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Abstract: The stretch forming and the deep-drawing processes were carried out at 300 and 673 K to determine the safe 
forming and fracture limits of IN625 alloy. The experimentally obtained strain-based fracture forming limit diagram 
(FFLD) was transformed into a stress-based (σ-FFLD) and effective plastic strain (EPS) vs triaxiality (η) plot to remove 
the excess dependency of fracture limits over the strains. For the prediction of fracture limits, seven different damage 
models were calibrated. The Oh model displayed the best ability to predict the fracture locus with the least absolute 
error. Though the experimentally obtained fracture limits have only been used for the numerical analysis, none of the 
considered damage models predicted the fracture strains over the entire considered range of stress triaxiality 
(0.33<η<0.66). The deep drawing process window helped to determine wrinkling, safe and fracture zones while 
drawing the cylindrical cups under different temperature and lubricating conditions. Further, the highest drawing ratio 
of 2 was achieved at 673 K under the lubricating condition. All the numerically predicted results of both stretch forming 
and deep drawing processes using the Hill 1948 anisotropic yielding function were found to be good within the 
acceptable range of error. 
Key words: IN625 alloy; warm forming; ductile damage models; formability; forming limit diagram; deep drawing; 
processing window; finite element analysis 
                                                                                                             

 

 

1 Introduction 
 

Inconel is a nickel chromium-based alloy used 
in abundance to make various components in the 
aerospace industry, particularly in Ni−H2 batteries 
of satellites. These rechargeable batteries are a 
source of power for satellites. There is a very high 
possibility of a leak or catastrophic failure when the 

internal gas pressure reaches approximately 7 MPa. 
Thus, Inconel alloys such as IN625 and IN718 are 
used in making the outer casing of the battery as 
they can handle 2.5 times the highest operating 
pressure inside the battery [1−3]. The casings are 
made using metal forming processes. Sometimes, it 
is not easy to form metals at room temperature 
because of their very high strength. Thus, warm/  
hot forming has been adopted as a remedy to such a 
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problem in the industries [4,5]. The elevated 
temperature condition helped in easy forming by 
increasing the formability of the material [6,7]. 

Many researchers have carried out the stretch 
forming and deep drawing operations at different 
testing conditions to determine the exact limiting 
strains of the material [8−10]. The process 
parameters selected while performing these 
operations play a crucial role in determining the 
exact formability of materials. A large number of 
experimental trials are required for successfully 
determining the specific process parameters to get 
the desired results. This will increase the wastage of 
material, manufacturing cost, and production time 
on a commercial scale production. Hence, 
numerical studies in terms of finite element 
simulations can be adopted as a tool that will 
eventually help in producing cost-effective 
components using forming processes by reducing 
the rigorous experimental trials [11,12]. While 
performing the numerical simulations of any 
forming process, the researchers always suggest 
performing a study on mesh convergence for 
predicting the final component and specimen size, 
thickness distribution, and fracture location of the 
components. Further, to get final defect-free 
components and avoid failure in the near future, the 
knowledge about the sheet metal’s limiting strains 
is an essential step in designing the whole tooling 
and process performing sequence. 

The limiting strains of the material are often 
evaluated using stretch forming operation by using 
specimens deformed under different strain paths. 
The traditional strain-based forming limit diagram 
(FLD) is usually assessed based on the reduction in 
thickness and localized necking during the 
specimens’ deformation. In their previous work 
over stretch forming of IN625 under different 
processing conditions, the authors found that the 
material failed without any prior hint of necking. 
Thus, the failure has been predicted based on the 
fracture forming limit diagram (FFLD) [13]. 
Several researchers [14−23] have worked over the 
development of various ductile damage models for 
accurately evaluating the fracture limits of the 
considered material deformed under different 
processing conditions. PANDRE et al [24] used six 
different ductile fracture criteria to calibrate the 
fracture limits of DP590 steel at room temperature 
(RT), 200 °C, and 400 °C. They found that among 

all the used models, Oh’s criteria can be used in the 
future for evaluating the fracture limits of the 
DP590 steel. TAKUDA et al [20] used five different 
proposed criteria for investigating the failure of 
cylindrical deep-drawn cups using A5052, A1100, 
and A2024-T4 alloys. They further found these 
criteria to be accurately predicting the HDR after 
implementing the ductile damage models. 
PRASAD et al [1] also used six models to compare 
their predicting ability for the fracture limits of the 
solution-treated IN718 alloy for the aerospace 
applications. They found Oh’s model to be 
accurately following the experimentally evaluated 
fracture limits of the material with the least average 
absolute error (AAE) of approximately 10%. WU  
et al [22] used six different damage models to study 
the failure of material using the hydroforming 
technique. The Rice−Tracey model was found to 
have approximate results as those obtained by the 
experimental approach. To avoid direct dependency 
over the strain paths, several researchers proposed 
evaluating critical forming limits in terms of 
effective plastic strain (EPS) vs triaxiality (η) and 
named it as η-EPS-FFLD. Additionally, stress-based 
FFLD (σ-FFLD) is another approach. BAI and 
WIERZBICKI [21] calibrated and plotted the 
fracture limits in η-EPS space for different alloys of 
aluminum and steel and evaluated models’ 
predictability in terms of AAE. Many earlier 
proposed fracture models have not considered the 
anisotropic effect of sheet metals, but recently 
researchers have succeeded in including the 
anisotropy in these fracture models [1,25,26]. 
However, it can be noted that very limited work has 
been done in this field, and thorough research is 
required to achieve reliable results, which will 
directly help sheet metal forming industries. 

In the past, several researchers have worked 
over the strain-based FFLD of IN625. Still, no work 
is available with respect to the evaluation of 
σ-FFLD and η-EPS-FFLD at elevated temperature 
conditions. Thus, in the present work, the stretch 
forming test has been done to evaluate 
η-EPS-FFLD and σ-FFLD at 300 and 673 K. The 
anisotropic parameters were used to predict the 
fracture limits using seven different ductile damage 
models, and their validity was further evaluated 
using AAE. Additionally, the deep drawing 
processing window has also been determined at 
different temperatures and lubricating conditions. 
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Lastly, the validation of the fracture limits predicted 
using the FEA approach for the deep drawing and 
stretch forming process has been done to reduce 
rigorous experimental trials and increase the 
cost-effective manufacturing of the aerospace 
components. 
 
2 Experimental 
 

Inconel 625 sheet of 1 mm in thickness was 
used in the present work for all experimental testing. 
The tensile test was conducted using specimens cut 
along two different directions at 0° and 90° with 
respect to the sheet’s rolling direction to find the 
exact anisotropic material properties of IN625 at 
300 and 673 K. The obtained material properties are 
consolidated in Table 1. Hollomon power law was 
used for defining the work hardening behavior of 
the material at both the temperatures as the authors 
in their previous study [27] found that it closely 
follows the experimental trend of true stress strain 
curve with the correlation coefficient to be more 
than 99%. 

A 40 ton hydraulic press was used for 
experimental deep drawing and stretch forming 
process. It has an inductive heating coil for 
high-temperature testing, and a K-type contact 
thermocouple was used for finding the exact 
temperature over the whole forming setup. 
Figure 1(a) represents the schematic diagram of the 
stretch forming setup and design of specimens used 
for finding the limiting strains in the present work. 
It consists of three primary components, namely, a 

hemispherical punch of 50 mm in diameter, die, and 
blank holder. For restricting the easy flow of sheet 
metal, a circular draw bead of 84 mm in diameter 
was designed over the circular die. Figure 1(b) 
represents the schematic diagram of deep drawing 
setup with all necessary dimensions used in the 
present study. It consists of a flat punch, dies and 
blank holder plate without any draw bead. The 
specimen designs for stretch forming were selected 
based upon ASTM E2218-15 standard and method 
proposed by PRASAD et al [28]. The molybdenum 
disulfide based Molykot lubricant was used in this 
study, as it is stable up to 700 °C. The laser etching 
process was used to mark the grids of 1.5 mm in 
diameter over specimens to accurately capture the 
major and minor strains across the deformed 
specimens. The deformed grids over all the 
specimens were measured using an optical 
microscope with image analyzing software for 
obtaining major and minor strains. The punch speed 
was maintained to be 5 mm/min. The results were 
validated in terms of the drawing height, thickness 
distribution, and the specimens’ fracture location. 
 
3 Results and discussion 
 
3.1 Fracture and forming limit diagram 

The stretch-forming process was performed at 
300 and 673 K forming temperature. The major and 
minor strains were measured using an optical 
microscope around the critical region of fracture 
and then converted into the true strains for obtaining 
a complete FLD shown in Fig. 2. Different colors  

 
Table 1 Material properties of IN625 alloy 

Temperature/K YS/MPa UTS/MPa εf r0 r90 Hollomon hardening law 

300 812.07±8 978.55±9 0.389 0.851 0.749  = 1198ε0.098 

673 609.51±6 805.18±4 0.435 1.086 0.741  = 1009ε0.099 
YS: Yield stress; UTS: Ultimate tensile stress; εf: Fracture strain; rθ: Lankford coefficient in θ direction w.r.t. rolling direction of sheet 
 

 
Fig. 1 Schematic diagram of setup for stretch forming (a) and deep drawing (b) process (Unit: mm) 
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Fig. 2 FLD at 300 K (a) and 673 K (b) 

 
and styles of the symbols were assigned to all the 
six designs and safe and fractured regions. All the 
samples formed till fracture; hence, the necking 
region is not visible. All the specimens fractured 
without any onset of necking at both 300 and 673 K. 
The FLD was represented by a line separating the 
safe and fractured points. In the tension- 
compression (T-C) region, at 300 K in Fig. 2(a), the 
strain path ratio (α) was obtained to be −0.43 while 
it rose to −0.32 at 673 K, as shown in Fig. 2(b). 
Low limiting strains compared to T-T and T-C 
regions were observed along with the FLD plane 
strain (P-S) region at both temperatures. This lowest 
strain point is known as FLD0 and is usually used 
for representing the formability of the deformed 
material. The FLD0 displayed an improvement of 
approximately 17.26% and, hence, the formability 
of the material with an increase in the temperature 
from 300 to 673 K. The lubricated condition was 
used; hence in the T-T region, strains were obtained 
to be 0.72 and 0.63 at 300 and 673 K, respectively. 
In all the stretch-formed specimens, the fracture 
happened to be the thorough-thickness shear-type, 
which took place without any substantial hint of 
necking at both the considered forming 
temperatures. This observation motivated towards a 
further study of fracture forming limit diagram 
(FFLD) as discussed by PRASAD et al [28] in 
previous work over IN718. 

The fracture during the stretch forming process 
is usually assumed to occur in the plane strain, i.e., 
the change in true strain along the width (minor 
strain (dε2)) is equal to zero [28]. The true fracture 
stain along the thickness (ε3) of the specimen was 

observed under the optical microscope and finally 
changed into the true fracture strain. Thus, by 
ultimately using the equation of volume constancy 
rule (ε1f+ε2f+ε3f=0) the true fracture stain (ε1f) was 
calibrated and further interposed on the FLD. At 
300 K, minimum thickness of T-T region was 
0.746 mm while, in the T-C region, it was 
0.768 mm. This clearly indicated that in the T-T 
region, the material undergoes the maximum 
thinning before the final fracture. A similar 
decreasing trend in the thickness was observed at 
673 K. The FFLD shown in Fig. 3 was drawn as an 
indication of onset for fracture. 

A sub-sized punch of hemispherical shape 
(diameter=50 mm) was used for the stretch forming 
analysis in the present work. Thus, the effect of 
bending strain on the outer curved convex-shaped 
surface of stretch formed specimens in the region 
around the surrounding sub-sized hemispherical 
punch needs to be considered. It has a very 
significant effect on the stretching limits of the 
material [13]. The schematic representation of 
bending correction is shown in Fig. 4(a). The FLD 
position over the major strain axis depends highly 
upon the geometry. Notably, the limiting strain of 
material depends directly upon the curvature of 
punch (1/R) upon assuming no thickness variation 
in the deformed sheet. The bending strains (εbending) 
are calculated using Eq. (1). The corrected FLD and 
FFLD are shown in Fig. 4(b). It is drawn after 
reducing the bending correction strain from the 
calculated true strains by using Eq. (2). The FLD 
and FFLD shifted downwards on the major strain 
axis by approximately 3%−4% at both 300 and 
673 K. 



Ayush MORCHHALE, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2372−2387 

 

2376
 

 

 
Fig. 3 FFLD at 300 K (a) and 673 K (b) 

 

 
Fig. 4 Schematic representation for bending correction (a) and corrected FLD and FFLD (b) 

 

 f
bending f 0 1 2 ln(1 ),  exp

2

t
t t

R
       

     
(1) 

n corrected t bending   
                    

(2) 

The strain distribution across the whole stretch 
formed specimen is in T-T, P-S, and T-C regions, as 
shown in Fig. 5. Figure 5(a) shows the curvature 
along which the surface strain was measured for all 
the specimens. The initial circular grid marked over 
specimens deformed in the shape of an ellipse. 
Hence, an optical microscope with image analyzing 
software was used for measuring the strains along 
the major and minor diameters of the deformed 
ellipse. For the specimen lying in the T-T region, at 
300 K, the specimen’s fracture occurred at a 
distance of 18 mm from the pole. 

In contrast, at 673 K, it occurred at a distance 
of 15 mm; higher strains are observed around these 
regions due to the strain localization phenomenon. 
The strains for specimen deformed at 673 K were 
higher than at 300 K, which indicates that it has 
gone under more deformation before the final 
fracture. The specimen lying in the P-S region 
fractured 15 mm and 21 mm approximately for 300 

and 673 K specimens. The minor strain at both 
temperatures was negligible, confirming that this 
specimen remains in the plane strain region. 
Figure 5(d) depicts the strain distribution of the 
specimen lying in the T-C region. The specimen 
undergoes lateral drawing, and hence the major and 
minor true strains were observed to be positive and 
negative, respectively. The fracture occurred at a 
distance of approximately 18 and 12 mm from the 
specimen’s pole. The highest major and lowest 
minor strains were found near the fracture region at 
both the forming temperatures in the T−C region 
specimen case. Thus, it can be concluded that the 
major and minor strains depend highly upon the 
forming temperature and the design of the specimen 
because of the induction of different strain paths 
during deformation. 

 
3.2 Deep drawing processing window 

The process windows obtained by performing 
deep drawing experiments under different processing 
conditions are shown in Fig. 6. All the cups were 
drawn at different blank holding pressures (BHPs) 
within the range of 0.1−3.5 MPa pressure and were 
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Fig. 5 Surface strain measurement technique (a), and computed surface strain for T-T region (b), P-S region (c), and T-C 
region (d) specimens 
 

 
Fig. 6 Processing window for deep drawing process under different temperature and lubricating conditions 
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characterized in different zones, namely, wrinkling, 
safe, and fracture in the deep drawing process 
window. All the deep drawing operations were 
performed until 3.5 MPa pressure. The drawing 
ratio in the process window corresponds to the ratio 
of diameter for blank to that of punch. It was 
observed that the processing temperature, BHP, and 
lubricating conditions play a vital role in sheet 
metal forming industries. While performing the 
deep drawing operation at lower BHP under all the 
processing conditions, the cups were difficult to 
form because of the formation of wrinkles, which in 
turn restricted the easy flow of material under all 
the considered processing conditions. Finally, this 
resulted in the cup fracture from the region of the 
punch corner. The increase in the formation of 
wrinkles has been observed at large blank diameter, 
but it can also be compensated and suppressed by 
increasing the BHP. The cups fractured at higher 
BHP because of the hindrance in the flow of 
material and increased the tensile stresses on the 
cup’s walls above the critical limit [8]. 

The deep drawing operation was performed at 
300 and 673 K and under the lubricated and 
non-lubricated conditions in the present study. The 
maximum diameter of 56 mm blank size was 
observed to be successfully drawn at a BHP of 
1.5 MPa at 300 K and non-lubricated lubrication. 
As a result, the highest drawing ratio (HDR) of 
1.867 was observed in Fig. 6(a). The HDR was 
observed to be the same under the lubricated 
condition at 300 K (Fig. 6(b)), but the successfully 
drawn cup was drawn at a higher BHP of 2 MPa. At 
673 K, under the non-lubricated condition, the HDR 
increased to 1.933 at BHP of 0.5 MPa, as shown in 
Fig. 6(c). But, by using lubrication at 673 K, the 
HDR was increased to 2, as shown in Fig. 6(d). 
Thus the HDR was improved by approximately 
7.12%. This effective change in the HDR is due to 
the thermal softening, which made the material soft 
and helped to ease the material’s easy forming. The 
lubrication also provided an added advantage for 
the easy drawing of material in the desired shape. 
Thus, it is essential to study the process window to 
select optimum parameters that help in the safe 
drawing of complex industrial components. 
 
3.3 Theoretical fracture models 

In the present work, the Hill 1948 yielding 

function was used for defining the anisotropic effect 
of the material. The effective stress can be 
computed using the Hill 1948 yield criterion as 
 

2 20 90 0
Hill 1 2 1 2

90 0 0

(1 ) 2

(1 ) 1

r r r
σ σ σ σ σ σ

r r r


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 
     (3) 

 
Further, by inducing Eq. (4) in Eq. (3), the 

relation between the strain ratios (α=ε2/ε1) can be 
established with the stress ratio (β=σ2/σ1) as shown 
in Eq. (5). 

Associative flow law, 
 

d d
σ

ε λ
σ





                              (4) 
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                    (5) 

 
By utilizing Eq. (6) and imposing the 

condition of plane stress, the term ξ can be obtained 
as Eq. (7). 

Plastic work per unit volume, 
 

1 1 2 2 3 3d d d d dw σ ε σ ε σ ε σ ε                  (6) 
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The effective stress ( ) can be evaluated 

using Hollomon relation defined in Table 1. Further, 
the ratio of major principle to the effective stress 
can be defined using Eq. (8). 
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         (8) 

 
The ratio of hydrostatic to effective stress is 

defined using stress triaxiality (Eq. (9)) and it has 
been extensively used earlier by many researchers 
for predicting the fracture limit. 
 

 
 

 

m

22
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11

3 1

1

βσ
η

σ r r β r r β
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      (9) 

 
Many empirical relations, known as the 

damage models, have been proposed in the past and 
have been extensively used in manufacturing 
industries to predict fracture limits of various 
metals accurately. Some of the famous models are 
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listed below and are compared in the present study 
for accuracy in predicting fracture strains at 300 and 
673 K. 

McClintok model [19]: The mathematical 
relation defined by MCCLINTOK is given by 
Eq. (10). He developed this relation by studying the 
deformation of a cylindrical void over a predefined 
loading condition and the occurrence of failure due 
to hydrostatic stress. 
 

f f  
m m 1

1 0  0
1 1

d
d d

d

ε εσ σ σ ε
ε ε

σ σ σ ε
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   

 
f 

1 1 0

1
d

3

ε β
χξ ε C
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                  (10) 

 
Brozzo model [18]: This criterion was a 

modification of COCKCROFT and LATHAM [14] 
damage model. They considered a stress function 
for the calibration of fracture constant, and it is 
highly dependent upon the maximum tensile and 
mean stress as shown as Eq. (11). 
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Oh model [16]: They also proposed a 

modification in COCKCROFT and LATHAM [14] 
damage model by normalizing the maximum 
principle stress with the help of equivalent stress 
and implied it in the study of various forming 
processes. The proposed mathematical relation is 
shown as Eq. (12). 
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Rice-Tracey model [15]: It is a semi-empirical 
relationship defined by considering a spherical void 
in the whole unbound metallic matrix. They found 
hydrostatic pressure to be responsible for the 
growth of the assumed void. The fracture ductility 
was found to be increased rapidly, with a decrease 
in hydrostatic stress. It is also considered a 
modification of McClintok's proposed criterion by 
characterizing material failure using hardening  
laws. The final Rice−Tracey relation is shown as 
Eq. (13). 
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Ko model [17]: The modified Cockcroft and 

Latham model defines the material’s behavior in 
case of ductile type fracture by combining the effect 
of stress triaxiality with the principle stress. It is 
expressed as 
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Cockcroft-Latham model [14]: It is the most 

popular phenomenological based model shown as 
Eq. (15). It is simple to solve and helps in 
understanding the true ductility of metals. While 
solving this criterion, it is assumed that the 
maximum principal stress has major control over 
the fracture occurring in the material. 
 

f f f   
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Clift model [29]: They modified the Cockcroft 

and Latham model by assuming equivalent stress 
over the fracture of a material shown as Eq. (16). 
Further, they stated that the ductile fracture starts or 
initiates when a critical value of the plastic work 
per unit volume is achieved. 
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d
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The Cn is a material constant in which n=1−7 

and f  is an equivalent plastic strain (EPS) on the 
occurrence of fracture. The experimentally obtained 
curve is used for validating the fracture locus 
obtained on applying all the above-discussed 
models at both 300 and 673 K. Prediction ability 
has been computed in terms of the AAE percent 
w.r.t. the experimental values. 

The obtained failure strains for different 
specimens deformed along different deformation 
paths are further transformed into the EPS. The 
stress triaxiality was calculated using Eq. (9). 
Finally, the EPS vs stress triaxiality was obtained at 
both the considered forming temperatures, as shown 



Ayush MORCHHALE, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2372−2387 

 

2380

in Fig. 7 and named as η-EPS-FFLD. The 
formability and fracture limit of the material has 
been observed to be increased with the increase in 
forming temperature. The triaxiality path for the 
stretch forming experiments seems to be in the 
range of 0.33−0.66. The higher value of EPS was 
observed due to the thermal softening phenomenon 
occurring at elevated temperatures. A significant 
deviation in the predicted fracture locus was 
observed for some of the considered fracture 
models. At both 300 and 673 K, all the models 
seem to indicate the fracture locus in the T-C region 
with average absolute error well within the 
acceptance limit of 5%. In contrast, none of the 
used models could predict accurately in the T-T 
region of η-EPS-FFLD. Hence, nothing particular 
can be concluded about the suitability of the 
calibrated fracture locus from η-EPS-FFLD. 

Further, for confirming the suitability of 
ductile damage models, AAE percent w.r.t. the 
experimentally obtained locus was evaluated and 
compared in Figs. 7(a, b). The error has been 
calibrated in 0.33−0.66 stress triaxiality along 
different paths. At 300 K, the absolute error’s 
minimum variation has been showcased around the 
plane strain region except for the Cockcroft− 
Latham model. It seems to have a minimum error in 
the T-C region of the η-EPS-FFLD. The Oh model 
displayed 6.4% AAE, which is the least among all 
the considered fracture models for predicting the 
fracture locus. The Cockcroft−Latham model 
displayed the highest AAE of 33.8% and hence, 
should be least preferred while predicting the 
fracture locus of IN625 alloy at 300 K. At 673 K, 
all the models displayed a large deviation from the 
experimental fracture limit curve compared to 
300 K. The Oh model should be preferred for 
predicting the fracture locus as it showed the least 
AAE of 11.4%, while Cockcroft-Latham, Ko, and 
McClintock model displayed an error of more than 
30%, which makes them be least preferred while 
calibrating the fracture locus of IN625 at 673 K. 
The fracture behavior at both the temperatures has 
not been captured exactly by any of the considered 
models in the whole stress triaxiality range. Thus, 
the prediction capability of all the considered 
fracture models is assumed to be poor. Hence, the 
experimental locus for the fracture strains has been 
used for further analysis in the present work. 

 

 
Fig. 7 Comparison of different ductile damage models in 

η-EPS-FFLD space at 300 K (a) and 673 K (b) 

 
3.4 Fracture prediction using numerical analysis 

It is required to validate the developed FEA 
model for different forming processes, which will 
ultimately predict the formability and the 
deformation behavior for IN625. The numerical 
simulations will reduce the expensive trials at the 
shop floor levels of manufacturing industries. Thus, 
ABAQUS 6.13 software was used for FE 
simulations of deep drawing and stretch forming 
processes. For reducing the overall computation 
time, the quarter symmetry simulation was done for 
both the processes. All the work was carried out at 
300 and 673 K forming temperatures for finding the 
exact limiting strains of IN625 for effective usage 
of it in different manufacturing industries. The 
validation of the deep drawing simulated results 
was done in terms of the thickness distribution, 
fracture location, and the highest drawing ratio 
(HDR) of the deep-drawn cups. For stretch forming 
and deep drawing processes, the tools such as die, 
blank holder, and punch were considered rigid, and 
hence R3D4 types of elements were assigned to 
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them. The deformable blanks was meshed using 
deformable four-node S4R elements. The user- 
defined material subroutine (UMAT) was used for 
implementing the Hill 1948 yielding function for 
the accurate prediction of the forming behavior 
from the FE approach. 

The mesh study has an important role in 
deciding the numerically simulated results’ overall 
validity and accuracy. Table 2 represents the mesh 
convergence study carried out before finalizing the 
mesh size to carry out all the simulations in the 
present work. It was carried out for the deep 
drawing process for the non-lubricating condition at 
300 K. The finalized size implemented for the 
simulation of both deep drawing and stretch 
forming process in the present work was of 0.5 mm 
in size under the adaptive meshing technique. It was 
finalized by comparing the computation time, 
maximum thinning, and the load required for 
successfully drawing a cup. 
 
Table 2 Mesh convergence study for deep drawing 

process for 58 mm blank in diameter at 300 K and 

non-lubricating condition under 1.5 MPa of BHP 

Mesh size/ 
mm 

Computational 
time/s 

Maximum 
drawing 
load/kN 

Minimum 
thickness/ 

mm 

3×3 406 48.74 0.798 

2.5×2.5 602 56.32 0.756 

2×2 785 57.28 0.738 

1.5×1.5 1028 57.96 0.729 

1×1 1547 59.12 0.721 

0.5×0.5 2005 60.48 0.714 

0.25×0.25 3947 61.84 0.682 

Experimental − 59.96 0.708 

 

The fracture limits predicted using stress based 
FFLD (σ-FFLD) and η-EPS-FFLD are discussed 
below for both the deep drawing and stretch 
forming processes below. 
3.4.1 Stretch forming 

Figures 8(a, b) represent the η-EPS-FFLD and 
σ-FFLD, respectively, at 300 and 673 K. 
Representative fracture location prediction was 
done and is shown in the inset in Fig. 8(a) for D-1 
and D-5 deformed at 300 K. The D-1, the 
experimental LDH obtained, was (28±0.54) mm, 
which further increased to (33.1±0.76) mm at 673 K. 
The experimental LDH height was measured using 

 

 
Fig. 8 Deformation path for critical element in 

η-EPS-FFLD (a) and σ-FFLD (b) 

 
a digital gauge. The LDH for D-1 improved by 
approximately 18.21%, increasing the forming 
temperature from 300 to 673 K. The LDH obtained 
for the simulation of the D-1 was 27.52 mm at 
300 K. The fracture location also seems to be 
precisely matching the experimentally obtained 
position. In the case of D-5 the final LDH obtained 
was (22.8±0.8) mm at 300 K, which further 
improved by 17.85% at 673 K. For the numerically 
simulated D-5 shown in Fig. 8(a), the LDH 
obtained was 26.87 mm. Thus, the forming at 
elevated temperature helps in increasing the overall 
LDH of the specimen. 

The failure limit of IN625 is showcased in 
η-EPS and major and minor stress space in 
Figs. 8(a, b), respectively, at both the considered 
temperatures. The representative deformation path 
for D-1, D-4, D-5, and D-6 are shown in Fig. 8. 
Similarly, the deformation paths can be obtained for 
D-2 and D-3. The critical elements with the 
maximum thinning have been identified, and their 
deformation paths are displayed in Figs. 8(a, b).  
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This stress-based and triaxiality based deformation 
path has been constructed by combining the results 
obtained at different time steps. Different color 
lines have been used for representing the 
deformation path for the precise identification at the 
two specified forming temperatures. The stress ratio 
and stress triaxiality for all the cases are shown in 
Table 3. The deformation paths of D-1, D-2, and 
D-3 were obtained in the biaxial tension region, 
while those of D-5 and D-6 were obtained in the 
uniaxial tension region at both the considered 
temperatures. The D-4 specimen deformed very 
near to the plane strain region. The fracture was 
assumed to be initiated when the critical element’s 
numerically obtained deformation path intersected 
with the failure limit curves. 

The normalized thickness was compared for 
experimental, and FE simulated stretch formed 
specimens for D-1, D-4, and D-6 specimens in 
Figs. 9(a, b, c) respectively at both the considered 
temperatures. The experimental thickness has been 
measured using a digital thickness measurement 
gauge. At 300 K, the deformed specimens displayed 
more deviation in the thickness than that at 673 K 
for all the specimens’ designs. The minimum 
thickness was observed around the necking/fracture 
region of the specimen. The LDH obtained for all 6 
designs of the specimen at both the forming 
temperatures is shown in Fig. 9(d). The method of 
measuring the experimental LDH is shown in 
Fig. 5(a). The LDH has been found to be increasing 
with the forming temperature. This higher forming 
ability was achieved due to the material’s thermal 
softening phenomenon at a higher temperature, 
which resulted in higher EPS for the material. Thus, 
the EPS increased from 0.453 at 300 K to 0.544 at 

673 K for the specimens deformed in the biaxial 
tension region. 

Similarly, for the D-5 lying under the uniaxial 
tension region displayed an increase in EPS from 
0.393 to 0.475 with increasing the deformation 
temperature from 300 to 673 K. The LDH of all the 
simulated specimens was finalized when the critical 
element’s deformation path intersected the failure 
limit curve. Thus, the fracture is assumed to be 
initiated when this intersection condition is 
achieved. The fracture location for all the simulated 
stretch-formed specimens at both temperatures was 
also found to precisely match the experimentally 
deformed specimens. Thus, the numerical 
simulation approach seems to capture the fracture 
behavior of the material at both the considered 
forming temperatures. Also, the numerically 
predicted thickness and LDH seem to be matching 
the experimentally obtained results with an error of 
less than 5%, which is well within the acceptance 
limit. 
3.4.2 Deep drawing 

The deep drawing operation under the 
lubricating condition was carried out at 300 and 
673 K, and the obtained η-EPS-FFLD and σ-FFLD 
are shown in Figs. 10(a, b), respectively. The 
fracture predictions shown in Fig. 10(a) were done 
using 58 and 62 mm diameter blanks for 300 and 
673 K as the experimental HDR was observed to be 
1.867 and 2, respectively. All the experiments were 
performed at 1mm/min punch speed. The displayed 
fractured cups are both drawn at 1 MPa BHP at 
both the considered conditions. The critical 
elements for the deep drawing process at both 300 
and 673 K have been identified. Their deformation 
path was tracked at different time steps until the 

 
Table 3 Stress triaxiality (η) and stress ratio (β) for critical elements at both temperatures for all six designs of 

specimens 

Specimen 
300 K 673 K 

Critical element No. η β Critical element No. η β 

D-1 16095 0.622 0.749 15687 0.603 0.658 

D-2 12679 0.609 0.685 13794 0.591 0.664 

D-3 11987 0.592 0.645 10497 0.588 0.619 

D-4 9284 0.581 0.599 12578 0.561 0.499 

D-5 11238 0.446 0.211 11238 0.480 0.303 

D-6 6268 0.355 0.068 5024 0.396 0.134 
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Fig. 9 Thickness distribution for D-1 (a), D-4 (b), D-6 (c) and LDH (d) comparison 

 

 
Fig. 10 Deformation path for critical element in η-EPS-FFLD (a) and σ-FFLD (b) 

 

material’s fracture limit is achieved. The 
intersection of this curve with the deformation path 
was assumed as the fracture initiation point. The 
deformation path at 300 K (critical element=5264, 
η=0.486 and β=0.314) and 673 K (critical element= 
7435, η=0.507 and β=0.365) seems to be lying in 
the uniaxial or the tension-compression region. The 

EPS to the fracture’s start is 0.475 and 0.581 at 300 
and 673 K, respectively. The fracture location for 
the simulated cup seems to match the experimental 
results at both the considered forming temperatures. 
Thus, at higher forming temperatures, lower 
deforming load and higher formability of material 
could be achieved. 
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The thickness distribution obtained from the 
successfully drawn cups with the highest HDR in 
four conditions considered in the present work for 
analysis is shown in Fig. 11(a). All the cups are 
drawn under different conditions displayed a similar 
trend for the thickness distribution. The thinning 
near to the base of the cup is less due to the increase 
in friction between the sheet metal and punch at the 
point of contact as stated by PRASAD et al [1]. 
Thus, the material near the base region of the punch 
will always be constrained, resulting in very less 
deformation than other regions of the deep-drawn 
cup. Additionally, the thickness near the cup 
junction is minimum because of large stretching 
and subsequently losing contact with the punch 
corner. This is known as the critical region, and 
mostly deep-drawn cups fail from this region. More 
uniformity or less deviation in the thickness has 
been observed at higher forming temperatures [30]. 
Further, lubricant provides an added advantage in 
the deep drawing process as it helps in easy forming 
by reducing the forming load. In the present case, 
the cup formed at 673 K under the lubricating 
condition was found to have the least variation in 
thickness, highest HDR, and drawn height. The 
highest and lowest thinning of the critical cup 
junction region was observed at 300 K under the 
non-lubricated condition and 673 K under the 
lubricated condition. The thinning improvement 
was approximately 11.14% when drawn at 673 K 
under lubricating conditions compared to 300 K 
under non-lubricating conditions. The thickness 
distribution and the drawn height of the simulated 
cup seem to have an average error of less than 5% 
for all the considered cases of the present study’s 

deep drawing process. 
Figure 11(b) shows a representative comparison 

of thickness for the case, 673 K under non- 
lubricated condition, at three different BHPs, 
namely, 0.3, 1.2, and 2 MPa. In the deep drawing 
process, at low BHP (below 0.3 MPa in the present 
case), the sheet’s thickness became closer to the 
outer periphery of circular blanks due to the 
formation of wrinkles. This ultimately led to the 
restricted flow of material followed by the fracture 
from the cup junction region. The deep-drawn cup 
experiences a rapid increase in the tensile stress 
along the cup’s vertical walls at high pressure. This 
results in the increase of stress concentration near 
the contact region of blank and punch, ultimately 
leading to the fracture of the cup. Thus, the cup’s 
failure occurs when the generated tensile stress 
exceeds the material’s load-bearing capacity at the 
cup junction. The blank holding pressure also seems 
to have a useful contribution in deciding the 
thickness distribution across the formed cup. With 
the increase in BHP, more uniformity in the 
thickness distribution has been observed. Further, 
the drawn cups’ minimum thickness also improved 
by 7.48% with increasing the BHP from 0.3 to 
2 MPa. Thus, the determination of optimum BHP is 
essential to remove any failures in terms of 
wrinkling and fracture. 

Figure 12 compares the maximum thinning 
rate (MTR), maximum drawing load, drawn height, 
and thickness deviation (TD) for successfully 
drawn cups with the highest HDR under different 
processing conditions. The drawn height displayed 
an improvement of 42.37%, while the maximum 
load required for successful drawing a cup reduced  

 

 
Fig. 11 Comparison of thickness distribution for cups with highest HDR under different deep drawing conditions (a) 

and under different BHPs (b) 
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Fig. 12 Comparison of different parameters for cup drawn at highest HDR under various temperature and lubricating 

conditions 

 

by 10.24% at 673 K and lubricating condition 
compared to the 300 K and non-lubricating 
condition. The coefficient of friction for the FE 
simulation has been calibrated under different 
conditions using the tribometer. The thickness 
deviation (TD) and maximum thinning rate (MTR) 
were evaluated using Eqs. (17) and (18). In the 
formulation of TD and MTR, the terms ti, tm, tmin 
and N correspond to the initial thickness, average 
thickness, minimum thickness, and the total number 
of observations. The MTR and TD are the 
parameters for the quantitative comparison of 
thickness for deep-drawn cups obtained from 
different forming conditions. The highest and 
lowest MTR and TD has been observed at 300 K 
under non-lubricating condition (MTR=16.67% and 
TD=15.51%) and 673 K under lubricated condition 
(MTR=13.87% and TD=13.59%). Forming at 
higher temperatures reduces the deviation in 
thickness of the cup and induces thermal softening, 
and reduces strain hardening of the material, 
resulting in easy forming of material. The 
lubricating condition further reduces the maximum 
load needed for forming the cup. Hence, several 
manufacturing industries performing deep-drawing 
operation can use elevated temperature and 
lubricating conditions to get effective deep-drawn 
components with high product quality. 
 

2
i m( )

 TD 100%
t t

N


               (17) 

i min

i

( )
MTR 100%

t t

t


                   (18) 

 
4 Conclusions 
 

(1) Thorough experimentation was carried out 
using a stretch forming process under the influence 
of different process parameters, such as forming 
temperature, lubricating condition, and forming 
punch speed for measuring major and minor strains. 
The limiting strain was majorly affected by the 
forming temperature as it increased by 
approximately 18% on increasing the temperature 
from 300 to 673 K. The obtained strain-based 
FFLD was transformed into the stress-based locus 
(σ-FFLD) and effective plastic strain (EPS) vs 
triaxiality (η) plot (η-EPS-FFLD). The fracture 
limits in η-EPS-FFLD and σ-FFLD were found to 
be higher at 673 K forming temperature. This 
confirmed that elevated temperature condition helps 
in easy forming by increasing material formability 
and reducing the deformation load while 
performing the forming process. 
    (2) Seven ductile fracture criteria were 
calibrated for IN625 at 300 and 673 K forming 
temperature. All the models were found to have a 
significant deviation from the experimental locus. 
However, the Oh model displayed the best 
prediction ability for the fracture limits with least 
absolute error of 6.4% and 11.4% at 300 and 673 K, 
respectively. Despite the good prediction ability of 
fracture behavior, all the considered models could 
not cover the whole triaxiality (0.33<η<0.66) path. 
Thus, the experimentally obtained fracture limits 
were only used for further numerical analysis. From 
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the numerical analysis of the stretch forming 
process, it has been observed that the predicted 
thickness distribution and the maximum drawn 
height were less than 5% error, which is well within 
the acceptance range. The minimum thickness and 
surface strain were observed near the fracture 
position of all the specimens. The LDH was found 
to be increased by approximately 20% with the 
forming temperature. 

(3) In the deep drawing process, the processing 
window was determined, and the HDR improved by 
7.12% under the combined influence of high 
temperature and lubricating conditions. The 
thickness distribution, forming load, and the drawn 
height were predicted in accordance with the 
experimentally obtained results. The minimum 
thickness or the critical region of the deep drawn 
cups was observed near the cups’ punch corner 
radius. The combination of forming temperature 
and lubricating conditions reduced the forming load 
by 10.24%, increased the uniformity in thickness 
distribution, and decreased the thinning rate of 
cups. 
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摘  要：为了确定 IN625 合金的安全成形和断裂极限，在 300 和 673 K 下分别进行拉伸成形和深拉延成形实验。

将实验获得的基于应力的断裂成形极限图 (FFLD) 转变为基于应力的 σ-FFLD 和有效塑性应变(EPS) 跟三轴度(η) 

的关系曲线，以消除断裂极限对应变的过度依赖。为了预测断裂极限，校准 7 种不同的损伤模型。结果显示，Oh

模型对断裂轨迹的预测能力最好，绝对误差最小。虽然实验得到的断裂极限仅用于数值分析，但没有一个损伤模

型预测整个应力三轴度范围(0.33<η<0.66)的断裂应变。在不同的温度和润滑条件下深拉延成形圆柱杯，深拉延工

艺窗口有助于确定起皱、安全和断裂区域。在润滑条件下，673 K 时达到最大的拉延比 2。利用 Hill 1948 各向异

性屈服函数对拉伸成形和深拉延成形过程的数值预测结果均在可接受的误差范围内。 

关键词：IN625 合金；温成形；延性损伤模型；成形性；成形极限图；深拉延；工艺窗口；有限元分析 
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