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Abstract
It is vital to envisage accurately the fracture limits of high strength superalloys when noticeable localized necking or thinning
tendency is not observed during sheet-metal stretch forming process. The present study mainly focuses on fracture limits
evaluation of Inconel 718 alloy (IN718) in the effective plastic strain (EPS) vs. average triaxiality space. First, uniaxial tensile
test, to analyze the material properties, were instigated at different test temperatures (RT-700 °C). Subsequently, stretch forming
is performed to evaluate forming and fracture forming limit diagrams (FLD and FFLD) of IN718 using Nakazima test. It is
observed that forming and fractured limits of IN718 are significantly influenced by variation of processing temperatures (with
approximately 65–70% improvement in major safe and fracture strains) in all deformation regions (with respect to RT). In
average triaxiality (η) vs effective plastic strain (EPS) space, higher fracture limits of IN718 are noticed in the entire triaxiality
path of deformation region. Seven different ductile fracture models, namely McClintock (M-Mc), Brozzo, Rice-Tracey (R-T),
Ko, Oh, Cockcroft and Latham (C-L), and Clift, are formulated so as to foresee the fracture loci of IN718 in EPS vs. triaxiality
space. Overall, Oh model, showed best predictability at all temperatures with least Average absolute error (AAE < 13.5%).

Keywords IN718 alloy . Forming limit diagram . Fracture forming limit diagram . Effective plastic strain . Triaxiality . Damage
models

Introduction

Inconel 718 alloy (IN718), a Ni-Fe-Cr based precipitate-
hardenable superalloy, is indispensable metal in various high
temperature applications, mainly in castings of high-speed
airframes, jet engine, nuclear reactor components, oil field,
rocket motor, land-based gas turbine, cryogenic and pumps
[1–3]. IN718 has an excellent combination of secondary pre-
cipitates into the metal matrix, which helps accomplishing an
excellent combination of mechanical properties, e.g. high ten-
sile strength, strain hardening and ductility [4, 5]. IN718 alloy
is highly corrosion resistant (mostly crevice and pitting corro-
sion) and stable even in extreme temperature conditions [6].

The sheet metals forming process are used abundantly in
manufacturing industries, specially to switch conventional
welding process. Critical/complex geometry components can
be manufactured easily using different forming processes.
Forming of limited ductility or high strength material is very
challenging. In literature, warm/elevated temperature forming
is proposed as one of the proven technique to produce com-
plex shapes of IN718 alloy. The elevated temperature forming
facilitate easy flow of material in a die cavity and substantially
decrease the amount of elastic recovery (springback) during
the plastic deformation. But, the major issues in industrial
utilities are high tooling and material cost, complex die setup,
additional temperature and cooling control arrangement [7–9].

In most of the high performance/strength materials, many
times, it is challenging to define the forming limit at onset of
the necking, as fracture takes place without a noticeable neck-
ing in the blank specimen [10–12]. Recently, researchers con-
sidered fracture forming limit diagrams (FFLDs) to define
material fracture limiting strains. These developed to evaluate
the fracture limits in a minor (ε2) and major (ε1) strains space
from uniaxial compression (T-C) to biaxial tension (T-T) re-
gion [13–17]. Basak et al. [13, 14] reported the failure strains
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of AA5052 and EDD thin sheets by FFLDs at room temper-
ature (RT). Further, experimental strain based FLDs and
FFLDs are validated with Marciniak-Kuczynski (M-K) and
Bao-Wierzbicki (B-W) models. B-W fracture models show
good prediction capability of all fracture strains attained for
both materials. It is found that trustworthiness of these models
highly depends upon reliable material properties and integra-
tion of yield criteria. Particularly at room temperature, Prasad
et al. [10, 15] evaluated FFLDs for solution treated IN718
alloy. It was stated that noticeable localized necking or thin-
ning tendency was not observed during the stretch forming
process. Thus, it was proposed to predict the forming limit
of IN718 alloy using FFLD only. The similar conclusions
was stated by the Roamer et al. [18] for Inconel 718,
625LCF and 718SPF superalloys at room temperature.

The different proposed theoretical or semi-empirical models
proposed based on necking theory may not be suitable for
IN718 alloy [19, 20]. The one of the alternatives to predict
the failure strains is fracture based model. Over the years, var-
ious ductile models were proposed by different researchers to
envisage the material failure limits [14, 21–23]. Five different
ductile fracture models, namely Cockcroft and Latham (C-L),
Brozzo, Oyane and Clift models, were used to predict failure
behavior by deep drawing of different grades of Aluminum
alloys with computational techniques [24]. These models pre-
dicted the fracture loci and results were validated with experi-
mental findings. Further, in numerical simulation, calculated
limit drawing ratio (LDR) using above ductile models, shows
good correlation with the experimental findings. Wu et al. [25]
examined the fracture phenomenon with six different ductile
models in hydro-piercing process. Among all six different
models, Rice-Tracey (R-T) ductile model shows good predic-
tion ability of the fracture locus. Recently, six different ductile
models have been used by Prasad et al. [15] for solution treated
IN718 alloy. It was observed that Oh model showed the best
predictability of the fracture limits at RT.

It has been observed from the literature that failure strain
prediction is highly dependent on strain paths. The dependen-
cy of failure strain prediction on strain path change can be
minimized based on effective plastic strain vs. triaxiality
(EPS vs. η) analysis and using stress based FLD approach
[14, 21]. Bai et al. [26] evaluated sixteen different fracture
models for η-EPS space and compared their accuracy on the
basis of various statistical parameters for different grades of
aluminum and steel alloys [27].

Based on the above studies, few reports are available on
different fracture models and its implementation in failure
prediction during the forming process for IN718 alloy at RT
condition. Thus, the present study mainly focuses on effect of
processing temperature of failure limit prediction of IN718
alloy. Further, seven different ductile fracture models are con-
sidered to predict failure locus theoretically in triaxiality (η)
vs. effective plastic strain (EPS) space.

Materials and methods

IN718 alloy sheet (commercially available) of 1 mm
thickness, considered in present study. Ni (51.5%), Cr
(18.4%), Fe (20%), Mo (3%), Nb (5%) are major alloying
elements in IN718 alloy (by weight %) with balanced
other elements (Total elements ≤0.17% and each element
≤0.05%). ASTM E08/E8M-11 standards have been used
to design the tensile specimen. Specimens were wire cut
in 3 directions, i.e. 0°, 45° and 90° to rolling direction to
determine anisotropic properties. Tensile tests were per-
formed on a Universal Testing Machine (UTM) having 2
zone heating furnace as shown in the Fig. 1. The tests
were executed at different temperatures (room tempera-
ture-700 °C) in 3 orientations with deformation rate of
2 mm/min. Average material properties have been evalu-
ated after repeating experiment 3 times at particular test
condition. Different material properties, specifically, yield
and ultimate strengths, % elongation and anisotropic or
Lankford coefficients, have been evaluated and are shown
in Table 1. The Swift empirical equation is used to define
the hardening behavior of IN718 and expressed as in Eq.
1,

σ ¼ εþ ks
�
εo

� �ns� ð1Þ

where, Ks and ns are strength coefficient and strain hard-
ening exponent, εo is a strain at yield stress. Double stage
strain hardening behavior was observed in case of IN718
alloy at all the temperatures. Previous studies by Mahalle
et al. [28, 29] discussed in detail about hardening and
flow stress behavior of IN718.

A hydraulic presswith 40-Ton capacity is used to perform
the stretch forming test. The hydraulic press is well equipped
with an induction heating setup to perform stretch forming at
high temperatures. K-type thermocouples are used to mea-
sure test temperature.Figure2a shows the schematicdiagram
of the stretch forming tools setup. Six different specimen
geometrieswere prepared as perASTME2218–15 standards
to induce six distinct strain paths in FLD, mentioned in
Fig. 2b. Hasek specimens (S4–6) were considered mainly
to prevent the failure of draw bead produced by the lower
width geometry [30]. In order to compute the minor and ma-
jor strains after stretching test, all specimens/blanks were
laser etched with circular grid (ϕ = 2.5 mm). A graphene-
based lubricant, Moly-coat spray was used during stretching
test. Based on the trial and error method, blank holding pres-
sure (2.5 Bar) and punch movement (2 mm/min) were opti-
mized for stretch forming tests at room temperature, 400 °C
and 700 °C. High resolution stereo microscope equipped
with an image analyzing softwarewas used tomeasureminor
andmajor diameters of stretched /deformed grid (ellipses) in
stretched blanks.
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Forming and fracture forming limit diagrams
(FLDs and FFLDs)

The stretching experiments were performed and representa-
tive fracture stretch specimens in stretch forming test are
shown in the Fig. 3. FLDs using true major and minor strain
values are plotted as presented in Fig. 4. The distinct colors
and symbols are consigned to differentiate the safe, necking
and failed ellipses in six different specimens (S1-S6). At room
temperature conditions, IN718 alloy failed without a notice-
able hint of the necking. Particularly in T-T region, no necking
tendency has been observed. Similar results were specified by
Prasad et al. [10] and Roamer et al. [18]. However, necking
tendency can be identified properly at higher test temperature
(700 °C) because of increase in flowablity and ductility of
material. Therefore, it is not reliable to consider necking limits

to plot the FLD for this material at lower elevated tempera-
tures. The best way to predict the forming limits of such high
strength material is fracture based forming limit diagrams.

In FLD, highest major limiting strain values in T-T region,
plane strain state and T-C region at RT are 0.4402, 0.374 and
0.4555 respectively. As expected, limiting true strains are ris-
ing apparently with a rise in test temperatures in the T-C, plane
strain state and T-T deformation regions as presented in
Fig. 5a. Visible necking points also increase with increase in
temperature. Limiting true strain values perceived much
higher at 700 °C than at room temperature. Maximum major
safe strain values in the T-C and T-T region, are improved by
54.35% and 68.91% at 700 °C with respect to RT (Fig. 5b).
The FLD slope on both sides at 700 °C increases significantly.

The bending strain effect was noticed over outer sur-
face of specimen while enfolding around smaller

Fig. 1 Universal tensile testing
machine (UTM) with magnified
view of 2 zone resistance heating
split furnace and tensile test spec-
imen with different sheet
orientations

Table 1 Important material properties for IN718 alloy

Temp. σy(MPa) σuts(MPa) % elong. εf r0 r45 r90 Swift Hardening law

Ist stage (till 0.082) IIst stage (till 0.082)

RT 545 ± 4% 1450 ± 8% 42 ± 0.6 0.4896 0.781 0.941 1.043 1153(εo + ε)
0.1828 2028(εo + ε)

0.3912

400 °C 395 ± 5% 1101 ± 7% 49 ± 0.5 0.5221 0.997 1.095 0.969 776(εo + ε)
0.17 1756(εo + ε)

0.46

700 °C 324 ± 8% 890 ± 10% 55 ± 0.4 0.5714 1.123 1.336 1.132 496(εo + ε)
0.194 1385(εo + ε)

0.598

Where, σy-yield strength, σuts- Ultimate strength, % elong. - % elongation, εf -fracture strain, r0, r45, r90 -Lankford coefficients

801Int J Mater Form (2021) 14:799–812



dimension punch during stretching [10]. Strain gradient
effect on the strain measurement, along the specimen
thickness, was described in the literature [30]. It was stat-
ed in literature that the FLD position is highly dependent

on the geometric factors. Specifically, punch curvature
(1/R) was directly proportional to the limiting strains
when sheet thickness (t = constant) [31]. This effect is
expressed as Eq. 2.

(a)

(b)

Fig. 2 a Schematic diagram of
stretch forming tools setup and b
Specimen geometries taken into
account to plot FLDs and FFLDs
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εbending ¼ ln 1þ t f
2Rn

� �
;wheret f ¼ to�exp −ε1�ε2Þð ð2Þ

The previously measured strains or surface strains are ac-
tually a combination of bending strains and stretching strains.
Thus, to measure the correct limiting strain values (έ1n, 2n), the
measured true strains are subtracted by the induced bending
strains and expressed as Eq. 3.

έ1n;2n ¼ ε1;2−εbending ð3Þ

Figure 6 shows the bending strain effect on measured
FLDs. It is noted that these corrected FLDs, in all the strain
regions, shifted downward approximately by 4–5% for all
different test temperatures.

In Fig. 4a–c, failed ellipses (solid-color diamond symbol)
on the deformed specimens does not characterize onset of
fracture. So as to measure limiting strain accurately at onset
of the fracture as suggested in the literature, volume constancy
relation is considered, [14, 15] it is given as,

ε1 f þ ε2 f þ ε3 f ¼ 0 ð4Þ

As considerable lateral stretching of blank specimen was
not noticed after necking appears in the blank. Relatively,
specimen thinning takes place through thickness direction,
due to excessive strain localization. Therefore, necking strain
(ε2n) value and minor fracture strain (ε2f) value are assumed
same. Further, each fractured blank specimen is cut perpen-
dicular to the line of the fracture. The perpendicular distances
(t1f & t2f) from the starting of fracture edge in the maximum
thinned cross-section are measured with an optical micro-
scope. The least thickness value among (t1f & t2f) was consid-
ered to evaluate the true fractured thickness strain (ε3f). From
Eq. 4, fractured major strain value (ε1f) is evaluated and the

fracture strains state is inserted in the FLDs. Multiple fracture
strain points ( 1f, 2f) were evaluated for an individual strain
path. The square symbols (solid-colored) in Fig. 7a, charac-
terized the onset of the fractured strain points in the deformed/
stretched specimens at room temperature. A straight line,
representing as FFLD, is drawn just below scattered fractured
strain points in space of principal strains. Fractured strain
values in FFLD increases with a rise in the test temperature
in the deformation regions same as limiting strains in FLD
(Fig. 7b).

Fractured strain values, at 700 °C test temperature, have
been identified much higher value than that at RT because
of thermal softening. % Improvement in the fractured strains
with rise in temperature with respect to RT is shown in Fig. 8.

A scanning electron microscope (SEM) of Hitachi, has
been used to examine fractured surfaces of fully stretched
specimens. A sample (taken at fracture location from stretched
specimen) has been seen parallel to the fracture surface. The
sectional fractured surface of the stretched specimens (S1, S4
and S6) in T-T region, plane strain state and T-C region re-
spectively, is shown in Fig. 9. Fractured surface has been
enclosed with a large number of the equi-axed dimples, ser-
pentine sliding characteristics and tearing edges. Existence of
plenty of dimples in micrographs (Fig. 9a–k) confirms a large
amount of plastic deformation due to metal matrix rupture in
IN718 alloy before onset of the fracture. This concludes the
high ductility of material with higher limiting strain values on
left hand side of the FLD compared to that on right hand side
(Fig. 4). Size of dimples and cell-like structure are fine in the
nature at RT and 400 °C, whereas the rise in dimple size
appear at 700 °C significantly. Because of the material soft-
ening and the diffusion healing of micro-pores, alloy shows
high plasticity. This conforms the rise in limiting strains at
high test temperature. In Fig. 9d–f for plane strain condition,
a mixed mode fracture has been observed because of the

S1 S2 S3

S4 S5 S6

Fig. 3 Representative stretched specimens at 400 °C for FLD prediction
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considerable localized straining before the crack propagation.
Occurrence of visible carbides at 700 °C, designates early
precipitation phase of IN718 alloy. In earlier reports, it was
indicated that these are precipitates or inclusions of Ni- Ti/Al/
Nb [10, 15, 32]. The noticed precipitate phases are responsible
for fracture strain value improvement at 700 °C.

Theoretical fracture models

A large number of the fracture models were reported in the
literature based on various experimentations, analytical and
hypothesis studies for void growth [21–24, 26, 33–37].
Among all, different semi-empirical and phenomenological
models, namely; McClintock (M-Mc), Brozzo et al. [15],Fig. 4 FLDs of IN718 at a RT b 400 °C and c 700 °C

Fig. 5 a Effect of the test temperatures on FLDs b % Improvement for
maximummajor safe strains measured for six specimens (RT values were
considered as datum value)
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Clift et al. [36], Oh et al. [35], Rice-Tracey (R-T), Ko et al.
[34] and Cockcroft-Latham (C-L), were considered for cali-
bration of ductile fracture models in the present study.
Mahalle et al. [38] observed that Barlat’89 model predict
yielding behavior of IN718 alloy more accurate at different
temperatures. Therefore, Barlat’89 yield function is consid-
ered in present study to define material’s anisotropic behavior
and expressed as in Eq. 5.

σ ¼ 1

2
aþ a hρj jm þ c 1−hρj jmf g

� � 1
m

� σ1 ð5Þ

Here, a, h and c are the anisotropy functions which can be
expressed by Lankford coefficient as,

h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0

1þ r0
� 1þ r90

r90

r
ð6Þ

c ¼ 2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0

1þ r0
� r90

1þ r90

r
ð7Þ

a ¼ 2−c ð8Þ

Authors in their previous work discussed the yielding be-
havior by two different yield criteria, specifically Hill′48 and
Barlat′89 for IN718 at elevated temperature [38]. The calcu-
lated Barlat′89 anisotropy constants are summarized in
Table 2.

The associative flow law, Eq. 9, is used in Eq. 5 to deter-
mine the relationship between strain (α = ε2/ε1) and stress (ρ=
σ2/σ1) ratio as presented in Eq. 10.

dεij ¼ dλ
∂σ
∂σij

ð9Þ

α ¼ a hρj jm−1−ch 1−hρj jm−1

aþ c 1−hρj jm−1 ð10Þ

By using work per unit volume (Eq. 11) and plane stress
condition, the term ξ is evaluated using Eq. 12. The term χ is
evaluated using the Eq. 13.

dw ¼ σ1dε1 þ σ2dε2 þ σ3dε3 ¼ σdε ð11Þ

ξ ¼ dϵ
dϵ1

¼ 1þ αρð Þ
1
2 aþ a hρj jm þ c 1−hρj jmf g	 
 1

m
ð12Þ

χ ¼ σ1

σ
¼ 1

1
2 aþ a hρj jm þ c 1−hρj jmf g	 
 1

m
ð13Þ

The fracture prediction were studied extensively in the past
by the stress triaxiality (η). It can be expressed as Eq. 14.

η ¼ 1

3
� 1þ ρð Þ

1
2 aþ a hρj jm þ c 1−hρj jmf g	 
 1

m
ð14Þ

Numerous fracture models were described in the literature
based on various experimentations, analytical studies and hy-
pothesis for voids growth [22–26, 33]. Among all, some of the
semi-empirical and phenomenological fracture models are de-
liberated for calibration of fracture coefficients in the current
study.

I McClintock (M-Mc): M-Mc fracture model [39] pre-
scribed the loading history over cylindrical holes and ex-
perimental results. The strain gradient effect, anisotropic
and strain hardening effect on ductile fracture were studied.
It is expressed mathematically as Eq. 15.

∫
0

ε f σm

σ

 !
dε ¼ ∫

0

ε f σm

σ1
� σ1

σ

 !
� dε
dε1

� dε1

¼ ∫
0

ε f 1þ α
3

� �
� χ � ξ � dε1 ¼ C1 ð15Þ

II. Brozzo et al. [15]:Brozzomodel includes the stress func-
tion, dependent on the maximum and mean principle
stress in modified C-L criteria, as fracture strain values
calculated from original C-L criteria was very small for
metal. It is given as shown in Eq. 16.

Fig. 6 Influence of bending strains on FLDs for different test
temperatures

805Int J Mater Form (2021) 14:799–812



∫
0

ε f 2σ1

3 σ1−σmð Þ dε ¼ ∫
0

ε f 2

3
� 1

1−
σm

σ1

� � � dε
dε1

� dε1

¼ ∫
0

ε f 2

2−αð Þ � ξ � dε1 ¼ C2 ð16Þ

III. Rice-Tracey (R-T): R-T model [25] is a semi-empirical
model. It is considered over a spherical void exists in the
whole infinite solid and mainly subjected to the small
amount of normal stress. It was stated that hydrostatic
stress (σm) is more suitable to describe the void growth.
Further, fracture ductility decreases rapidly with the rise
in the hydrostatic stress. Fracture was characterized

Fig. 7 FFLDs for IN718 at a RT
and b Effect of test temperature
on FFLD
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Fig. 9 Fractographs of the stretched specimens in T-T region (S1), plane strain state (S4) and T-C region (S6) at different test temperatures

Fig. 8 Improvement (%) in
maximum major fracture strains
measured for six different
specimens (RT values were
considered as datum value)
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using modified M-Mc model and hardening. It is math-
ematically expressed below by Eq. 17.

∫
0

ε f

0:283 exp
3σm

2σ

 !
dε ¼ ∫

0

ε f

0:283 exp
3

2
� σm
σ1

� σ1
σ

 !
� dε
dε1

� dε1

¼ ∫
0

ε f

0:283 exp
1þ α

3

� �
� χ

� �
� ξ � dε1 ¼ C3

ð17Þ

IV. Ko et al. [34]: Coupled effect of stress triaxiality and
maximum principle stress to describe the material behav-
ior in the ductile fracture was perceived by the Ko et al.
[34] in original C-L criteria. It is expressed in Eq. 18.

∫
0

ε f σ1

σ
1þ 3σm

σ

 !
dε ¼ ∫

0

ε f σ1

σ
� 1þ 3 � σm

σ1
� σ1
σ

 !
� dε
dε1

� dε1

¼ ∫
0

ε f

χ � 1þ 1þ αð Þ � χð Þ � ξ � dε1 ¼ C4

ð18Þ

V. Oh et al. [35]: Oh et al. [35] improved the original C-L
criteria with equivalent stress to normalize the maximum
principle stress. Also, it explains the material workability
in metal forming processes, namely in extrusion, drawing
etc. It is expressed as Eq. 19.

∫
0

ε f σmax

σ

 !
dε ¼ ∫

0

ε f σ1

σ

 !
� dε
dε1

� dε1 ¼ ∫
0

ε f

χ � ξ � dε1 ¼ C5 ð19Þ

VI. Cockcroft and Latham (C-L): C-L model [37] was
widely used phenomenological fracture model. It

explains ‘true ductility’ of the metals. It assumes that
the material fracture is controlled by maximum principle
stress (σmax). It is expressed mathematically as Eq. 20.

∫
0

ε f

σmax dε ¼ ∫
0

ε f σ1

σ
� σ � dε

dε1
� dε1 ¼ ∫

0

ε f

χ � σ � ξ � dε1 ¼ C6 ð20Þ

VII. Clift et al. [36]:Clift et al. [36] modified C-L criteria by
assuming effect of equivalent stress over fracture of a
material and is expressed in Eq. 21. According to Clift
et al. the ductile fracture starts or initiates when a critical
value of plastic work per unit volume is achieved.

∫
0

ε f

σ dε ¼ ∫
0

ε f

σ � dε
dε1

� dε1 ¼ ∫
0

ε f

σ � ξ � dε1 ¼ C7 ð21Þ

In all above fracture models, C1–7 are material con-
stants and ε f is an equivalent plastic strain (EPS) at
fracture. All these models were used to predict fracture
locus and validated with experimental findings.
Predictability of all above fracture models is measured
by statistical parameters, specifically correlation coeffi-
cient (R), Average Absolute Error (AAE) and its stan-
dard deviation (s), expressed as,

R ¼
∑N

i¼1

�
ε f

experimental

�
i−E

� �
ε f predicted

� �
i
−P

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΣN

i

�
ε f

experimental

�
i−E

� �2

ε f predicted

� �
i
−P

� �s

AAE Δavgð Þ ¼ 1

N
∑N

i¼1

�
ε f

experimental

�
i− ε f predicted

� �
i�

ε f
experimental

�
i

��������

��������

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΣN

i

�
ε f

experimental

�
i− ε f predicted

� �
i

� �2

N

vuuut
ð22Þ

Table 3 Calibrated fracture model parameters for IN718 alloy at different temperatures

Calibrated fracture models Damage parameters Temperature

RT 400 °C 700 °C

McClintock C1 0.2666 0.3221 0.3876

Brozzo C2 0.6635 0.7544 0.8905

Rice-Tracey C3 0.2348 0.2823 0.3325

Ko C4 1.3956 1.7509 2.1093

Oh C5 0.5146 0.6436 0.7498

Cockcroft and Latham C6 294.613 212.187 208.368

Clift C7 269.039 185.622 178.613

Table 2 Barlat’89 anisotropy constants at test temperatures

Temp. a h c m

RT 1.0537 0.9269 0.9463 8

400 °C 0.9871 1.0528 1.0129 8

700 °C 0.9402 0.9982 1.0598 8
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Here, ε f experimental and ε f predicted are experimental and pre-

dicted fracture equivalent plastic strain. N is total number of

the considered points in analysis. E & P represent mean
va l u e s o f ε f experimental and ε f predicted r e s p e c t i v e l y .

Experimental fracture limits of IN718 alloy are considered
as reference to check prediction accuracy of all above models.

Calibration of fracture models

Experimentally calculated strains corresponding to the failure
along different strain paths are transformed into EPS and ef-
fective stress σ using Eq. 1. Calculated effective stress σ is

Fig. 10 Fracture loci predicted by seven different fracture models with
experimental data at a RT, b 400 °C, c 700 °C in average stress triaxiality
(η) -EPS space

Fig. 11 Deviation of models in terms of statistical parameters w.r.t. the
experimental values
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used to convert the effective stress into true major and minor
stresses with Eq. 13 and stress ratio (ρ). Then finally stress
triaxiality (η) is calculated from these stress components. To
get fracture locus, EPS vs. η is plotted. Damage parameters, at
different test temperatures for seven different fracture models
studied in present study, are mentioned in Table 3. Figure 10
gives the fracture loci drawn using seven different ductile
fracture models in the EPS vs. average stress triaxiality (η)
space of IN718 alloy at different test temperatures.

It is noticed that fracture limits of IN718 alloy are higher in
the entire triaxiality path (0.33 < η < 0.66 approximately) of the
deformation region (from T-C to T-T region). Prasad et al. [15]
reported that these high values of EPS to fracture is due to
decrease in secondary precipitates of Ni- Nb /Ti/Al phases
(i.e. γ′ and γ′′), which ultimately delay void nucleation and
improve EPS to fracture occurrence. It is noted that all studied
models show deviation from experimental fracture locus. For
RT, all fracture models over-predicted, except M-Mc model in
the T-C region, this indicates the locus follow the experimental
curve approximately. However, most of the fracture models in
T-T region under-predicted experimental path except Clift cri-
terion. While at 400 °C and 700 °C, M-Mc model only appears
to under-predict the locus in the T-C region. As, predicted
curves are deviated in the whole triaxiality region for all the
fracture models. Hence, nothing particular can be concluded for
the under and over predictability of the fracture loci.

This variation is noted along different triaxiality paths in
the range of 0.33 ≤ η ≤ 0.66. It is observed that the triaxiality
variation of curve in the T-T region is more compared to one
in T-C region. Higher EPS values have been perceived in the
T-T region (higher triaxiality space) for all test temperatures.
To have a clear understanding, prediction capability of all
these considered models is evaluated, by Eq. 22, based on
various statistical parameters like a correlation coefficient,
standard deviation (s) and average absolute error AAE (Δ),
as presented in Fig. 11.

First, quantifying tool, correlation coefficient (R) has been
used for all test temperatures. The prediction capability of all
chosen model was evaluated based on correlation coefficient
(R) as shown in Fig. 11a. At RT, the correlation coefficient
was minimum for M-Mc fracture model (R < 0.7924) with
respect to the experimental values. Even at high temperature,
M-Mc model displays poor correlation coefficient (R) in all
other fracture models. Among all other fracture models, Oh
and C-L fracture models show better and comparable correla-
tion coefficient with 0.95 and 0.92 respectively at RT. As,
correlation coefficient (R) is a biased parameter and its values
might be biased towards lower or higher values [40, 41], ad-
ditional statistical parameters, namely the standard deviation
(s) and average absolute error AAE (Δ) are need to be con-
sider for comparison.

Thus, the next quantifying tool for the error, AAE has been
used for all test temperatures. The prediction capability of all

these chosen model on average absolute error AAE (%) as
shown in Fig. 11b. Oh criterion at RT, shows minimum error
(10.2%) with respect to experimental results. C-L and Clift
fracture model also exhibited a good correlation with AAE
as 13.6% and 20.4% respectively. M-Mc fracture model
displayed worst predictability with AAE as 40.4%. Even at
400 °C, Oh model showed good predictability with least AAE
value of 10.1%. Other fracture models, namely, R-T, C-L, and
Clift models, predict fracture locus well, but highest AAE of
32.3% is displayed by Brozzo model. Hence, this model is not
suitable to predict fracture limits for IN718 alloy at 400 °C.
Whereas at 700 °C, least AAE of 10.5% is displayed by C-L
model followed by the Oh (13.5%), R-T (15.6%) and Clift
(18.52%) models. Highest AAE of 27.8% is by M-Mc model
at 700 °C, thus it is less suitable for the fracture locus
prediction.

Further, Fig. 11c gives the prediction capability of all these
selected models based on its standard deviation (s). It is ob-
served that Oh fracture model shows least standard deviation
(5.49%) at RT, whereas C-L model shows least deviation
(5.18%) at 700 °C. Even at 400 °C, Oh and C-L fracture
models show better predictability with least standard deviation
as 6.4% and 4.08% respectively.

By considering the variation of statistical parameters, Oh
model is best suitable at RT and C-L model is better at 700 °C
to predict the fracture locus for IN718 alloy.Whereas either of
the models can be used to predict locus at 400 °C. Overall, Oh
model, which defines the material workability in forming pro-
cesses, can be used to predict fracture locus at test tempera-
tures for high accuracy. This might be due to high workability
of Inconel alloy until 700 °C. The detailed discussion, on hot
workability using processing maps for IN718 alloy, was de-
scribed in previous studies [5]. Prasad et al. [15] also reported
that Oh model has highest fracture locus prediction capability
for IN718 alloy at RT.

Conclusion

In the present study, failure prediction of IN718 alloy is stud-
ied by damage modeling technique for different test tempera-
tures. Based on the results, important conclusions are drawn
as:

i Experimental forming limits of IN718 alloy are signifi-
cantly influenced by variation of processing tempera-
tures. Maximum major safe strain values in the T-C
and T-T region, are improved by 54.35% and 68.91%
at 700 °Cwith respect to RT. The bending strain effect is
analyzed and forming limit diagrams (FLDs) are
corrected based on bending correction factor. These
corrected FLDs, in all the strain regions, shifted down-
ward approximately by 4–5%.
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j Fractured forming limit diagrams (FFLDs) for IN718 alloy
at different test temperature is also evaluated and signifi-
cantly influenced by test temperatures. FFLDs is trans-
ferred to triaxiality (η) vs effective plastic strain (EPS) lo-
cus. Fracture limits of IN718 alloy is higher in the entire
triaxiality path (0.33 < η < 0.66 approximately) of the de-
formation region.

k Seven different ductile models were imposed to predict the
fracture loci in EPS vs. average stress triaxiality (η) space
at different test temperatures. It was observed that the Oh
model exhibited best prediction capability at RT and
400 °C with AAE of 10.2% and 10.1% respectively.
Whereas, C-L model best prediction of fracture locus at
700 °C with AAE as 10.5%. Overall, Oh model can be
used to predict fracture locus with high accuracy for all test
temperatures.

Future work includes implementation of considered ductile
fracture model in the FE analysis for failure strain prediction.
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