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Abstract
The present work provides a systematic approach to investigate anisotropic yield criteria and constitutive modeling and its
applicability in finite element analysis of warm deep drawing behavior of Inconel 625 alloy. Firstly, the material properties
and flow stress behavior of Inconel 625 alloy have been determined at temperatures (room temperature (RT) to 400 °C at an
interval of 100 °C) at (0.0001–0.1 s−1) strain rates using uniaxial tensile tests. The flow stress behavior is influenced significantly
by strain rate and temperature variation. Various mechanical properties and anisotropic parameters have been studied at different
strain rates and temperatures. On the basis of flow stress data, Sellers constitutive model with different anisotropic yield criteria
namely; Hill’48 and Barlat’89 has been developed. Subsequently, experiments of deep drawing have been conducted at various
processing conditions. The process parameters effect on Limiting Draw Ratio (LDR), thickness distribution, Maximum Thinning
Rate (MTR) and Thickness Deviation (TD) has been investigated. Furthermore, Sellers constitutive model coupled with aniso-
tropic yield criteria has been implemented in ABAQUS software using UMAT subroutine. Sellers model coupled with Barlat’89
yield criterion displayed an accurate prediction of warm deep drawing behavior.

Keywords Inconel 625 alloy . Material properties . Warm deep drawing . Constitutive model . Anisotropic yield criteria . Finite
element analysis

Introduction

Inconel 625 is a high strength nickel chromium superalloy. It
has various other definitive properties such as resistance to
corrosion, creep, fatigue and oxidation up to considerably
high temperatures [1, 2]. It has numerous applications in pet-
rochemical, aerospace, marine and nuclear industries because
of its corrosion resistance and high strength properties at ele-
vated temperatures [3]. Sheet metal forming is a primary pro-
cess used in many manufacturing industries because of its
cost-effective alternative solution for traditional machining
and welding for mass production [4]. However, Inconel alloys
have various challenges such as, it’s forming is difficult at
room temperature due to very high strength and limited

workability when compared with different traditional structur-
al alloys such as aluminum and steel [5]. One of the proven
ways to overcome such difficulty is warm or hot forming.
Warm forming is usually done to provide easy drawability to
the high strength metals which usually tend to get fracture at
room temperature [6].

The quality of formed product is dependent on many vital
process parameters, tool interaction, friction. The complexity
is further enhancing at high temperatures [7]. Moreover, with
increase in demand of complex components, the costly high
strength material, tooling cost, labour cost etc. are driving
sheet metal industries to use accurate and trustworthy Finite
Element (FE) analysis tool to predict deformation and forming
behaviour [8, 9]. Recently, extensive works have been report-
ed about the thermo-mechanical FE simulations for hot work-
ing processes [6]. These FE tools are having highly accurate
prediction ability, less time consuming and effectively reduced
the costly try-outs of tool and die [10]. However, an effective
and accurate utilisation of these software is a big challenge
which essentially require many prerequisites such as accurate
input material properties, appropriate material model selection
and its implementation in FE software. As commercially
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available FE software is generic in nature and do not offer
highly specialized material models which can handle complex
forming simulations. The situation becomesmore complex for
high strength, high temperature forming process [11, 12].

An accurate prediction of material behaviour requires suitable
selection of constitutive model and anisotropic yield criteria in
FE simulations. Constitutive modelling helps in describing an
accurate stress strain relationship at several considered process-
ing conditions such as strain rates, temperature and strain [13]. In
literature, extensive work has been reported about the develop-
ment of physical and phenomenological based constitutive
models for different class of materials [14]. Recently, few efforts
have been made for constitutive model development of nickel
based super alloys [15, 16]. Many recent articles mentioned that
Arrhenius based phenomenological constitutivemodel wasmore
suitably used for nickel-based alloy [17].

It is a well-known fact that traditional von-Misses and
Tresca yield criteria is not suitable for sheet metal forming
applications because of anisotropic behaviour of a material.
Several efforts were made in past to develop anisotropic yield
criteria which covers normal and planar anisotropic of a ma-
terial [18]. Particularly, Hill’48 which is considered to be an
addition of plastic anisotropy to von-Mises isotropic criteria is
the most popular one for the numerical simulations because of
ease to determine material parameters using uniaxial tests
[19]. Further, Barlat proposed another yield criterion which
constants can be easily determined using uniaxial yield stress
values and anisotropic coefficients. Over the years, many oth-
er yield criteria are proposed which required multiple tests
which covers uniaxial and biaxial loading conditions and its
parameter identifications [20]. Generally, the capability of the
yield criteria is evaluated based on the yield loci, yield stress
and anisotropic coefficient variation with respect of different
direction of sheet. The complexity of prediction is enhancing
in case of high temperatures due to a stress asymmetry and
Bauschinger effect [21]. Recently for Ni-base super alloy,
yield stress model was developed based on dislocation theory
[22]. However, very limited literature is available on aniso-
tropic yield criteria for high strength nickel based super alloys.

Finite Element simulations are very much helpful in terms of
reducing the expensive experimental trials and fixing the process
parameters in forming process [23]. The study of mesh conver-
gence was suggested by some researchers in order to predict
thickness distribution, failure modes (fracture and wrinkle) and
most importantly the size of blank [24]. The drawability of ma-
terial was validated using FE package by comparing the results
of fracture locations, wrinkling pattern, percentage increase in
drawn height, thickness distribution and LDR [25]. Extensive
work was carried out in thermo-mechanical FE simulation by
incorporating various material models for steel and Al. alloys.
The subroutine for user defined material (UMAT) had been im-
plemented in past with FE packages in order to solve these ma-
terial models [26]. However, very few reports were found related

to FE simulation of Inconel alloy at room temperature condition
[27].

Thus, present work aims to develop a systematic approach
for material testing, constitutive model and anisotropic yield
criteria development and its incorporation in FE simulation of
warm deep drawing process of Inconel 625 alloy.

Materials and methods

Tensile testing

Inconel 625 alloy of 0.9 mm sheet thickness is used for experi-
mentation. The chemical composition of alloy is mentioned in
Table 1. Molybdenum and chromium are mainly responsible for
both the high strength and the corrosion resistance. Niobium is
responsible for improvement in the creep strength. The presence
of titanium and aluminium causes age hardening, due to precip-
itation of Ni3(AI,Ti) ϒ

” phase and inhibit creep and slip at ele-
vated temperature [1]. The specimens of tensile test were pre-
pared as per sub sized ASTM E08/E8M-11 standard. The sam-
ples at different orientations of sheet viz., RollingDirection (RD),
450 to RD (ND) and 900 to RD i.e. transverse direction (TD)
were prepared as shown in Fig. 1. Computer controlled Zwick/
Roell Universal TestingMachine (UTM) as shown in Figs. 2was
used in conducting high temperature tensile test. It has max.
Loading capacity of 100 kN with box furnace and non-contact
type laser extensometer. The experiments were done from RT to
400 °C at a difference of 100 °C, strain rate (0.1, 0.01, 0.001 and
0.0001 s−1) and sheet orientations (RD, ND and TD). The spec-
imens were heated at 20 °C/min followed by holding time of
5 min. The true stress vs. strain data was captured and used for
further analysis. For each setting, three samples were tested and
average values were reported. The optical micrographs of
asreceived Inconel 625 alloy sheet were taken at different sheet
orientations. The average ASTM grain size number is 9 with a
difference in morphology in RD, ND and TD direction as shown
in Fig. 3. The specimen is oriented mostly with fine elongated
and compressed grain size in ND and TD directional planes.

Deep drawing

The automatic computer controlled hydraulic press setup having
maximum capacity of 40 tons as shown in Fig. 4 was used for
deep drawing operation. The induction heating setup arrangement

Table 1 Chemical composition of as received Inconel 625 alloy sheet
(wt.%)

Element Ni Cr Nb Mo Ti Al Fe

wt.% 61.495 21.739 3.271 9.479 0.166 0.067 3.304

Element C Si Mn P S Co Cu

wt.% 0.021 0.101 0.123 0.001 0.002 0.080 balance
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was used to heat the die at required temperatures. Awater cooling
was used to control and maintain the desired temperature during
the operation. TheK-type optical cable probe andPID temperature
controller was used to measure the temperature of die at three
different locations. The graphene-based moly-spray was used as
a lubricant for deep drawing [28]. The CAD model with all the
dimensions of deep drawing setup is mentioned in Fig. 5.

Initially, few trials were made in order to fix the process pa-
rameters. Severe wrinkling was observed below 15 bar Blank
Holding Pressure (BHP) and above 25 bar the resistance in flow
of material was very high. Thus, crack was initiated in the begin-
ning of drawing process itself. The cups are drawn with three
different punch speed viz. 1,5 and 10 mm/min. The sudden frac-
turewas observed at 12mm/min punch speed at room temperature
condition. This may be because of very high strength and com-
paratively higher impact of punch on blank leads to fracture in the
beginning of drawing stage. Moreover, it was observed that the
punch speed has negligible effect on cup height and thickness
distribution. Thus, 5 mm/min const. Punch speed was used in all
experiments. Finally, deep drawing experiments were performed
by varying temperatures andBHPwith constant punch speed. The
plan of experiments is presented in Table 2. For every setting,

three experiments were performed and average values were
considered.

Results and discussions

Study of material properties and deformation
behaviour

Flow stress representative graphs in rolling direction at strain
rates of 0.01 s−1& 0.0001 s−1 are displayed at various consid-
ered temperatures in Fig. 6 (a&b). As expected earlier, with
increase in strain rate and temperature, the flow stress de-
creases. It was also observed that with small increase in strain
(uptill 0.05), steep rise in flow stress takes place because of
uniformity in deformation during initial stage which is mainly
due to movement of the dislocations. In metals, uniform de-
formation is usually the initial stage followed by necking
which could be either localized or diffused and finally failure
in terms fracture takes place. Flow stress further increases
slowly till point of ultimate strength (σuts) of material is
achieved.

Fig. 2 Universal TestingMachine
(UTM) of 100 kN capacity with
non-contact type laser
extensometer

Fig. 1 Schematic tensile test
specimen (a) sub sized ASTM
E08/E8M-11 standard (b) with
different orientations of a sheet
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Representative graphs of flow stress vs. strain at two ex-
treme considered test temperatures for various strain rates are
shown in Fig. 7 (a & b). Strain dependence property of mate-
rial could be observed at RT, as its yield strength decreased to
780 MPa from 851 MPa as strain rate increased from
0.0001 s−1 to 0.1 s−1. Considerable strain hardening is also
observed at RT for small strain rates and it decreased with
increase in strain rate. During manufacturing of sheet, thermal
softening and consequent adiabatic heating might be the pos-
sible reason for observed strain hardening behavior. The flow
stress behavior varies with the sheet rolling direction and its
representative graph at 0.01 s−1 strain rate with RTand 400 °C
as testing temperature is shown in Fig. 8 (a & b). Considerable
effect of rolling direction could be observed at 400 °C.

Various mechanical properties are calculated at quasi static
strain rate (0.001 s−1) and different temperatures in 3 different
directions (TD, ND & RD) is shown in Table 3. 3 iterations
were considered for each experiment and their average values
were considered for analysis. As the temperature increased
from RT to 400 °C, the yield strength and ultimate strength
decreased by approximately 25% and 18% respectively but %
elongation increased by approximately 7%. The directionality
of any property of material is defined by its anisotropy.
Lankford coefficient (R) is used to define the plastic anisotro-
py along 0°, 45° & 90° of sheet orientation [29].

Warm deep drawing experiments

In case of deep drawn components, thinning is the main cause
of failure. Usually, the side walls of deep drawn cup are un-
dergoing severe thinning while the flange and center area of
cup have almost evenly distributed thickness. In hot deep
drawing, the metallic part which is near to punch shows rapid
downfall in its temperature. The metal part of cup, which is
not in contact with punch, like sidewalls, shows gradual de-
crease in temperature. The hot part gets deformed as it is the
soft in nature while the cold part remains hardened resulting in
replacement of overall local deformation. Therefore, the thin-
ning rate in deep drawn cup is maximum near the punch nose
radius and least in top of the wall. The more uniformity in
overall thickness and maximum thinning rate is considered
as a basis for good quality of drawn cup [30]. The calculation
of considered characteristics is done based on Eqs. (1) and (2).

MTR ¼ yini−yminð Þ=yinið Þ � 100 ð1Þ

TD ¼ 1

n‐1
∑
n

i¼1
yi− y

� �2
ð2Þ

where MTR is maximum thinning rate, TD is thickness devi-
ation, ymin is minimum thickness, yini is initial thickness and yi
is thickness at any point i and n is total experiments.

Fig. 4 Hydraulic press setup with
magnified view of deep drawing
dies and induction heating
arrangement

Fig. 3 Microstructure of as-received Inconel 625 alloy sheet (a) RD (b) ND (c) TD
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The representative trend about effect of temperature on
thickness distribution, MTR and TD at constant BHP of
15 bar and 5 mm/min punch speed is shown in Fig. 9 (a &
b). The variation of normalised thickness at distance from
centre of cup at different temperatures is displayed in Fig. 9
(b). As expected, the thickness almost remains constant at
bottom of cup followed by the minimum thickness or exces-
sive thinning at punch corner region and further the thickness
increased till the upper tip of wall of cup. The variation in
thickness distribution values are more in wall region for lower
temperature case and comparatively less at higher tempera-
ture. The possible reason is, may be at higher temperature
the material becomes more flowable with increase in ductility.
Therefore, resistance to deformation is less during the drawing
process which facilitate the more uniform thickness distribu-
tion in cup of wall. The similar trend is found in case of MTR.
The MTR percentage is high in case of RT and subsequently
reduces as temperature increases. However, as temperature
increases, the variation in TD is also increasing. Precisely,
the temperature is having significant effect on thickness dis-
tribution of deep drawn cups.

The representative trend of significance of BHP onMTR and
TD, thickness distribution at RoomTemperature (RT) and 5mm/
min Punch Speed is shown in Fig. 10 (a& b). Excessive thinning
is observed at higher BHP. The possible reason may be higher
BHP resist easy flow of metal during deep drawing process
which increases the friction in between die corner region and
punch. Similar observations are found for MTR and TD. The
MTR and TD increase significantly at higher BHP. Thus, lower
BHP provides more uniform thickness distribution.

The variation of Limiting Draw Ratio (LDR) and percent-
age increase in height with different temperatures at 15 bar
BHP and 5 mm/min punch speed is shown in Fig. 11.
Commonly, LDR is calculated based on ratio of initial blank
diameter to the punch diameter. As expected, LDR and per-
centage increase in height of drawn cup increases with tem-
perature as the material become soft at higher temperature and
as a result the drawability of material also increases. LDR at
room temperature is found as 1.8 which is substantially lower
than the other traditional alloy. This signifies the limited
drawability of an Inconel 625 alloy at room temperature con-
dition. LDR is increased to 2.13 at 400 °C.

Constitutive modeling

The activation energy is considered as an important parameter to
explain the extent of difficulty in the deformation processes at the
elevated temperatures. It also acts as a guide for optimizing the
process parameters and presents the important information relat-
ed to changes in microstructure and flow stress at the time of
deformation [16]. In this work, Sellers modelwhich is based on
activation energy concept is used for flow stress behaviour study
for Inconel 625 alloy. The equations which exhibit the relation
between strain rates, temperature, flow stresses and activation
energy are given in Eq. (3, 4 & 5).

ε˙ ¼ A1σ
n1exp

−Q
RT

� �
ð3Þ

ε˙ ¼ A2exp βσð Þexp −Q
RT

� �
ð4Þ

ε˙ ¼ A sinh ασð Þ½ �nexp −Q
RT

� �
ð5Þ

where, A1, A2 are proportionality constants, A is the structural
factor, n1 is the inverse of strain rate sensitivity, n is stress expo-
nent,α andβ are stressmultipliers, ε̇ s−1ð Þ is strain rate,σ (MPa)
is true stress, T is the absolute temperature in Kelvin, R is the
universal gas constant (8.314 J/mol-K) and Q (kJ/mol) is the hot
deformation activation energy. The parameter α is given by

α ¼ β
n1

ð6Þ

The power law model shown in Eq. 3 best describes the
flow behaviour in the low flow stress region (ασ < 0.8). And
the exponential law gives good results in the high flow stress
region (ασ > 1.2). Therefore, the power law and the

Fig. 5 CAD model of deep drawing setup with all the dimensions

Table 2 Process parameters for
deep drawing analysis Temperature (°C) RT 100 200 300 400

BHP (bar) 15 20 25 15 20 25 15 20 25 15 20 25 15 20 25

Experiment No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
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exponential law by themselves are not capable of predicting
the flow behaviour over the complete range of flow stresses.
These shortcomings led to the development of the hyperbolic
sine law, popularly known as the Sellers model as shown in
Eq. 5. The Sellers model effectively describes the flow behav-
iour over the complete flow stress regime [17].

Taking natural logarithm on the both sides of Eq. (3) and
Eq. (4), we get

lnε˙ ¼ n1lnσþ lnA1−
Q

RT
ð7Þ

lnε˙ ¼ βσþ lnA2−
Q

RT
ð8Þ

The parameter n1 was obtained from the mean of the slopes
of the linear plot between lnε̇ vs. lnσ as shown in Fig. 12 (a).
And the parameter β can be calculated from the mean

Fig. 7 Representative graphs of true stress vs. true strain at (a) 400 °C, (d) RT with different strain rates

Fig. 6 Representative graphs of true stress-strain at (a) 0.01 s−1&(b) 0.0001 s−1strain rates for different temperatures

Fig. 8 Representative graphs of true stress vs. true strain at 0.01 s−1 and (a)RT, (b) 400 °C, at three different orientations
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of the slopes of the linear plot between lnε̇ vs. σ as
shown in Fig. 12 (b). The average values of n1 and β were
determined as 83.97475 MPa−1 and 0.081825 MPa−1 respec-
tively. The value of stress multiplier α is calculated using Eq.
6 is 0.00097 MPa−1.

To calculate the parameter n, take natural logarithm on the
both sides of the Eq. 5, we get

lnε˙ ¼ nln sinh ασð Þ þ lnA−
Q

RT
ð9Þ

The mean of the slopes of the linear plot between lnε̇ vs. ln
sinh(ασ) gives value of stress exponent n as shown in Fig. 12
(c).The hot deformation activation energy can be determined
by partially differentiating Eq. 5 and rearranging the terms
such that activation energy Q is given by

Q ¼ R n s ð10Þ

where, n ¼ ∂ lnε˙
∂ ln sinh ασð Þ

���
T

& s ¼ ∂ sinh ασð Þ
∂ 1000

Tð Þ
����
ε:˙

�

The parameter s in the Eq. 9 is obtained from the mean of
the slope of the linear plot between sinh(ασ) vs. 1000T as shown

Table 3 Averagemechanical properties for Inconel 625 alloy

Temperature (°C) σys
(MPa)

σuts

(MPa)
Percent
Elongation (%)

Modulus of
Elasticity (E) (GPa)

Strain Hardening
Exponent (n)

R0 R45 R90

RT 812.07 ± 8 978.55 ± 9 39.65 ± 0.3 207.5 ± 6 0.306 0.8515 0.9686 0.7490

100 776.81 ± 4 959.46 ± 6 41.20 ± 0.3 204.1 ± 5 0.327 0.4980 0.1948 1. 1655

200 691.73 ± 6 852.79 ± 7 42.99 ± 0.4 197.9 ± 7 0.325 0.8256 0.8518 1.3906

300 637.54 ± 5 837.15 ± 5 44.25 ± 0.5 191.7 ± 4 0.356 0.6808 0.7916 1.4011

400 609.50 ± 6 805.18 ± 4 46.57 ± 0.5 185.5 ± 3 0.337 1.0869 0.6612 0.7043

Fig. 10 Effect of BHP on (a) Normalized Thickness Distribution and (b) MTR & TD

Fig. 9 Effect of temperature on (a) Normalized Thickness Distribution and (b)MTR & TD
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in Fig. 12 (d). The relation between T and n & lnε̇ and s is
given in Eq. (10 and 11) and shown in Fig. 13 (a & b)
respectively.

n Tð Þ ¼ −0:168Tþ 169:1 ð11Þ

s ε˙
� � ¼ 0:3528þ 0:0687 lnε˙

� �þ 0:0062 lnε˙
� �2 ð12Þ

Substituting Eq. (11 and 12) into Eq. (9), the combined
relation between the temperature (T), Strain rate (ε̇ ), and hot
deformation activation energy (Q) is given by

Q T; ε˙
� � ¼ 496:0304−96:59095 lnε˙

� �þ 8:7171 lnε˙
� �2

−0:49279T−0:09596T lnε˙
� �

−0:00866T lnε˙
� �2 ð13Þ

The Eq. (5) can be rearranged to Eq. (14) using the Zener-
Holloman parameter (Z) in which the temperature term com-
pensates strain rate.

Z ¼ A ln sinh ασð Þ½ �n ¼ ε˙ exp Q=RTð Þ ð14Þ

The structural factor A can be calculated from the intercept
of linear plot between lnZ vs. ln sinh(ασ) as shown in Fig. 14.

The parameters defining the constitutive model are calcu-
lated at the at the true strain of 0.2 and are mentioned in
Table 4.

Substituting the values of the parameters α, n, Q and A in
the Eq. (14) and rearranging the terms, we get constitutive
model corresponding to true strain of 0.2

σ ¼ 1

0:00097

� �
ArcSinh

Z
1:40402

� � 1
63:885

ð15Þ

where, Z ¼ ε̇ exp 12519:39=Tð Þ
Representative comparison of flow stress and strain for

predicted and experimental results at 0.0001 s−1 and 0.01 s−1

for different temperatures and at RT and 400 °C for different
strain rates is shown in Fig. 15 (a, b, c & d) respectively. It was

Fig. 12 Plots at 0.2 strain of (a) lnε̇ vs. lnσ (b) lnε̇ vs. σ (c) lnε̇ vs. ln sinh(ασ) and (d) sinh(ασ) vs. 1000T

Fig. 11 Variation of LDR and Height with temperature
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observed the at higher temperature and lower strain rates the
predicted flow stress values closely follows the experimental
results. The flow stress decreased with decrease in strain rate
and increase in temperature.

The activation energy(Q) variation with temperature (T)
and Strain rate (ε) is given in Fig. 16 (a) and (b) respectively.
The activation energy decreases with the increase in both tem-
perature and strain rate. It is known fact the motion of the
dislocations is dependent upon the temperature. As the tem-
perature increases, higher number of slip system are activated
and consequently there is decrease in dislocation density.
Thus, the resistance to the motion of the dislocation is reduced
at elevated temperature and hence the activation energy de-
creased with the increase in the temperature. As the pulling
force increases, the strain rate also increases and at the same
time the resolved shear stress acting along the slipping direc-
tion also increases. This helps in easy motion of various dis-
locations in crystal structures thus the energy required to over-
come energy barrier i.e. activation energy is reduced.

The accuracy of the developed model is exhibited by using
various statistical measures such as standard deviation (δ),
avg. absolute percentage error (Δ) and correlation coefficient
(R) [5]. The correlation coefficient of predicted vs. experimen-
tal flow stress is shown in Fig. 17. The correlation coefficient
(R) is found to be 0.9721, standard deviation (δ) is 2.314 and
avg. absolute error (Δ) is 5.2616. Based upon the values of the
statistical parameters, it can be concluded that the true stress–
strain response predicted using Sellers model is found to have
a good relation with experimental data.

Anisotropic yield criteria

The anisotropic yield criteria namely; Barlat’89 and Hill’48 is
formulated for Inconel 625 alloy at different strain rates
and temperatures. Hill [31] proposed an extension of the
von Mises yield function with planar anisotropy.
Material yielding response is expressed as elasto-plastic
constitutive relationship in terms of yield stress and
plastic hardening modulus. The extended yield function
is expressed as per Eq. (16).

f σð Þ ¼ ~σ
2
¼ Fσ2

22 þ G σ2
11 þ H σ11−σ22ð Þ2 þ 2Nσ2

12 ð16Þ

where, F, G, H and N are anisotropic material coefficients.
These material constants can have calculated by two different
methods namely r-value based method and σ-value based
method. In the present study, material parameters are evaluat-
ed based on r-value based method. Barlat [32] developed a
plane stress anisotropic yield function. It is expressed as per
Eq. (16).

Fig. 13 Plots of (a) T vs. n (b) lnε̇ vs. s at 0.2 strain

Fig. 14 The plot of ln(Z) vs. ln sinh(ασ) at 0.2 strain

Table 4 Sellers model parameters at true strain of 0.2

α (MPa−1) n Q (kJ/mol) A (s−1)

0.00097 63.885 104.0925 1.4010
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2~σ
m
¼ ajk1 þ k2

m þ a k1jj −k2 mj þ c 2kj 2
m ¼ ϕj ð17Þ

where, k1 and k2 is expressed in terms of yield stress as

k1 ¼ σ1−hσ2

2
ð18Þ

k2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ1−hσ2

2

� �2

−p2τ212

s
ð19Þ

In Eq. (17), (18) and (19), a, c & h are anisotropy ratio
functions and expressed as

Fig. 15 Plots comparing experimental flow stress and strain at different temperatures for (a) 0.0001 s−1, (b) 0.01 s−1; at different strain rates for (c) RT, (d)
400 °C

Fig. 16 Variation of activation energy (Q) with (a) Strain rate ðε̇ ) & (b) Temperature (T)
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a ¼ 2
�
1−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0r90

1þ r0ð Þ 1þ r90ð Þ
r

ð20Þ

h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0 1þ r90ð Þ
r90 1þ r0ð Þ

s
ð21Þ

c ¼ 2−að Þ ð22Þ

Here, r0 & r90 is anisotropy ratio measured in RD and TD
directions of sheet material respectively. p value is considered
iteratively. To find the value of p value, the variation of
Lankford parameter w.r.t. angle θ from RD is taken as per
Eq. (23).

rθ ¼ 2mσm
0

σθ
∂ϕ
∂σ11

þ ∂ϕ
∂σ22

� � −1 ð23Þ

Value of angle θ is taken as 45° to relate the p value and for
further iteration. In all above equations, m is yield function
exponent which depends upon crystallography (m-value is
considered as 8 for FCC structure).

The representative comparative yield loci, anisotropic co-
efficient variation and yield stress variation for Hill’48 and
Barlat’89 with experimental results at 400 °C are shown in
Fig. 18 (a, b & c). It can be observed from Fig. 18 (a) that the

Fig. 18 Representative comparison of yield criteria at 400 °C and 0.01 s−1 strain rate (a) yield loci, (b) normalized flow stress variation (c) normalized
anisotropic coefficient variation

Fig. 17 Statistical parameters for predicted flow stress using Sellers
model
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Barlat’89 yield criterion covers all the experimental data
points. However, Hill’48 is unable to capture yield behavior
of Inconel 625 alloy at ND and TD direction. The similar
behavior has been seen in case yield stress and anisotropic
coefficient variations given in Fig. 18 (b) and (c) respectively.
Moreover, similar trend has been seen in all other tempera-
tures and strain rates. Thus, Barlat’89 yielding behavior pre-
diction is more accurate for Inconel 625 alloy.

Finite element analysis

Numerical simulations of circular deep drawing process have
been carried out at different temperatures and BHP with con-
stant punch speed (5 mm/min). Initially, CAD model is devel-
oped using Solidworks 14 software and imported in
Hypermesh 17 software for meshing. The FEA analysis was
done on ABAQUS 6.13 numerical solver package by incor-
porating subroutine for user defined material (UMAT).
Discrete rigid model is used to model punch, die and holder,
whose movement is controlled by Rigid body reference node.
R3D4 solid element is used for punch, blank holder and die.
Blank is modelled as a deformable body and C3D8R solid
element with reduced integration is used for the FE analysis.
Simulation is carried out for only one quarter axisymmetric
model to reduce computational time. Mesh convergence study
has been conducted to finalise the optimum element size. In

present study, optimum mesh element size of 1.5 × 1.5 mm2

with adaptive meshing technique was applied. Finite element
analysis was carried on fixed process parameters as mentioned
in Table 5. The finite element results of maximum thinning are
compared with that of experimental results. The computation-
al time is also an important phenomenon to be considered
during fixing the mesh element size. Total 12,896 mesh ele-
ments were generated on blank of mesh size 1.5 ×
1.5 mm2.Various material properties of Inconel 625 alloy cal-
culated in Table 3 were given as an input for blank material.
The UMAT code is developed for Sellers constitutive model
along with Hill’48 and Barlat’89 anisotropic yield criteria and
were used as an input for numerical analysis.

FE simulations were done to verify the experimental results
in terms of average thickness, percentage increase in cup
height and LDR. The representative measurement for height
and thickness of cup is shown in Fig. 19. The experimental
and FE simulation comparison for all the experiments is dem-
onstrated in Table 6. The representative comparison of thick-
ness distribution using FE simulations and experimental data
at 400 °C, 15 bar BHP and 5mm/min punch speed is shown in
Fig. 20 (a). Barlat’89 yield criterion prediction of thickness
distribution shows good relation with experimental thickness
distribution. The representative simulated deep drawn cup
using Barlat’89 yield criterion at 400 °C temperature, 15 bar
BHP and 5 mm/min punch speed and sectional view for

Table 5 Mesh sensitivity analysis
Mesh Description Size (mm2) Simulation Results

Max. thinning (mm) CPU run time(sec)

Coarse 5 × 5 0.956 3960

Medium 2.5 × 2.5 0.922 4862

Fine 1.5 × 1.5 0.866 5932

Fine 1 × 1 0.830 6782

Very Fine 0.5 × 0.5 0.796 8235

Ultra Fine 0.25 × 0.25 0.775 10,562

Experimental Maximum Thinning: 0.854

Comparison Case: Room Temperature, Blank dia = 54 mm, BHP = 20 bar, Punch Speed = 1 mm/min

Fig. 19 Height and thickness
measured for cup at 400 °C
temperature, 1 mm/min punch
speed with 20 bar BHP
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thickness distribution is shown in Fig. 20 (a). Particularly, it
predicts thickness value accurately in thinning (punch corner
region) and thickening region (top portion of cup wall). The
similar trend is observed in all the cases.

To understand the trend of all the performed experiments,
average thickness and percentage increase in cup height are
measured and demonstrated in Table 6. Sellers constitutive
model with Barlat’89 is found to be in good relation with
experimental values as the relative error between them for
thickness distribution and increase in cup height is well within
the 5% of acceptable range. The relative increase in height of
drawn cups also increases with temperature as the drawability
increases as shown in Fig. 19(b). Barlat’89 criteria more close-
ly followed the experimental results of increase in height of
drawn cups as compared to Hill’48 criteria.

Conclusions

This work involves validation of Seller’s model and determin-
ing the effect of process parameters over thickness distribution
and increase in height of cup. The experimental results are
validated with FEA combined with different yield criteria.

Based on the study, following important conclusions can be
drawn:

& The material properties, anisotropic parameters and flow
stress behaviour are significantly influenced by sheet ori-
entations, strain rates and temperature. As the temperature
increases from RT to 400 °C, the reduction in yield
strength by approx. 33% (812.07 MPa to 609.5 MPa),
ultimate strength by approx. 22.7% (988.55 MPa to
805.18 MPa) and improvement in % elongation from
39% to 47% takes place.

& The Seller’s constitutive model displayed good relation
with experimental results having correlation coefficient
(R) as 0.9721, standard deviation (δ) as 2.314 and avg.

absolute error (Δ) as 5.2616. The relation having com-
bined effect of strain rate and temperature over activation
energy was determined. The activation energy was found
to be increased with decrease in strain rate and
temperature.

& The anisotropic yield behaviour is formulated using
Barlat’89 and Hill’48 yield criteria for Inconel 625 alloy.
The prediction capability of Barlat’89 in terms of yield
locus, anisotropic coefficient variation and yield stress
variation is more accurate when compared with Hill’48
yield criterion.

& The LDR increased from 1.8 to 2.13 as the temperature
increased from RT to 400 °C. The percentage increase in
height was also found tomore at higher temperature due to
increase in softness of material. FEA of circular deep
drawing process was done by incorporation of Sellers con-
stitutive model coupled with Barlat’89 and Hill’48 yield
criteria. The Sellers constitutive model with Barlat’89
yield criterion displays good relation for thickness distri-
bution and increase in height of cup with experimental
results. All the experiments were having relative error with
within 5% of acceptance level for Barlat’89.

Further work involves comparison of various constitutive
models with experimental results and determining the earing
and other failure defect analysis using experimental and nu-
merical methods.
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