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The hot compression test of as-cast P91 alloy steel was carried out by Gleeble3500 multi-functional thermal simula-
tion test machine under the deformation conditions of temperature of 900 ~ 1 100 °Cand strain rate of 0, 1~5 s–1. The 
high temperature flow behavior of as-cast P91 alloy steel was studied. The effects of strain rate and deformation 
temperature on the two-phase relationship of as-cast P91 alloy steel were analyzed. The strain rate compensation 
factor Z was introduced, and the Arrhenius constitutive model equation was established. The results show that the 
theoretical value of the peak stress calculated by the constitutive model is in good agreement with the experimen-
tal results, and the correlation is 96, 8 %, which verifies the feasibility of the model.
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INTRODUCTION

In recent years, with the rapid development of large-
scale critical thermal power units, nuclear power units, 
petrochemical, aerospace, shipbuilding and military in-
dustries, the demand for large-diameter thick-walled 
seamless tubes has been increasing. P91 heat-resistant 
alloy steel (10Cr9Mo1VNbN) has become an ideal steel 
for power station boilers because of its good process 
performance, high temperature strength and excellent 
oxidation resistance[1].

Wang et mastered the basic data of forged P91 heat-
resistant alloy steel through thermal simulation experi-
ments, and established a mathematical model of high 
temperature flow stress of forged P91 heat-resistant alloy 
steel[2]. However, there are few studies on the hot defor-
mation behavior and microstructure evolution of as-cast 
P91 heat-resistant alloy steel. The as-cast structure is ob-
viously different from the forged structure in hot defor-
mation behavior and hot processing technology, and the 
microstructure evolution law is also different from the 
forged structure. Therefore, it is necessary to study the 
hot deformation behavior of the steel and establish the 
corresponding constitutive relation model[3].

In this paper, the high temperature compression ex-
periment of P91 alloy steel was carried out by using 
Gleeble3500 multi-functional thermal simulator, and 
the variation characteristics of flow stress-strain curve 
were studied. The effects of temperature, strain rate and 
strain were included in the calculation, and the constitu-
tive model, power dissipation diagram and thermal pro-
cessing diagram under different strains were estab-
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lished. The experimental data were compared with the 
predicted data of the model to verify the accuracy of the 
constitutive model.

P91 alloy steel hot compression test

According to the requirements of thermal simulation 
experiments, the material was cut from the bottom of 
the as-cast P91 heat-resistant steel ingot and processed 
into a Ø8mm×12mm cylindrical sample. The samples 
were placed on the Gleeble-3500 thermal/mechanical 
simulator for compression test. The deformation tem-
perature of the thermal simulation experiment was set at 
900, 1 000, 1 050 and 1 100 °C, the strain rate was 0,1, 
0,5, 1 and 5 s–1, and the deformation was 60 %. After the 
compression was completed, the water quenching treat-
ment was carried out to retain the high temperature de-
formation structure.

Experimental data and ontological 
modeling

The true stress-true strain curve of P91 alloy steel 
under the strain change rate of 0,1 ~ 5 s–1 is shown in 
Figure 1. In the process of hot deformation, on the one 
hand, the metal will produce work hardening, on the 
other hand, it will also produce dynamic softening, dy-
namic recovery and dynamic recrystallization. It can be 
seen from Figure 1 that at lower strain rate and higher 
deformation temperature, the flow stress rises sharply 
from the beginning to a certain peak and then tends to 
be stable, and the stress-strain curve shows a typical dy-
namic recovery type. This is because in the process of 
increasing deformation, the dynamic softening effect 
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will gradually increase, and have a certain offset effect 
on work hardening, and finally achieve a balanced and 
stable state. With the increase of deformation tempera-
ture, the flow stress begins to decrease with the increase 
of strain after reaching a certain peak, and tends to be 
stable or wavy with the increase of strain.

In the process of decreasing deformation tempera-
ture and increasing strain rate, on the one hand, it will 
lead to the increase of flow stress, on the other hand, it 
will lead to the increase of steady-state strain, peak 
strain and the difference between them. With the in-
crease of strain rate, the temperature range of dynamic 
recrystallization and dynamic recovery will be continu-
ously reduced. The magnitude of temperature and strain 
rate has a significant effect on the peak and steady-state 
stress. When the deformation temperature is low and 
the strain rate is large, the hardening has been dominant 
in the whole deformation process, and no peak stress is 
generated. It can be seen from the figure that the mate-
rial has obvious dynamic recrystallization behavior 
when the temperature is greater than 1 000 °C. When 
the strain rate is constant, the peak strain decreases ; 
when the temperature is constant, the peak strain in-
creases with the increase of strain rate.

In order to explore the influence of processing pa-
rameters on the flow stress during the deformation of 
P91 alloy steel, an Arrhenius-type constitutive model 
was established to quantitatively describe the relation-
ship between flow stress σ, temperature T and strain rate 
. The temperature-compensated strain rate Zener-Hol-

lomon parameter Z was introduced for strain rate com-
pensation. The parameter is a temperature-independent 
function of flow stress and deformation degree. The re-
lationship among flow stress σ, temperature T and strain 
rate  during hot deformation at high temperature can be 
expressed as:

	 � (1)

	 � (2)

	 � (3)

where  is strain rate, s–1; σ is stress, MPa; A, A1, A2, α, 
β, n and n1 are temperature-independent material con-
stants, and α = β / n1 ; T is the deformation temperature, 
K, R is the molar gas constant, the value is 8,314J 
(mol/K)–1, and Q is the apparent activation energy  
(J/mol) of hot deformation.

	 � (4)

	 � (5)

	 � (6)
( a ) 0, 1 s–1 ( b ) 0,5 s–1 ( c ) 1 s–1 ( d ) 5 s–1

Figure 1 P91 alloy steel true stress-true strain curve
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In the case of constant temperature, linear fitting is 
performed on  and , as shown in Figure 
2, 3.

n1 = 9,69856 and β = 0,06084 can be obtained from 
the graph; according to the relation of α = β / n1, α = 
0,006273 MPa–1 is obtained.

Substituting the above obtained data into Eqs. 
(4)~(6), the partial differential is obtained by simultane-
ous and partial differential:

	 � (7)

	 � (8)

The stress-strain data are substituted into Eq. (6), 
and the  and  
curves at different temperatures are fitted. As shown  
in Figure 4,5, the slope of the straight line in the figure 
is calculated and the average value is obtained. The 
obtained results are substituted into Eq. ( 8 ) to obtain 
the thermal deformation activation energy Q = 447,719 
kJ · mol–1.

The effects of deformation temperature and strain 
rate on the flow stress of as-cast P91 alloy steel can be 
expressed by Zener-Hollomom parameter Z :

	 � (9)

Logarithmize the two sides of the formula to get:

	 � (10)

It can be seen from Formula (10) that the slope of 
the straight line in Fig .6 is n and the intercept is ln A. 
Thus, n = 3,89099, ln A = 4,2393925.

Figure 2 Relation curves of lnε̇ and ln σ

Figure 3 Relation curves of lnε̇ and σ

Figure 4 Relation curves of ln ε̇ and ln[sinh(ασ)]

Figure 5 Relation curves of ln[sinh(ασ)] and 1 / T

Figure 6 Relation curves of lnZ and ln[sinh(ασ)]
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The calculated A, α, Q and n are brought into For-
mula (3) to obtain the peak stress constitutive equation 
of P91 alloy steel.

	 � (11)

Simulation prediction and verification  
of constitutive model

The experimental values and stress prediction val-
ues of P91 alloy steel at different temperatures and dif-
ferent strain rates are compared, as shown in Figure 7. 
The correlation coefficient between the calculated re-
sults of the constitutive model of P91 alloy steel and the 
experimental values is 0,968, the maximum relative er-

ror is 8,37 %, and the average relative error is 6,56 %. 
The established model can well predict the macroscopic 
stress of the material.

CONCLUSION

In this paper, the constitutive relationship of P91 al-
loy steel under different temperature and strain rate is 
studied. The Arrhenius constitutive model of P91 alloy 
steel was established, and the accuracy of the model in 
predicting flow stress was analyzed and verified. The 
results show that the constitutive model of P91 alloy 
steel established in this paper has certain accuracy, 
which provides a strong basis and reference for the 
study of plastic deformation of as-cast P91 alloy steel.
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Figure 7 �The peak stress calculation results are compared 
with the measured values
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