JMEPEG (2021) 30:1945-1956
https://doi.org/10.1007/s11665-021-05464-2

©The Author(s)
1059-9495/$19.00

®

Check for
updates

A Comparative Study on Modified Johnson—Cook

and Arrhenius-Type Constitutive Models to Predict

Submitted: 26 June 2020 / Revised: 3 December 2020 / Accepted: 29 December 2020 / Published online: 9 February 2021

the Hot Deformation Behaviour
of Molybdenum-Hafnium-Carbide Alloy

Athar Safari, Muhammad Imran, and Sabine Weiss

Molybdenum alloys are commonly used as tool material for high-temperature deformation processes like
forming or forging. For these types of application, the material has to withstand static load at elevated
temperatures. To investigate the high-temperature performance of the material, uniaxial hot tensile tests
were performed on a Mo-1.2% Hf-0.1% C alloy (MHC) over the temperature range of 1173-1473 K with
intervals of 100 K and strain rates of 0.001, 0.01 and 0.1 s~" up to the fracture of the specimen. The flow
stress decreases with increase in temperature and the reduction in strain rate. This behaviour could be
related to the increasing rate of restoration mechanisms, i.e. dynamic recrystallization or recovery as well as
to the decrease in the strain hardening rate. Microstructure of the two most critical hot deformation
conditions were shown and compared. Based on modified Johnson—Cook and strain-compensated Arrhe-
nius-type models, constitutive equations were established to predict the high-temperature flow stress of the
respective MHC alloy. The accuracy of both models was evaluated by comparing the predicted stress values
and the values obtained from experiments. Correlation coefficient, average absolute relative error, the
number of material constants involved and the computational time required for evaluating the constants
were calculated to quantify and compare the precision of both models. The flow stress values predicted by
the constitutive equations are in good agreement with the experimental results. At lower strain rates (0.001
and 0.01 s ), distinct deviation from the experimental results can be observed for the modified Johnson—
Cook model. Despite the longer evaluation time and the larger number of material constants, the defor-
mation behaviour, tracked by the Arrhenius-type model is more accurate throughout the entire defor-

mation process.
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1. Introduction

Molybdenum (Mo) is a refractory metal that retains its body-
centred cubic (bce) crystal structure from room temperature up
to its very high melting temperature of 2610 °C. Alloys based
on Mo present high creep resistance, high thermal stability and
thermal conductivity. Therefore, they are very notable for many
important high-temperature applications (e.g. crucial compo-
nents in turbines, missiles and fusion reactors) (Ref 1, 2). The
major disincentive against performance of Mo as a high-
temperature structural material is related to its weak strength at
temperatures above 0.5 T7,,. Among different methods to
increase the strength of refractory metals subjected to high
temperature, dispersion strengthening is found to be a very
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effective one. Hafnium carbide (HfC), a compound with a NaCI
structure and the highest melting temperature (3890 °C) among
all carbides, is an ideal particle hardener for Mo, resulting in so-
called molybdenum-hafnium-carbide alloy (Ref 3, 4).

Hot deformation is an essential way not only to reach a
fundamental understanding of the flow behaviour of materials
at forming temperatures and strain rates, but also to determine
the optimum conditions for industrial processing (Ref 5, 6). The
temperature range is chosen based on the melting point of the
material (Ref 7). In order to cover the strain rates used in most
of the industrial processing rates, the selected strain rate range
usually spans from 107> to 10% s~'. Most of the previous
studies analysing the hot deformation behaviour of Mo and its
alloys are based on compression tests (Ref 7-11). Chaudhuri
et al. investigated the deformation behaviour of Mo-TZM
between 1400 and 1700 °C and in a strain rate range of 10°-
10 s~'. The microstructural evolution during deformation with
focus on dynamic recovery and recrystallization has been
extensively explained (Ref 9). Xia et al. (Ref 10) investigated
the effects of high-temperature deformation on microstructure
and texture as well as the evolution of microstructure under
different strain of pure Mo. Using a sintered plate with a
random texture as a starting material, Primig et al. (Ref 8)
studied the microstructural mechanisms of pure Mo. The
uniaxial tension behaviour and the microstructure evolution of
wrought molybdenum at different temperatures have been
investigated by Fang et al. (Ref 12). Using in situ SEM
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observations, the dominant fracture mechanism has been
characterized as cleavage at lower temperatures and as a
mixture of cleavage and plastic shear at higher temperatures. In
a study by Alur et al., microstructural evolution during
compression deformation of a two-phase (Mo solid solution +
T2 phase (MosSiB,)) Mo-6.1Si-7.9B (at.%) alloy has been
examined with respect to strain rate changes within the 1000-
1400 °C range and compared to that of commercially available
powder metallurgy processed TZM. Finite element analysis has
been used to simulate compressive deformation behaviour in
two-phase Mo-Si-B alloys (Ref 13).

The constitutive equation, as the mathematical representa-
tion of the deformation behaviour of materials, has been used
as input to the finite element simulation code of the material
under specified loading conditions or to develop a reasonable
processing technology (Ref 14). Up to now, the constitutive
model developed for Mo alloys is mostly based on hot
compression experiments (Ref 11, 15-19). Wang et al
established the constitutive equation for pure Mo based on
stress—strain curves and the hyperbolic sine model with
Zener—Hollomon using hot compression tests (Ref 11). A
constitutive model proposed by Cheng and Nemat—Nasser has
been extended to explain both the dynamic and the quasi-
static stress—strain response of a commercially pure molybde-
num within the temperature range 27-827 °C (Ref 20).
Schimpf et al. have analysed the mechanical behaviour of
Mo-TZM based on strain rate jump tests and using the
constitutive equations according to the theory of Seeger (Ref
21). Only few studies have been carried out based on hot
tensile tests. The constitutive equation of molybdenum sheet
via uniaxial tensile tests in hot environment has been studied
by Meng (Ref 22).

The selection of the experimental methodology was based
on the application of the investigated material which is mainly
used for forging tools. For prediction of the tool life, it is
required to know the fracture behaviour of the material. Since
the compression test cannot provide any information about the
specimen fracture, hot tensile tests were selected for the current
work. Another reason for the realization of tensile tests was the
formation of voids or cracks under positive stress triaxiality.
Even in compression tests, cracks appear in the region of local,
positive stress triaxiality, i.e. on the outer surface of the bulging
region. However, such cracks cannot lead to specimen fracture.
The true behaviour of crack formation leading to material
failure can only be achieved in positive stress state occurring
during tensile tests.

Among numerous models, the hyperbolic sine Arrhenius-
type constitutive model has been widely applied to predict the
high-temperature flow behaviour of various materials. It was
originally proposed by Sellars and McTegart (Ref 23) and has
been rectified several times to appropriately represent the
elevated temperature flow behaviour of different alloys. A
modified Johnson—Cook model which was successfully incor-
porated in finite element analysis packages for high-strength
alloys has also been widely used in recent years (Ref 24).

Development of constitutive equations based on tensile
experiments is barely carried out. Moreover, the hot deforma-
tion behaviour of MHC as an ideal material for critical
applications is insufficiently studied. Therefore, the aim of this
study is to develop constitutive equations based on two
improved models and modified Johnson—Cook and Arrhe-
nius-type to present a comparative analysis on their capability
to predict the elevated temperature flow behaviour of MHC
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material using uniaxial tensile tests in a certain range of
temperature and strain rate.

2. Material and Methods

The starting material for the current investigation was a
forged rod of MHC, processed by powder metallurgy, provided
by Plansee, Austria. The chemical composition of this alloy is
Mo-1.2% Hf-0.1% C. Cylindrical tensile specimen with
dimensions shown in Fig. 1 was machined from the as-build
rods. The specimen geometry is adopted according to the
standard specimen design provided by the testing system. The
sharp edges on the left and right side of the specimen are
required to avoid any gap between the specimen shaft and the
outer wall of the clamp. The sharp transition of the cross section
is also required from the shaft to gauge section which allows
the positioning of the rods for measuring the change in gauge
length. Uniaxial tensile tests at temperatures ranging from 900
to 1200 °C in intervals of 100 °C and with strain rates of 0.001,
0.01 and 0.1 s~ " were performed using deformation dilatometer
DIL805A/D/T from TA instruments (New Castle, Germany).
The specimens were heated with a heating rate of 10 K/s and
held for 5 min to obtain a homogeneous temperature distribu-
tion through the specimens before tensile testing. The speci-
mens were elongated until fracture and then cooled down
immediately to room temperature using helium gas cooling.
Load change and length change were automatically recorded
and subsequently transformed to the true stress—strain curves.
To reproduce the experimental results, each test is repeated
twice, and an average value is calculated. In order to protect the
specimen and the machine from severe surface damage caused
by oxidation, the tests were conducted in vacuum of 107*
mbar. The samples deformd at 900 °C and 1200 °C and strain
rate of 0.001 s~ ' were prepared for microstructural observation.
They were vapor-deposited with a thin layer of gold before they
were electroplated with an approx. 80 pm copper layer.
Grinding and polishing were then performed in several stages
after embedding the samples with a conductive resin. For the
finish, the samples were placed in the vibration polisher for a
short time. The EBSD measurements were performed using a
TESCAN Mira II scanning electron microscope (SEM) (Brno,
Czech Republic) and an EDAX EBSD system (TSL OIM Data
Collect and TSL OIM Analysis, version 7.4) (Mahwah, NJ,
USA). The following parameters were applied for the mea-
surements: tilting angle of 70°, acceleration voltage of 20 kV,
step size of 0.2 um, and working distance of 19-23 mm.

3. Results and Discussion

3.1 Stress—Strain Curves

Typical true stress—true strain curves from the uniaxial
tensile tests of MHC alloy, obtained at 900, 1000, 1100 and
1200 °C with strain rates of 0.001, 0.01 and 0.1 s, respec-
tively, are presented in Fig. 2(a)-(d). The flow stress values are
affected by deformation temperatures and strain rates. In
general, the flow stress rises with increasing strain rate while
keeping the temperature constant, whereas the flow stress
declines with increasing temperature for constant strain rate. A
fast increase in the flow curves due to the rapid accumulation of
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Fig. 1 Geometry of the tensile test sample
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Fig. 2 True stress—true strain curves of MHC molybdenum alloy obtained by uniaxial tensile test at different strain rate and temperature: (a)

1173 K, (b) 1273 K, (c) 1373 K and (d) 1473 K

dislocations can be observed for all temperatures and strain
rates, followed by a reduction to some degree after reaching the
maximum, indicating thermal softening. For the higher tem-
perature and the lower strain rate (i.e. 1200 °C and 0.001 s~ '),
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transient flow softening behaviour is more pronounced, which
can be attributed to the increase in restoration mechanisms (i.e.
dynamic recrystallization), the decrease in strain hardening rate
or to the adiabatic heating generated during deformation (Ref 9,

Volume 30(3) March 2021—1947



25, 26). The peak stress at 0.1 s~ is approx. 10 MPa less than
that at strain rates of 0.01 and 0.001 s~ which leads to a
difference of less than 2%. The peak stress appears at a very
low strain of approx 0.01. Such a small difference in peak stress
at low strain can be due to the heterogeneous nature of the grain
size distribution. Even the probability of slightly larger grain
size than the average grain size in the gauge section can be the
reason for such a small difference in peak stress at high strain
rate as compared to higher stress at lower strain rates.

3.2 Microstructure Analysis

The microstructure of the samples was investigated by
means of scanning electron microscopy (SEM) in combination
with electron backscatter diffraction (EBSD) technique. Fig-
ure 3 represents the inverse pole figure (IPF) map of the initial
forged MHC before deformation.

The inverse pole figure maps of the initial state show a
homogeneous fine grained microstructure with approximately 1
micrometre grain diameter and weak preference for {111}
orientation. The two most critical conditions after hot defor-
mation have been selected to show the changes in grain size
distribution during hot deformation. Figure 4 displays the
invers pole figure (IPF) mappings of deformed MHC at
temperatures of (a) 900 °C and (b) 1200 °C and strain rates of
0.001 s~'. Strong elongation of the grains took place during
both deformation processes, but at 900 °C dynamic recovery is
the more significant softening mechanism, since the micrograph
is mostly consisted of elongated grains with larger in-grain
misorientation and without significant orientation changes with
respect to the initial texture. On the other hand, after
deformation at 1200 °C, a larger area consisted of fine equiaxed
grains with different orientation changes with respect to the
initial texture is observed which is prominent indication for
dynamic recovery. Deformation at higher temperatures pro-
motes easier slip and climbing of dislocations which results in
the formation of nuclei for dynamic recrystallization (Ref 15).

]

Fig. 3 Inverse pole figure maps of the initial microstructure
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The more steady-state flow curve at 900 °C and strain rate of
0.1 s~' could be a sign of increasing DRV (Ref 27).

3.3 Modified Johnson-Cook Model

The modified Johnson—Cook model considers the coupled
effects of temperature and strain rate on the flow behaviours
and is represented as:

o= (A1 + B¢ +stz)(1 + CiIné*)exp[(A1 + Ao In&")T]
(Eq 1)

where ¢ is the equivalent flow stress in MPa, ¢ is the equivalent
plastic strain, 4y, By, B,, Ci, 41, /, are material constants,
& = ¢&/& is the dimensionless strain rate (¢ is the strain rate,
and & is the reference strain rate), and 7% is the homologous
temperature and expressed as 7° =T — T, (T is the current,
and 7 is the reference temperatures).

1173 K is taken as reference temperature (7p) and 0.01 s
as reference strain rate (&), in order to obtain the material
constants of the modified Johnson—Cook model.

At the deformation temperature of 1173 K and the strain rate
of 0.01 s™', Eq 1 can be expressed as:

—1

o= (A1 + Bje+ 3282) (Eq 2)

Substituting the corresponding flow stress values into Eq 2,
the relationship between ¢ and ¢ can be obtained in a second-
order polynomial as shown in Fig. 5. The fitting of the
polynomial functions resulted in the values of 4, B; and B; as
578.28, 31.13 and — 4932.4, respectively.

When the deformation temperature is 1173 K, Eq 1 can
expressed as:

[

(40§
(A1+BIS+3282) (+Cl nS)

(Eq 3)
Substituting the three different strain rates and the corre-
sponding flow stress at different strain into Eq 3, the

relationship between m and Iné* can be gained as

shown in Fig. 6. Therefore, the value of C; can be evaluated by
linear fitting method as the slope of the curve as 0.0258.
Introducing a new parameter A, which is expressed as:

A=A+ ¢ (Eq 4)
Equation 1 can be written as:

(Al+15’1.g+/32:2)(1+cl n&) " (Eq'3)
Taking the logarithm of both sides of Eq 5 gives,

ln{ g . } = AT* (Eq 6)
(41 4+ Bie + B&2)(1 + C1 Iné¥)

The mean values of ln{(A1+Bls+BZ§)(1+C1 m*)} at different

strains (0.006-0.14) are used to determine the values of /. For
different strain rates fnd deformation temjeratures, the rela-

tionship between Inq —p—7- Trome and 7" can be
obtained. Then, the Vaiues of / I)or three different strain rates
can be obtained from the slopes of the linear fitting curves. The
parameter A is a function of strain rate, thus, 4; and 4, can be
evaluated from the plot A versus Iné* as the intercept (—
0.00073) and slope (0.0000217) respectively, as shown in
Fig. 7.
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Fig. 4 Inverse pole figure maps of the deformed microstructure at different deformation conditions (a) 900 °C and strain rate of 0.001 s, (b)

1200 °C and strain rate of 0.001 s~!
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Fig. 5 Relationship between ¢ and ¢ at the temperature of 1173 K
and strain rate of 0.01 s™' in a second-order polynomial fit

The parameters of the modified Johnson—Cook model for
MHC are provided in Table 1. The modified Johnson—Cook
constitutive equation for MHC alloy can be obtained as:
o= (578.28 4+ 31.13¢ — 4932.4¢*) (1 + 0.0258 In &*)

exp[(—0.00073 + 0.0000217 In &*) T*]

(Eq7)

3.4 Arrhenius-Type Constitutive Model

The Zener—Hollomon parameter represents the combined
effect of temperature and strain rate on the deformation
behaviour of materials in an exponent-type equation. This so-
called Arrhenius equation is widely used to explain the
correlation between strain rate, flow stress and temperature,
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strain values

L 0.006
14 0.008
0.01
0.02
0.03
0.04
0.05
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1.2+

G'/(Al + Bie + 3262)

06— ‘ : : ) : : '
In (¢*)
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Fig. 6 Relationship between and Iné¢* at the

temperature of 1173 K
during hot deformation. These are represented in mathematical
forms in Eq 8-11 (Ref 22, 28-30).

Z = éexp <%> (Eq 8)
&= A10" exp <— R_QT> for «0<0.8 (Eq 9)
& = Ay exp(fo) exp <— R_QT) for ao>1.2 (Eq 10)
& = A[sinh(x0)]"exp (— 1%) forall o (Eq 11)
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wherein Z is the Zener—Hollomon parameter (s—'), O is the
activation energy of hot deformation (kJ mol '), R is the
universal gas constant (8.314 J mol™' K™"), T is the deforma-
tion temperature (K), & is the strain rate (s~ '), o is the flow
stress for a given strain (MPa) and 4, 4,, A5, ny, n, o, f§ are the
material constants, o (= fi/n;) is an adjustable constant
(MPa™ ).

Since the flow stress values are altering with increasing
strain, the effect of strain on the material constants in
constitutive equation should be considered (Fig. 2). As an
example, the strain of 0.08 is taken to introduce the solution
procedures to calculate the material constants.

Taking natural logarithm of Eq 9, 10, 12 and 13 can be
derived.

x10™

Fig. 7 Plot of A vs. In¢&*

lné:lnAl—R—QT—}—nllna (Eq 12)

Iné =1n4, —g—ﬁ—ﬁo—

RT (Eq 13)

At constant deformation temperature, taking partial differ-
entiation of Eq 12 and 13 and substituting the values of the
strain rate and corresponding flow stresses under the strain of
0.08, gives the relationship between the flow stress and strain
rate, as shown in Fig. 8(a) and (b). The values of n#; and f§ can
be acquired from the slope of the parallel and straight lines in
the Iné — Ino and Iné — o plots, respectively. These lines are
obtained by linear regression from where n; and f can be
computed for different temperatures. As the slopes of the fitting
lines are approximately the same, the values of #; and f§ can be
computed for different temperatures by linear fitting method
and the mean values of n; and f are calculated to be 38.615 and
0.0805 MPa ', respectively.

Taking the natural logarithm of Eq 11, 14 can be derived.
Ing=1nd — 9 + nln[sinh(ao)] (Eq 14)

RT

Assuming that the activation energy is independent of

temperature, at a given temperature, n can be expressed as:

Olné
"= [mn[sinh(ao)]] . (Eq 15)
At a given strain rate, Q can be expressed as:
0 In[sinh(00)]
O =Rn [T 8 (Eq 16)

Substituting Eq 8 into Eq 9, the value of Q can be expressed
as:

Table 1 Calculated parameters for the modified Johnson—Cook model

Parameter Aq B, B, C; M 2
Value 578.28 31.13 — 49324 0.0258 — 0.00073 0.0000217
) ; . ; : ) . . . ;
n, o A o 3 o A o
3+ 4 3+
4 1 4 1
@ o A (6] < o A o
27 1 =279
B J 6 o
o 1173K o 1173K
A 1273K A 1273K
Ty * 1373K | T * 1373K |
o 1473K o 1473K
-8 ; : : : L — : : :
59 6 6.1 6.2 6.3 6.4 350 400 450 500 550 600
(@ In (o) (b) o

Fig. 8 Relationship between Iné¢ and (a) Ino and (b) o

1950—Volume 30(3) March 2021

Journal of Materials Engineering and Performance



In

n I I ,u ' A' 6
3t ]
4t -
— ] A o
W
| |
6} i
1173K
I 1273K |
-7 1373K

1473 K

ox po

02 01 0 01 02 03 04 05
(a) In [sinh(ao)]

Fig. 9 Relationships between In[sinh(«g)] and (a) Iné and (b) 1/T

(Eq 17)

0—R {8 ln[sinh(oca)]} é [a ln[a Iné } T

oT-! sinh(a0)]

Therefore, the value of O can be calculated from the slope of
the plot In[sinh(xo)] versus 1/T and the slope of the plot
In[sinh(xo)] versus Iné as n and v as indicated in Fig. 9(a) and
(b). Substituting the values of «, forming temperatures, strain
rates and corresponding stress under the strain of 0.08 into Eq
17 and utilizing the linear regression via least square method,
the value of n is taken as the average of the values under
different temperatures, and from Fig. 9(a), it is calculated to be
28.8.

Using the same method, the average value of the slope of the
plot In[sinh(«o)] against 1/7, indicated as v, is determined to
be 1779.86. Since Q is defined as vnR and based on the
calculations of the data in Fig. 9(a) and (b), the average value of
the activation energy (Q) was found to be 433.66 kJ/mol.

Function Z can be defined as:

., 9
InZ=Iné+—= Eq 18
n né+ RT (Eq 18)
Therefore, Eq 11 can be expressed as follows:
InZ = InA4 + nln[sinh(ao)] (Eq 19)

Figure 10 presents the relationship of In Z and In[sinh(oa)].
The slope and intercept of the function obtained from linear
fitting of this plot, are the value of n and In 4, respectively. n is
equal to 29.2, and In4 is equal to 30.34.

After evaluation of 4, n, o and Q, according to Eq 11, the
correlation of peak true stress, temperature and strain rate
during hot deformation in MHC alloy under the strain of 0.08
can be expressed as:

433.66

£=15x 10‘3[sinh(o.oozosa)}zg-gexp( T) (Eq 20)

Equation 11 can also be written as:

11 z %-l- z %—H
c=—-In{ (= —
o A A

1
2

(Eq 21)
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which relates the flow stress and Zener—Hollomon parameter Z.

Z = éexp <1%)

The values of the material constants (o,n,(0,4) of the
constitutive equation are calculated for strains of 0.006, 0.008
and 0.01-0.14 with the interval of 0.01. Figure 11(a)-(d) shows
the calculated values of the material constants. The fitting
results, using the fifth-order polynomial regression functions as
a function of true strain are provided in Eq 16-19.

(Eq 22)

o = 0.002 + 0.007¢ — 0.12¢% + 3.382&% — 24.245¢* + 66.65¢
(Eq 23)

n=45.143 — 288.96¢ + 6.564 x 10°> — 1.452 x 10°¢’
+1.225 x 10%* — 3.493 x 10°%°

(Eq 24)
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0 =4.5x10° —3.08 x 10°% +2.264 x 108 — 4.657
x 10% +3.64 x 10"%* — 9.915 x 10'%

(Eq 25)

InAd =29.8 —335.203¢ + 2.466 x 10*c> —4.97 x 10°&>
+3.871 x 10%* — 1.054 x 107¢’

(Eq 26)

The values of o, n,LnA and Q are independent of temper-
ature and strain rate at a specific strain.

4. Constitutive Equations Verification

The modified Johnson—Cook constitutive Equation 7 and the
strain-compensated Arrhenius-type constitutive Equation 21-26
were verified by comparing the experimental and the predicted
flow stress values. The comparison between the experimental
data and the predicted one from modified Johnson—Cook and
Arrhenius-type constitutive equations at several processing
conditions is shown in Fig. 12(a)-(d) and 13(a)-(d), respec-
tively. Under most of the conditions, the predicted flow stress
values from the Johnson—Cook model could track the exper-
imental values. However, distinct deviations from the experi-

1952—Volume 30(3) March 2021

mental results can be observed for some conditions, in
particular at lower strain rates (i.e. at 1473 K in 0.001 and
0.01 s~' and at 1273 K in 0.001 s '). Li et al. (Ref 14)
reported the same observation for the strain rate of 0.01 s™'. On
the other hand, the Arrhenius-type constitutive model reveals a
better correlation between experimental and predicted values
for all deformation conditions, which indicates the excellent
capability of the strain-compensated Arrhenius-type constitu-
tive model to predict the flow stress throughout the entire
temperature and strain rate range. The difference in the capacity
of the two models in predicting the material behaviour could be
related the nonlinear flow behaviour of metallic materials at
high temperature. Many effective factors on the flow stress are
nonlinear, too. Therefore, the effect of the processing param-
eters on the deformation behaviour can be specified more
accurately by Zener—Hollomon parameters in an exponential
equation, especially in particular for lower strain rates (Ref 14,
31, 32).

The predictability of the deformation constitutive equation
can be quantified in terms of standard statistical parameters
such as average absolute relative error and correlation coeffi-
cient which are defined as: (Ref 33)

o SN (E-E)(FR-P)

SV (BB (- P)

(Eq 27)
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1 N

=Ly

i=1

E - P,

i

x 100% (Eq 28)

where E is experimental flow stress, P is the predicted flow
stress, £ and P are the mean values of £ and P, respectively, N
is the total number of evaluated strains. The value of R provides
information on the strength of the linear relationship between
the experimental and predicted data (Ref 34). The value of e is
calculated through a term by term comparison of the relative
error and therefore is an unbiased statistical parameter for
determining the predictability of the equation (Ref 33).

The values of R and e for the total data are calculated and
shown in Fig. 14(a) and (b) for the modified Johnson—Cook
model and the strain-compensated Arrhenius-type model,
respectively. As obvious, the data points for the Arrhenius-
type model lie much closer to the line than the ones for the
modified Johnson—Cook model. The values of R and e are
found to be 0.94 and 3.6% for the Johnson—Cook model and
0.98 and 1.8% for the Arrhenius-type model. This clearly
shows the better correlation between the predicted and
experimental data from the Arrhenius-type model.
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Figure 15(a) and (b) show the R and e value of the flow
stress calculated by the Arrhenius-type model for strains of
0.006, 0.008, 0.01-0.14 with an interval of 0.01, respectively.
The curves reveal smaller mean errors values at relatively low
temperatures than at high temperatures, which indicates a better
agreement at low temperatures. The overall averaged mean
error is 1.8% and the maximum mean error is 3.1%, which
appears at the strain rate of 0.001 s™' and the temperature of
1473 K. However, all mean error values are below 3.5%. The
worst correlation coefficient is 0.987.

Despite the longer time to evaluate the material constants
and the larger number of constants (twice in the Arrhenius-type
model), the strain-compensated Arrhenius-type constitutive
equation is still favoured compared to the modified Johnson—
Cook constitutive equation.

5. Conclusions

The tensile characteristics of a molybdenum-based refrac-
tory alloy have been investigated by means of the uniaxial
tensile test over the temperature range between 1173 and
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1473 K and with strain rate of 0.001, 0.01 and 0.1 s™!. Based
on the experimental results, a comparative study was done on
the capability of the modified Johnson—Cook and the strain-
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data from (a) the modified Johnson—-Cook model and (b) the strain-

compensated Arrhenius-type constitutive models to predict the
elevated temperature flow behaviour of the MHC alloy. Based
on this study, the following conclusions are drawn.
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1. The true stress—strain curves of MHC alloy reveal the
typical nonlinear behaviour under high-temperature defor-
mation with temperature and strain rate dependency.

2. The modified Johnson—Cook constitutive equation can
predict the flow stress for most of the conditions except
for lower strain rates. The strain-compensated Arrhenius-
type constitutive equation can represent the elevated tem-
perature flow behaviour more accurately in the entire pro-
cessing domain.

3. The average absolute relative errors for the modified
Johnson—Cook and the strain-compensated Arrhenius-
type models are 3.6 and 1.8%, respectively, and the cor-
relation coefficients are 0.98 and 0.94, correspondingly.

4. Despite the longer evaluation time for the equation con-
stants and the double number of constants for the Arrhe-
nius-type model, the strain-compensated Arrhenius-type
constitutive equation is much more reliable in predicting
the flow stress values of MHC alloy under above conditions
than the modified Johnson—Cook constitutive equation.
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