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Abstract: In order to accurately predict the microstructure evolution during thermo-mechanical processing of AerMet100 

ultrahigh-strength steel, the dynamic recrystallization (DRX) models including DRX volume fraction and DRX grain size were 

established by conducting a series of isothermal hot compression tests. The hot deformation behavior of the alloy in a wide range of 

temperatures from 800 °C to 1040 °C, strain rates from 0.01 s

-1

 to 10 s

-1

 and deformation degree from 15% to 60% was analyzed. 

The Zener-Hollomon parameter of the constitutive model for the AerMet100 steel was obtained to establish DRX models. The 

effects of deformation parameters on the microstructural evolution were quantitatively predicted through the established DRX 

models. The microstructure observation shows that higher temperature, lower strain rate and larger deformation degree are beneficial 

to the homogenization and refinement of the microstructure due to the occurrence of DRX. The good agreement between the 

prediction and the experiment validates the accuracy of the established DRX models, indicating that the DRX models can be used to 

quantitatively predict the microstructure evolution of AerMet100 steel components during thermo-mechanical processing under 

different hot deformation conditions. 
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AerMet100 ultrahigh-strength steel is extensively applied in 

the rocket engine casings, bulletproof steel plates and landing 

gear in aerospace industry. The alloy displays high strength, 

ductility, fracture toughness, fatigue resistance and excellent 

stress corrosion cracking resistance

[1-4]

. The further thermo- 

mechanical processing of hot rolled AerMet100 steel bar is 

usually conducted above the recrystallization temperature to 

obtain the complex shape and the mechanical properties of 

components. During thermo-mechanical processing, the 

microstructural morphology and mechanical properties of 

AerMet100 steel can be effectively improved under appropriate 

hot deformation conditions due to the work hardening (WH), 

and dynamic recovery (DRV) and dynamic recrystallization 

(DRX) can affect the microstructural transformation. 

Compared to WH and DRV, DRX plays an important role in 

improving the microstructure refinement for the low stacking 

fault energy of AerMet100 steel. Therefore, it is of great 

significance to predict the DRX behavior of the alloy under 

different deformation conditions and to quantitatively 

characterize the relationship between the microstructure and 

deformation parameters. 

In order to accurately control the microstructure and 

mechanical properties of the components, some studies have 

been investigated on the hot deformation behavior of 

AerMet100 steel. Ji et al

[5-7]

 described the hot deformation 

behavior of AerMet100 steel in the temperature ranges of 

800~1200 °C and strain rate ranges of 0.01~50 s

-1

 using the 

Arrhenius constitutive model and artificial neural network 

(ANN) constitutive model. And the optimum hot processing 

windows at temperatures of 1025~1200 °C and strain rates of 

0.03~15 s

-1

 were determined by establishing the hot processing 

maps. Furthermore, the models of DRX fraction and grain size 
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were established by the analysis of peak stress and critical 

stress from flow stress-strain curves of hot compression test. 

And the results indicate that the DRX grain size is only 

dependent on Zener-Hollomon parameter. Hu et al

[8,9]

 pointed 

out that AerMet100 steel is strongly sensitive to the strain rate 

based on the quasi-static and dynamic tests at different strain 

rates. These previous references provide a detailed description 

for understanding the hot deformation behavior of AerMet100 

steel. Since the DRX plays an important role in the micro- 

structure evolution, the DRX behavior of Aermet100 steel 

during hot deformation has been studied. However, the models 

of DRX fraction and DRX grain size of AerMet100 steel from 

the experimental analysis are insufficient for meeting the 

actual thermos-mechanical processing requirements. 

In the present work, the isothermal compression tests under 

different deformation conditions were conducted to investigate 

the deformation behavior and microstructure evolution of 

AerMet100 ultrahigh-strength steel during thermo-mechanical 

processing. The models including DRX fraction and DRX 

grain size were established based on the microstructural 

observation. The effects of deformation parameters on the 

DRX fraction and grain size were predicted according to the 

established DRX models. The comparison between the 

predicted and experimental results indicates that the proposed 

models can be used to quantitatively predict the microstru- 

cture evolution of AerMet100 ultrahigh-strength steel during 

thermo-mechanical processing. 

1  Experiment 

The material used in this investigation was AerMet100 

ultrahigh-strength steel, and the chemical composition of the 

alloy is shown in Table 1. The initial microstructure with the 

average grain size of approximate 30 µm is shown in Fig.1. To 

investigate the deformation behavior of the alloy, cylindrical 

specimens with a diameter of 10 mm and a height of 15 mm 

(Fig.2) were machined for isothermal compression tests. The 

isothermal compression tests were carried out on a Gleeble- 

3500 thermo-mechanical simulator at temperatures of 800~ 

1040 °C, strain rates of 0.01~10 s

-1

 and height reductions of 

15%~60%. During the tests, the specimen was heated to the 

deformation temperature with a constant heating rate of 10 

°C/s, soaked for 5 min, and then compressed to the desired 

height reduction at a constant strain rate. The thermocouple 

was welded in the center of the specimen to monitor and 

record the variation of actual temperature. The data during 

compression tests under different deformation conditions were 

automatically recorded and converted to the true stress-true 

strain data. The specimens were water quenched immediately 

upon the completion of compression to preserve the micro- 

structure at elevated temperatures. Some typical compressed 

specimens were sectioned parallel to the compression direc- 

tion for metallographic examination through an OLYMPUS- 

GX71 optical microscope (OM). 

Table 1  Chemical composition of Aermet100 ultrahigh-strength 

steel (wt%) 

Ni Co Cr Mo C Ti Mn Si Fe 

11.3 13.45 3.04 1.26 0.22 0.015 0.10 0.10 Bal. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Initial microstructure of AerMet100 steel 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Schematic diagram of the cylindrical specimens 

 

2  Results and Discussion 

2.1  Analysis of flow behavior 

The typical true stress-true strain curves of AerMet100 

ultrahigh-strength steel isothermally compressed at different 

temperatures and strain rates are shown in Fig.3. It can be 

observed that the flow stress firstly increases rapidly to the 

peak value and then gradually decreases to a steady state with 

the increase of strain, which is a comprehensive reflection of 

WH, DRV and DRX. At the early stage of deformation, the 

formation and proliferation of the dislocation result in the 

work hardening. And the softening of DRV caused by 

dislocation climbing, slipping or cross slipping is not enough 

to counteract the effects of WH, leading to the stress increase 

to a critical value. Then the DRX grains start to nucleate and 

grow under the critical stress, and the increase of dislocation 

density due to the predominance of WH can continuously 

promote the nucleation of DRX grains

[10]

. Therefore, the flow 

stress gradually increases to a peak value at a moment of 

achieving the instantaneous equivalence between the hard- 

ening rate and softening rate. As the AerMet100 steel is a kind 

of low stacking fault energy metal, the DRX is the main 

restoration mechanism during the hot deformation which can 

20 µm 

Φ10 

1
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Fig.3  Typical true stress-strain curves of AerMet100 steel at different deformation temperatures and strain rates: 

(a) 0.01 s

-1

, (b) 0.1 s

-1

, (c) 1 s

-1

, and (d) 10 s

-1

 

 

weaken the effect of WH on the variation of flow stress and 

slightly declines the flow stress after the peak value

[11]

. Finally, 

the flow steady state appears permanently when a new balance 

between softening rate and hardening rate is achieved. 

The flow stress changes obviously with strain rate and 

temperature, which reveals the strong sensitivity of flow 

behavior to deformation conditions. The peak stress values 

under different deformation conditions are plotted in Fig.4 to 

analyze the relationship between flow stress and deformation 

parameters.  

Evidently, the peak flow stress gradually decreases with the 

increase of deformation temperature and the decrease of strain 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Peak stress of the AerMet100 steel compressed under different 

conditions 

rate since the dislocation annihilation rate becomes faster at 

higher deformation temperature, resulting in a part of decline 

of flow stress. In contrast, when the alloy is deformed at 

higher strain rate, the dislocation multiplication rate is faster 

which may intensify the influence of WH. And the nucleation 

and growth of DRX grains are promoted at higher deformation 

temperature and lower strain rate

[12]

. This can be ascribed to 

the higher temperature which greatly promotes the grain 

boundary mobility and increases the thermal activation energy. 

The lower strain rate can provide enough deformation time to 

accumulate energy for the nucleation of DRX grains

[13-16]

. 

2.2  Constitutive model 

The Arrhenius type equations are used to establish the 

constitutive model for AerMet100 steel and designated as 

follows

[17]

: 

1

1

2

exp( / ) when 0.8

= exp( )( / ) when 0.8

[sinh( )] exp( / )] for all values of 

n

n

A Q RT

A Q RT

A Q RT

σ ασ

ε βσ ασ

ασ ασ





−







−







−





�

�

�

   (1) 

where A

1

, A

2

, A, and α are material constants; n

1

, n and β are 

the parameters related to strain rate sensitivity; R is gas 

constant; T is absolute temperature (K); Q is deformation 

activation energy (J/mol);

�

ε

is strain rate; σ is the flow stress. 

In this study, the hyperbolic sine equation is adopted to 

establish the relationship between deformation parameters and 

flow stress of AerMet100 steel. The values of the material 

constant in Eq.(1) can be obtained based on the stress-strain 
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date from hot compression tests. According to regression 

analysis, the material constants can be obtained by substituting 

the values of peak flow stress and corresponding strain rate 

into Eq.(1). As indicated in Fig.5, the values of β and n

1

 can be 

obtained from the slope of linear fitting of the plot of 

- ln

�

σ ε

 

and 

ln - ln

�

σ ε

, respectively. Then the value of α under the 

peak stress is calculated to be 0.005 18 MPa

-1

. 

The value of n can be calculated from the linear fitting of the 

plot of ln[sinh(ασ)]-ln ε

�

, as shown in Fig.6a, which is the 

reciprocals of the average slopes of the lines at all temperatures. 

The value of n in the present deformation conditions is 8.109. 

Deformation activation energy Q is used to measure the 

difficulty of rearrangement of atoms in the process of 

thermo-mechanical deformation, which is affected by material 

characteristics and deformation conditions. Assuming that the 

deformation activation energy Q does not change with 

deformation temperature, the equation of deformation 

activation energy Q can be calculated by: 

[ln(sinh( ))] [ln(sinh( ))]

(1/ ) (ln )

Q R

T

ασ ασ

ε

∂ ∂

=

∂ ∂

�

            (2) 

And the value of Q can be obtained from the plots shown in 

Fig.6, which is the quotient of the average slopes of two groups 

of lines above. The value of Q can be calculated to be 396.724 

kJ/mol based on the peak flow stress. This deformation 

activation energy value is in agreement with the results in 

previous researches on AerMet100 steel

[6]

. The temperature 

compensated strain rate parameter, also known as the Zener- 

Hollomon parameter

[18,19]

, is defined as: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Plot of σ -
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Fig.6  Plot of ln[sinh( )]ασ  vs

lnε

�

(a) and ln[sinh( )]ασ  

vs T

-1

 (b) 
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The parameter A can be obtained according to the 

relationship between lnZ and ln[sinh( )]ασ  at different tempe- 

ratures and strain rates. Based on the plot in Fig.7, the cal- 

culated value of lnA is 37.07. Therefore, the constitutive model 

of AerMet100 steel can be obtained, which is described as: 

37.07 3 8.109

e [sinh(5.18 10 )] exp( 396 724 )RT

−

= × −ε σ

�

    (4) 

In order to verify accuracy of proposed constitutive model, 

the correlation coefficient (R) and average absolute relative 

error (AARE) are characterized, which can be expressed as: 
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Fig.7  Plot of lnZ vs ln[sinh( )]ασ  
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1

1

AARE 100%

N

i i

i

i

E P

N E

=

−

= ×

∑

                    (6) 

where E

i

 denotes the experimental stress and P

i

 denotes the 

calculated flow stress. E  and P  are the mean values. N is 

the total number of the data points used for comparison. The 

coefficient (R) and average absolute relative error (AARE) 

between all the calculated and selected experimental data are 

0.9798 and 4.31%, respectively. The experimental and 

predicted values of peak stress are plotted as scatter plots and 

compared to the best fitting line, as shown in Fig.8. As shown 

in the figure, most of the data points stay fairly close to the best 

regression line and the predicted results of peak flow stresses 

are in good agreement with the experimental results. The 

results indicate that the established model is capable for 

predicting the flow stress of AerMet100 steel during hot 

deformation.  

2.3  Microstructure analysis 

The microstructures of AerMet100 steel compressed under 

different deformation conditions are shown in Fig.9~11. Fig.9 

illustrates the effect of temperature on the microstructure of 

the steel. At the low temperature of 880 °C, the original 

microstructure is transformed to dynamic recrystallized 

microstructure and the smaller DRX grains are predominantly 

distributed in original grain boundaries, as shown in Fig.9a. It 

is obvious that the fraction and grain size of DRX increase 

with increasing the temperature. This may be ascribed to the 

faster rate of thermally activated processes for DRX grain 

nucleation and growth at higher temperatures. And the grain 

boundary mobility (growth kinetics) or the sliding and 

rearrangement of dislocations become more remarkable at 

higher deformation temperatures

[20-22]

.  

The effects of strain rate on the microstructures of 

AerMet100 steel are listed in Fig.10. As shown in Fig.10, both 

the DRX volume fraction and DRX grain size decrease with the 

increase of strain rate. It can be seen that the fine and 

homogeneous DRX grains are distributed within the original 

grains and grain boundaries at a lower strain rate of 0.01 s

-1

. 

With increasing the strain rate to 10 s

-1

, a few small DRX grains 

are distributed in the original grain boundaries. The extent of 

DRX is insufficient and a small number of residual deformation 

microstructures can be observed. At relatively higher strain rate, 

the diffusion for nucleation is restrained and the deformation 

time is not enough for the growth of DRX grain

[23]

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Linear relationship of experimental and predicted peak stress 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Microstructures of AerMet100 steel at a strain rate of 0.01 s

-1

 and a height reduction of 60% at different temperatures: 

(a) 880 °C, (b) 920 °C, (c) 1000 °C, and (d) 1040 °C 
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Fig.10  Microstructures of AerMet100 steel at a temperature of 1040 °C and a height reduction of 60% with different strain rates: 

(a) 0.01 s

-1

, (b) 0.1 s

-1

, (c) 1 s
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, and (d) 10 s
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Fig.11  Microstructures of AerMet100 steel at a temperature of 1000 °C and a strain rate of 0.01 s

-1

 with different height reductions: 

(a) 15%, (b) 30%, (c) 45%, and (d) 60% 

 

Fig.11 illustrates the effects of strain on the microstructures 

of AerMet100 steel. When the height reduction increases from 

15% to 60%, the DRX fraction reaches over 90%, and the 

finer grain size and more uniform microstructure are obtained, 

as shown in Fig.11. This is because the deformation storage 

energy increases with the increase of deformation degree, 

which can promote the nucleation and growth of recrystallized 

grains. At the height reduction of 15%~30% shown in Fig.11b 

and 11d, the strain is not enough to produce complete DRX. 

According to above analysis, the complete DRX can be 

achieved under the conditions of high temperature, low strain 

rate and large deformation. 
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2.4  Model for DRX volume fraction 

The occurrence of DRX under different deformation 

conditions can be proved according to the microstructure 

observation. In order to accurately predict DRX behaviors 

during the hot forging process, it is significant to establish the 

DRX models. The Avrami relation

[24]

 is a general approach to 

describe the transformation of one phase to another under 

certain conditions, which can be applied to characterize the 

DRX behavior of AerMet100 steel. It can be expressed as: 

DRX

0.5

1 exp 0.693

p

t

X

t

 

 

 

= − −

 

 

 

 

                    (7) 

where X

DRX

 is the DRX volume fraction; t

0.5

 is the time when 

the volume fraction of DRX is 50%; t is deformation time, p is 

the Avrami constant. The following DRX volume fraction 

relationship can be deduced from Eq.(7): 

DRX

0.5

1 exp 0.693

p

X

 

 

 

= − −

 

 

 

 

ε

ε

                   (8) 

where ε

0.5

 is the strain for the 50% complete DRX. The DRX 

volume fraction is determined based on the microstructure 

measurements under different deformation conditions. The 

previous works

[25,26]

 proposed the relationship between ε

0.5

 and 

the parameter Z, which is expressed as 

0.5

=

q

BZε

. The values 

of Z under different deformation conditions have been obtained 

in Section 2.2. The parameter values of B and q can be obtained 

from the linear fitting of the plot of 

0.5

ln - lnZ ε , as shown in 

Fig.12. The calculated values of B and q are 0.359 and 0.0655, 

respectively.  

Using the same method, the value of parameter p can be 

deduced from the linear fitting of the plot of 

DRX 0.5

ln[ ln(1 )]-ln( )X− − ε ε , as shown in Fig.13. The value of 

p can be obtained as 2.532. Hence, the model of DRX volume 

fraction for the AerMet100 steel can be described as: 
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Fig.12  Plot of lnZ vs

0.5

lnε

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.13  Plot of 
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ln[ ln(1 )]X− −

vs
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ln ε ε

 

 

According to the established DRX models, the DRX volume 

fraction under different deformation conditions can be 

calculated. The comparison between the calculated (solid line) 

and experimental (symbol) DRX volume fraction in the 

temperature ranges of 800~1040 °C and strain rate ranges of 

0.01~10 s

-1

 is shown in Fig.14. For a constant strain, the DRX 

volume fraction increases with the decrease of strain rate and 

the increase of temperature. When the steel was deformed at 

higher temperature and lower strain rate, the grain boundary 

migration rate is accelerated and the occurrence of DRX is 

promoted. The calculated values correspond well with the 

experimental results, and the results indicate the accuracy of 

DRX volume fraction model. 

2.5  Model for DRX grain size 

According to the microstructure analysis in Section 2.3, it is 

found that the complete DRX grain size is mainly dependent on 

the strain rate and deformation temperature. The relationship 

between DRX grain size and deformation parameters can be 

described in terms of the power law function of 

Zener-Hollomon parameter Z and it is expressed as follows

[27]

: 

D=CZ

-m

                                      (10) 

where C and m are experimental constants, D is complete DRX 

grain size. The values of C and m can be determined by the 

linear fitting of the plot of lnD-lnZ, as shown in Fig.15.  

Based on the present experimental results, the constants C 

and m are calculated as 2.637×10

4

 and 0.22, respectively. In 

summary, the model of DRX grain size of AerMet100 steel 

can be expressed as: 
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4 0.22
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exp 396 724

D Z
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= ×
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                          (11) 

Fig.16 shows the comparison between the predicted and 

experimental results of the DRX grain size. It can be seen that 

the growth of DRX grains is properly sensitive to the 

deformation temperature and strain rate. The DRX grain size 

increases with the increase of temperature and the decrease of 

the strain rate, which is in agreement with microstructure 

analysis previously. And the results discussed above indicate 
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Fig.14  Comparison of the calculated and experimental DRX volume fraction: (a) 800 °C, (b) 880 °C, (c) 960 °C, and (d) 1040 °C 
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Fig.15  Plot of lnD vs lnZ  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.16  Comparison of the calculated and experimental DRX grain size 

the high accuracy of the DRX grain size model for predicting 

the DRX behavior of AerMet100 steel. 

3  Conclusions 

1) The flow stresses of AerMet100 steel during 

thermo-mechanical processing can be greatly affected by the 

deformation parameters. The flow stress decreases with the 

increase of temperature and the decrease of strain rate. 

2) The deformation activation energy of AerMet100 steel at 

the peak strain is calculated to be 396.724 kJ/mol. The 

relationship between flow stress and deformation parameters 

for Aermet100 steel can be determined by the Arrhenius 

constitutive equation: 

37.07 3 8.109

e [sinh(5.18 10 )] exp( 396 724/ )RT

−

= × −ε σ

�

 

3) The kinetic models of DRX volume fraction (X

DRX

) and 

grain size (D) are established by the analysis of flow curves 

and microstructures under different deformation conditions, 

and the correctness of this model is verified by microstructure. 
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