount the pressure chamber with the end cap and tie rod and nuts above the stand.
Then, pressurize the high-pressure chamber to the required pressure using water
hand pump. The internal pressure created inside the pressure chamber acts as
external pressure to the test pipe specimen. Prepare the test case in the computer
system by assigning the stress value, frequency, data, log file name and interlock
levels, and start the experiment. Monitor the experiments for peak/valley loads and
displacements till the specimen fails. Note down the number of cycles for which
specimen is broken. Repeat the experiments for different stress levels with same
hydrostatic pressure and note down the corresponding number of cycles.

Plot the graph between stress amplitude and number of cycles (Fig. 4).

Computer Controlled Machine

.a, -

Fig. 4 Experimental setup
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The fatigue tests are conducted under constant stress amplitude of 130, 168, 180,
192, 204 MPa at 3 Hz frequency and fully reversed condition. Tests are conducted
at laboratory air environment and simulated sea water condition which is main-
tained at 10 bar and 30 bar internal hydrostatic pressure for the test specimen and
30 bar and 50 bar external hydrostatic pressure outside the test specimen, respec-
tively. As the yield strength of the material is 240 MPa, the load calculation and the
test matrix are prepared according to this yield strength.

3 Result and Discussion

Various experiments have been conducted on ASTM 106 grade B seamless pipe
specimen to find the fatigue life of pipe material. This section explains about the
tensile test which will give yield strength of the material; based on the yield
strength, plain fatigue experiment has been done in the normal laboratory envi-
ronment to find the fatigue life of the material. After that, hydrostatic pressure is
applied both internally and externally in addition to the axial load to find the fatigue
life. Analysis has been done on the influence of hydrostatic pressure on the fatigue
life of the material. Finally, the fracture surface has been studied from the SEM
image.

3.1 Basquin Law

The method of fatigue life prediction from the magnitude of the fluctuating strain
(rather than the stress) has begun with Basquin who introduced an empirical rela-
tion connecting the stress amplitude and life is shown in Eq. 2 [8]

Ac ,
=5 = 0=, (2N) @)

where

g, stress amplitude (MPa)

op  fatigue strength coefficient (MPa)
2N: number of stress reversal to failure
b fatigue strength exponent
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Fig. 5 a Tensile test setup, b stress strain curve from tensile test

3.2 Tensile Test

Tensile test has been conducted for the ASTM 106 grade B seamless pipe specimen
in the UTM machine to find out the yield strength of the material. Experiment has
been conducted for tensile test, and stress strain graph has been plotted for the
material. 0.2% offset line has been drawn, and finally, the yield strength of the
material has found to be 240 MPa. Figure 5 shows resultant stress—strain graph
from experiment.

3.3 Plain Fatigue Test

Plain fatigue experiments have been conducted at different stress levels at a con-
stant frequency of 3 Hz frequency in MTS 810 machine. Stress levels are varied as
204, 192, 182, 168, 130 MPa, and corresponding number of cycles to failure is
noted. S—N curve was plotted in log scale for plain fatigue data and is shown in
Fig. 6¢c. Power law was fitted to the data and related with Basquin law. The fatigue
strength coefficient is 1086.3 MPa, and fatigue strength exponent is —0.165. It is
very clear that the increased stress level decreases the number of cycles to failure.
These data shown in Table 4.1 were taken as reference data to analyze the influence
of hydrostatic pressure on the given material. The plain fatigue experiment setup
has been shown in Fig. 4.2a and the pipe specimen before and after the plain
fatigue test shown in Fig. 4.2b.

Specimen number Stress amplitude (MPa) No of cycles to failure Frequency (Hz)
1 204 31,307 3
2 192 32,566 3

(continued)



Evaluation of Fatigue Strength of Alloy Steel ... 111

(continued)

Specimen number Stress amplitude (MPa) No of cycles to failure Frequency (Hz)
3 180 57,624 3

4 168 70,055 3

5 130 418,898 3

6 108 Run out for 17,26,578 3

—,

PR ———-

(o) S-N Curve (Plain fatigue)
220

200

Stress Amplitude, MPa
2 b4
»

-
ds
o

100
1000 10000 100000 1000000 10000000

Number of cycle to failure

Fig. 6 a Plain fatigue test setup, b test specimen after and before plain fatigue test, ¢ S-N curve
for ASTM 106 grade B seamless pipe material under plain fatigue
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3.4 Hydrostatic Fatigue Test

Hydrostatic fatigue test has been conducted by applying differential hydrostatic
pressure both inside and outside of the test specimen which is kept inside the
high-pressure chamber. Here constant hydrostatic pressure is maintained both
inside and outside the specimen and different stress level applied at a constant
frequency of 3 Hz. Five experiments have been done in these stress levels by
applying 10 bar inside and 30 bar outside hydrostatic pressure in the test specimen
pipe. Another five experiments have been done in the same stress level by applying
30 bar inside and 50 bar outside hydrostatic pressure. Figure 4.3 shows the test
specimen under 30 bar internal pressure. Number of cycles to failure corresponding
to each experiment has been noted down, and S—-N graph has been plotted for these
values (Fig. 7).

Specimen Stress Number of Frequency Inside Outside
number amplitude cycles to (Hz) pressure of pressure of
(MPa) failure specimen specimen (bar)
(bar)

1 130 77,100 3 10 30

2 168 43,578 3 10 30

3 180 23,280 3 10 30

4 192 15,034 3 10 30

5 204 8000 3 10 30

6 130 18,234 3 30 50

7 168 11,238 3 30 50

8 180 8257 3 30 50

9 192 6011 3 30 50

10 204 4377 3 30 50

3.5 Comparison Between Plain and Hydrostatic Fatigue

It is found from the graph that there is a decrease in life by an order of magnitude
when a differential hydrostatic pressure has been applied compared to the plain
fatigue. It has been also found the fatigue life decreases with increase in hydrostatic
pressure.

Figure 8 shows S—N curves plotted for plain fatigue (laboratory air), hydrostatic
fatigue by applying a differential pressure of (10 bar inside, 30 bar outside) and
(30 bar inside, 50 bar outside) of the test specimen. Basquin power law is fitted,
and its parameters are mentioned for each curve, as mentioned before the value of
R* which shows the deviation from the original data points. As the values are near
to one, it seems as best fit curve for the given data.
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S- N Curve (Hydrostatic fatigue)
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Fig. 7 a S-N curve under hydrostatic fatigue, b test specimen after and before hydrostatic fatigue
test

The fatigue strength exponent drops significantly from —0.165 (plain fatigue) to
—0.186 (hydrostatic pressure fatigue). It is also found that the influence of hydro-
static pressure is dominant at high stress levels when compared to low stress levels.
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Fig. 8 S-N curve under hydrostatic fatigue

3.6 SEM Image of Plain Fatigue Test

Three distinct region of fatigue fracture is clearly seen in SEM image (Fig. 4.8).
The three distinct regions are crack initiation, crack propagation and fast fracture in
the material. The presence of dimples shows the ductile fracture in crack propa-
gation and shear fracture in last region of failure. This experiment is conducted at a
frequency of 3 Hz and stress amplitude of 180 MPa (Fig. 9).

Fig. 9 a, b SEM image of fracture surface of specimen in plain fatigue test



Evaluation of Fatigue Strength of Alloy Steel ... 115

3.7 SEM Image of Hydrostatic Fatigue Test

Hydrostatic fatigue SEM images are shown below. The fractured surfaces are
covered with corrosive medium which are visible in the SEM images. Ultrasonic
cleaning with acetone is carried out to clean the fracture surface before SEM. This
experiment was conducted at a differential pressure of 10 bar inside and 30 bar
outside hydrostatic pressure of the test specimen and stress amplitude of 180 MP
(Fig. 10).

From the above SEM image of the fracture surface under hydrostatic pressure
condition, it can be observed that there is a change in the mode of fracture in the
surface. Due to hydrostatic pressure, the facture surface contains both ductile and
brittle mode of failure. The brittle fracture can be identified by multiple facets or
cleavage on the surface, whereas the ductile facture can be identified by the dimples.

Fast facture

Fig. 10 a-d SEM image of fracture surface of specimen in hydrostatic fatigue test
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After the SEM image analysis, it can be concluded that the mode of failure of the
fracture surface is ductile in nature under plain fatigue, whereas the mode of failure
under hydrostatic pressure condition is either a mixed failure which contains both
brittle and ductile fracture

4 Conclusion

After the conduction of the experiment and analyzing the result, the following
observations have been made; the corrosive environment is one of the responsible
factors in addition to the axial load for the initiation of crack. Hydrostatic pressure
has major influence on crack propagation stage, and with increase in hydrostatic
pressure, the crack propagation rate becomes more faster. It is also found that the
influence of hydrostatic pressure is dominant at high stress levels when compared to
low stress levels. The fatigue strength exponent drops significantly from —0.165
(plain fatigue) to —0.186 (hydrostatic pressure fatigue). There is a decrease in life
by an order of magnitude when the material is subjected to a differential hydrostatic
pressure of 10 bar inside and 30 bar outside of the test specimen pipe. It is also
quite interesting to note that the life further decreases when the differential
hydrostatic pressure is increased. Fractographic analysis reveals a change in the
mode of failure under hydrostatic pressure.
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Estimation of Fatigue Life of Notched
Specimens of P91 Steel by Analytical
Approaches

J. Veerababu, Sunil Goyal, R. Sandhya and K. Laha

Abstract To understand the effect of multiaxial state of stress at laboratory scale,
specimens with different kinds of notches are widely used. In this investigation, the
effect of notch root radii on low cycle fatigue life of P91 steel has been studied.
Fatigue tests were carried out on notched specimens having notch radius of 1.25,
2.5 and 5.0 mm at net stress amplitudes of 250, 300 and 350 MPa at 823 K. To
estimate the fatigue life in the presence of a notch based on local strain at the notch
root, different analytical approximation methods such as linear rule, Neuber’s rule
and strain energy density approach have been employed. The fatigue life could be
predicted within a factor of +16 on experimental fatigue life. The difference among
the predicted fatigue lives by the different analytical methods decreased with
increasing notch radii. The strain energy density method and linear rule predicted
nearly equal fatigue lives in all the cases.
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1 Introduction

Studying material fatigue behavior at laboratory scale is a key factor to assess the
fatigue life of the component on site. If material undergoes strain-controlled cyclic
loading conditions in service, standard strain-controlled low cycle fatigue
(LCF) laboratory tests has to be performed on smooth specimens to understand its
fatigue behavior. Coffin—-Manson—Basquin relations are used to determine fatigue
design parameters from obtained experimental data and further to estimate the
fatigue life of component for unknown loading conditions. Nowadays, day-to-day
technological developments demands to design more complicated structures which
can withstand the complicated and diverse service conditions. Geometrical irreg-
ularities and microstructural inhomogeneities are inevitable in the design of such
components. Combination of mode of service loadings with these discontinuities
introduces multiaxial stress states. Specimens with different notch geometries are
widely used to understand the effect of multiaxial state of stress at laboratory scale
[1-3]. Notches behave like stress raisers in the specimens and hence constrain the
deformation near to the notch root and this local deformation increases with
decrease in notch root radius. Accurate estimation of the local plastic deformation is
a key factor in the prediction of fatigue failure life of the notched components.
Different analytical methods are in the practice to evaluate local stresses and strains
at the notches [1]. The strain-life (¢e-N) approach is generally used to calculate the
fatigue life of notched specimens. In this approach, knowledge of experimental
fatigue data obtained from smooth specimens is used to estimate the fatigue life of
notched specimens considering the estimated local stress and strain at notch root
based on analytical approximations such as linear rule, Neuber’s rule [4] and strain
energy density (SED) method [5].

P91 (modified 9Cr—1Mo steel) steel is a candidate material for steam generator
components in Prototype Fast Breeder Reactor (PFBR), Kalpakkam, India [6]. This
steel has shown reliable high-temperature mechanical properties when compare to
other chromium steels in steam generator side. Generally, this steel is used in
optimized-tempered-martensitic structure condition. Hence, its microstructure
consists of lath boundaries decorated with fine M,;Cq precipitates and fine V, Nb
nitro-carbon precipitates at the lath boundaries as well as inside the lath structure.
These fine precipitates provide very good creep resistance at elevated temperatures.
LCF characterization on smooth specimens of this material has been studied earlier
by various researchers [7-9]. Their reports mentioned that cyclic softening behavior
of the material [7], reduction in fatigue life at low strain amplitudes and high
temperatures due to oxidation [7], exhibition of inferior fatigue properties in hot
forged alloy compared to hot rolled material [8], coarsening of M,;C¢ precipitates
and formation of laves phases which further causes reduction in LCF lives, as the
result of prolonged aging [9].

In this investigation, LCF tests were conducted on smooth specimens of P91
steel and Coffin-Manson—-Basquin’s parameters were obtained. To study the notch
effects on its fatigue life of this steel, experiments were conducted on notched
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specimens. Different techniques, viz., linear rule, Neuber’s rule, SED method were
applied to calculate local stress and strain at notch root. The accuracy of these
models in the estimation of fatigue life of notched specimens has been assessed.

2 Experimental Details

The chemical composition of the steel is given in Table 1. The 110-mm length
blanks in rolling direction were obtained from the as received 30 mm wall thickness
rolled plate. These blanks were normalized at 1313 K/1 h + air cooling, followed
by tempering at 1033 K/1 h + air cooling. LCF specimens of 25 mm gauge length
with 10 mm diameter were fabricated from these heat-treated blanks and given
0.2 pm surface finishing. The fully reversed total strain-controlled low cycle fatigue
tests were conducted on smooth specimens at the strain amplitudes ranging from
40.3 to £0.8% at 823 K under constant strain rate of 3 x 107 s~ ! using Instron
electro-mechanical testing system. All the LCF tests were conducted according to
the ASTM standard E606 [10].

Multiaxial state of stress had been introduced in the steel by incorporating
circumferential grooves at the center of gauge length of smooth specimen as shown
in Fig. 1. The minimum diameter of notched specimen was designed according to
the code of practice [11]. Three different notches with root radius of 1.25, 2.5 and
5.0 mm were used to study the effect of notch root radii on the fatigue life of the
steel. Fatigue tests on notch specimens were performed under stress-controlled
mode (with frequency 0.2 Hz) at net stress amplitudes (at notch throat plane) of
250, 300 and 350 MPa corresponding to nominal stress amplitudes of 124.95,
149.95 and 174.95, respectively.

Table 1 Chemical composition of modified 9Cr—1Mo steel

Element C Cr Mo |(Mn |V Nb Ni S P Fe
Composition (wt%) [0.11 [9.28 [0.98 [0.38 |[0.25 |[0.09 |0.13 |0.007 |0.029 |Bal.
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o
a
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NOTE: ALL DIMENSIONS ARE IN mm.

Fig. 1 Typical notch specimen geometry with notch radius (r) = 1.25 mm/2.5 mm/5.0 mm
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3 Results and Discussion

3.1 Fatigue Behavior of Smooth Specimens

Figure 2 depicts the effect of cyclic loading on tensile peak stress of the material at
823 K with different strain amplitudes. It can be observed that material is showing
continuous cyclic softening till the initiation of macro crack and final failure at all
the strain amplitudes except at strain amplitude of £0.3% at which small amount of
initial hardening occurred. Cyclic softening is generally attributed to the annihila-
tion of dislocations and degradation of lath structure [9]. Increase in strain ampli-
tude increased the peak tensile stress and decreased the fatigue life of the material.
Reduction in fatigue life with increase in strain amplitude indicates the increase in
plastic deformation occurring in the material. Power law relation (Eq. 1) which
correlates the tensile stress amplitude with plastic strain amplitude at half life of this
material, and it is depicted in Fig. 3. Power law relation (cyclic stress—strain curve
(CSSC)) may be expressed as:

Ac/2 = K'(Ag,/2)" (1)
where Aag, Ag,, K’ and n' are cyclic stress range, cyclic plastic strain range, cyclic
strength coefficient and cyclic strain-hardening exponent, respectively. The values
of K', n" were obtained by least square method as shown in Fig. 3 and listed in
Table 2.

Decomposition of the total strain amplitude into the sum of elastic strain
amplitude and plastic strain amplitude can be expressed as shown in Eq. (2). The
relation between elastic strain amplitude and cycles to failure and the relation

between plastic strain amplitude and cycles to failure can be represented by straight
lines on log-log scale. These relations can be best represented analytically by

Fig. 2 Cyclic stress response 500
of modified 9Cr-1Mo steel at - Modified 9Cr-1Mo steel
823 K 4504 =

400

350 2 I-::‘_ B

300 4 T:823K, &' : 3x10™ s”
—m—+0.3%
2504 —e—+0.4%

. +0.5%
—v—+0.6%
2004 % -+ 0.8%

Tensile Stress Amplitude, MPa

150

Number of cycles
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Fig. 3 Cyclic stress—strain
curve for modified 9Cr—1Mo
steel at 823 K

Tensile stress amplitude, Ac / 2 (log scale)

387 4 Modified 9Cr-1Mo steel

T: 823K, £ : 3x10° s

3554 ®m Experimental data

-- Least square method fitting )
323

290

258

T T T T

1E-3 0.0025 0.005 0.0075
Plastic strain amplitude, m,-P;z (log scale)

Basquin’s equation (Eq. 3) and Coffin—Manson’s equation (Eq. 4), respectively.
Hence, Eq. (2) can be further simplified and expressed as Eq. (5).

Ae A, Aeg,
2°2 " @
Ae, G b

e _ % () ®)
Ae , ¢

2‘” = ¢ (2N)) 4)
Ag i

- =A2N) (5)

where Ag,, Ae,, Ae,, N, E, J}, b, 3} and c are total strain range, elastic strain range,

plastic strain range, cycles to failure, Young’s modulus, fatigue strength coefficient,
fatigue strength exponent, fatigue ductility coefficient and fatigue ductility expo-
nent, respectively. A, [ are material constants in Eq. (5). Equations (1)—(5) have
been applied to generated experimental data and are depicted in Fig. 4. The coef-
ficients determined by least square curve fitting are listed in Table 2. Slope of the
linear portion in first hysteresis loop and 0.2% offset in the linear part have been
considered to calculate the young’s modulus and yield stress, respectively. These
values have been calculated at the each strain amplitude and averaged over them.
These values are listed in Table 2.
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Fig. 4 Coffin-Manson and 0.01
Basquin relation plots for 0008 1 . @ Modified 9Cr-1Mo steel
modified 9Cr—1Mo steel at 0.006 o N
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5 0.004 ° -
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e ° s
2 A A A
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Table 2 LCF material parameters for modified 9Cr—1Mo steel at 823 K

Cyclic stress—strain Basquin relation Coffin—Manson Coefficients of

curve coefficients coefficients relation Eq. (5) (total stain
coefficients vs. life)

K' (MPa) n' q’f (MPa) b s} ¢ A l

753.8 0.146 664.7 —0.0827 0.74 —-0.69 0.1461 —0.4165

Young’s modulus Yield stress (ay, MPa)

(E, GPa)

163 258

3.2 Fatigue Behavior of Notched Specimens

Experimental investigation

Fatigue tests have been conducted out in stress-controlled mode at net stress
amplitudes of 250, 300 and 350 MPa on the notched specimens having notch root
radius of 1.25, 2.5 and 5.0 mm. The effect of notch radius on fatigue life is shown
in Fig. 5. Fatigue life was found to decrease with decrease in notch root radius and
increase in applied stress. Figure 6 shows the fracture surface of fatigue tested
smooth and notched specimens. It can be clearly seen that the cracks were initiated
from the surface, for both the specimens. In the case of smooth specimen, cracks
were nucleated in different locations across the specimen gage length due to
availability of large surface area, whereas in the case of notched specimen, cracks
nucleated in the notch throat plane due to presence of low cross-sectional area and
concentration of stress at notch root.

Analytical approximations

Based on simplicity and easiness in applicability, the linear rule, Neuber’s rule and
SED method are widely in practice for local strain calculations. Within the elastic
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Fig. 5 Effect of notch radii and applied load on fatigue life

Fig. 6 Fractographs of modified 9Cr—1Mo steel a smooth specimen at strain amplitude +0.6%
b notched specimen having notch root radius of 2.5 mm and applied net stress of 3000 MPa
(applied nominal stress 149.95 MPa) at 823 K (check if you have any other images for
(a) reflecting the same interpretation)

domain of material, theoretical stress concentration factor (K;) for cyclic loading
(defined as the ratio of the maximum stress range (Ao) at notch root to the nominal
stress range (AS)) is used to measure the degree of elevated stresses and strains at
notches. For simple geometries, K, can be usually computed from theory of elas-
ticity. Experimental methods like brittle-coating methods, grid method and pho-
toelastic stress analysis, or numerical methods like the finite element analysis can be
used for other complicated geometries. The linear rule assumes the equality of K,
plastic stress concentration factor, K, (the ratio of local stress range, Ao to the
nominal stress range, AS) and plastic strain concentration factor, K, (the ratio of
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local strain range, Ae to the nominal strain range, Ae). Linear rule can be sum-
marized as below equation:

Ae = AeK, (6)

in the cases of local stresses are above yield stress, Hooke’s law no longer valid,
hence K, no longer relate the local stresses to nominal stresses. Neuber derived an
equation while studying the grooved shafts which were under shear loadings. He
proposed that geometrical mean of K, and K, equals to K.

K.K, =K’ (7)

By substituting K, and K, in above equation and considering elastic deformation
at nominal location leads to:

2

(8)

By combining Eq. (8) with Ramberg—Osgood equation (Eq. (9), which relates
the elasto-plastic behavior of the material under cyclic loading) leads to Eq. (10)
which can be used for local strain calculations.

Ac Ac\ "
Ae==—""+2
e=—o+ <2K’) )
(Ac)? Ao\ (K,AS)?
o t20e( ) = (10)

Thus, notched specimen’s local strain and stress can be evaluated by using
smooth specimen’s LCF data. The calculated K, value based on the theory of
elasticity depends only on geometry of the stress raisers. However, Topper et al.
[12] proposed fatigue strength reduction factor or fatigue notch factor (the ratio of
the fatigue strength of smooth specimen to the fatigue strength of notched speci-
men), K, instead of K in notch analysis by considering the plastic zone size ahead
of the notch root. Below is the simplified equation proposed by Peterson [13] to
evaluate Ky value:

K —1

Kr=1+ o (11)
2070\ 8
a:&&M<S > (12)

where r (in mm) is the notch root radius, a (in mm) is the material characteristic
length, S, is the ultimate tensile strength and its value for the present material is
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340 MPa at 823 K. Glinka [5] proposed another approximation method similar to
Neuber’s rule based on strain energy density, called SED method. This rule
assumes that strain energy density (SED) at the notch tip is approximately same for
linear-elastic behavior of notch and elastic-plastic behavior of notch, as long as
plastic zone at notch tip is surrounded and controlled by elastic-stress field. The
modified equation considering SED approach for fatigue loading condition can be
defined as:

(Ac)?  4Ac [Ac\'"  (K.AS)? 3
E n’+1(2K’) - E (13)
K, values from hand book [14] were considered in present study to make the
complete comparison among the earlier mentioned analytical approaches. Table 3
summarizes the values for K, and K at different radii, and Tables 4, 5 and 6
summarize the estimated local strain by the different methods for the three net
stresses with notch radius of 1.25, 2.5 and 5.0 mm, respectively.

By using Eq. (5), fatigue lives of notched specimens have been calculated for
each estimated local strain given in Tables 4, 5 and 6. Figure 7 shows the com-
parison between predicted lives by the different methods and experimentally
determined lives.

The linear rule, Neuber’s rule with K, and K; SED method predicted the fatigue
lives within the factor of =16 on experimental lives. All the methods overestimated
the fatigue lives for all the testing conditions and notch geometries. Ascending
order of over estimation of fatigue lives by different methods was Neuber’s rule
with K;, SED method, linear rule, Neuber’s rule with K The difference among the

Table 3 K, and K values at different radii

Notch root radius Theoretical stress concentration factor Fatigue notch factor
(mm) (K») (Kp

1.25 2.0251 1.5678

2.5 1.6297 1.4058

5.0 1.3811 1.2527

Table 4 Maximum local strains for three applied net stress amplitudes for the notch root radius of
1.25 mm

Linear rule Neuber’s rule SED
Using K; Using Ky
Aémax at net stress 0.002861 0.003068 0.002484 0.002918
250 MPa
Aémax at net stress 0.003434 0.003919 0.003101 0.003574
300 MPa
Aeax at net stress 0.004006 0.004901 0.003812 0.004283
350 MPa
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Table 5 Maximum local strains for three applied net stress amplitudes for the notch root radius of

2.5 mm
Linear rule Neuber’s rule SED
Using K, Using K

Ag .« at net stress 0.002319 0.002383 0.002197 0.002336
250 MPa

Agax at net stress 0.002783 0.002961 0.002708 0.002831
300 MPa

Agax at net stress 0.003247 0.003627 0.003288 0.003354
350 MPa

Table 6 Maximum local strains for three applied net stress amplitudes for the notch root radius of

5.0 mm
Linear rule Neuber’s rule SED
Using K, Using K

A&« at net stress 0.001972 0.001995 0.001941 0.001978
250 MPa

A&« at net stress 0.002366 0.002439 0.002367 0.002385
300 MPa

A€« at net stress 0.002761 0.002933 0.002839 0.002807
350 MPa

Fig. 7 Comparison between
predicted fatigue lives and
experimental fatigue lives
under three applied net
stresses (stress increasing
direction is right to left) for
notch radius “7” = 1.25 mm
(blue marks), “r’ = 2.5 mm
(red marks) and “r’ = 5.0 mm
(olive marks) (blue symbols
in figure should have
Neuber’s rule)
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predicted fatigue lives by the different analytical methods decreased with increase
in notch radii. This is because at higher notch root radius K value is approximately
equals to K, value. Analytical approximation methods which discussed in this study
were providing better life predictions with decreasing radii or increasing K, values.
This may be due to larger strain gradients at the notch tip.
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Analytical approximation methods which are used for local strain and stress
calculations in notched specimens highly depend on plane strain and plane stress
conditions. These two represent the two bounding conditions which occur at notch
root. Earlier reports mentioned that linear rule, SED method were suitable in plain
strain conditions and Neuber’s rule was suitable for plain stress conditions [15, 16].
Better predictions of local strain and stress can be achieved by using modified
versions of Neuber’s rule and modified SED method [1]. Complexity involved in
their usage makes them less convenient. All the above discussed different
strain-based approaches predict the fatigue lives for crack to initiate and propagate
to approximately 1 mm length [17]. Further crack propagation highly depends on
crack tip stress field which has been taken into account in fracture mechanics
studies. Hence, in general, total fatigue life to failure can be obtained by combining
the life to crack initiation and the life to crack propagation [18].

4 Conclusions

The following conclusions can be made from the present study:

1. P91 steel showed cyclic softening till the final failure.

2. Analytical approximation methods (linear rule, SED method, Neuber’s rule (X)),
Neuber’s rule (Ky)) overestimated the notched specimen fatigue failure life by a
factor of £16 on experimental lives.

3. Analytical approximation methods were providing better life predictions with
decreasing radii or increasing K, values.

4. The strain energy density method and linear rule predicted nearly equal fatigue
lives in all the cases.
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Effect of Induced Residual Stress and Its
Contribution to the Failure of an IC
Engine Valve Material

Gurunathan, Jitendra Sharma and Velshankar

Abstract The increasing engine demands such as high power, fuel efficiency and
lesser emission have led to enormous modification in the intake and exhaust system
of an engine. These improvements create additional loads on the valve train
components as they have to cope with the increased speed as well as the efficiency
and higher temperatures. Thus, engine valve materials must have high durability,
high fatigue, wear resistance and temperature resistance. Intake valves generally
made of martensitic steels will undergo high cyclic loads, and due to this higher
stress in the material, chording of valve face occurs. Major cause for the failure of
inlet valves is fatigue. A chorded inlet valve has been analyzed to see the root cause
of the failure, and various factors contributed to the failure have been studied.
Failure analysis has been done starting from the engine operating conditions to the
production processes of the valve material to find out the failure initiation point.
Metallurgical study of the chorded valve material through SEM reveals the
microstructural details, composition and inclusions. Residual stress induced in the
material during various points of production and operation has been observed to
calculate the effect of inferring stress to failure. The amount of residual stress in
induction-hardened valve material before and after stress relieving has been cal-
culated to find out the contribution of stress relieving to remove the added tensile
stress. Failure prevention modes are suggested based on the lowest possible residual
stress value observed.

Keywords Inlet valves - Residual stress - Stress relieve - Microstructure
Induction hardened « SEM - Inclusions
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1 Introduction

Engine valves become increasingly prone to severe temperature effects and fatigue
cycles. Thus, to make them highly durable both structural and temperature effects
need to be considered. Generally, inlet valves will be made of martensitic steel due
to low-temperature operation and exhaust valves use bimetal or austenite material.
Though titanium, hollow and sodium-filled valve works well with racing and
high-rated engines, their adaptability with normal diesel engines is yet to be seen
due to cost constraints. Exhaust valve has high hardened materials in seat area
(stellite) to work in high temperatures. Since inlet valves work in lower tempera-
tures, they mostly do not require stellite materials. However, to cope with
increasing wear due to repeated working cycles certain hardening of martensitic
materials has to be carried out to improve the durability and wear resistance. This
can be done through induction hardening process. Induction hardening is a process
through which hardness can be improved in localized areas such as seat, tip end and
groove. This not only improves the hardness of the surface material but also has
effect up to a certain depth depending upon the input parameters. Generally, the
hardness of the inlet vale material will be improved from 30 HRC to about 55 HRC
in localized areas through induction hardening process.

It has to been considered that hardness must be kept within the required limit
since hardness is directly proportional to brittleness. Induction-hardened inlet
valves fitted in engines work well even during high-cyclic-load operations. In some
cases, it has been seen that the valve fails at an early stage of around 5000-6000 km
after engine testing. The failed valve images have some uniformity as all failure
occurred along the face to seat area. Chording of valve face material up to seat
occurs due to fatigue in common. There can be four modes of possible failure for
this (fatigue, temperature, erosion and wear). Since cracks are observed in the chord
valve as shown in the figure, the failure might be due to fatigue (Fig. 1).

Fig. 1 Chord of valve face
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2 Failure Observations

2.1 Engine Observation

The fault check analysis has been carried out from the engine side after failure, and
all the parameters are found to be well within the limits. Visual observation of
cylinder block reveals scratch marks on the block due to broken valve piece. The
image of the valve crack before taking out from the cylinder head is as shown in
Fig. 2.

It can be observed that the cylinder block marks are not due to mechanical
machining, thereby confirming that the failure of valve is due to high fatigue cycle
which is responsible for the marks on block surface.

2.2  Valve Observation

The failed valve is taken for metallurgical analysis in a stepwise manner to find out
the possibility of inclusions and the failure type. Visual observation of the failed
valves clearly shows that the valve may have failed due to fatigue. After visual
observation, the failed valves are cut to do tests using SEM. The sample from the
cracked valve is kept inside SEM for the analysis. SEM structure at a magnification
of around 40x to 80x reveals striation marks on its surface as shown in Fig. 3.

The crack seems to have started from outside of the circumferential direction
toward the inside of the valve sample. It fatigue fracture due to presence of striation
but its brittle fracture as the fracture/crack has progressed in one plane.

2.2.1 Chemical Composition Analysis

The chemical composition of the failed sample needs to be checked to find out the
fault in material after operation. Since due to temperature some oxidation layer

1']

Fig. 2 Failed valve in assembly state
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Striation

Striation

Fig. 3 SEM analysis of chord part

Table 1 Chemical composition of the failed valve

S. No Test description Specification values Observed values
1 Carbon 0.40-0.50 0.42

2 Manganese 0.75 Max 0.41

3 Silicon 2.75-3.75 2.95

4 Chromium 7.50-9.50 8.35

5 Nickel 0.50 Max 0.17

6 Sulfur 0.003 Max 0.0006

7 Phosphorus 0.04 Max 0.001

forms on surface and it gets reacts with the surface material and thus the compo-
sition of the material which further reduces some properties of the material such as
strength, wear resistance and hardness. The chemical composition can be checked
either in the same SEM device or using the spectrometer device. The chemical
composition revealed on SEM is as given in Table 1. This should conform with the
specification of the martensitic valve material.

The chemical composition meets the specification values for martensitic grade
materials used for inlet valves. Thus, the materials internal properties have
remained the same.

2.2.2 Hardness Analysis

Hardness plays a vital role in determining wear and tear as well as the strength of
the engine valve material. Thus, the valve sample is checked for hardness in the
induction-hardened seat area to find the depth of the hardened layer (Table 2).
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Table 2 Hardness at various

) Distance from end (mm) Hardness in HV
points 0.30 580
0.50 601
1.00 614
1.80 603
2.50 590
2.80 592

Fig. 4 Hardness measuring
points

Measuring
distance

Figure 4 explains the hardness-measuring locations. It is found that the hardness
values are within the limits and specifications. Also, even hardness distribution has
been observed along the case hardened zone. This confirms that the induction
hardening process has no errors.

2.2.3 Inclusions Analysis

The microsample was prepared just near to the fracture surface to see the inclusion
or any other defects in the failed valve sample. The microsample is analyzed in
magnification of 100x, 200x, 300x and 500x using SEM, and the inclusions are
observed. The detailed aspect of the observed inclusion images on various mag-
nification factors is as shown in Fig. 5.

The sample is checked in unetched condition to see inclusions using EDAX
analysis which will further confirm the added materials to the composition. EDAX
analysis has been carried out for a magnification factor of around 1300x in first
step. The observed result shows microcrack layers on the surface which lead to
initiation of the failure. The result of EDAX at 1300x is shown in Fig. 6 and
Table 3.
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Fig. 5 Observed inclusion at 100x, 200x, 300x and 500x in unetched condition

Fig. 6 Visualization of microcracks

The result from EDAX shows inclusions of ferrous oxide along with aluminum,
silicon, calcium and chromium. Thus, this concludes the inclusion analysis, but it
has been seen that ferrous oxide inclusion has no part to play with the failure since
it does not affect the overall property of the material. The hardness transverse is
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Fig. 7 Inclusion image of etched surface

smooth which confirms the induction hardness process has no problems. However,
microcracks are observed at magnification factors of around 1300x and 2500x.
Microcracks and striation marks confirm the failure type as fatigue. The observed
microcracks are shown in Fig. 6.

The same test is again conducted in etched condition of sample to confirm the
inclusion and to obtain the microstructure (austenite or martensitic). Etching is done
by using Nital solution. The etching results show martensitic matric, thereby
confirming the inlet valve material. The surface test at various magnification factors
showed the same type of inclusions as that of those obtained using unetched test.
The images shows below show the inclusions under etched condition at various
magnification factors (Fig. 7).

No oxidation cracks are observed in this test, and thus, the failure is not due to
high-temperature operation.

2.3 Process Observation

After analyzing from both the engine side and the metallurgical side, the outcome
was that the formation of microcracks leads to failure of the valve. Thus, the major
processes such as forging and induction hardening are analyzed to find its effect on
the engine valve material. As failure occurs along the face and seat region, the case
may be due to induction hardening process. The machine parameters and the output
hardness values are checked in the production lot and found to be ok. The effect of
keeping the power constant and varying other parameters in induction hardness
machine has been studied, and the output hardness and hardness transverse are
found to be ok. The raw material inspection is also studied to confirm with the
specification of the martensitic grade material. It is also found to be ok. Since all
process parameters and the output are also found within the limit, the cause for
failure is not associated with induction hardening or forging process.
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3 Stress Calculations

3.1 Stress Study

Valves having high hardness are prone to develop a stress, and these can develop a
crack. These stressed valves can possibly generate microcracks and will fail in early
stages of engine operation, thereby relieving the stress inside the material. Stress
can be induced to the material through various possibilities such as sudden heating
and cooling, high force production operations and high loads. The induced stress
can be measured by using various techniques. The commonly used technique is
X-ray diffraction. Since the valve failure resulted in a chord keeping all other
parameters unchanged, it is required to measure the stress in the valve seat area.
Another reason to check the stress in the seat area is that during induction hardening
process the valve material is subjected to heating and quenching which may con-
tribute to the added tensile stress.

3.2 Residual Stress Measurement

An undamaged valve sample is taken from the production lot, and the face surface
has been etched by using the Nital solution to find out the induction hardening
heat-affected zone. The heat-affected zone will be visible after etching as shown in
Fig. 8. The diameter of the valve face from the center is measured at 4 locations
namely P1, P2, P3 and P4. The distance between the points is set by taking some
angles from P1 to P4. Usually, the angles are separated by 45° each between each
point.

Fig. 8 Induction-hardened area and diameter
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Fig. 9 Hardened seat after cutting

Now, the valve will be cut using wire cutting technique so that the entire
induction-hardened seat area is taken out. The new diameter from center to the four
points is noted again. The wire-cut sample is as given in Fig. 9.

The old diameter D and new diameter d are compared to see any variations.
According to standards, a maximum of 0.2% from the original diameter is accepted
since the expansion (increased diameter) is due to the added stress stored in the
valve material. It has been seen that the new diameter after cutting increased by
about 20 pm when compared with the original diameter. This confirms the residual
stress available in the material after induction hardening process which leads to the
failure of the valve. This stress stored will try to relive, and it is the reason for the
inlet valves to fail early. This diameter increase is directly proportional to internal
residual stress.

4 Reduction of Inferring Stress

4.1 Stress Relieve Process

Since it has been seen that the stress induced in the valve material during induction
hardening process is the reason behind the failure, sufficient measures are needed to
be done to remove the induced inferring stress. The main reason behind the induced
stress during the induction hardening process is the sudden heating followed by
quenching process. Thus, it has been seen that providing some stress relive process
after the induction hardening will reduce the amount of induced stress. Thus, some
sample valves are taken after induction hardening process and stress relive process
has been carried out at 150 °C and 1 h soak time for some samples. The same
process has been repeated for other samples in which the temperature is kept at
170 °C and 1 h soak time. This is to compare the amount of stress which has been
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relieved from the valve material. This is directly proportional to the change in
diameter after cutting. So if the diameter change is very less then stress relive
process is very effective. Thus, the samples after stress relieve process have been
cut using same technique and change is noted. The measured values are as shown in
Table 4.

From the value, it can be understood that the stress relieved at 170° has reduced
the increase in diameter to only about 1-3 pm in all samples when compared with
18-20 um of normal induction-hardened valves without stress relieve. Thus, after
induction hardening quenching stress relive can be used for inlet valve material for
prevention of valve face chord due to high induced residual stress.

5 Conclusions

Engine valve material failed after some initial running during engine testing
operation. It has been seen that the face crack has occurred from face to seat area.
Visual observations showed some cracks on the chord area and that the failure
mode might be fatigue. Since valve failed at early stage, fatigue might not be the
exact failure mode. Engine block and cylinder head parts are checked for issues,
and cracks are observed in seat insert area due to the broken piece. Then, metal-
lurgical studies are carried out to reveal the microstructure and other parameters.
Microstructure reveals martensitic matrix and chemical composition observed
through SEM matches with the material specification. The microcracks near the
broken piece reveal the striation marks which confirm the failure is fatigue and type
of fracture as brittle. Etched and unetched samples are tested for finding inclusions
in material, and it is revealed that ferrous oxide along with aluminum, silicon and
chromium are available. However, this does not contribute to failure of valve.
Production parameters are checked to see any machine errors, and it is found ok.
Stress study has been carried out to find the added tensile stress in the material
during induction hardening process due to sudden heating and quenching. Wire cut
sample reveal 20-pm diameter increase. Thus, stress relieve process has been
carried out at 170 °C and 1 h soak time which reduced increase in diameter to
2 pum. Furthermore, this will reduce the residual stress induced during the process,
and hence, the failure of inlet valve due to inferring stress can be prevented.
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Fatigue Analysis of Offshore Structures
in Indian Western Offshore

Nitin Nehra, Praveen Bhat and N. Panneerselvam

Abstract Oil and Natural Gas Corporation (ONGC), the national oil company of
India, operates more than 270 steel tubular welded offshore structures which are
piled to ocean bottom. All these structures have been designed to meet the strength
and fatigue limit state requirements as per API RP 2A WSD. These offshore
structures are subjected to continuous cyclic wave loads and hence fatigue sus-
ceptibility needs to be explored. In this paper, stochastic fatigue assessments of an
existing offshore platform for life extension purpose have been discussed. The
fatigue lives have been estimated as per parametric equations suggested by
Efthymiou. A fatigue factor of safety value of 2.0 has been considered in this study,
and S-N curves provided in API are used for cuamulative damage (Palmgren Miner’s
Rule) assessment. All the joints which are found to have lower fatigue lives than
design life have been included for type III inspection (as per API RP 2A-WSD)
using state-of-the-art NDE techniques (NDT). These studies employed for drawing
up the joint inspection campaigns.
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1 Introduction

Jacket-type fixed offshore platforms are the most commonly used fixed offshore
structures installed in the western offshore of India, and these structures predomi-
nantly have two substructures one is jacket which is from bottom of the sea to few
meters above the mean sea level and another one is deck which is placed on the
jacket. The design life of these structures is 25 years, and many platforms have
outlived their design lives but are still needed for 15-20 years. These offshore
platforms are, in general, large and complex, three-dimensional framed structural
systems, usually fabricated using steel tubular members interconnected through
welded joints. These structures are predominantly subjected to oscillatory/cyclic
environmental loads and due to this oscillating nature of load; fatigue characterizes
a primary mode of failure of their components. Hence, fatigue life estimation is an
integral part of design philosophy of offshore structures and to generate the
inspection plans during the service life. The fatigue damage at any point in the
structure depends on the complete stress history during the structures service life
[1]. The calculation of this stress history and its effects on the material is a complex
task. The irregular nature of the sea, size of structure, evaluation of stress con-
centration factors in welded joints and possible dynamic effects, etc., contribute to
the complexity of the fatigue life assessment [1]. Fatigue in offshore structure is a
typical high cycle fatigue phenomenon. Most damages are caused by the occurrence
of many cycles of small stress ranges. The occurrence of few severe storms with
return period more than one year is unimportant for fatigue damage consideration.
The response of the structure in sea states of relatively low wave height and short
mean wave period is of prime concern.

These offshore structures are designed as per established recommended
practice/codes, e.g., NORSOK-NOO6/API RP2A WSD.

This paper presents the spectral fatigue analysis using SACS software for life
estimation of existing jacket type of offshore structures based on S-N curve
approach using Efthymiou’s parametric equations for SCF and Palmgren Miner’s
Rule. This unmanned jacket platform is secured to seabed with four main piles and
two skirt piles and installed in year 1976 in western Indian offshore. It has com-
pleted its design life and needs to check fit-for-purpose.

2 Fatigue in Offshore Tubular Structures

2.1 Fatigue Assessment

Fatigue Damage Total no of stress cycles required to failure is called fatigue
damage and represented as follows:
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Fatigue Damage — No. of Stress cycles applied

()

No. of Stress cycles resisted

Stress fluctuations normally occur predominantly as result of wave loads. These
wave induced stresses are of variable magnitude and occur in random order [2]. The
true time history of the local stresses is almost invariably simplified in that it is
assumed to be adequately described in statistical terms by a reasonable number of
stress blocks [2]. Each stress blocks consists of a number of cycles of constant
stress range. Thus, the sequence of variation in the true stress history is lost. The
cumulative effects of all stress blocks representing the stress history is estimated by
Miner’s rule of liner accumulation of damage.

s n;

Total Fatigue Damage = N

(2)

i=1

s Number of stress blocks considered
n; Actual number of stress cycles for stress block of range i
N; Number of stress cycles resisted of stress range i

Fatigue failure is to occur when the total fatigue damage reaches unity. In a
fatigue analysis, this criteria can be considered as the definition of local fatigue
failure. This does not necessarily imply a failure in reality, let alone a partial or
complete collapse of the structure. Hence, fatigue life is defined as follows:

Total Fatigue D
Fatigue Life — — . 181¢ Damage

3
Design Life (3)

Before carrying out a cumulative damage calculation for any potential location at
a tubular joint, it is necessary to determine the stress response over the range of sea
conditions that structure can expect to experience during its life. Random sea
conditions are usually described in the short term, i.e., over a period of a few hours,
by one of the many directional wave spectrum formulae. These give the component
of wave at each frequency and direction in terms of parameters such as significant
wave height; mean zero crossing period and mean wave direction. The proportion
of time for which each sea-state persist (over a period) (i-e probability) completes
the description of sea.

Stress Concentration Factor (SCF) In offshore tubular joints, the welds are the
most sensitive part due to the high local stress concentrations. Fatigue lives at these
locations should be estimated by evaluating the hot spot stress range (HSSR) and
using it as input into the appropriate S-N curve [3]. Thus, the SCF for a particular
load type and at a particular location along the intersection of weld may be defined
as:
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HSSR at the location

SCF =
Range of the nominal brace stress

4)

The SCF should include all stress raising effects associated with the joint
geometry and type of loading, except the local (microscopic) weld notch effect,
which is included in the S-N curve [3]. Minimum eight locations (four on chord and
four on brace) on welded joint section required to cover all relevant hot spot stress
area. SCF approach is widely used for estimation of fatigue of tubular joints.
Efthymiou SCF equations are considered to offer the best option for all joint types
and load types (Figs. 1 and 2).

Brace Saddle

Foot Print of Brace on / \ Crown

Chord

Fig. 1 Hot spot locations. Source http://nptel.ac.in
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Crown Toe

» Chord

Fig. 2 Typical offshore tubular connection. Source API RP2A WSD 2007, p. 52

S-N Curve. Relation between stress () and no of stress cycles (N) and can be
plotted on a logarithmic scale as a straight line and is referred as S-N curve.
A typical S-N curve is given below for a welded tubular joint.

LoglO(N) = Logl0(K)—mLog10(S) (3)

where m is a slope of the curve and K is the geometric constant (Fig. 3)

Sea State. Oceanic sea state can be represented with energy spectrums.
A spectrum is the relation between spectral density (S) and wave frequency (o).
The different sea states are shown in Fig. 4.

In the current study, sea is considered fully developed and the Pierson-
Moskowitz (P-M) spectrum described by Eq. (5) has been used.

2 2014
og _ gl
Sy(w) = —Se{ e (6)
(@)
where,
o Philip constant = 0.0081
p0.74

w, Frequency corresponding to the peak value of the energy spectrum

The sea state is represented by selecting a sufficient number of frequencies for
considering the jacket response transfer functions. The range of time periods
selected varies between 1 and 15 s. 2% structural damping has been considered in
the analysis (Fig. 5).
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Fig. 3 S-N curve for offshore welded structures. Source API RP2A WSD 2007, p. 59
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Fig. 4 Sea states. Source web.mit.edu/13.42/www/handouts/reading-wavespectra.pdf, p. 3

2.2 Analysis Methodology

Fatigue analysis involves using wave response to generate a transfer function for
each wave direction which relates global load to excitation frequency, specifying a
wave spectrum to which the structure will be subjected.

Calculate Centre of Damage Wave Height For fatigue analysis of offshore
structure, a super element is created for soil properties due to the nonlinear behavior
of soil. This super element is created for the center of damage (COD) wave that
represents the spectrum of fatigue waves. This COD wave height (H.) and time
period (7,,) are calculated as follows:


https://web.mit.edu/13.42/www/handouts/reading-wavespectra.pdf
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Fig. 5 Selection of frequencies for detailed analyses. Source API RP2A WSD 2007, p. 201
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>.Di
where
D; estimate damage of sea state i = (P;H,; am/T,;)
P; probability of occurrence of sea state i

significant wave height of sea state i
zero crossing period of sea state i

A 18
m  inverse slope of S-N curve

';'ﬂ rm

The fatigue analysis is represented in the following flow chart (Fig. 6).

Calculate Static Analysis with Free vibration Wave Response
COD wave gravity and analysis using super analysis using mass Fatigue life
height & 1 en.vironmem loads I clement & extract | metrics &Eigen | estimation using
timeperiod with COD mode shapes and values to generate Transfer function &
parameters & create mass matrix transfer function
Super element

Fig. 6 Flow chart for spectral fatigue analysis
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Fig. 7 SACS model of the platform

3 Case Study

The offshore platform selected for the case study is located in western offshore of
India in water depth of 54 m and installed in year 1976. The platform has four main
legs and two skirt legs. The structural model is prepared using SACS software and
shown in Fig. 7.

The center of damage wave height and time period for the sea state are 3.493 m
and 6.196 s, respectively.

Marine growth and hydrodynamic coefficients have been considered as per
API RP 2A WSD. In the free vibration analysis, first 30 modes have been extracted
and fatigue life estimation of welded joints have been carried out.

3.1 Results

This platform has lived 40 years and still required to be under operations till 2020.
Factor of safety of 2.0 has been considered; hence, total fatigue life required is
88 years. The joints which are having fatigue life less than 88 years have been
shown below:
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Joint Joint Fatigue Service life | Joint Joint Fatigue Service life
type damage (years) type damage (years)

1006 | K 28.41381 3.167474 401L | TK 2.722906 33.05292
4007 | T 19.67677 | 4.573921 302L |TK 2.192823 41.04298
4015 K 1.858529 | 48.42539 1005 T 2.086545 43.1335
4015 K 15.07281 5.971017 404L | TK 1.708574 | 52.6755
206L | T 5.722737 15.72674 4006 1.885135 47.74194
2011 T 4.728998 19.03152 1001 1.341135 67.10734

304L | TK 4.339304 20.74065 4008
RA9 K 3.644766 24.69294 1003
4001 TK 2.964391 30.36037 3007
403L | TK 2.683205 33.54198 1011
1007 T 1.032743 87.14655 RB9

1.309376 68.73502
1.292088 69.6547

1.09974 81.83755
1.066322 84.40226
1.048158 85.86492

AR IAF T3

These joints have been included for the type III inspection to be done during the
scheduled underwater inspection for detection of damages, if any.

4 Conclusion

Offshore steel jacket structures are vulnerable to damage due to fatigue action of
waves, and hence require to be adequately assessed from fatigue strength point of
view. A stochastic analysis provides an efficient and reliable method for carrying
out fatigue assessment of offshore structures as it simulates the prevalent distri-
bution of wave energy over the entire frequency range and incorporates the rep-
resentative structural dynamics in the analysis.
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Crack Effect on Rotors Using Mode-I
Failure Model with Transfer Matrix
Approach

Ved Prakash Singh and J. Srinivas

Abstract This paper presents a crack identification in a rotor dynamic system
based on changes in natural frequencies predicted from the transfer matrix approach
using a crack point matrix defined in terms of stress intensity factors. A local
flexibility of the system due to crack is employed and changes in natural fre-
quencies of the system are illustrated. Effect of cracked and it is location along the
length is studied by using some interpolation formula. A generalized transfer matrix
approach is applied after validating with the finite element model. Analytical results
are compared with those obtained from numerical model through ANSYS. Fatigue
analysis of cracked rotor shaft system containing the bearing at ends is performed
using solid modeling tool. The results are compared and conclusions are drawn.

Keywords Identification - Transfer matrix - Breathing - Behavior
Single-plane model

1 Introduction

Dynamic behavior of mechanical elements is important and should be monitor to
access reliability of machinery. Most of the components used in high speeds often
possess flaws due to cracks formed by cyclic loading, vibration and other types of
loads. Due to loss of integrity, the dynamic properties such as natural frequencies of
such systems are drastically affected and require a special attention. Compared with
various nondestructive techniques such as ultrasonic testing, visual examination,
vibration-based online monitoring for identification of crack location and severity
has become more popular today. Vibration-based techniques follow two rules for
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detection of cracks. First one monitors synchronous vibration amplitude and phase.
If such 1x amplitude and phase exists, it implies the presence of crack. The second
rule states that there also exists 2x vibration in cracked rotor at half of the reso-
nance speed. There are several papers published on this subject, and still various
new methods are still under investigation. The constant rotation of the shaft with a
crack has a periodic time varying stiffness characteristics. However, transfer cracks
open and closed alternatively leading to breathing behavior. Here also the shaft
stiffness variation is time periodic. Many investigations studied such parametric
instability conditions in cracked rotor dynamics.

Meng and Gasch [1] studied stability of cracked Jeffcott rotor supported on journal
bearing. Gasch [2] given an overview of cracked Laval rotor stability diagram.
Nonlinear dynamic stability analysis of shaft disk system with crack was presented in
some works [3-5]. Most of these works focused on simple systems having few
degrees of freedom. Sinou [6] conducted the stability analysis by applying pertur-
bation to nonlinear periodic solution and identified effect of crack on the instability
region. When crack depth increases, the model must include additional flexibility
term so as to generate an integral model. The stress intensity factors in the theory of
fracture mechanics may be used for modeling open or breathing edge cracks. Local
flexibility coefficients depend on the size of crack and crack length geometry. Often
cracked section is replaced by single rotation spring representing local flexibility of
crack. Investigators divided the edged crack problem into two categories. These are
(1) direct problem where the effect of crack on the natural frequencies is studied and
(2) inverse problem where the vibration data are used to predict location and size of
the cracks. Cavelini et al. [7] calculated the additional flexibility introduced by the
crack using linear fracture mechanics model. Tsai and Wang [8] investigated the
position and size of crack on a stationary shaft by modeling crack as joint of local
spring. Darpe [9] detected fatigue transverse crack in rotating shaft by using detection
methodology exploiting both the typical nonlinear breathing phenomenon of the
crack and the coupling of bending—torsional vibration due to presence of crack for its
diagnosis. According to Gomez et al. [10], who detected crack in a rotating shaft by
applying wavelet packet transverse energy combined with ANN (artificial neural
network) with RBF (radial basis function) architecture. Attar [11] investigated mode
and frequencies of stepped beam consisting of an arbitrary number of transverse
cracks by using analytical approach and also calculated position and depth of crack
opting transverse matrix method. Broda et al. [12] investigated longitudinal vibra-
tions of beams with breathing cracks numerically and experimentally both. In all the
above-mentioned works, it is assumed that the crack depth is relatively small in
comparison with rotor diameter. Also most of the literature dealt with open crack
modeling. In practice, the crack depth may elongate toward the centerline of the shaft
and it requires additional flexibility consideration using fracture mechanics theory. In
this line, present paper formulates an approach based on mode-1 failure to model the
crack in terms of its depth function, and the frequency analysis of the rotor bearing
system is carried out using transfer matrix approach. The breathing crack behavior is
analyzed in detail with variations in natural frequencies and mode shapes. The
reminder of the paper is organized in the following format. Section 2 deals with
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mathematical modeling of the crack and rotor system. Section 3 presents results and
discussion, and brief conclusions are given in Sect. 4.

2 Mathematical Modeling

This section deals with description of the breathing crack model along with a
transfer matrix method employed in the present work. When the crack width is very
small, it is known as gaping fatigue crack which is different from notch. Gaping
cracks are difficult to manufacture. The shaft should be subjected to prolonged
cyclic bending fatigue to initiate the crack. Compliance of a cracked shaft is a
function of uncracked shaft compliance and additional compliance induced by the
crack. Dimarogomas et al. [13] employed the fracture mechanics techniques for
estimating crack compliance, where the strain energy release rate was used along
with linear elastic fracture mechanics.

2.1 Additional Flexibility Due to Crack

A shaft element of length L having a transverse crack of depth 4 is located at the
middle position as shown in Fig. 1.

By considering that there are six degrees of freedom at each station of the shaft
element (i = 1—6), the method is explained. If D = 2R is the diameter of the cross
section, E is elastic modulus, and v is Poisson ratio of the material, then the
additional strain energy U, is given by the integration of the strain energy density
function over the cracked area A. as follows.

2

(1 —1v?) - ’ ° ’ 6
Ve =" / (;KI,) +<;Km> +(1+v) (;KHU) dA. (1)

\ h

%S

Fig. 1 Cracked shaft element
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Here Kj, Ky, and Ky are the stress intensity factors corresponding to opening,
sliding, and shearing modes of the crack, ‘i’ denotes the applied load. Based on the
stress distribution on the cross section of the crack, these stress intensity factors are
determined. As mode-I (opening) is predominant on the crack flexibility, it is only
considered in this work. This is expressed as

Ki = on/maf (hﬁ) 2)

where g; is stress at the crack due to applied load P;, and fis a shape function called
crack configuration factor. The additional flexibility induced within the shaft due to

crack is obtained as ¢; = The elements of local flexibility matrix depends

02U
aP:oP;"
only on the degrees of freedom being considered for moments and forces applied on
the crack cross section. The full compliance matrix is 6 X 6; however, in present
study, the flexural vibration of beam in one plane (X — Y) is only considered so that
the load P5 (moment) only comes in equations. That is the component of flexibility
matrix C = cs5 only exists in this case. The detailed derivation of this component
for a circular section is given in Appendix.

2.2 Transfer Matrix Method

Transfer matrix method is useful techniques for solving the natural frequencies of
the present rotor. Any section or station of the rotor is described by a state vector
whose coordinates are physical quantities defining the vibration state of the section.
In a 2-D bending, the state vector S is defined in terms of transverse displacement y,
slope 0, bending moment M, and shear force Q. The method consists in relating the
ends of entire shaft line by means of several transfer matrices. Then the boundary
conditions can be applied and natural frequencies or critical speeds are calculated.
Several papers have been recently focused on the applications of transfer matrix
method in rotor dynamics. Albuquerque and Barbosa [14] used transfer matrix
method to predict the bending critical speeds of hydrogenerator shaft.
Ghasemalizadeh et al. [15] analyzed a shaft system using transfer matrix method by
considering gyroscopic effect. Albuquerque and Barbosa [16] predicted bending
critical speed of a hydrogenerator shaft using transfer matrix method. More
recently, Lee and Lee [17, 18] determined the solution to the free vibration char-
acteristics of a tapered and twisted Bernoulli beam by finding the roots of differ-
ential equation. Figure 2 shows the rotor model in present work. Here, the station
locations are also shown.

There are eight stations, and the rotating shaft is assumed to be bending in one
plane. In applying the method, there are two sets of matrices (1) field matrix which
relates the distributed effects such as shaft elements (2) point matrix which relates



Crack Effect on Rotors Using Mode-I Failure Model ... 157
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Fig. 2 Cracked rotor under study with station numbers

the lumped phenomena such as springs, crack, or disk. Following this, field and
point matrices are used to compute overall transfer matrix [19].
Field matrix for the shaft elements:

s T _u _y
a aEl @ EI

T _ U
av S aEl 2EI

[R23(L/2)] = [Ras(L/4)] = [Re7(L/4)] [R] = “LEIU  —aEIV S

T
a
—@EIT —a*EIU  aV S

with a = \/5\/4_1% Here, p and E are density and elastic modulus of shaft, while A
and [ are cross section and moment of inertia of the section. Also,  is natural
frequency, while other terms are defined as:

S(al) = % [cosh(al) + cos(al)] (4a)

T(al) = %[sinh(al) + sin(al)] (4b)

Ulal) = % fcosh(al) — cos(al)] (4¢)

V(al) = % fsinh(al) — sin(al)] (4d)

Point matrix for bearing support with translation = [Py5] = [P7s]

1 0 0O
01 00

oo 1 o ®)
kK 0 0 1
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Point matrix for the disk with mass m, diametral moment of inertial /;, and polar
moment of inertia /,,:

1 0 0 0
0 1 0 0
Pul=P2=1"o  o(pQtLo) 1 0 (©6)
—ma? 0 0 1

Here, Q is speed of the shaft.
Point matrix for the cracked portion (discontinuity between the slopes revealed
by bending moment and rotation)

[Ps¢] = P3 =

co o~
co~—o
o—~N0o
— o oo

The resultant overall transformation matrix is given by

Ty Tip Tz Ty

1 = PrlRallPslRaliPallRalleel = | 2 2 @)

Ty Ty Ty Tu

As both ends of the shaft after the support springs have free end conditions, the
moment and shear become zero. Thus, the resultant characteristic equation is
obtained as 75,74, — T3, T4 = 0. The natural frequencies of the system are
obtained by solving this equation for the frequency parameter a.

2.3 Breathing Crack

So far, only the studies of rotor with transverse open crack is studied. As shaft start
to revolve the crack smoothly transits from fully open to fully closed mode. So, we
use a cosine function to model this behavior.

Here Mayes’ model is employed as:

Kimayee = a1+ by cos (%)
Kumayen = a2 + by cos 0
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or
Kmaye = Kmayecf + iKmayer] (9b)

where Kinayes, Kmayen are shaft stiffness with crack along & and #, and 0 = Qr is
angular displacement.

ay = (Ko+K¢),by = 5 (Ko — K¢)

(10)
(KO + KVI) by =

az = (KO - Kn)

[N NG R

Here if 0 = 7, Kmayee = K¢, Kmayen = Ky and if 0 = 0, Knayer = Ko = Kmayey-
First case is called, fully open crack and second case is called fully closed crack.

3 Results and Discussion

Initially, the problem is solved as direct analysis approach where the crack
parameters are varied and the corresponding changes in natural frequencies are
predicted. Dimensions of the rotor under consideration are given in Table 1.

A computer program is developed to obtain the natural frequencies of the system
with variable crack dimensions at different speeds of operation and the support
stiffness values. Without crack, the intact model of the rotor is tested for its natural
frequencies using transfer matrix method. A comparison of the first three fre-
quencies using finite element analysis using Timoshenko beam theory, ANSYS
solution, is depicted in Table 2.

Table 1 Geometric and Parameter Value

material properties of system Diameter of the shaft (mm) 15
Diameter of the disk (mm) 128
Thickness of the disk (mm) 10
Length of the shaft (mm) 328
Elastic modulus of shaft and disk (GPa) 200
Material density (kg/m®) 7850
Bearing stiffness k (N/m) 1 x 10°
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Table 2 First three natural Method Mode-1 Mode-2 Mode-3

fi i in H f intact

eneies (in Hz) offintact oot transfer matrix 52,91 160.10 | 483.90
Timoshenko finite 52.86 160.01 481.62
element
ANSYS 52.92 160.56 483.68

3.1 Effect of Crack Depth

Figure 3 shows variation of fundamental natural frequencies as function of local
crack flexibility parameter.

As is obvious, it can be seen that as flexibility reduces from 0 to 0.01, the natural
frequencies first increases and then decrease. In the next step, the relative crack
depth (h/D) is varied from 0.1 to 0.5, and the corresponding css values are com-
puted, and the three natural frequencies are obtained in a similar manner as shown
in Table 3. It is seen that there is a marked effect of crack depth on the natural
frequency. In this paper, value of css is calculated by using the best fit formula [20]
for solid circular shaft as a function of h/D. Table 3 shows the change in the value

14 Finding the natural frequencies by sweeping
T T T T T T T T T
55=0
131 ¢ i
. _ c55=0.01
55=0.1 o —
1201 - i
-
—
~
1L -7 :
e
_/
= i
o
£
3 i
© X: 483.9
o
Y:7.834
e
5 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500

w (H2)

Fig. 3 Natural frequencies as a function of local flexibility parameter
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Table 3 Variation of natural frequency with h/D

161

WD | css (107% | Natural frequencies Natural frequencies Natural frequencies
(Hz) (mode-1) (Hz) (mode-2) (Hz) (mode-3)

0.1 1.55 5291 159.9 484.2
0.2 7.818 52.96 160 485
0.3 20.4 53.01 160 486.5
0.4 42.85 53.16 160.2 489.4
0.5 84.02 53.41 160.5 494.8

Effect of localised flexibility on natural frequency

intactY Y Y Y Y
13 h/D=0.5

log(determiant value)

X: 2585
Y:11.92

_

1 1
500 1000

1 1
1500 2000
w (H2)

Fig. 4 Variation of natural frequencies of cracked beam

1
2500

of natural frequencies at different mode and by changing the value of cs5 obtained
from above reference and crack location is fixed at 82 mm from the right end of

shaft.

It is clear that the natural frequencies with css5 have some change with respect to
uncracked rotor from mode 3 onwards (Fig. 4).

3.2 Effect of Crack Location

Table 4 shows the effect of crack location on the natural frequencies of the system,
and the variation are shown in table at the fix value of /4/D ratio of the crack. From
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Table 4 Variation of natural frequencies (Hz) with the change of crack location

V.P. Singh and J. Srinivas

Non-dimensional crack location L./L Mode-1 Mode-2 Mode-3
0.167 99.26 257.3 565.7
0.25 (initial location) 122.4 238.4 623.6
0.334 132.6 214.5 -

Table 5 First five frequencies obtained from ANSYS

Mode Intact Fatigue crack (depth 2 = 3 mm, width b = 6 mm)
1 10.315 10.323
2 19.420 19.433
3 646.97 642.87
4 1453.1 1441.1
5 2423.1 2419.5

Table 4, it is clear that the natural frequencies vary as a function of crack location

(Table 5).

3.3 Modeling of Crack in 2-D

ANSYS software is used to model the crack in the present shaft and analyze the
system with two ends supported on spring elements. Figure 5 shows the 2-D model
of the rotor with crack. Plane 183 elements are used to mesh the model.

Fig. 5 2-D model for rotor and shaft
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(a)

0.000 0.050 0.100 (m)
0.02% 0.075

Fig. 6 a Fatigue life of system without crack. b Fatigue life of system with crack

3.4 Fatigue Analysis of System on Difference Condition

Using 3D solid modeling, fatigue analysis is done for with and without crack (depth
2 mm and width 3 mm) in ANSYS. Material used is stainless steel at rotation speed
500 rps. Result about life of system is shown in Figs. 6a, b. And it is clear that life
of system decreases after introduction of crack.

4 Conclusions

In the context of this paper, various analyses are done for finding natural frequency
of shaft and rotor system at different position and dimension of shaft. So it is clear
that with variation of crack depth natural frequency increases. It can be also con-
cluded from fatigue analysis that fatigue life of any shaft rotor system decreases
with introduction of crack.



164 V.P. Singh and J. Srinivas

Appendix: The Flexibility Coefficient Derivation

Stress Intensity Factor,

Kis = 05 x \/nlFs

Here, 05 = Pzilh with Ps as bending moment and / is moment of inertia of cross
section.
¢ and # are spatial variables to measure the crack length and width along crack

plane
So,
[ K
5 = op2 [ / FdA}
16D a/D P
== / (1—4¢2)(2¢+\/1—4¢ ) e pde
0 —P

HereI—”D and P, = /¢ — ¢* where,¢>:§,<p=%
(2) an(%) (0923 +0.199(1 — sin(%) ) )

H(L) =
) os(3)
where 1 = —Y—orou— I—4¢?= for circular section.
,/1 492
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Multiaxial Fatigue Analysis—Approach
Toward Real-World Life Prediction

Pradip Pujari

Abstract Conventional fatigue analysis procedures followed in daily practices are
at least 10 or more years old. Typically, equivalent stress (on a plane) approach is
used for fatigue analysis. However, variation of stresses/strains in a particular plane
may not yield accurate results for fatigue life calculation. With new developments
in analysis practices and better solver capabilities, it is imperative to evaluate these
techniques for fatigue analysis followed today. One such need is to evaluate the
fatigue life when loads are highly complex and nonproportional. Study is done here
to perform multiaxial fatigue analysis of the structure. It is compared against the
existing methods for applicability in terms of cost and solution time. n-code fatigue
analysis module is used for the study based on multiaxiality. Multiaxial fatigue
analysis requires use of yield criteria to fatigue under combined loading. With
nonproportional loading, there is increased strain hardening which needs to be
considered appropriately. Hence, based on nonproportionality and biaxiality, a
decision matrix is prepared to decide the appropriate notch correction and equiv-
alent stress or strain approach. Notch correction methods studied are Neuber,
Hoffmann—Seeger, Glinka and Jiang Sehitoglu. Available n-code multiaxiality
options are explored and comparative study among these approaches is summarized
here. The n-code multiaxial fatigue analysis proposes two approaches to predict the
fatigue life. Two-step analysis and multistep analysis give closer solution to fatigue
life, but time required for solution increases drastically. Two-step analysis can be
selected as a trade-off for life prediction with multiaxiality in terms of time taken for
solution. Multiaxial fatigue analysis is performed on one of our vehicle structure to
correlate the results with actual life of the components predicted from the rig test.

Keywords Equivalent stress - Multiaxial fatigue - Nonproportionality
Biaxiality - Neuber correction - Hoffmann—Seeger - Critical plane approach
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1 Introduction

Conventional fatigue analysis practices followed in daily practices today are at least
10 or more years old. Typically equivalent stress (on a plane) approach is used for
fatigue analysis. However, variation of stresses/strains in a particular plane may not
yield accurate results for fatigue life calculation. With development in analysis
practices and better solver capabilities, it is imperative to evaluate these techniques
for daily analysis practices.

One such need is to evaluate the fatigue life when loads are highly complex and
nonproportional. Our products experience the loads in multidirection. So the
variation of stress in a particular direction may not yield accurate results for fatigue
calculation. Hence, performing multiaxial fatigue analysis appears to be the next
step closer to correlate to fatigue failures.

1.1 Multiaxial Fatigue Analysis

Multiaxial fatigue analysis requires use of yield criteria to fatigue under combined
loading. Based on loading history, the equivalent stress calculation is done for
different conditions. Various methods for equivalent stress calculation such as
maximum principal stress, Von Mises and maximum shear stress (Tresca) are
studied for determination of equivalent stress under multiaxial loading situations
[1, 2].

With nonproportional loading, there is increased strain hardening which needs to
be considered appropriately. Hence, based on nonproportionality of the load and
biaxiality ratio, a decision matrix is prepared to decide the appropriate notch cor-
rection and equivalent stress or strain approach. Notch correction methods studied
are Neuber, Hoffmann—Seeger, Glinka and Jiang Sehitoglu, etc.

The multiaxial fatigue analysis methods based on stress (High cycle fatigue),
strain (low cycle fatigue) and critical plane approach are studied and compared
against each other with above considered parameters. Best method out of all these
studied methods is proposed here for multiaxial fatigue analysis.

Multiaxial fatigue analysis is performed on SPFH (self-propelled forage har-
vester) machine to correlate the results with actual life of the components (Fig. 1).

1.2 Necessity

The day-to-day fatigue analysis considers equivalent stress approach. Actual vari-
able loading suggests that failure does not coincide with the planes predicted by
previous approach. Thus study of multiaxial fatigue cannot be made based on static
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Fig. 1 Proportional and nonproportional loading (reference: https://www.efatigue.com/training/
Multiaxial_Stresses.pdf)

yield criteria. These approaches, though with all the corrections, cannot take into
account the succession of stress states that define a multiaxial loading.
The general expression of multiaxial loading is given in following equation

X+/¢zYi

where X and Y are shear and normal stresses in certain planes considered to be
critical, while / and # are values determined as functions of the material’s fatigue
characteristics. This particular approach is termed as critical plane approach.

Critical plane approach recognizes that fatigue is essentially directional and
considers the accumulation of damage on particular plane. There are various
methods for calculating damage on a particular plane. Most commonly used method
calculates damage for all possible planes (at say 10° intervals) and the worst or
critical plane is selected.

Following are few examples of multiaxial loading situations.

Crankshaft has torsion and bending—Biaxial stresses.
Thin walled pressure vessel—Biaxial stresses.
Stresses in notches—usually multiaxial.

Stresses in bolt thread and main body of the bolt.


https://www.efatigue.com/training/Multiaxial_Stresses.pdf)
https://www.efatigue.com/training/Multiaxial_Stresses.pdf)
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1.3 Terms Associated with Multiaxiality

(a) Biaxiality Ratio (a,.): a. = ¢,/c; (Fig. 2)

Stress state on free surface is biaxial-principal stresses ¢; and ¢, (where |gy| > [c2|)
lie in the x—y plane Biaxiality analysis:

e a, = —1 Pure Shear.
e g, = +1 Equi-Biaxial.
e g, = 0 Uniaxial.

(b) Proportionality

Orientation T of ¢, relative to local X axis (Fig. 3).

Proportional loading: T and a, are fixed.

Nonproportional loading: either of T and a, or both vary. Below are few situ-
ations where proportionality is explained (Fig. 4).

1.4 Fatigue Damage Modeling

e Proportional loadings—DBiaxiality ratio influences type of fatigue damage and
choice of damage parameter.

e Nonproportional Loadings—Need method to capture varying stress orientation!
(Table 1)

There are various methods available for modeling the damage based on stress or
strain criteria. Out of the various methods, the few widely used approaches are
listed in the table which are used widely by commercially available fatigue analysis
softwares.

Table 2 shows the various damage modeling approaches used frequently.

Of the various methods listed in Table 2, following are the widely used models
for fatigue analysis.

Fig. 2 Free surface stresses

(reference: http://www. Z
caefatigue.com/wp-content/

uploads/CAEF-13-Multiaxial-

Stress.pdf)
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Fig. 4 Examples of loading (reference:

ae = 0'2]’0'1 =1

Proportional loading

2, = oy/o, =1

Proportional loading

171

T
-+

—T

N

Q::l",/)
3, = 0,/0y
-1< a.<0

Non Proportional
loading

http://www.ncode.com/fileadmin/mediapool/nCode/

downloads/events/Multiaxial_Fatigue_UGM_May_2012_Heyescompatiblity_Mode_pdf)

Table 1 Basis for damage

model definition

Type of loading T a,

Uniaxial Constant 0
Proportional multiaxial Constant -l1<a, <+1
Nonproportional multiaxial May vary May vary
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Table 2 Fatigue damage modeling approaches

Stress-based criteria Strain based criteria Energy based criteria
Long life Low Long/low life
life
Equivalent Equivalent strain Plastic work
stress approach Total strain energy
approach density per cycle
Critical Sines model Brown and Miller
plane Findley Fatemi Socie model
models Dang Van Liu
model
Type B critical plane
shear strain (TBCPS)
Wang Brown method
f
At
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Fig. 5 Sines model

(a) Sines Model [1, 3]

¢ Sines method uses alternating octahedral shear stress for cyclic stresses and
hydrostatic stress for mean stresses.

e Relatively easy and can be used for proportional loading with high cycle
fatigue analysis (Fig. 5).

(b) Findley Model [1, 3]

e Fatigue crack plane considers the plane with maximum shear stress and
maximum normal stress on this plane. K is the material constant.
It requires search for critical plane. Hence computationally hard.
It is suitable for long life calculations with proportional or nonproportional
loading (Fig. 6).

(c) Dang Van Model [1, 3]

e Amplitude of the microscopic shear stresses and the magnitude of the
hydrostatic stress.
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e Complicated way of estimating the microscopic residual stress.
e High cycle fatigue with nonproportional loading (Fig. 7).

(d) Brown and Miller Model [1, 3]

e Based on physical interpretation of mechanisms of fatigue crack growth.
e Proposed that the shear strain and normal strain on the plane of maximum
shear must be considered (Fig. 8).
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(e) Fatemi and Socie Model [4]

e Based on physical interpretation of mechanisms of fatigue crack growth.
e Proposed that the shear strain and normal stress on the plane of maximum
shear must be considered (Fig. 9).

(f) SWT Model [1, 3]

e Proposed the Maximum principal stress and principal strain as damage
parameter (Fig. 10).

(g) Type B Critical Plane shear Strain (TBCPS) Model

e Qut-of-plane shear strain on planes inclined at 45° to the free surface.
e Damage is calculated on the critical (maximum shear plane) whether type
A or B (Figs. 11 and 12).

A~ Gnmax ) T‘ -2 CO
?f[ch—yJ:é{m, 147, (2N, )

T

Fig. 9 Fatemi Soci model (reference: http://www.abcm.org.br/symposium-series/SSSM_Vol2/
Contents/SSSM_24.pdf)

(reference: https://fenix.
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Normal to surface

Normal to critical plane |
-

Free surface

*{ Projection of critical plane
normal onto free surface

Type B critical plane
shear strain

Fig. 12 TBCPS  model  (reference:  http://www.ncode.com/fileadmin/mediapool/nCode/
downloads/events/UGM_15/2015_nCodeUGM_Multiaxial_Fatigue_Life_Prediction.pdf)

(h) Wang Brown Model

Calculates critical plane for each rainflow reversal.

May be quite slow especially for long loading histories.

Recommended for a variety of proportional and nonproportional loadings.
For each reversal the damage is calculated on the critical (maximum shear
plane) whether case A or B.

1.5 Mean Stress Correction

Mean stress corrections used in fatigue analysis mostly run around the methods
proposed by Morrow and SWT. Based upon the various literature referred, fol-
lowing are the noted difference between two methods [5].

Morrow Correction:

e Suitable for high cycle fatigue.

e Mean stress effects are significant at low values of plastic strain, where the
elastic strain dominates.

e The correction also reflects the trend that mean stresses have little effect at
shorter lives, where plastic strains are large.

SWT Correction:

e Suitable for low as well as high cycle fatigue analysis.
e The physical interpretation of this approach assumes that no fatigue damage
occurs when the maximum stress is compressive.
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Mean stress correction Variation
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Fig. 13 Effect of mean stress correction

Figure 13 shows that Morrow correction shows conservative results for com-
pressive mean stresses, whereas SWT model is more suitable for tensile mean
stresses.

1.6 Multiaxial Plasticity

One of the complicated characteristics of nonproportional loading situations is the
additional cyclic hardening due to the interaction of dislocations in different
directions. Because of the change in direction of principal stresses and strains in the
material, dislocations move in different directions, interact with each other and
generate an additional hardening which is called nonproportional hardening. This
additional hardening depends on loading conditions, temperature, and material
hardness and microstructures. Therefore, one of the very first steps in analysis of
fatigue life under nonproportional variable amplitude multiaxial loading is to
evaluate the material response to the rotation of principal axes.

In general, a good multiaxial fatigue model should be physically based, sensitive
to material deformation behavior, robust, and applicable to variable amplitude
loading.

Final stress—strain state at the notch tip depends upon load path followed up
incrementally as applied. Figure 14 explains how the stress strain response would
vary for typical applied loading [6].

Therefore, the constitutive stress—strain relationships must be written in terms of
increments because the current stress—strain increments depend on the previous
stress/load path.
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Based on these aspects, there are different models which suggest the plasticity

correction.

(a) Neuber Correction—Applicable to uniaxial or proportional loading [7, 8]

(Fig. 15).
(b) Hoffmann—Seeger’s Correction

The principal stress and strain axes are fixed in orientation.
The ratio of the in-plane principal strains is constant.

e The uniaxial stress—strain curve can be extended for use with von Mises

equivalent stress and strain under different states of stress.
e Applicable to biaxial and proportional loading.
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Fig. 16 Jiang Sehitoglu correction (reference: http://www.ncode.com/fileadmin/mediapool/
nCode/downloads/events/UGM_15/2015_nCodeUGM_Multiaxial_Fatigue_Life_Prediction.pdf)

(c) Seeger Heuler Correction

e Provides a variation on the Neuber or Hoffmann-Seeger methods that
increases the amount of plasticity estimated when net section yielding is
predicted, based on a shape factor.

(d) Jiang Sehitoglu Notch Correction [9]

e Stress—strain relationship is very path dependent.

e Difficult to find closed cycles.

e An incremental formulation of the stress—strain relations and notch rules
becomes necessary.

e Applicable to nonproportional loading (Fig. 16).
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2 n-Code Multiaxial Fatigue Analysis Approach

Starting from n-code version 11 onward, it has the strong solver capability of
performing multiaxial fatigue analysis. n-code has the option of performing mul-
tiaxial fatigue analysis in two different approaches.

1. Auto mode with standard assessment.
2. Multiaxial EN fatigue analysis glyph.

Auto Mode With Standard Assessment

The Auto mode employs a two-pass approach. In the first pass, a calculation is
made using the absolute maximum principal stress, and a standard multiaxial
assessment is also carried out [8]. Based on the multiaxial assessment results, a
second-pass calculation may be made using a different combined stress option (e.g.,
critical plane). Where a second-pass calculation is made, its results overwrite the
first (Fig. 17).

This method provides a more robust measure of the biaxiality and nonpropor-
tionality of the local loading (stress state). The mean biaxiality and nonpropor-
tionality factors are reported in the analysis results, together with the dominant
stress direction [8] (Fig. 18).

A second pass using a different stress combination method may be carried out IF
the value of STRMAX (equivalent maximum stress) exceeds the percentage of the
material strength (UTS) defined by zero damage stress percent and IF the non-
proportionality and/or biaxiality values lie outside the ranges defined for the normal
method by the relevant threshold values. The auto mode is summarized in Fig. 19.

Multiaxial EN Fatigue Analysis Glyph

e Six-step analysis method.

e C(ritical plane calculations based on various combinations of biaxiality and
nonproportionality.

e Computationally expensive. Hence, recommended only when highly nonpro-
portional loading is involved (Fig. 20).

: Combined :
Stress history | .| ¢/ oes history — Rainflow count |, o) \vAGE
ﬂ”(t) o (” (Aﬂ.ﬂm}“
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k4
Multiaxial » Multiaxiality
assessment results

Fig. 17 First-pass analysis with auto mode (reference: n-code design life theory guide.
NC-DL-TH 8.00.13.0)
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Fig. 19 Decision matrix in
auto model assessment
(reference: n-code design life
theory guide. NC-DL-TH

8.00.13.0)
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A typical multiaxial EN analysis has the following basic steps, which are exe-
cuted for each analysis entity (Node, Element, Node-on-Element) and shell surface,
where appropriate:

(1)
(i)

The stress tensor history.
The stress tensor is processed using a multiaxial plasticity model, combined
with a notch correction, to generate an estimated local elastic-plastic strain
and stress history.
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Fig. 20 Multiaxial EN fatigue analysis (reference: n-code design life theory guide. NC-DL-TH
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(iii) The elastic—plastic strain and stress history is fed through the different
damage models listed below in decision matrix. The stress history undergoes
multiaxial rainflow counting and damage procedures to get the final damage
and life prediction (Fig. 21).
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3 Multiaxial Fatigue Analysis and Discussion

Multiaxial fatigue analysis is carried out for one of our JD product, i.e., forage
harvesting machine. A rig response test was carried out earlier in the laboratory.
The measured strain histories with appropriate duty cycle are used for analysis
(Fig. 22).

The multiaxial fatigue analysis is performed using three different approaches
mentioned in earlier section. The results show good correlation with the life
numbers predicted through multiaxial fatigue analysis.

The fatigue analysis is performed by considering the duty cycle of the machine.
The various configuration set-up are run for respective % of the time. The test
measurements are taken in terms of strain histories at different location. Inertia relief
analysis is performed with unit loads at different wheel locations. Fatigue analysis is
performed by using unit response at different location which is scaled with response
from the measured strain histories.

Multiaxial fatigue EN analysis shows good co-relation with actual life predicted
through test. However, the run time with two-step and multiple steps method
increases significantly, so one need to be very deterministic in selecting the ele-
ments for these calculations. More the number of damaged elements filtered for
further calculations more the time is taken for analysis. Hence, it is necessary to
decide these numbers so that only the critical region elements get filtered for further
calculation and run times minimal.

There are still few regions where the life numbers do not correlate with test.
There is still some variation by a factor of 3—5 which is a common for any fatigue
analysis method. This analysis, however, also dwells upon the aspect that critical
region are highlighted which otherwise could have been missed with normal fatigue
analysis.

Fig. 22 Typical agricultural machine (reference: GreenStar 2 System™-—Forage Harvester,
OPERATOR’S MANUAL, John Deere Works Zweibriicken, 2007)



Multiaxial Fatigue Analysis—Approach Toward Real-World Life ... 183

4

Conclusion

The multiaxial fatigue analysis reflects in reduction in life numbers based on
biaxiality and nonproportionality. This would highlight the location which
would have been missed with normal fatigue analysis.

Various aspects considered in fatigue analysis such as notch corrections for
plasticity, mean stress corrections do affect the fatigue life of the structure under
highly nonproportional loading.

It is the analysis engineer’s call to decide which method is suitable for the
specific problem on fatigue analysis.

Many of the fatigue analysis problems should result in better solution with
two-step analysis which would give the benefit on computational cost as well.
Computation time with multiaxiality increases as it does calculations on every
10° rotation of the plane.

Decision on selection of the fatigue analysis method to be done by judgment and
vital experience on type of loading in the problem under life evaluation.
Multiaxial fatigue analysis can further be evaluated with study of certain
parameters which reduce the solution time.
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Effect of Loading Rate and Constraint
on Dynamic Ductile Fracture Toughness
of P91 Steel
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S.K. Albert and A.K. Bhaduri

Abstract The dynamic ductile fracture toughness (Jy,; and J4-R curve) of P91
steel is an important parameter for design against failure of fast reactor
sub-assembly wrappers under accidental loading conditions. Instrumented impact
testing of pre-cracked Charpy specimens is well suited for this purpose due to their
small size and resultant material economy for service-exposed materials. While the
effect of impact loading rates on plastic deformation properties is well known, their
effect on dynamic ductile fracture toughness is relatively less studied. Also, change
in in-plane constraint is known to affect ductile fracture toughness under
quasi-static loading conditions. Hence, a study was undertaken to evaluate the effect
of loading rate and in-plane constraint on the dynamic J-R curves. The main
challenge in this is determination of current crack length (@), which is required to
evaluate J-integral. Though a few methodologies have been proposed in the liter-
ature for this purpose, there is no standard method as yet. The lowest impact
loading rate has been chosen so as to ensure ‘low-blow’ conditions where the
specimen is not fully broken. This enabled the usage of ‘normalization’ method of
ASTM E 1820 standard to determine ‘a’ for this loading rate. Further for the higher
loading rate full-blow tests, the data from low-blow test specimens have been used
as reference in the ‘Compliance Ratio’ key curve method to determine ‘a.” The
dynamic J-R curves have been obtained from the ASTM E 1820 formulation of J-
integral using as input the determined ‘a’ and load—displacement data. Dynamic J-
R curves are found to be independent of loading rate in the range between 2.15 to
5 m/s and 1.5 to 5 m/s for short cracks (/W =~ 0.3) and long cracks (&/W = 0.5),
respectively. Short cracks (/W = 0.3) display higher J-R curves than those for
long cracks (a/W = 0.5) beyond a crack extension of 0.3 mm. The validity of the
dynamic J-R curves obtained has also been explained.
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1 Introduction

The dynamic ductile fracture toughness (Jy,; and J;-R curves) is an important
parameter for structural integrity analysis of fast reactor in core wrappers to guard
against ductile tearing under accidental loading conditions. While the 9Cr—1Mo
steels are the chosen material [1-4] for this purpose, the use of instrumented
pre-cracked Charpy tests (PCVN) for evaluation of Jy 5, and J;-R curves is gaining
importance mainly because of smaller specimen size requirement and faster testing,
facilitating economic experimentations on service-exposed materials. There are
various successful efforts in the literature [5—8] toward determination of dynamic
ductile fracture toughness. However, there is scope for further improvement in the
methodologies appropriate for analytical approaches toward single specimen
method determination of J.

Evaluation of Jy,,; and J;-R curves requires load (P), displacement (d) and
current crack length (a) triplets for the duration of the test. Un-smoothened P-d
plots are obtained from low-blow impact tests. The two main challenges toward
determination of dynamic ductile fracture toughness are smoothening of P-d plots
and determination of a. The un-smoothened P-d plots (due to inertial oscillations in
an impact test) have been smoothened adopting a new way using linear regression
fit [9] in the initial linear portion and by the moving average method [10, 11] in the
elastic—plastic and crack growth regimes. The other major technological challenge
has been the determination of the current crack length a, as the usual DCPD/ACPD
and unloading compliance methods applied in quasi-static loading situations cannot
be applied in dynamic circumstances. Though unequivocal standard methodologies
to determine the parameter a are yet to evolve owing to the inherent experimental
uncertainties involved in dynamic fracture experimentations, a few
experiment-based techniques with mutual merits and demerits are available in the
literature. These are, namely (a) ‘load ratio’ (LR) method [12], (b) power law ‘key
curve’ (PLKC) method [7, 13], (c) three-parameter LMN method [14], (d) nor-
malization method given in [9, 15] and (e) Compliance Ratio method [8]. It is of
technological importance to compare and contrast the above-mentioned method-
ologies with respect to the experimental observations toward adopting a conser-
vative approach to integrity analysis based on Jg,,; and J,-R curve approach. The
‘LR’ and ‘PLKC’ methods require only the initial crack length (a,) in addition to P-
d plots obtained from the impact tests. Hence, they can be applied to both impact
test conditions where the specimen is fully broken (full-blow) and where the
specimen is not fully broken (low-blow). The LMN and normalization methods
require the final unbroken crack length. Hence, these methods can either be applied
to low-blow tests or to full-blow tests with stoppers, ensuring that the specimen is
not fully broken during impact. Though LMN and the normalization methods are
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closely comparable, the latter uses a more rigorous functional form for plastic
displacement. ‘Compliance Ratio’ method uses reference key curves generated
from quasi-static or low-blow tests of identical specimens (where a can be deter-
mined) to determine a in the actual full-blow impact test. While the ‘LR’ and
‘PLKC’ methods have been proven for materials like HY 80 steel and SS316L(N)
[7, 12, 13], respectively, they have not been successful for P91 steels. The ‘LR’
method requires that elastic displacement should be constant after peak load,
whereas there is a significant decrease in this quantity for pre-cracked Charpy
impact tests of P91 steel. The ‘PLKC’ method uses the P-d pairs after yield and
before peak load only along with initial ligament length as input. The success of this
method depends on whether the obtained constants in the power law fit give a linear
shape to the ‘key curve’ after peak load. This does not happen for pre-cracked
Charpy tests of P91 steels. It should be mentioned that ‘PLKC’ method was found
to be successful for ‘low-blow’ impact tests of SS316L(N). It is well known that
austenitic stainless steels exhibit higher amount of plastic deformation which can
explain the difference in success of this method between SS316L(N) steel and the
ferritic steels in this study. In this study, the normalization method has been used to
determine ‘a’ for low-blow impact tests. The low-blow impact tests (for which ‘a’
is known) have been used as reference key curves in the ‘Compliance Ratio’
method to determine ‘a’, for full-blow impact tests. The determined ‘a’ along with
P-d pairs from the impact test has been input in the ASTM E 1820-09el [9]
J formulation to evaluate Jy »; and J-R curves for P91 steel. The in-plane constraint
effect has been studied by testing pre-cracked Charpy specimens with short and
long crack lengths.

2 Material

For this study, 24-mm-thick plate of the Mod. 9Cr-1Mo steel in normalized and
tempered (N&T) condition is the starting material. The steel was normalized at
1050 °C, and the holding time was 1 min/mm. It was tempered at 770 °C, and the
holding time was 3 min/mm. Its chemical composition, in weight percent, is given
as follows in weight percentage: C-0.105, Mn-0.411, P-0.016, S-0.0005, Si-0.207,
Cu-0.062, Ni-0.202, Cr-8.937, Mo-0.861, Al-0.012, Nb-0.079, Zr-0.006, V-0.203,
Ti-0.003, B-0.0004, N-0.0532, Fe-balance.

Charpy V-notch specimens were fabricated for P91 steel from rectangular blanks
of 65 * 15 * 15 mm°. The drawing of the Charpy V-notch specimen is given in
Fig. 1.
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Fig. 1 Charpy V-notch specimen drawing with all dimensions in mm

3 Pre-cracking of Charpy V-Notch Specimens

Charpy impact test specimens were fatigue pre-cracked in a 3-point compression
bend mode with an R-ratio of 0.10 in a 20-kN resonant fatigue testing machine. The
initial resonant frequency for pre-cracking was 104 Hz, and it gradually decreased
with crack growth. The initial peak to peak load was set at 5 kN and was reduced in
steps of 0.5 kN, for every drop in the system frequency of 0.5 Hz, down to 3.0 kN.
The stress intensity factor range (AK) during pre-cracking was within the range of
21.14-28.75 MPaym. The length of the fatigue crack was ~3 and ~1 mm from
the end of the V-notch, to provide an ao/W ratio ~0.5 and ~ 0.3, where ay is the
initial crack length and W is width of the specimen.

4 Experimental

Impact testing for a/W ~ 0.5 specimens of P91 steel was carried out at loading rates
of 1.5, 3 and 5 m/s. Impact testing for /W ~ 0.3 specimens was carried out at
loading rates of 2.15, 3 and 5 m/s.

The test temperature for all the tests was maintained at 100 °C to ensure ductile
loading condition.
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5 Smoothening of P-d Plots

Un-smoothened load—time plots are obtained as output from the impact tests which
are converted to load—displacement P-d plots. The inertial oscillations in an impact
test are due to the interference of elastic stress waves with the actually experienced
load by the specimen. These inertial oscillations make it difficult or not possible to
obtain meaningful current crack length and J,-R curves. Hence, smoothening of the
P-d plots is a necessity. In this study, a new way of smoothening combining two
available methodologies has been developed. The two methodologies that have
been used are (a) linear regression fit given in ASTM-E1820-09¢l [9] and
(b) moving average method given in [10, 11].

The linear regression fit [ASTM E 1820-09e1] smoothens the P-d plot in the
initial linear portion. This method does not cover the smoothening of the plot after
the yield load.

The moving average method smoothens the entire P-d plot. This method com-
putes the value of the nth load (P) point by taking the average of (m — 1)/2 points
before and after along with the nth point. It is given as

n+[(m—1)/2]
Py=(1/m)x > P (1)
n=[(m=1)/2]

where i is the index
m total number of points taken for averaging.

This averaging is done on sliding basis covering the entire P-d plot. The P-d plot
is averaged many number of times till the final smoothened plot is obtained.

The linear regression method [ASTM E 1820-09el] gives a good fit to the
un-smoothened initial linear portion. The moving average method gives a good fit
to the data in the elastic—plastic and crack growth regimes starting at some distance
after yield load. However, this method gives a steeper slope than the measured
un-smoothened initial linear portion of the P-d plot. Hence, smoothening of the P-
d plot will require usage of the linear regression fit to the initial linear elastic portion
and the moving average method beyond the yield load. Since the moving average
method starts giving a good fit to the un-smoothened data only some distance after
the yield load, it was extended to intersect the initial linear regression line, thus
completing coverage of the entire P-d plot. The extension of moving average
method to intersect the linear elastic portion was done by correlating P/b2 and d/W
employing a four-parameter correlation formula (same as ASTM E 1820 normal-
ization method) in the case of a/W =~ 0.5 specimens and a polynomial fit of order 2
for /W =~ 0.3 specimens. In the above, P is the load by the moving average method
and d is the total displacement.
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6 Current Crack Length Estimation Methodologies

The second major challenge to evaluate dynamic J is determination of current crack
length ‘a.” The two methodologies to determine ‘a’ for low-blow and full-blow
tests, respectively, are summarized in this section.

6.1 Normalization Method

The ‘key curve’ is the basis of this method with a correlation between normalized
load and plastic displacement in the form and with the procedure [9, 15] given
herein:

Normalized load (Py;) is given as

Pxi = Pi/ (W*B*(l —ay /W)’“’l) )

where subscript i refers to the ith data point, P—load, W—width, B—thickness,
ap—blunting corrected crack length and #,,; = 2 (for TPB specimen) is the plastic
eta factor.

ap; 18 given as

avi = a, + (Ji/ (2 x a7) ) (3)

where a,—initial crack length, o—flow stress = ((ays + 0y)/2) and J; is calculated
as per ASTM E 1820-09¢l using a,,. gy and o, are the yield strength and ultimate
tensile strength, respectively.

In the instrumented impact test using pre-cracked Charpy specimen, the dynamic
yield stress, oyq, and dynamic flow stress, o¢q, are obtained using the equations
given below (Server et al. 1978):

oya = (2.85 % Pgy x W) /(B + by) (4a)
ota = (2.85 % (Pgy + Pp) * W) /(2% B * bY) (4b)

where P,,—yield load, P,—peak load, b,—initial ligament length.
Normalized plastic displacement (dyp,;) is obtained from

dnpli = dyii /W (5)
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where d,;; is the plastic displacement and obtained as
dpi = di — (Ca1 % P;) (6)

with di—total displacement and Cy, is the initial elastic compliance determined from
the initial linear portion of P-d plot.

Py; and dyp); are calculated for the points from yield load up to the point just
preceding the peak load. They are also calculated for the final P-d pair using the
final crack length without blunting correction. They are then fitted with the given
normalization function using least squares regression:

Pni = {Cl + (Cy * dypii) + (C3 * (deli)z) }/(C4 +dpii) (7)

where Cy, C,, C5 and C, are fitting constants.

Using the fitted equation, the current crack length is obtained iteratively starting
from the point where dyp;; > 0.002 and moving in a consecutive way for all the
subsequent points.

6.2 Compliance Ratio ‘CR’ Key Curve Method

The CR method is an improved derivative of the load ratio method [12, 16].
The CR method does not need either the strain hardening exponent of the material
or normalization functions or the measured final crack length.

Characteristic feature of the CR method is that the instantaneous specimen
compliance of a ‘target specimen’ is calculated based on the experimentally mea-
sured load—displacement curve of a ‘source specimen.’ It is assumed that the key
curves of source and target specimens are identical. The principle of the CR method
is briefly described below.

At first, a source specimen is tested quasi-statically using the partial unloading
compliance technique or by low-blow impact test. A load—displacement curve of
the source specimen without crack growth (CR load, P) can be determined
according to Fig. 2. This curve is then normalized by the maximum load,
P ax.sources and elastic displacement at maximum load, dej pmax.sources 0 order to
form the key curve.

The next step is to measure the load—displacement curve of the target specimen
in a test without periodic unloadings which makes the method suited for dynamic
loading conditions too. Generally, load signals from dynamic tests may show
oscillations. Therefore, the data of the tests are smoothened to make them suitable
for further analysis. Regardless of this, it is of great importance to optimize spec-
imen instrumentation and loading parameters in dynamic tests before the signals are
processed. The initial target specimen compliance, Co arger» the maximum load,
Pax sources and the corresponding displacement at maximum load, dejpmax sources
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then can be determined. The target specimen displacement values, d;yrge, are
normalized by dej pmax,source 10 (d7/dei pmax)targer- According to Fig. 3, the key curve
is entered with the normalized displacement, (dei pmax,source)arget» 10 Obtain the
normalized CR load, (P;/Ppmax)sources from which the CR load of the target speci-

*
men, Pi,target ’
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P

P max,target (P—) (8)
max/ source

Subsequently, the compliance of the target specimen, C; arger, i calculated by:

Citarget = ﬁco
et P i target

©)
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From the obtained C; g, the current crack length equation can be obtained for
the Charpy specimen geometry under dynamic loading conditions using the fol-
lowing equation:

% = 1.17545 — 9.20345u + 50.40352u* — 179.159934° (10)

where

1
=
E Ci,larget * B

Essentially, the CR key curve was found to be independent of notch type,
temperature and initial crack length [17]. Those parameters found to influence the
shape of the key curves were specimen geometry and material. Therefore, the target
specimens need to be of the same material and geometry as the source specimen.
Since the ratio of maximum forces of source and target specimens is included in the
CR procedure, the strain rate and temperature dependence of the mechanical
properties of the materials are taken into account. The load—displacement record is
the only information needed from the target specimen.

7 Results and Discussion

The testing and analysis of all the P91 steel specimens were carried out as given in
the previous sections. The raw P-d plots before peak load consist of high-amplitude
superimposed oscillations which are due to interference of elastic stress waves
generated in a dynamic loading test. It is known [18] that beyond a time span of
~31, where t is the time period of oscillations, the amplitude of oscillations
becomes negligible, and therefore any load measurement can be considered to be
free from inertial effects. Kobayashi [19] has suggested the criterion of initial
pendulum energy, E, > 3Er, where Er is the total energy absorbed by the spec-
imen, to avoid loss of contact effects during elastic—plastic fracture. Another point
to note is that the P-d plots are symptomatic of ductile fracture.

The evaluation of ductile fracture toughness (J-R curve Jy,,) requires P-d-
a triplets at each point of the plot. Hence, successful smoothening of the P-d plot is
an essential pre-requisite to enable determination of ‘a,” and therefore, the J-integral.
The smoothening of the raw P-d plots was done by a combination of linear
regression fit given in ASTM E 1820-09¢1 [9] and the moving average method [10,
11]. The comparison of the smoothened and un-smoothened P-d plots is given in
Fig. 4a, b for /W = 0.5 having loading rates of 1.5 and 5 m/s. Both the plots show
good agreement between smoothened and un-smoothened data, confirming the
correctness of the method employed. Similar results were obtained for all the tests.
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The comparison of smoothened P-d plots for all the loading rates for /W =~ 0.5
specimens and that for a/W ~ 0.3 samples is given in Figs. 5 and 6, respectively. It
will be prudent to study the effect of loading rate on the plots. For a/W ~ 0.5
specimens (Fig. 5), testing done at loading rates of 1.5 and 5 m/s is more or less
superimposed, showing the lack of effect of the change in loading rate in the above
range. The P-d plot for the specimen having loading rate of 3 m/s is significantly
higher than both the other specimens. This can be attributed to the difference in
initial crack lengths between the specimens. While for specimens tested at 1.5 and
5 m/s, the ‘ay’ is comparable at 5.82 and 5.95 mm, respectively, the ‘a,’ for the
specimen tested at 3 m/s is significantly lesser at 5.58 mm. For /W =~ 0.3 speci-
mens (Fig. 6), testing done at loading rates of 3 and 5 m/s is more or less
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superimposed, showing the lack of effect of the change in loading rate in the above
range. The P-d plot for the specimen having loading rate of 2.15 m/s shows a
higher curve after peak load with increasing deviation from the other two curves.
The difference in P-d plots after peak load in the lowest loading rate test is due to
larger plastic zone size in short crack specimens. This point will be explained later
during the discussion on J-R curves.

The dynamic yield stress (oyq) and dynamic flow stress (otq) calculated for all
the specimens are given in Table 1. As expected, both increase with the increase in
loading rate. Also, as can be seen from the tables for the specimens tested at 3 and
5 m/s, both quantities are comparable and independent of a/W ratio. These points
confirm the validity of the P-d plots obtained from tests at different loading rates.
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Table 1 The dynamic yield and dynamic flow stress for a/W =~ 0.5 and a/W = 0.3 specimens

A/W ratio Impact velocity Dynamic yield stress oyq Dynamic flow stress g
(m/s) (MPa) (MPa)
a/W =~ 0.5 1.5 455.5 526.5
3 495.5 557.8
5 531.6 577.3
a/W=03 |215 476.3 552.3
3 486.9 554.0
5 501.2 561.2

Table 2 Final calculated and measured crack length for low-blow tests for a/W =~ 0.5 and
a/W =~ 0.3 specimens

a/W Ratio | Impact Calculated final crack Measured final | Measured
velocity length (normalization crack length initial crack
(m/s) method) (mm) (mm) length (mm)

a/W = 0.5 1.5 7.5240 7.5263 5.8263

a/W=03 215 4.6991 4.7091 3.3365

After the smoothening of the P-d plot, the next major challenge to evaluate
dynamic J-integral is the determination of ‘a.” In this work on P91 steel, ‘a’ for the
low-blow tests where the specimen is not fully broken has been determined by the
‘normalization’ key curve method. The low-blow test specimens have been used as
‘source’ specimens to determine ‘a’ for the full-blow tests by the ‘Compliance
Ratio’ key curve method. It is to be noted that specimen fractures fully in a
full-blow impact test. The ‘CR’ key curve method has been used successfully [8] to
determine ‘a’ for low-blow impact tests of ductile cast iron TPB specimens using
identical quasi-statically tested ‘source’ specimens.

The ‘normalization’ key curve method correlates P-d-a triplets, and hence,
determination of J-R curve depends on the success of the four-parameter formula
used. Very good curve fits are obtained for the low-blow tests of both short and
long cracks. The correlation coefficient (R%) is 0.99975 and 0.99961 for NT 34
(/W = 0.5) and NT 45 (/W = 0.3) data, respectively. The final calculated and
measured crack length also shows very good agreement as can be seen from
Table 2. The intermediate crack lengths between peak load and final unloading
point are obtained iteratively using the fitted functional form. Now, it would be
appropriate to analyze the rationale of the correctness of the ‘normalization’ method
to describe the data. In this method, the load between yield point and peak load is
normalized using an assumed blunting corrected crack length. However, the final
load is normalized by the actually measured unbroken crack length. Hence, cor-
rectness of the functional fit to the data reflects the validity of this method and
justifies the assumed blunting corrected crack length. The blunting correction is
given as J/(m * og) where m can have any value of 2 or above. The fact that usage
of m = 2 in our case has yielded good functional fit indicates that the size of crack
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blunting is relatively very high compared to specimen dimensions for the
pre-cracked Charpy specimens of P91 steel in this study.

Further, the Compliance Ratio (CR) key curve method has been used to deter-
mine current crack length ‘a’ for full-blow tests at 3 and 5 m/s for both /W =~ 0.5
and /W = 0.3 specimens. The ‘CR’ key curve obtained from the source speci-
mens, NT 34 (/W =~ 0.5, 1.5 m/s) and NT 45 (/W =~ 0.3, 2.15 m/s), was used to
determine ‘a’ for the full-blow test specimens. By taking the ‘source’ specimen
from low-blow impact tests instead of quasi-statically tested sample, the usage of an
extra servo-hydraulic machine has been avoided.

Having obtained P-d-a triplets, dynamic ductile fracture toughness (J-R) curves
were obtained for all the tested specimens using the ASTM E 1820-09el [9] for-
mulation for J. For long crack (a/W = 0.5) specimens, the J-R curves are given in
Fig. 7 for all the three loading rates. It can be seen that J-R curves are independent
of loading rate within the range 1.5-5 m/s. Similarly, for short crack (/W =~ 0.3)
specimens, the J-R curves are independent of loading rate for specimens tested at 3
and 5 m/s as can be seen from Fig. 8. As is clearly evident from long crack (Fig. 7)
specimen data, J-R curves consist of two linear lines with the change occurring at
the peak load. This is symptomatic of ductile fracture behavior of long cracks of
standard (/W =~ 0.45-0.7) length utilized in ASTM E 1820 standard.

The effect of in-plane constraint (a/W =~ 0.3 and 0.5) is given by means of
comparison of short crack and long crack J-R curves tested at 3 and 5 m/s in Figs. 9
and 10, respectively. As can be seen from the figures, the J-R curves are coincident
up to 0.30 mm for 3 m/s data and up to 0.28 mm for 5 m/s data. After this initial
coincidence, J-R curves for the respective /W ~ 0.3 specimens are higher than
those of a/W =~ 0.5 samples. The selection of a/W between 0.45 and 0.7 in
ASTM E 1820 standard is to ensure the most conservative J-R curve which is also
evident from our study. It is well known that short cracks have less constraint than
long cracks of standard length.

Fig. 7 Comparison of 900
ASTM J-Aa curve for 800 1 [ po1
a/W = 0.5 specimen ] alW = 0.5, 1.50 m/s
1 alW = 0.5, 3.00 m/s
700 ~ alW = 0.5, 5.00 m/s
§ 600
s |
2 500 -
S |
=
= 400 -
) |
< 300 |
200
100 -
0 - T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Current crack length a, mm
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Jooq (J at Aa of 0.2 mm) for all the specimens is given in Table 3 and is almost
of the same value varying between 210 and 229.8 kJ/m”. As was evident from the
figures, it is independent of loading rate and constraint.

The ASTM E 1820 standard method is valid only under quasi-static loading
conditions. While the same formula for J has been applied for the dynamic loading
conditions, the acceptability of the dynamic J-R curves has to be assessed. The main
differences in the dynamic loading situation are smoothening of oscillations and the
use of normalization method low-blow impact test data to determine ‘a’ for
full-blow tests by ‘Compliance Ratio’ key curve method. The correctness of the
smoothening for P-d data, normalization and Compliance Ratio key curve methods
can be assessed by comparison of J-R curves obtained at different loading rates. For
all loading rate tests of long crack and short crack tests at 3 and 5 m/s, the dynamic
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Table 3 Jy,, for a/W = 0.5 and /W ~ 0.3 specimens

a/W ratio Impact velocity (m/s) Fracture toughness Jy 24 (kJ/m?)
a/W =~ 0.5 1.5 210.0

3 224.5

5 228.8
a/W =~ 0.3 2.15 222.0

3 2229

5 229.8

J-R curves are independent of loading rate which is in accordance with similar
results of P-d plots for specimens having comparable initial crack length. This
justifies the validity of the dynamic J-R curves obtained in this study. The only
deviation is the higher J-R curve for &/W = 0.3 specimen tested at lowest loading
rate of 2.15 m/s. This J-R curve coincides with those of the higher loading rate
specimens up to the blunting length of Aa = 0.74 mm after which it shows
increasing deviation from the other two curves. This is also in accordance with the
behavior of the corresponding P-d plots. The blunting length (0.74 mm) corre-
sponds to the peak load point in the corresponding P-d plots. The short crack
specimens have longer blunting length when compared to those (Aa = 0.30 mm) of
long crack specimens. This reflects larger plastic zone size/deformation in short
crack specimens which has resulted in the difference in fracture behavior with
changing loading rate.
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8 Conclusions

1. Dynamic J-R curves have been obtained for P91 steel for both low-blow tests
and full-blow tests. Smoothening of the inertial oscillations is done by the
combination of linear regression curve fit and moving average method. Current
crack length for low-blow test is obtained by ‘normalization’ method. For
full-blow test, current crack length is obtained by ‘Compliance Ratio’ key curve
method using low-blow tests as source data. The validity of the obtained
dynamic J-R curves has been explained.

2. Dynamic J-R curves are independent of loading rate in the range between 1.5
and 5 m/s for long cracks (&/W =~ 0.5) and 3 and 5 m/s for short cracks
(a/W = 0.3). The deviation in J-R curve for short crack specimen at lowest
loading rate of 2.15 m/s with the higher two loading rates is explained.

3. The effect of constraint was studied by a comparison of short crack and long
crack results. At loading rates of 3 and 5 m/s, dynamic J-R curves from the
different a/W ratio specimens were coincident up to a crack extension of
0.30 mm and 0.28 mm for short cracks and long cracks, respectively. After the
initial coincidence, short cracks display higher dynamic J-R curves.

4. For all the loading rates and the different a/W ratios, Jy »q values are comparable
varying between 210 and 229.8 kJ/m’.
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Fatigue Life Prediction of Commercial
Dental Implant Using Analytical
Approach and Verification by FEA

Pankaj Dhatrak, Uddhav Shirsat, Vijay Deshmukh and S. Sumanth

Abstract Dental implants are nowadays commonly used as replacement for natural
teeth when natural teeth get damaged due to injury, infection or old age. Despite
high success rates of implantation, complications and failures of implants still
occur. The aim of this study is to predict fatigue life of commercially available
implant system using FEA and verification by analytical method. Implant is basi-
cally a mechanical screw made of titanium alloy Ti—-6Al-4V with threads on its
periphery. A three-dimensional finite element model (FE model) of implant pros-
thesis (implant, abutment, fitting screw and crown) is modeled using linear isotropic
material properties for implant, abutment, cortical bone and cancellous bone using
commercial software code. Occlusal load (vertical and lateral) on teeth is applied as
static load on the crown to find the stresses around implant-bone interface.
Analytical approach is used to predict fatigue life of implant. Good correlation is
observed in analytical method and FEA results. The study is useful for better
understanding of stress concentration location of implant systems. Guidelines for
selecting the best implant can be suggested.

Keywords Fatigue life - Dental implant - FEA - Implant-bone interface

P. Dhatrak (D<)
MAEERS’S Maharashtra Institute of Technology, Pune, India
e-mail: pankaj.dhatrak @mitpune.edu.in

U. Shirsat
Navsahyadri Institute of Technology, Pune, India
e-mail: shirsatum@yahoo.com

V. Deshmukh
International Clinical Dental Research Organization, Pune, India

S. Sumanth
M.A. Rangoonwala College of Dental Science & Research Centre, Pune, India

© Springer Nature Singapore Pte Ltd. 2018 203
S. Seetharamu et al. (eds.), Proceedings of Fatigue,

Durability and Fracture Mechanics, Lecture Notes

in Mechanical Engineering, https://doi.org/10.1007/978-981-10-6002-1_16



204 P. Dhatrak et al.

1 Introduction

Dental implants are subjected to repeated loading due to mastication forces, so it is
necessary to study the fatigue life of dental implant. This fatigue life depends upon
the size and material of implant and the physical properties of bone. For long-term
success of a dental implant, the reliability and the stability of the implant—bone
interface and implant—abutment connection play a great role. A study on the
properties of the biomaterials available for the dental implants is done, and the
effect of changes in the implant geometry with respect to different manufacturer has
been studied. Finally, an implant based on the biomechanical parameters is pro-
posed owing to the maximum life in fatigue failure.

Current study aims to analyze the conditions present at threaded implant—bone
interface for better understanding of stress distribution pattern for selected dental
implants and to predict the fatigue behavior of commercially available three dif-
ferent dental implants with analytical approach and verification by finite
element-based commercial software code.

2 Implant System

2.1 Implant Selection

Commercially available implants from three implant companies were purchased
directly from the supplier: Osstem Implant (diameter 3.5 mm, length 10 mm;
Osstem Implant India Pvt. Ltd., Mumbai), connected with straight abutment,
Biohorizon Implant (diameter 3.5 mm, length 10.5 mm; Katara Dental Pvt. Ltd.,
Pune), connected to a screw retained, internal hexagonal standard straight abutment,
and Adin Implant (diameter 3.5 mm, length 10 mm; MIL Medical Dental System
Pvt. Ltd., Nagpur). The sizes and the thread profile (V-thread) of the implant system
were selected same for the purpose of comparative study as shown in Fig. 1.

2.2 Implant-Bone Interface

Once the implant is placed into the bone, a fast interaction takes place at the
interface between bone and implant. Bone remodeling at the interface is responsible
for stability of an implant. The success rate of implant prosthesis depends on the
biological and biomechanical factors. The development of direct interaction
between implant and surrounding bone is mostly biological. However, the
biomechanical factors also play a vital role at the bone—implant interface [1, 2].
Selection of proper implant thread profile is the initial requirement at the time of
implantation for perfect osseointegration. Once the implant is osseointegrated with
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(a) Model 1 (b) Model 2 (c) Model 3

Fig. 1 Implant systems: a Osstem implant (Model 1), b Biohorizon implant (Model 2) and ¢ Adin
implant (Model 3)

the bone, the primary stability is achieved. Due to high stress intensities and uneven
stress distribution at the interface, the patient suffers unbearable pain. Therefore, the
stress distribution along implant-bone interface should be uniform [3].

2.3 Interface Conditions

The interface between implant and bone was modeled as a continuous bond. This
implies an ideal osseointegration, without any relative motion at the interface [4]. In
other words, the implants were rigidly anchored in the bone, showing a fixed and
same type of bond at all material interfaces.

3 Materials and Methods

3.1 Geometrical Modeling

The dimensions of the prosthetic element are measured using the non-contact-type
optical profile meter. Profile meter is a measuring instrument used to measure a
surface’s profile dimensions of the implant prosthesis. The major implant dimen-
sions such as diameter and overall length were available from manufacturer,
whereas the detailed dimensions such as thread profile, depth and height of thread,
and the thread pitch were measured using Optical Profile Projector (Accurate
PP300TE) with 10X magnification lens, as shown in Fig. 2a. 3D CAD models of
the implants were constructed using Creo Parametric software, as shown in Fig. 1.
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Fig. 2 a Optical profile projector, b cut section of 3D FE model, ¢ load and boundary conditions

3.2 FE Modeling

3D FE model of the implant prosthesis was meshed with element convergence
criteria. The cut section of finite element model is shown in Fig. 2b. A tetrahedron
element is used for implant prosthesis which has quadratic displacement behavior
and is well suited for meshing irregular CAD geometry, whereas crown is modeled
using shell element. Static stress analysis was performed using Hypermesh as a
preprocessor and Nastran as a solver.

3.3 Material Properties

Titanium and titanium alloys have been widely used materials for dental implants
due to their good biocompatibility, excellent corrosion resistance as well as suitable
mechanical properties [5]. The material properties used for dental implant pros-
thesis in this study are shown in Table 1.

Table 1 Mechanical properties of materials

Implant prosthesis Material Young’s modulus Poisson’s
(MPa) ratio

Implant, abutment and fitting Ti-6Al-4V 113,000 0.33

screw

Hard bone Cortical bone 13,700 0.26

Soft bone Cancellous 1370 0.31

bone
Crown Porcelain 70,000 0.19
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3.4 Load and Boundary Conditions

During mastication load and boundary conditions involves a repeated pattern of
cyclic impacts that causes loading to the implant components and distributes the
force to the bone interface. The mean range of cyclic load is found to be 90-200 N
depending on the age and gender [6]. In current study the load is selected as 116 N
occlusal and 40 N lateral distributed over the artificial crown and the model was
completely constrained at the sides and bottom of cortical bone as shown in Fig. 2c.

3.5 Assumptions

Material properties: For 3D analysis, homogenous isotropic elastic properties are
assumed for implant prosthesis, cortical and cancellous bone, and crown.

Bone modeling: Cut section of mandible is taken as bone model. This
assumption is with the consideration that the focus of analysis is on the stress
distribution near implant—bone interface.

Implant—bone interface: The implant-bone is a biological system and undergoes
continuous change as per the response of human body over a period of time. The
implant-bone interface was assumed to be fully osseointegrated.

Occlusal loads: Cyclic loads are common in mastication cycle. For simplifica-
tion only static vertical and lateral loading has been assumed from the point of view
of major component of forces acting on the implant. The results are viewed and
noted at the neck region of the implant—cancellous bone interface, i.e., at the
proximal zone.

4 Experimental Procedure

4.1 Photoelastic Test Setup

Experimental stress analysis using the method of photoelasticity is a popular
technique for measuring 2D stresses. The setup consists of a loading frame, light
source with the facility of monochromatic as well as white light, polarizer and
analyzer plates, quarter-wave plates and a load cell, as shown in Fig. 3a. Fringe
pattern under loading was observed in white as well as monochromatic light. A 10X
magnifying glass is available for facilitating the measurement of fringe orders. The
fringe orders were evaluated around the implant-bone interface using Tardy’s
compensation technique [7], as shown in Fig. 3d.
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Fig. 3 a Experimental photoelastic setup, b drilling and screwing of implant in the photoelastic
model, ¢ photoelastic block model with crown fitment, d measured photoelastic fringe pattern for
implant model

4.2 Photoelastic Material Model

Epoxy resins are most commonly used material model for photoelastic experiment.
Araldite CY-230 and Hardener HY-951 are used in a proportion of 10:1 to prepare
photoelastic model blocks of dimensions 30 mm x 20 mm x 10 mm. A circular
disk model was also fabricated in the same batch for calibration of photoelastic
material. Fabrication was done at Engineering Equipment Enterprises, Pune.
Photoelastic block model is shown in Fig. 3c.

4.3 Implant Fitment

Figure 3b shows the speed control and driving unit along with implant fitment set.
This set mainly consists of drills and taps of various sizes. A torque wrench is also
provided for tightening of implant.

5 Results and Discussion

Comparing FEA and photoelastic stress analysis results, the stress values are in
close agreement. Stress intensity results in the cancellous bone—interface near the
implant neck region (proximal region) are shown in Fig. 4. Experimental stress
intensity result and FE model results were calculated and are summarized in
Table 2.
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Fig. 4 Maximum stress intensity observed at proximal right region of implant model

Table 2 Experimental and FEA stress intensity result

Implant model Region at implant-bone interface Stress intensity (MPa)
Experimental FEA
Model 1 Proximal (right) 7.02 7.17
Model 2 Proximal (right) 4.75 4.93
Model 3 Proximal (right) 2.86 2.92

6 Fatigue Life Predictions

For long-term success the dental implant design should satisfy the maximum fati-
gue life. In this study, static stress analysis of the dental implant results is taken as
input to fatigue solver. FEMFAT software code is used to predict the fatigue life of
implant. Post-processing of implant is done in HyperView. Fatigue life of dental
implant was calculated analytically based on Goodman theory and FE model, as
shown in Table 3.

From static stress analysis the maximum von Mises stresses obtained for all three
models are shown in Fig. 5 and the minimum number of cycles obtained is shown
in Fig. 6.

Table 3 E{(perin}ental and Implant model Fatigue life (number of cycles)

FEA stress intensity result Analytically FEA
Model 1 1.50e8 2.46¢8
Model 2 2.88e14 3.67el5
Model 3 1.16e8 1.26e7
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Fig. 6 Fatigue life predicted by FEA for the models

7 Conclusion

The success in implant dentistry depends on the biomechanical parameters which
play an important role in predicting the fatigue life of the dental implant. Based on
the results obtained conclusions can be drawn regarding the choice of implant on
the basis of stress distribution at implant-bone interface. The implants from dif-
ferent manufacturers were compared for maximum stress intensity at the interface.
Stresses were evaluated at proximal left and right regions. Within the limitations of
the study, the following conclusions can be drawn.

1. It is found that the high stress intensity is observed in the areas of bone which
are closer to the implant neck surface at proximal region and decrease in
magnitude toward the outer region in Model 1.

2. Stress distribution is uniform in the dental implants along the implant-bone
interface for all three models.

3. Stress intensity around the implant-bone interface is less in implant Model 3
and hence should be preferred for clinical use.
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4.

The fatigue life predictions of finite element-based model correlated fairly well
to the analytical results obtained.

In the present study, a significant implant profile effect could be seen for the
different implants on fatigue performance with Model 1 and 3 implants showing
a classic comparable finite fatigue life behavior, while the Model 2 implant
exhibits an infinite fatigue life behavior.
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Layered Microstructure Generated

by Multipass Friction Stir Processing
in AZ91 Alloy and Its Effect on Fatigue
Characteristics

Raja Allavikutty, Vivek Pancholi and Banu K. Mishra

Abstract Layered microstructure with three different configurations was devel-
oped by multipass friction stir processing (FSP) on as-cast (AC) AZ91 magnesium
alloy using three different tools with probe lengths 7, 5 and 4 mm. They were half
thickness processed (HFSP), surface modified (SFSP) and full thickness processed
(FFSP). FSP was performed at tool rotation rate of 720 rpm and transverse speed of
150 mm/min. The large B-Mgi;Al;; particles with an average size of 20 pm and
o-Mg matrix grains of 100 um were reduced to approximately 1 and 2 pum,
respectively, after multipass FSP. Texture of FSPed samples measured by X-ray
diffraction technique had shown basal texture. Constant amplitude axial fatigue test
was performed on all the microstructural configurations, with process direction
parallel to loading axis. Life of the fatigue tested samples was found to increase
with the increasing fraction of FSPed region in AZ91 alloy.

Keywords Fatigue - Microstructure variation - Multipass FSP
AZ91 alloy - Texture

1 Introduction

Magnesium (Mg) alloys, due to their light weight, high specific strength and
damping capacity, are used in high-performance applications and energy saving of
machines and structures [1]. There are two categories of Mg alloys, namely cast and
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wrought Mg alloys. The mechanical properties of wrought alloys are better than
cast alloys, so they are used in load-bearing applications. However, flexibility of
casting into desired shape and cost saving are advantages of cast alloys. Therefore,
cast Mg alloys are widely used in many structural applications like aerospace and
automobile industries and electronics and sports equipments. As-cast AZ91 alloys
have coarse-grained microstructure with thick secondary phase particles and casting
defects. These secondary phase particles and casting defects act as a crack initiation
site and reduce fatigue life of the alloy [2, 3]. Modifying the cast microstructure by
grain refinement and elimination of casting defects can bring a significant
improvement in the fatigue properties of AZ91 alloys [4-6].

Friction stir processing (FSP) is a novel solid-state processing technique
developed from friction stir welding (FSW) [7]. It has advantage of processing Mg
at room temperature which is highly difficult to achieve by any conventional pro-
cessing methods like rolling, forging and extrusion or even by other severe plastic
deformation (SPD) methods like equal channel angular processing (ECAP), accu-
mulative roll boding (ARB) and high-pressure torsion (HPT); it is because of HCP
crystal structure and availability of only two independent slip systems at room
temperature for plastic deformation. Also, FSP can be used to change the
microstructure locally [8] as well as bulk processing by multipass method. Hence,
in this work the cast microstructure of AZ91 alloy is modified by using multipass
FSP. To optimize the grain refinement process, three different tools with varying
tool probe length have been used: one to modify the cast structure to half thickness
(HFSP), second to modify the cast structure on both the surfaces (SFSP) and the
final one to modify the cast structure completely throughout the thickness (FFSP).
Load-controlled constant amplitude axial fatigue test was conducted and analysed
the effect of this layered microstructure on the fatigue life of AZ91 alloy.

2 Experimental Method

The as-received cast AZ91 alloy billets were machined into plates of 10 mm thick,
100 mm width and 110 mm length and subjected to multipass FSP at a tool rota-
tional speed of 720 rpm and a traverse speed of 150 mm/min with a tool tilt angle
of 3°. To reduce the heat generated during the process copper backing plate was
used. Three tools with different pin lengths, 7, 5 and 4 mm having shoulder
diameter of 28 mm and threaded conical pin of diameter 8 mm at shoulder and
4 mm at tip, were used. To process the 70 width of the plate 30 passes of FSP were
performed with 50% overlap towards the retreating side. After multipass FSP the
10-mm plates were machined to 6 mm. The FFSP samples were obtained from FSP
of “7-mm pin length tool’ after machining the FSPed surface to 1 mm and bottom
surface to 3 mm from the 10-mm plate. The HFSP samples were obtained from FSP
of ‘5-mm pin length tool’ after machining 2 mm from both the surfaces. The SFSP
samples were FSPed using ‘4-mm pin length tool’ first on one surface; then, 2 mm
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Fig. 1 Dimensional details fatigue sample prepared according to ASTM E 466 standards

was machined from that surface and FSPed on another surface with the same
forward direction and 2 mm was machined.

High-cycle fatigue (HCF) test specimens with continuous radius between ends
with 6 mm thickness and 12 mm width were used. Other dimensions related to
specimen design are shown in Fig. 1. The specimen was designed according to
ASTM E466 standard. HCF experiments conducted at stress ratio, R =0 and a
frequency of 20 Hz in a constant load-controlled axial fatigue testing method at
different stress amplitudes (o,). All these tests were performed on Instron 8800
servohydraulic testing system at ambient temperature using WaveMatrix software.

Microstructural characterization was carried out by optical microscope (Leica
DMI 5000). Field emission scanning electron microscope (FESEM—FEI Quant
200F) was used for microstructural characterization, energy-dispersive spec-
troscopy (EDS) as well as fracture surface characterization. Rigaku SmartLab X-ray
diffractometer was used for phase identification in AZ91 alloy before and after FSP,
in which Cu Ko2 peak striping and background subtraction were carried out using
X’pert HighScore Plus software.

3 Results and Discussion

3.1 Microstructure

The microstructure of as-cast (AC) material, HFSP, SFSP and FFSP is shown in
Fig. 2. The AC material is characterized by large dendrites of 100 pm and thick
plate-like interdendrites of 20 um in Fig. 2a. In HESP (Fig. 2b), half of the region
has as-cast microstructure and remaining half of the region has a microstructure of
FSPed region where there are no dendrites and interdendrites. Similarly in Fig. 2c,
the as-cast region is sandwiched by FSPed region from both the surfaces in case of
SFSP. Material that is FSPed over the full thickness (FFSP) has a completely
homogeneous fine-grained microstructure as shown in Fig. 2d. Thus, after FSP the
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Fig. 2 Microstructure of a AC, b HFSP, ¢ SFSP and d FFSP samples

coarse Mg matrix and thick plate-like precipitates were broken up into fine and
evenly distributed microstructure of 2-um sized o-Mg matrix and 1-um sized
B-precipitate. Multipass FSP of AZ91 alloy on copper backing plate, which acts as
heat sink aided in controlling the grain growth after the process which results in
very fine and homogeneous microstructure due to dynamic recrystallization [9].

3.2 Texture

Figure 3 shows (00.2) and (10.0) pole figures/texture plots for the processed
materials. The pole figure measurements were taken from 2 mm below the normal
surface of processed material. The intensity of the basal pole decreases from 4.5 in
FFSP (Fig. 3a) to 4 in case of HFSP (Fig. 3b) and further decreases to approxi-
mately 3 in SFSP (Fig. 3c), and the basal poles in all the cases spread towards the
processing direction. It can be correlated with length of the tool probe or thickness
to which the material is processed. As thickness of material processed increases, the
force exerted on the material under the shoulder also increases which accounts for
the maximum intensity in FFSP material. This fact together with the tilted basal
pole towards process direction ensures texture formed during FSP is ascribed to the
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Fig. 3 Macrotexture of (a) (00.2) (10.0)
a FFSP, b SFSP and ¢ HFSP

PD

material flow influenced by the tool shoulder [10]. The critical resolved shear stress
(CRSS) for non-basal slip systems is predicted to be approximately 5 times higher
than basal slip systems [11]. Therefore, in process direction basal slip dominates the
deformation, whereas in the transverse direction, non-basal slip dominates the
deformation. Hence, as a design criterion, fatigue tests were performed with process
direction parallel to the loading axis in all the different microstructurally varied
materials, including as-cast material.

3.3 Fatigue

The number of cycles to failure at different stress amplitudes for all the four
variants, namely AC, HFSP, SFSP and FFSP, is presented in Table 1. AZ91 alloy
has a characteristic of breaking early at stresses much higher than its fatigue limit.
The AC samples fail in tension at 60 MPa, whereas it endured for 175,173 cycles at
40 MPa. HFSP has slightly higher fatigue life at the same stress amplitude when
compared to AC material. The surface modified (SFSP) and full thickness FSPed
material (FESP) crossed 10° cycles without failure at 50 and 60 MPa, respectively.
On comparing all the microstructurally different fatigue samples at 60 MPa, AC
material fails to survive the load, HFSP has survived for very few cycles and failed
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Table 1 Number of cycles to failure at constant stress amplitude for all the four microstructurally
different materials

Stress amplitude in MPa
40 45 50 60 70 80 90
AC 175,173 | 36,650 | 19,960 Failed in
tension
HESP | 656,594 |400,072 |37,709 8756 Failed in
tension
SFSP Run out at 10° | 564,323 256,253 109,841 | 22,017
cycles
FESP Run out at 10° | 325,784 127,265 | 38,826
cycles

before reaching the high-cycle regime of 10* cycles, SESP has survived for
5.6 x 10° cycles, and FESP has run out at 10° cycles. It ensures that fatigue life of
AZ91 alloy increases as processed region in the microstructure increases. Surface
modification however significantly improves the fatigue life; complete modification
of the microstructures by FSP ensures surface modification as well as elimination of
internal casting defects and core, as-cast, structure and endured more number of
cycles when compared to AC, HFSP and SFSP materials.

The fractograph of fatigue tested samples at specific stress amplitudes is shown
in Fig. 4. The as-cast microstructures have facets in fatigue crack regions, and
striations are observed in the fatigue crack region of FSPed materials. These facets
and striations are almost 45° to the loading direction in all cases. These are due to
the intrusion and extrusion of basal slips occurred during fatigue cycling. However,
there is a difference in the origin of these cyclically reversible slips depending on
the microstructure and applied stress amplitude. The fractographs of AC materials
at 40 MPa and 45 MPa in Fig. 4a, b, respectively, show the difference in the size of
the fatigue crack regions. At lesser stress amplitude of 40 MPa, fatigue region is
larger than at 45 MPa. In case of HFSP, the fatigue crack region is observed in
as-cast region at 40 MPa (Fig. 4c), whereas at 45 MPa fatigue region is observed
from the corners and surface of FSPed region (Fig. 4d). Another important and
interesting observation is that there is an observable difference in the distance
between the facets in AC material and distance between the striations in FSPed
region. In AC material, the size of striations is smaller at stress amplitude 40 MPa
(Fig. 4e) when compared to the facet size at 45 MPa (Fig. 4f). In case of HFSP, the
distinction of fatigue crack region at 40 and 45 MPa is quite clear from the mag-
nified fractographs in Fig. 4g, h, respectively. The fractograph of SFSP at stress
amplitudes 70 and 80 MPa is presented in Fig. 4i, j, respectively. It shows that
fatigue crack origin is from interface of processed region and as-cast region at
70 MPa, whereas it is from as-cast region at 80 MPa. The fractographs of FFSP at
stress amplitude 70 MPa (Fig. 4k) and 80 MPa (Fig. 41) show too finer fatigue
crack initiation regions with few inhomogeneities observed along the fracture
surface. The magnified view of fatigue crack regions of SFSP at stress amplitude
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Fig. 4 Fractograph of fatigue tested samples at specific stress amplitudes a AC at 40 MPa, b AC
at 45 MPa, ¢ HFSP at 40 MPa and d HESP at 45 MPa with e, f, g and h is respective magnified
fatigue crack growth regions marked in boxes, similarly i SESP at 70 MPA, j SFSP at 80 MPa,
k FFSP at 70 MPa and 1 FFSP at 80 MPa, while m, n, o and p are respective magnified fatigue
growth regions. Dotted arrows indicate inhomogeneities, and solid arrows indicate crack growth
direction

70 and 80 MPa is shown in Fig. 4m, n; corresponding fractographs of FFSP are
shown in Fig. 40, p, respectively. All the fractographs clearly indicate that as-cast
microstructure and inhomogeneities present in the microstructure reduce the fatigue
cycle. Hence, FFSP exhibited higher fatigue life among other materials, namely
AC, HFSP and SFSP.

To understand the crack propagation, the optical micrograph on the transverse
section of fractured surfaces was analysed from samples at specific stress ampli-
tudes. In AC material, at the stress amplitude of 40 MPa, the reversible cyclic slip
originated inside the matrix and the fracture profile is less irregular (Fig. 5a) than
how it appears at 45 MPa in Fig. 5b. At the stress amplitude of 45 MPa, the
fracture follows precipitate matrix interface, whereas when amplitude decreases,
extrusion and intrusion of slip occur not only at the interface but all over the matrix.
As-cast region of HFSP samples at the stress amplitudes 40 MPa (Fig. 5c) and
45 MPa (Fig. 5d) also has similar kind of fracture profile. The SFSP samples are
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Fig. 5 Subsurfaces of fatigue failed samples at specific stress amplitudes a AC at 40 MPa, b AC
at 45 MPa, ¢ HFSP at 40 MPa, d HFSP at 45 MPa, e SFSP at 80 MPa, f SFSP at 90 MPa, g FESP
at 80 MPa and h FFSP at 90 MPa

tested at such stress amplitudes which take their maximum stress values during
fatigue test much higher than tensile strength of as-cast material. This causes as-cast
region in SESP to have irregular fracture profile as shown in Fig. 5e, f at both the
stress amplitudes of 70 and 80 MPa. The fracture profile of FSPed samples is
almost linear in either stress amplitudes as shown in Fig. 5g, h, and in the processed
region of HFSP and SFSP too it has a similar kind of fracture profile.

Thus, reversible cyclic slip is reason for fatigue crack initiation in all the
microstructures with a clear difference in fatigue crack surfaces of as-cast and
processed region. It was reported that any decrease in grain size or decrease in
working stress decreases the elastic strain per cycle. The reduction in size of the
striations at 70 MPa (Fig. 6a) and 80 MPa (Fig. 6b) indicates this fact. In this
study, also fatigue life increases with the increase in fraction of fine grain
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Fig. 6 Fatigue cracked region with striations and cracks in FFSP material at stress amplitudes
a 80 MPa and b 70 MPa

microstructure. Hence, fully FSPed material FFSP exhibited highest fatigue life,
with SFSP, HFSP and AC materials have fatigue life in the descending order at
specific stress amplitude

4 Conclusions

In order to find the optimum grain refinement of AZ91 alloy by multipass FSP to
enhance the fatigue life of the material at high-cycle regime, microstructure of the
material was modified using FSP tool with different probe heights. The
microstructure was modified to half of the thickness (HFSP), modified on the
surfaces (SFSP) and full thickness modified (FFSP). FFSP exhibited highest fatigue
life due to the modification of surface microstructure as well as modified core,
as-cast, structure. Hence, complete grain refinement by multipass FSP is necessary
to achieve improvement in the fatigue life of AZ91 alloy.
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Grain Refinement Mechanism and Its
Effect on Strength and Fracture
Toughness Properties of Al-Zn-Mg Alloy

P.K. Mandal

Abstract Grain refinement has a significant effect on the mechanical properties.
Grain refinement in cast Al-Zn—-Mg alloy tends to reduce porosity, size and number
of the pores. This improves the mechanical properties, specially fracture toughness.
Inoculation effect is most important factor during feeding of liquid metal. For these
reasons, most cast aluminium alloys are grain refined. Fluidity is another factor that
increases formation of a coherent equiaxed dendritic network at the flow front. The
degree of grain refinement is dependent on the level of scandium (Sc) concentration
and the Zn/Mg ratio. Grain refiner namely Al-Sc master alloy is added in small
amounts (>0.2 wt% Sc) to molten aluminium alloys to control the grain structure in
castings. AlsSc particles act as nucleating sites for the formation of primary o-Al
dendrites and promote a uniform and fine equiaxed structure. In addition, friction
stir processing (FSP) is the most innovative solid-state surface modification tech-
nology that eliminates cast heterogeneity and refines grains under the depth of the
processed zone of aluminium alloys. The basic principle is based on friction stir
welding (FSW). Thus, three main causes for fine grains are severe plastic defor-
mation, heat input and dynamic recrystallization. Therefore, FSP should result in
heterogeneous nucleation and growth of Al;Sc precipitates for diffusional mecha-
nisms, which explains the rapid growth of precipitates in the processed zone. It has
been experimentally proven that after as-cast (AC) + FSP condition aluminium
alloy enhance mechanical properties such as 0.2% proof strength is 89.81 MPa,
ultimate tensile strength is 187.1 MPa, elongation is 3.42%, and fracture toughness
(K1c) is 25.10 MPa,/m. In the present study, further evaluation has been done with
optical microscopy, EPMA, FESEM, SEM, and TEM of Al-Zn-Mg-Sc alloy.
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1 Introduction

The high strength Al-Zn—-Mg-based aluminium alloy of 7075 series is widely used
in many engineering fields such as cylinder heads, engine blocks, aerospace
housings, gear pumps, aircraft fittings, general automotive castings and marine
structures due to their high strength-to-density ratio, strong age-hardening ability,
competitive weight savings, attractive mechanical properties and improvement of
thermal properties [1-3]. The major strengthening precipitates in the aluminium
alloy depends on the Zn:Mg ratio is over 2, MgZn, phase formed. It is further
observed that small addition of scandium (Sc) in aluminium alloy improves
mechanical properties by refining microstructure and accelerating the age-hardening
characteristics [4, 5]. The solution-treated 7075 Al alloy exhibits very disperse
particles of Al;Sc type and restraint of recrystallization, which is coherently bond
with in matrix during Tg-ageing treatment. In addition, grain refinement due to
addition of scandium has been considered from the precipitation of primary Al;Sc
particles in the melt, which act as potent nucleation sites for aluminium grains [6].
So, a nucleating particle should be larger than a critical size, which depends on the
undercooling of the melt. Therefore, once the alloy cooled below the liquidus
temperature, it has been suggested that Al;Sc primary particles nucleate hetero-
geneously on oxides particles in the melt. The latent heat evolved as the particles
grow while floating in the melt will be dissipated into the liquid phase which will be
undercooled with respect to the liquidus. Thus, Al;Sc particle effectively increases
refinement in structure because shows analogy in respect of crystallography with Al
is isomorphous inclusion. The nanosize of disperse Al;Sc particles (3—10 nm) after
ageing (nearly 300 °C), which causes a very strong hardening [7]. Further, it has
been noted that 7075 Al alloy with Sc, mechanical properties can be further
improved by a surface modification technique called friction stir processing. FSP
does not cause any change in the density. Therefore, strength-to-density ratio of this
alloy after FSP increases further. During FSP, a rotating tool is inserted into a cast
plate and high plastic deformation is produced. The effect of FSP parameters such
as tool rotational speed, traverse speed, axial compressive load, tool design,
investigated change in microstructure, tensile properties and fracture toughness is
discussed in this paper.

The AC + FSP 7075 Al alloy with Sc addition shows increasing mode of
mechanical properties due to elimination casting defects and refinement of
microstructure in the matrix. The minor Sc content (0.2 wt%) and moderate Zn
content (6.7 wt%) alloy exhibited gradual increase in mechanical properties due to
fine precipitates (MgZn,) and fine Al;Sc particles through dynamic recrystallization
mechanism during FSPed [8, 9]. The present study reveals grain refinement
mechanism in aluminium alloy through Sc inoculation effect as well as adaptation
of an advanced surface modification technique like double passes FSP generated
ultra-fine grains and thereby improved their mechanical properties.
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2 Experimental Procedure

2.1 Aluminium Alloy Preparation

The electrical resistance muffle furnace was used to melt the aluminium alloy. The
melt was cast in the air using a mild steel mould of dimension 160 x 90 x 24
mm®. The charge consists of commercially pure aluminium cut into small pieces
which was fed to a graphite crucible. Scandium was added in the melt in form of
master alloy (Al-2 wt% Sc). In order to prevent burning of Zn and Mg during
melting of Al, both elements were added just before pouring. During melting
following steps were followed: Step-1, pure Al was heated up to the 780 °C for
2.5 h in graphite crucible (capacity 3.0 kg), and then Al-2% Sc master alloy was
added and kept for half an hour. Step-2, hot crucible was bought outside the
furnace, and then pure Mg and pure Zn were added in liquid metal gradually with
carefully. Step-3, slag removed from the top of the melt, and molten metal was
poured into metallic mould quickly. The fading effect of scandium on grain
refinement was controlled by keeping the pouring temperature within 780 °C in the
metallic mould. Due to faster cooling, the grain refinement controlled the fading. It
has to mention that avoiding excessive turbulence through lip to lip pouring of
liquid metal, the pouring rate control was done. The cast sample was examined by
chemical analysis using inductively coupled plasma atomic emission spectroscopy
(ICP-AES) and atomic absorption spectroscopy (AAS) analysis. The nominal
composition of prepared 7075 Al alloy was: Al-6.7 Zn-2.8 Mg-0.2Sc alloy.

2.2 Friction Stir Processing (FSP)

Surface modification of cast metal and alloy can be performed by advanced tech-
nique like double passes FSP. An indigenously designed and developed milling
machine was used for FSP. A specially designed and developed fixture was used to
hold the plate firmly in position during FSP. The processing plate (dimension
150 x 90 x 8 mm®) can be fixed on the working table with the proper fixer. The
working position had three mutually perpendicular movements, horizontal (traverse
speed), vertical (tool plunge) and across movement (overlap passes). A tool was
made of martensitic stainless steel. During preparation of tool, it was normalized at
the 930 °C for 1.5 h then quenched in oil bath. Further, it was tempered at the
750 °C for 1.5 hto obtain a Vicker’s hardness of 211 HV. The schematic diagram of
FSP set-up shown in Fig. 1. During processing, the traveling direction (x-direction)
was parallel to the processed direction of the Al-plate. The transverse side
(y-direction) of the plate was clamped using pressing plate to constrain the dis-
placement of the plate during processing. The tilt angle of the tool was 2.5° with
respect to Z-axis of the FSP machine. Figure 4 shows a typical micrograph con-
taining various microstructural zones after FSP at 720 rpm (revolutions per minute)
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Fig. 1 Schematic diagram of FSP set-up

and traverse speed (80 mm/min). The nugget zone or stir zone created in middle
place, with adjacent right side and left side is called advancing side and retreating
side, respectively. Next to the nugget zone is TMAZ (thermo-mechanically affected
zone) where considerable plastic deformation takes place. Nearer to TMAZ region is
called HAZ (heat affected zone) region.

2.3 Optical Microscopy (OM)

During metallographic studies, alloy has been thoroughly examined by optical
microscopic (OM) technique, scanning electron microscopy (SEM) analysis,
field-emission scanning electron microscopy (FESEM) analysis and transmission
electron microscopy (TEM) analysis. The sample was cut it into small pieces and
ground, and then polished with emery paper by sequentially by 1/0, 2/0, 3/0, and 4/0,
respectively. Then cloth polishing was carried out with mechanically rotating wheel
with Al,O; particles until fine scratches are removed. The final stage of polishing
was done with diamond paste (0.5-1.0 pm) wet by sprayed liquid oil put on fine
cloth by mechanically rotating the wheel until fine scratches were removed to obtain
a mirror finish. Then the sample was cleaned with water and dried using a hot air
dryer and etched with modified Keller’s reagent (2.5 ml HNO5(70%) + 1.5 ml HC1
(38%) + 1 ml HF(40%) + 175 ml water). The microscope used for the study was a
LEICA DMI 5000 M (Leica Microsystems, Buffalo Grove, IL) microscope.

2.4 Electron Probe Microanalysis (EPMA)

The as-cast sample was analyzed by electron probe microanalysis (EPMA) (Model
no.: CAMECA SX100) with EDS to examined segregation on grain boundary and
existence of scandium content as shown in Table 1.
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Table 1 Electron probe microanalysis (EPMA) in wt% of as-cast 7075 Al alloy

Set points Al Zn Mg Sc Fe Si Total
1 92.13 3.97 1.49 0.03 0.03 0.02 97.66
2 89.37 5.58 1.53 0.15 0.02 0.04 96.68
3 88.12 5.64 3.03 0.10 0.05 0.05 96.89
4 90.63 3.43 1.72 0.15 0.03 0.02 95.95
5 89.13 4.16 2.66 0.03 0.05 0.01 89.13
Avg. 89.88 4.56 2.10 0.10 0.04 0.03 95.26

2.5 Transmission Electron Microscopy (TEM)

The TEM samples were prepared manually by polishing a thin specimen to obtain
disc-shaped scratch-free surface. 10 x 10 mm? disc specimens were thinned down
to 0.1 mm. Finally, 3-mm-diameter disc-shaped samples were cut from main pol-
ished 10 x 10 mm? sample which was considered for TEM analysis. Then, sam-
ples were polished using twin-jet electro-polishing (solution content 75% CH;OH
and 25% HNO;j) at 12 V and —35 °C. The TEM imaging was carried out using
Techai G* 20 S-TWIN at 200 kV as shown in Fig. 3.

2.6 Tensile Testing

The tensile test was performed on 7075 Al alloy at AC + FSP condition. The flat
shape tensile specimens of full length 58 mm, gauge length 26 mm, width 4 mm
and thickness 2 mm were tested with cross-head speed of 1 mm/min at room
temperature. The test was conducted by Instron universal testing machine (UTM),
and results are shown in Table 2. The tensile sample was collected from SZ during
double passes FSP, and FSP piece for tensile sample preparation is shown in Fig. 7.

2.7 Fracture Toughness (K;c) Testing

The fracture toughness (Kjc) value was evaluated by Instron testing machine which
has thoroughly maintained a compact-tension (CT) specimen in pure mode-I
fracture. It is based on the principle of linear-elastic fracture mechanics (LEFM) and
contains three main steps: generation of crack in the test specimens, measurement
of the load at failure stress, and crack depth. The dimension of CT specimen is
62.5 x 60 x 6.25 mm>. The as-cast specimen after double passes FSP was not-
ched by CNC Wire Cut Machine (Model no.: Sprintcut 734) made in Japan. The
parameter selections for K¢ test are contained in Table 2. Determination of fracture
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toughness (Kjc) involves specimen preparation, testing procedure and calculation of
Kjc values. As per ASTM E-399 standard (as shown in Fig. 6), the crack length is
0.25 mm. The crack was generated by applying fatigue load at a controlled con-
dition of small load and amplitude to obtain a sharp fatigue pre-crack to ensure high
stress distribution ahead of the crack tip. Therefore, predetermined crack was
generated where crack length is 0.25 mm by Instron testing machine. The fracture
toughness (Kjc) results have been tabulated in Table 2.

2.8 Scanning Electron Microscopy (SEM)

The scanning electron microscopy (SEM) analysis has been done on CT fracture
surface (Model no.: ZEISS EVO MA and LA series with EDAX analysis). The CT
specimen was properly cleaned and dried for study of surface topography, pattern
and different fracture mode. The EDAX analysis implies of impurity elements with
Sc content in fracture surface as shown in Fig. 5.

3 Results and Discussion

It is well known that a fine and equiaxed grain microstructure has ample benefits in
cast aluminium alloys, enhancing the mechanical properties, reducing shrinkage
porosity, elimination of hot tearing, distribution of second phase particles and
improved the toughness properties. In addition, the aged structure and the kinetics
of ageing depend on the Zn + Mg content and Zn:Mg ratio and the temperature of
solution and ageing temperatures. The Sc addition has been shown to greatly
improve mechanical properties of 7075 Al alloy [10]. It is experimentally observed
that a minor addition of Sc (0.2 wt%) in aluminium alloys induces the formation of
fine equiaxed structures (30-35 pum), acting like a stronger inoculant when com-
pared to the conventional Al-B, Al-Ti, Al-Ti-B and Al-Ti—C master alloys, which
produces coarse grain structures and has affinity to induce fading phenomena.
A latest study indicates that aluminium alloys can be grain refined by the use of an
Al-2wt% Sc master alloy. Therefore, heterogeneous nucleation on the substrate
would depend on compatibility between the crystal structure and lattice parameter
of the phases involved. These factors indicate that Al;Sc can be an efficient nucleant
[6]. FSP is a fairly new solid-state technique of changing properties of a cast metal
surface layer through severe localized plastic deformation. It is well known that
FSW and FSP are based on same working principles which led the material a
softened state (0.8 T) without any liquid phase. The thermal sources governing the
process mechanics are the frictional force and the plastic deformation, both
decaying into heat [11]. According to the characteristics of the cast microstructure,
the main contributions to hardening of the surface modified layers fabricated by
double passes FSP are the fine grain size of the aluminium matrix, and the Orowan
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strengthening due to the fine Al;Sc particles dispersion. The improvement of
hardness can be attained by controlling the grain size and heat input through the
tool rotation speed and traverse speed. The enhancement of strength found to in
FSP aluminium alloy is mostly due to recrystallized grains, residual stress due to
axial compressive force, work hardening and Al;Sc particles contribution [12, 13].

Moreover, the fracture toughness (Kjc) depends primarily on crack propagation,
which has a tendency towards strain localization in grain boundaries. Fine grain
was considered to be effective in stopping premature fracture by reducing the
dislocation pile-up length in the grain boundaries and exhibited better fracture
toughness [14, 15]. Figure 2a presents optical micrograph of as-cast aluminium
alloy which has exhibited fine grains due to minor Sc (0.2 wt%) inoculation effects.
The cast inhomogeneity, grain boundary segregation and porosities are major
drawbacks in cast microstructure, although minor Sc refines grain as 30-35 pum.
Main precipitates in 7075 Al alloy may be GP zones, 7, and # phases with Al;Sc
particles. A major achievement in as-cast alloy has reduced precipitation free zone
(PFZ), which may reduce grain boundary failure, resulting in minimizing the
intergranular fracture and improving the fracture resistance. The electron probe
microanalysis (EPMA) indicates grain boundary segregation and minor Sc identi-
fication in cast aluminium alloy as shown in Fig. 2b and Table 1. Grain boundary
segregation is clearly indicated with black line networks throughout in matrix.
Figure 3a shows TEM micrograph with selective area diffraction (SAD) of as-cast
alloy, which exhibits irregular shape of precipitates with random orientation due to
minor Sc (~0.2 wt%) addition. Also, cast inhomogeneity is the main factor for
coarse precipitates in matrix. The SAD image exhibited some of larger bright spots
of coarse precipitates in matrix. Figure 3b shows TEM micrograph with SAD of T¢
Al 7075 alloy, which exhibited fine dense and uniform precipitates throughout in
matrix. The T¢ ageing treatment implies critical dispersion of second phases and
Al;Sc particles with optimum size and density as a function time and temperature
(140 °C for 6 h) phenomena in aluminium matrix. Main precipitates are GP zones
(round shapes and uniform), # (most dense, fine precipitates and uniform), some of

Fig. 2 a Optical micrograph of as-cast 7075 Al alloy; b EPMA micrograph of as-cast 7075 Al alloy
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Fig. 3 a TEM micrograph with SAD image of as-cast 7075 Al alloy; b TEM micrograph with
SAD image of T¢ (aged at 140 °C/6 h) 7075 Al alloy

mostly large precipitates of complex phases and some of needle shapes (), and
Al;Sc particles (mostly white spots and less population) in matrix. It has clearly
indicated in SAD analysis that the large precipitates of bright spots are complex
phases (cast inhomogeneity). Figure 4 shows optical micrograph of FSP 7075 Al
alloy which has exhibited two distinct microstructural zones such as stir zone
(S8Z) and thermo-mechanically affected zone (TMAZ). The grain size achieved after
FSP in SZ of 2-5 pm and TMAZ of 5-10 pum. The several black spots indicated Zn
vaporization problem arise due to high heat generation (~ 550 °C) in SZ but more
black spots exhibited in TMAZ may cause of torsional effects accelerate Zn
vaporization, although lower heat (~450 °C) generated in this region. This advises
that FSP refines grains but may not yield homogeneous grain size distribution
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Fig. 4 Optical micrograph exhibited several black spots due to Zn vaporization of FSP 7075 Al
alloy (AC + FSP condition)

throughout processed region. According to literature survey, it is hypothesized that
these heterogeneities are caused by non-uniform thermal cycles and strain rate
distribution during FSP. These microstructures in the SZ are known to exhibit fine
grain due to dynamic recrystallization [16, 17]. Figure 5 shows SEM
CT-fractograph of FSP 7075 Al alloy after AC + FSP condition, showing the
mixed fracture characteristics intergranular and transgranular types of planar fea-
tures are more pronounced, covering the majority of the fracture surfaces. The
fractograph of the present alloy revealed cleavage facets in the presence of sharp
fine dimples. The fractograph also contains many large cracks (indicate by arrows)
which may a source of crack initiation point or may source of Zn vaporization spots
as revealed by optical microscopy after AC + FSP (Fig. 4).

The fracture toughness (Kjc) and tensile properties of AC + FSP samples were
tested as per ASTM standards as shown in Figs. 6 and 7, respectively. In Fig. 6
shows CT sample as per ASTM E-399 standard with double passes FSP proceed

ull Scale 1994 cits Cursor: 0.000 ke’

Fig. 5 SEM compact-tension (CT) fractograph with EDX analysis of FSP 7075 Al alloy
(AC + FSP condition)
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through notch region (only 3.5 mm is processed zone) of aluminium alloy [18, 19].
The average of four samples of fracture toughness (Kjc) value for this aluminium
alloy is 25.10 MPa,/m. There is an important parameter such as low heat input
ratio (9) affect the vital role of low Zn vaporization during FSP. It has to be
mentioned that grain refinement, eliminate porosities, dispersion of second phases
and Al;Sc particles are main causes of enhanced fracture toughness, although only
3.5-mm portion has processed zone by FSP. Fine grain size has considered to be
effective in preventing premature fracture by reducing the dislocation pile-up length
in the grain boundaries and improved on fracture toughness after FSP. In addition,
crystallographic disorientation across the grain boundary implies in crack plane tilt
and twist, which reduces the effective driving force for crack growth phenomena.
On the other hand, a smaller grain size and Al;Sc dispersoids introduce more grain
boundaries and can strongly pin dislocation and subgrain boundaries [20, 21].
Figure 7 shows tensile sample as per ASTM E-8/E8 M-11 sub-size standard with
double passes FSP proceed to maintain half processed zone (1.25 mm) plus half
unprocessed zone (1.25 mm) of aluminium alloy. The as-cast alloy has prone to
high porosity content (6.60 vol%) although exhibited moderate 0.2% proof strength
of 89.81