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Abstract: True stress versus true strain curves of 0Cr11NiMoVNb alloy steel were obtained
from isothermal compression tests on Gleeble-1500 tester over a wide temperature range from
1223K to 1433K and a strain rate range from 0.01s to 10s. Considering the compensation of
strain, the improved Arrhenius model based on Zener—Holloman parameter was evaluated by
regression analysis and modified by optimizing parameters of strain hardening exponent as
well as the deformation activation energy with a method of five-order polynomial fitting. Then
constitutive equation of the flow stress was verified by comparing both the correlation
coefficient R and the average absolute relative error (AARE). The main result shows that: (1)
the deformation activation energy is insensitive to strain rate under a lower temperature range
from 1223K to 1373K; (2) maximum values of the deformation activation energy under
various strain degree are concentrated with the temperature over 1373K and the strain rate
nearby 0.1s?. (3) the improved Arrhenius model has a low value level of its parameters
R(<0.977%) and AARE (<5.031%), which has a good agreement with the experimental values
to predict the flow stress at different temperatures and strain rates.

1. Introduction

0Cr11NizMoVND is a new kind of martensitic stainless steel, which is a kind of hot rolled steel
achieved by heat treatment (quenching and tempering) to adjust the performance of stainless steel,
with high strength and corrosion resistance. The martensitic stainless steel can be used to make
working under high temperature parts, such as steam turbine blades, gear shaft and pull rod and parts
such as valve working in corrosion medium, bolts, large gas turbine engine turbine disc, etc. [1, 2].
Material physical parameters can be calculated through various simulation methods to provide support
for performance calculation [3-7]. In general, constitutive models of metallic materials are usually
used to predict the flow stress, to help to establish the recrystallization model and grain size model for
the study of dynamic behavior. It is the necessary condition to calculate the plastic deformation
process, create a mathematical model for thermal deformation behavior of materials under high
temperature. The influence of the thermal deformation condition on the flow stress curve can be
obtained by analyzing the test data. The constitutive model provides the theoretical basis for the
efficient production of high quality, thus can be used to optimize hot working performance and control
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the microstructure of material.

At present, the research on constitutive equation of metal material commonly use the hyperbolic
sine function to select the peak stress strain, with Z parameters represent temperature, strain rate and
the relationship among stress, ignoring the effect of strain on the constitutive equation of material
constant. Commonly, the flow stress gradually increases to a peak (initial strain hardening) and then
decreases slowly to a steady state. Such flow stress behavior is a typical characteristic of hot working
that is accompanied by dynamic recrystallization softening.vGuoliang Ji et al. have used
Arrhenius-type constitutive model and artificial neural network model to evaluate and predict the
high-temperature deformation behavior of Aermet100 steel [8-10]. This paper adopt a new method
[11-13], through adding the strain compensation, the constitutive relationship among temperature,
strain, strain rate and stress is established to predict deformation behavior of 0Cr11Ni-MoVNb steel at
high temperature. In this paper, the strain rate and temperature were controlled in the thermal
compression test, and the stress-strain data of the material were obtained. The improved Arrhenius
model of 0Cr11Ni2MoVNDb steel during hot deformation process was established.

2. Experimental material and procedure

The chemical compositions of 0Cr11Ni,MoVNb stainless steel were (wt.%): C: 0.070, Si: 0.180, Mn:
0.380, Cr: 11.39, Ni: 1.570, Mo: 0.390, V: 0.150, Nb: 0.080, P: 0.015, S: 0.004, Fe: (balance).
Cylindrical specimens with a diameter of 8 mm and a height of 12 mm were machined and with
grooves of 0.2mm depth on both sides filled with graphite powder as lubricant to reduce friction and
assure the stability and uniformity during compression testing. A computer-controlled, servo-hydraulic
Gleeble 1500 machine was used for compression testing with height reduction 80% at the
temperatures of 1223K, 1273K, 1323K, 1373K and 1433K, and the strain rates of 0.01 s, 0.1 s, 1
st and 10 s*. These 20 specimens were heated to 1473K at first at a heating rate of 283K/s with
holding time 180s and cooled to deformation temperatures selected for the corresponding compression,
and then specimens were isothermally compressed at the constant strain rates and then rapidly
guenched with water to room temperature. The variations of stress and strain were recorded
automatically by a personal computer equipped affixed to an automatic data acquisition system during
isothermal compression. The true stress—strain curves were calculated by the related formula [14] and
the nominal stress—strain curves.

3. Results and discussion

3.1 Analysis of experimental stress-strain curves
The true stress-strain curves of 0Cr11NiMoVNb obtained by hot compression test are depicted in
Figure 1.
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Figure 1 Flow curves of 0Cr11Ni,MoVNDb steel under various conditions: (a) 0.01s™; (b) 0.1s; (c) 1s;
(d) 10s™.

As is in Figure 1, the flow stress and the shape of the flow curves are sensitively dependent on
temperature and strain rate. The rheological stress curve of the 0Crl11Ni2MoVNb steel under high
temperature deformation has two forms: one is the high strain rate and the low deformation
temperature, and the dynamic response is presented; the other is the dynamic recrystallization with
low strain rate and high deformation temperature. Test results show the typical curve of dynamic
recrystallization, with the characteristics: when the strain rate lower than 0.1 s™* and temperature higher
than 1273K, with the increase of strain, stress peak of the stress-strain curve is reached, and then
followed by softening stage. In most instances, the stress level decreases with increasing of
temperature and strain rate decreasing because lower strain rate and higher temperature provide longer
time for the energy accumulation and higher mobilities at boundaries which result in the nucleation
and growth of dynamically recrystallized grains and dislocation annihilation [15]. Also there exist
some cases that the flow stress increases monotonically from beginning to end, showing dynamic
work-hardening. The degree of dynamic softening is considerably light during deformation at the
cases nearly horizontal lines are obtained, which suggests that thermal softening is being balanced by
work-hardening. In contrast, for a fixed temperature, the flow stress generally increases as the strain
rate increases due to the increase of dislocation density and the dislocation multiplication rate. When
the flow stress relative to the temperature is compared to the flow stress relative to the strain rate, there
is no doubt that the temperature effect on the flow stress is more pronounced.

3.2 Establish of constitutive equations considering compensation of strain
For all stress levels, the relationship among stress, strain rate and temperature described by the
Arrhenius equation under various ao values [16] can be expressed as:

& = Nlsinh(aa,)]" exp[-Q/ (RT)] (1)
Where, Z is the strain rate (s™%); T is the absolute temperature (K); R is the universal gas constant;
Q is the deformation activation energy (J/mol™); A, ', 5, a and n are the material constants and exists
relation of a=g/n’.
Zener—Holloman parameter (Z) in an exponent-type equation is employed to describe the effects of
temperature and strain rate on material deformation behavior and can be expressed by equation (3).

Z = zexp[Q/ (RT)] = Alsinh(ao)]" @)
For a certain strain rate given, Egs.(1) can be rewritten as
dlIn[sinh(ao)]
Q =-Rn.———— 742 (3)
owWT)
For a certain strain rate, taking logarithm of both sides of Egs.(1) yields,
. 1
In| sinh =—(Iné—-InA nRT
[sinh (o)) = (Iné~In A) +Q/ @
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Taking logarithm of both sides of Egs.(2) yields,
InZ =In A+nin[sinh(ac)] (5)
Under different strain rates, the flow stress at different temperatures can be obtained by Egs.(1),
thus the relation of In[sinh(0o)]-1/T is obtained. For linear regression of the Insinh(acy) —1/T curve,
the slope is obtained and the deformation activate energy Q with the same strain degree under different
strain rates is averaged to be Q; under the strain degree. Besides, by the average slope K of the op-1/T
curve, the deformation activation Q; is calculated using the formula Q=RBK. The value Q is averaged
to be 432.078kJ mol™. The corresponding value Z is obtained by substituting the activation energy
under different temperatures and strain rates into Egs. (2).

Under certain temperature and strain, the slope of the In[smh(w)]_lng function curve is n. For

the flow stress expression ¢ by Z parameters, the final constitutive equation can be written as:
1 1/n 2/n /2
a:—ln{Z/A +[(Z/A)" +1 }
~Inj(z/A)"+[(2/A)" +1] ©
. L L In(o)—In(¢)
Taking the strain ¢=0.3 for example, the relationship diagram between and

o-In(¢) shown in Figure 2, the fitted coefficient of R-Square is all above 0.95. The average value

of ny and P is 8.19081 and 0.075406, respectively. According to the formula a=p/ns, the value of the
coefficient a is 0.009206.
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Figure 2 Parameter estimation of n1 and 3 at a strain of 0.3: (a) In(o)~In(¢) ; (b) o=In(é) .

When £=0.3, we can obtain: Q=432.078kJ-mol™. If the strain is 0.3, the InZ-In[sinh(oo)] or
In[sinh(ao)] -In& can be obtained, thus the intercept InA can be obtained and the averaged A is: A
=1.8926x10%.
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The parameters obtained from the calculation are: 0=0.009206; Q=432.078kj mol-1; n=6.7015;
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A=1.8926x10%. Substituting the Z-parameter expression under £=0.3 into the Egs.(2), thus:

: (432078)
Z=cexp
RT )
Substituting Eqgs.(7) into Egs.(6), the expression of flow stress can be described as:
1/2
o =108.6248In {(z /1.8926x10° )" + [(z /1.8926x10%°)" +1} }

8

According to equation (1), the constitutive equation at a strain of 0.3 can be expressed as:

¢ =1.8926x10°[ sinh (0.0092060°) """ exp[_432078)

RT ©)

Under the procedure mentioned above, material constants of o, n, Q and InA at every interval of
0.05 in the strain range 0.05~0.85 can be repeatedly obtained. A fifth order polynomial was then
adopted to fit the material constants to be the final parameters of constitutive equation.

a=B,+B,c+B,c?+B,c’+B,&* +B, &’

n=C,+C,e+C,e’+C,*+C,e*+C.&° (10)
INA=D,+D,e+D,&?+D,&°+D, " +D &’

Q =E,+E,e+E,e?+E e +E ,&*+E &’

Through polynomial fitting, the more accurate expression of material constant value under different
strain is described. From fitting results, we can see that the material constants regularly change with
the change of strain. Fitting results of parameters of a, n, InA and Q are obtained from the polynomial
is shown in Table 1.

Table 1 Coefficients of the polynomial for o, n, InA and Q,.
o n InA Q
Bo =0.014 Cp=9.19833 Dp=40.63712 E=462.23694
B1=-0.05935 C;=-19.7946 D;=-31.20246 E;=-292.1756
B,=0.24165 C,=76.0064 D,=128.343 E,=1.10E+03
B3=-0.46204 C3=-177.875 D3=-277.4288 E3;=-2.08E+03
B4=0.42033 C4=200.8007 D4=296.754 E4,=1.97E+03
Bs=-0.14729 Cs=-82.7347 Ds=-118.9451 Es=-705.0072

By calculating the polynomials of a, A, n, and Q value under different strain, the Z parameter under
various conditions can be calculated. Substituting the Z parameter into equation (8), the stress value ©
at different temperature, strain rate and strain are obtained, with the comparison of the experimental
stress data, in Figure 4.
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Figure 4 Experimental and predicted flow stress at various strain rates: (a) 0.01s™, (b) 0.1s*, (c) 1s,
(d) 10s.

As can be seen from Figure 4, when the strain rate is (0.01 ~ 1) s, the experimental value is in line
with the predicted value. When the strain rate is 10s™ and strain is greater than 0.4, the error becomes
larger, that’s because that the insulation shear zone is formed inside the material under the higher
strain rate [17].

Assuming that the material constants (i.e. «, n, InA and Q) are polynomial function of strains [18],
[19] and [20], the constitutive equation of OCr11Ni2MoVNDb stainless steel considering the effect of

strain on flow stress was finally evaluated, a fifth order polynomial was adopted to describe to the
influence of strain.

3.3 Verification of the developed constitutive equation
The accuracy of the constitutive equation is verified by statistical correlation coefficient (R) and the
average absolute relative error (AARE). The calculation formula is as follows [21, 22]:

> (E-E)XR-P)

R (11)
ey e-ey
AARE(%)=%ZN: EiE_Pi x100 (12)

Where P is the predicted flow stress, E is the experimental flow stress, pand E is the mean values
of P and E respectively. R is a commonly statistical parameter, which reflects a linear relationship
between the experimental and predicted data. N is the total number of data.

The accuracy of the constitutive equation is verified by statistical correlation coefficient (R) and the
average absolute relative error (AARE). The AARE value calculated through a comparison of
predicted flow stress and experimental one is used to determine the predictability of the constitutive
equation considering strain compensation. Comparison of experimental and predicted flow stress from
constitutive equation is in Figure 5.
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As is in Figure 5, experimental flow stress and predicted data from constitutive equation turn on a
strong correlation, the higher the stress is under lower deformation temperature and higher strain rate,
the stronger the variation is. Though variation with relative error at part of curves exists, the values of
R and AARE were merely 0.977% and 5.031% respectively. Thus the constitutive equation considering
strain compensation reflects a good prediction capability of true flow stress.

4. Conclusion

The isothermal compression experiment is carried out on the Gleeble-1500 machine for the specimen
of the 0OCr11Ni2MoVNb martensitic stainless steel, through the data analysis and calculation, hot
forming properties and rheological behavior of the steel was studied and the constitutive equation is
obtained. Results are as:

(1) OCr11Ni;MoVND steel is sensitive to temperature and strain rate. Within the test temperature
range, the lower the temperature is and the higher the strain rate is, the greater the flow stress is.
Besides, at high temperature, the hardening effect is not obvious and the dynamic response appears.
Moreover, the softening of yield appears under high temperature and low strain rate.

(2) In the constitutive analysis, the effect of strain on the material constants (including a, n, InA, Q,
etc.) is considered, and it has good correlation and universality for the constant expression of
constitutive equation by the five times polynomial associated with strain.

(3) Considering the compensation of strain, constitutive equation can accurately predict the stress
value under different conditions of temperature and strain rate. Although constitutive equation has
certain deviation in a certain degree, it is still within the acceptable error range, thus can better reflect
the material change rules and characteristics of the stress-strain curve.

(4) The constitutive equation of 0Cr11Ni2MoVNb steel is established, which is as follows:

¢ =1.8926x10" [ sinh (0.0092065) " exp (@j

The deformation activation energy of the 0Cr11Ni2MoVNb steel was obtained, Q=432.078kJ/mol.
The material processing parameters and steady flow stress of the OCr11Ni2MoVNb steel are
calculated.
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