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Abstract: To investigate the hot deformation behavior of 17-7 PH stainless steel, hot compression 

tests were carried out at the temperatures of 950, 1050 and 1150 
o
C and strain rates of 0.001 s

-1
 to 

0.1 s
-1

. Accordingly, the hot working behavior was studied by the analyses of flow stress curves, 

work hardening rate versus stress curves, exponent- type constitutive equations and deformed 

microstructures. Meanwhile, the average normalized critical stress for initiation of dynamic 

recrystallization (DRX) was determined using a 3
rd

 order polynomial curve fitting. The results 

show that the flow stress depends strongly on the deformation temperature and the strain rate, and 

it increases with decreasing the deformation temperature and increasing the strain rate. 

Furthermore, it was found out that the co- existence of δ- ferrite lowers the softening rate at high Z 

(Zener- Holloman parameter) conditions. The experimental results were then used to determine the 

constants of constitutive equations. There is a good agreement between the measured and 

predicted results indicating a high accuracy of exponent- type constitutive equations.            
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1. Introduction 

Hot deformation processing of steels, which is usually conducted in the stability range corresponding to 

the austenite phase, plays an important role in industry for the production of steels with a number of 

desirable mechanical properties while keeping production costs as low as possible. In order to achieve this 

goal, the parameters of the forming process must be carefully controlled. An understanding of the 

microstructural behavior of the steel under consideration is therefore required, together with the 

constitutive analysis describing material flow [1,2]. 

Moreover, several interconnected metallurgical phenomena such as work hardening, dynamic 

recovery (DRV), dynamic recrystallization (DRX), etc., occur during high temperature deformation of 

materials. In high stacking fault energy (SFE) materials such as aluminum alloys, DRV can balance work 

hardening, and a plateau is achieved in stress [3]. However, in austenitic steels with lower SFE, the 

kinetics of DRV is lower, and DRX can be initiated at a critical condition of stress accumulation [4]. The 

occurrence of DRX leads to grain refinement and reduction in deformation resistance [5]. The general 

descriptive model for DRX is that the nucleation of DRX grains can start at a critical strain which is a 

function of initial microstructure and deformation conditions. Then, the evolution of DRX microstructure 

can proceed further by increasing deformation and through the formation of a necklace structure [6]. 

Considerable research on DRX kinetics have focused on measuring by metallographic images or EBSD 

maps of the frozen microstructures at different deformation conditions such as temperature, strain rate, and 

amount of plastic deformation [7-10]. Meanwhile, the relationships between microstructure variations and 

deformation parameters are analyzed at different levels. For austenitic steels such as 17-7 PH, a 

                                                           
Received by the editors April 16, 2016; Revised October 17, 2016 and Accepted October 19, 2016. 
Corresponding author (shafiei.ehsan.mse@gmail.com) 

 



M. Zeinali et al. 

 

April 2017                                                                               IJMF, Iranian Journal of Materials Forming, Volume 4, Number 1                                                                                

2 

pronounced interaction between DRX evolution and mechanical property is implicit in flow behavior. 

Thus, it is realizable to model DRX evolution by analyzing the true stress- strain curves. 

The objective of this study is to establish the relationship between the flow stress, strain, strain rate, 

and temperature to predict the high temperature flow behavior of 17-7 PH. Toward this end, hot 

compression tests were conducted in a wide range of strain rates and temperatures. The experimental 

stress- strain data were then employed to derive a constitutive equation relating flow stress, strain rate, and 

temperature. The critical stress for initiation of dynamic recrystallization was determined using 

Najafizadeh and Jonas [8,9] method, as well. 

2. Experimental Procedures 

A 17-7 PH stainless steel with chemical composition of 0.04 wt% C- 17.49 wt% Cr- 7.15 wt% Ni- 0.3 

wt% Cu- 0.74 wt% Mn was used in this work. The base material was homogenized at temperature of 1050 
o
C for 1 hr and, then the specimens with height of 18mm and diameter of 12mm were prepared using 

electron discharge machine (EDM). The hot compression tests were conducted on Z250 Zwick/Roell 

thermo-mechanical simulator at temperatures of 950, 1050 and 1150 
o
C and strain rates of 0.001, 0.01 and 

0.1 s
-1

. All the specimens were then frozen to study the microstructure. Electrolyte etching with 60% 

aqueous nitric acid at 1.5 V DC for 60- 120 seconds revealed the grain boundaries. 

3. Results and Discussion 

3.1. Effect of deformation conditions on flow stress curves 

Flow stress curves obtained at different temperatures and strain rates are shown in Fig. 1. Most of the 

curves exhibit typical DRX behavior with a single peak stress followed by a gradual fall towards a steady- 

state stress. However, the peak becomes less obvious when the strain rate increases or the deformation 

temperature decreases. The drop in flow stress with deformation temperature may be attributed to the 

increase in the rate of restoration mechanisms and decrease in the work hardening rate. Since the 

formation of DRX nuclei becomes easier at higher deformation temperatures, the critical strain for 

initiation of DRX decreases. Moreover, the mobility of grain boundaries increases with increasing 

deformation temperature and hence the rate of DRX increases. Therefore, both the peak and steady state 

strains decrease with increasing the deformation temperature [4]. The increase in the flow stress with 

strain rate can be ascribed to the decrease in the rate of restoration mechanisms and increase in work 

hardening rate. The rate of DRV also decreases with increasing strain rates. Since the formation of DRX 

nuclei depends on the recovery substructures, the increase in the critical strain for initiation of DRX with 

increasing strain rate is reasonable. Moreover, the mobility of grain boundaries decreases with increasing 

strain rate, which in turn increases the peak and steady state strains [4, 9]. 

It should be noted that the flow stress drops slowly with increasing the strain after the peak stress, 

indicating that the process of DRX for the studied alloy is rather sluggish. This can be ascribed to the high 

alloying elements in austenite which can change the stacking fault energy and grain boundary mobility, 

leading to accelerate the recovery process [10]. Furthermore, the co-existence of δ- ferrite may cause 

strain in- homogeneity due to different restoration processes and this can lower ductility [11]. 

Accordingly, at high Z (Zener- Hollomon parameter) conditions the stress decreases continuously to the 

rupture of the sample before achieving the steady state stress. 

3.2. Effect of deformation conditions on DRX microstructures 

Microstructures obtained at different deformation conditions are shown in Figs. 2 and 3. These figures 

show that the average dynamically recrystallized grain size increases with increasing the deformation 

temperature. This increase could be attributed to the decrease in work hardening rate and also to the 

increase in the mobility of grain boundaries and hence the growth rate. By the way, As shown in Figs. 2 

and 3, the average dynamically recrystallized grain size decreases with increasing strain rate. This 
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decrease could be ascribed to the decrease in grain boundary mobility and grain growth rate at high strain 

rates. Meanwhile, the percentage of δ- ferrite seems to be approximately constant at different deformation 

conditions which causes lower rate of softening at high Z conditions. 

 
Fig. 1. Flow stress curves obtained at different deformation conditions (a) 0.001 S

-1
  (b) 0.01 S

-1
  (c) 0.1 S

-1
. 

 

 
Fig. 2. Optical micrograph of hot compressed 17-7 PH alloy at different deformation conditions (a) annealed (b) 

0.001 S
-1

 – 1050 °C  (c) 0.01 S
-1

 – 1050 °C (d) 0.1 S
-1

 – 1050 °C. 
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Fig. 3. Optical micrograph of hot compressed 17-7 PH alloy at different deformation conditions (a) annealed   (b) 

0.001 S
-1

 – 1150 °C   (c) 0.01 S
-1

 – 1150 °C   (d) 0.1 S
-1

 – 1150 °C. 

3.3. Work hardening rate versus stress 

The change in the slope (Ѳ=dζ⁄dε) of the stress-strain curve with stress can be a good indication of the 

microstructural changes taking place in material [12,13]. All of the Ѳ-ζ curves for a particular alloy 

originate from a common intercept Ѳ0 at ζ=0. The Ѳ-ζ curves have three segments, two of them are 

linear. The first linear segment decreases with stress for initial strain to the point where sub grains begin 

to form with a lower rate of increase in DRV. The curve gradually changes to the lower slope of the second 

linear segment up to the point where the critical stress ζc is attained for initiating the dynamic 

recrystallization. The curve then drops off rather sharply to Ѳ=0 at peak stress. Fig. 4 shows θ-ζ curves 

of 17-7 PH alloy at different deformation conditions and its corresponding minimum in –dθ/dζ curve for a 

typical deformation condition which approves the occurrence of DRX. The values of critical stress were then 

determined using the θ-ζ curves. 

 
Fig. 4. θ-ζ curves of 17-7 PH steel at different deformation conditions. 
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3.3.1. Determination of critical stress for initiation of DRX 

Several attempts have been made to predict the initiation of DRX. For example, Ryan and McQueen 

observed that the presence of a stress peak at a constant strain rate flow curve leads to an inflection in 

plots of strain hardening rate, θ, versus stress,ζ [12,14]. Moreover, the points of inflection in θ-ζ plots 

where the experimental curves separate from the extrapolated lower linear segments give critical 

conditions for initiation of DRX (as shown in Fig. 4). Later, Poliak and Jonas [15] have shown that this 

inflection point corresponds to the appearance of an additional thermodynamic degree of freedom in the 

system due to the initiation of DRX.  

The simple method of Najafizadeh and Jonas [8,9] was used for determination of the critical stress for 

initiation of DRX. The inflection point is detected by fitting a third order polynomial to the θ-ζ curves up 

to the peak point as follows: 

DCBA   23
                                                                                                                         (1)          

where A, B, C, and D are constants for a given set of deformation conditions. The second derivative of this 

equation with respect to ζ can be expressed as: 

BA
d

d
26

2

2

 



                                                                                                                                        (2)                                                                                                                                               

At critical stress for initiation of DRX represented as the inflection point, the second derivative becomes 

zero. Therefore, 

A

B
BA c

6

2
026                                                                                                                       (3)  

Table 1 shows the third order polynomial equations of θ-ζ curves at different deformation conditions. 

As can be seen, the third order curves have a good fit as previously demonstrated by Najafizadeh and 

Jonas [8.9]. Therefore, this method was used to determine the value of critical stress at different 

deformation conditions. According to Fig. 5, the normalized critical stress could be expressed as: 

747.0/ pc                                                                                                                                             (4) 

Table 1. 3
rd

 order polynomial equation of θ-ζ curves at different deformation conditions 

Temperature 

(
o
C) 

Strain 

rate (S
-1

) 

3
rd

 Polynomial curve fitting R
2
 

Critical 

stress 

(MPa) 

Peak 

stress 

(MPa) 

950 0.1 θ=0.0199 ζ
3
 - 7.9053 ζ

2
 + 1010.3 ζ -40901 0.99 129.16 157 

1050 0.001 θ = 0.0609 ζ
3
 - 7.2158 ζ

2 
+ 247.38 ζ - 1882 0.99 39.5 55.5 

1050 0.01 θ = 0.0071 ζ
3
 - 0.9287 ζ

2
 + 10.832 ζ + 1486.9 0.98 43.5 82.2 

1050 0.1 θ = 0.0219 ζ
3
 - 5.5176 ζ

2
 + 435.58 ζ - 10217 0.99 83.9 107.1 

1150 0.001 θ = -0.0291 ζ
3
 + 1.1171 ζ

2
 - 28.21 ζ + 758.85 0.99 12.8 33.2 

1150 0.01 θ = 0.1099 ζ
3
 - 12.765 ζ

2
 + 445.65 ζ - 4093 0.96 38.7 54.1 

1150 0.1 θ = 0.0219 ζ
3
 - 3.5894 ζ

2
 + 168.26 ζ - 1669.7 0.99 54.6 76 
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Fig. 5.  Peak stress versus critical stress curve. 

As stated before, the critical stress decreases with decreasing Z values due to better condition for 

initiation of DRX. Nearly similar value for normalized critical stress has been reported for austenitic 

stainless steels [16]. 

3.4. Constitutive equations approach 

The correlation between the flow stress (ζ), temperature (T), and strain rate (ε
o
), particularly at high 

temperatures, could be expressed by an Arrhenius-type constitutive equation. Further, the effects of 

temperature and strain rate on hot deformation behavior could be represented by the Zener-Holloman 

parameter (Z) in an exponent-type equation [17,18]. These are mathematically expressed as: 

  n
A

RT

Q
Z  sinhexp

.









                                                                                                                (5) 

  









RT

Q
AF exp

.

                                                                                                                               (6) 

where 

                                                                F(ζ)= ζ
n 
                  for αζ<0.8   

       =exp(βζ)               for αζ>1.2 

  =[sinh(αζ)]
n
           for all ζ 

Here, R is the universal gas constant (8.31 J mol
-1

 K
-1

); T is the absolute temperature in K; Q is the 

activation energy (kJ mol
-1

); and A, α, β, and n are the materials constants, α = β/n. 

True stress- strain curves were obtained at three strain rates of 0.1, 0.01, and 0.001 s
-1

 and at 

temperatures of 950, 1050 and 1150 
o
C. Flow stress data from the compression tests (Fig. 1) at various 

deformation conditions were used to evaluate the material constants of the constitutive equations. The 

procedure for determination of material constants at a true strain of 0.5 is as follows. For low and high 

stress levels, substituting the value of F(ζ) in Eq. (6), at constant temperature, gives the following 

corresponding expressions: 

nB 
.

                                                                                                                                                       (7) 
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  exp
.

C                                                                                                                                             (8) 

where B and C are the material constants, depending on temperature. 

The  logarithm form of both sides of Eq. 7 and 8 yields, respectively, 

 B
nn

ln
1

ln
1

ln
.









                                                                                                                              (9) 

 Cln
1

ln
1 .





 








                                                                                                                             (10) 

The values of n and β can be obtained from the slope of the lines in the lnζ versus ln (strain rate) plot (Fig. 

6) and ζ versus ln (strain rate) plot (Fig. 7), respectively.  

 
Fig. 6.   Plot of ln (stress) versus ln (strain rate) to evaluate the value of n. 

 

Fig. 7. Plot of stress versus ln (strain rate) to evaluate the value of β. 

It is apparent that the lines are almost parallel, leading us to observe that the slope of the lines 

consequently varies in a very small range. The slight variation in the slope of the lines could be attributed 

to scattering in the experimental data points. The inverse of mean value of the slopes was taken as the 

value of n and β, which was found to be 5.62 and 0.086 MPa
-1

, respectively. This gives the value of α = 

β/n = 0.0153. 

For low as well as high stress levels, Eq. (6) can be written as: 
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Q
A

n
expsinh

.

                                                                                                                  (11) 

Taking the logarithm of both sides of  Eq. (11) gives 

  
n

A

nRT

Q

n

lnln
sinhln

.




                                                                                                           (12) 

For a particular strain rate, differentiating Eq. (12) gives 

   











T
d

d
nRQ

1

sinhln 
                                                                                                                           (13) 

The value of Q can be derived from the slopes in a plot of ln[sinh(αζ)] versus 1/T (Fig. 8). The value 

of Q was determined by averaging the values of Q under different strain rates. At true strain of 0.5, the 

value of Q was found to be 334 kJ/mol. The value of A at a particular strain could be obtained by plotting 

the relationship between ln Z versus ln [sinh(αζ)]. As shown in Fig. 9, the value of A at 0.5 strain was 

found to be 4.7×10
13

. 

 
Fig. 8. Plot of ln [sinh(αζ)] vs. (1/T) to estimate the value of Q. 

Once the material constants are evaluated, the flow stress at a particular strain can be predicted. 

Considering Eqs. (5) and (11), the constitutive equation relating the flow stress and Zener- Holloman 

parameter can be written as; 

n

A

Z
1

1sinh
1









 


                                                                                                                                    (14) 

Figure 10 indicates the plot of the predicted stress versus experimentally measured stress at the strain of 

0.5. It can be seen that the predicted values for stress are in a good agreement with experimentally 

measured ones. In addition, the correlation between steady state DRX grain sizes with Zener- Holloman 

parameter was depicted in Fig. 11. According to the aforementioned discussions, it is expected that the 

DRX grain size decreases with increasing Zener- Holloman parameter. 
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Fig. 9. Plot of ln(Z) vs. ln[sinh (αζ)] to estimate the value of A. 

 
Fig. 10. Correlation between the experimental and predicted flow stress from sine hyperbolic  

constitutive equation at a strain of 0.5. 

 

Fig. 11. Variations of DRX grain size with Zener- Holloman parameter. 
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4. Conclusion 

The following principal conclusions can be drawn from the present study: 

- The stress- strain curves exhibited a typical DRX behavior with a single peak stress followed by a 

gradual fall towards a steady state stress. 

- At high Z conditions, the DRX process of 17-7 PH stainless steel is very sluggish with the 

increase of strain due to co-existence of δ- ferrite and high alloying elements. 

- The normalized critical stress for initiation of DRX in 17-7 PH steel was found to be 0.74. 

- Flow stress for 17-7 PH steel during hot working can be predicted well based on the sine 

hyperbolic type of constitutive equation relating stress and strain rate. 
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 PH7-77رفتار تغییر فرم گرم فولاد زنگ نسن 

 

 

 1، اسواعیل هقصَدی1، عبذالرضا سلطاًی پَر1، خسرٍ فرهٌش3رضا حسیٌی، 2، احساى شفیعی1هحوذ زیٌلی

 

 داًشکذُ علن ٍ هٌْذسی هَاد، داًشگاُ صٌعتی هالک اشتر، شاّیي شْر، اصفْاى. 1
 داًشکذُ هعذى ٍ هتالَرشی،  داًشگاُ صٌعتی اهیرکبیر، تْراى، ایراى. 2

 گرٍُ علن ٍ هٌْذسی هَاد، داًشکذُ فٌی ٍ هٌْذسی، داًشگاُ شیراز، شیراز، ایراى. 3
 

 

  C  ˚059، C  ˚1959 ٍ Cشات فشار گرم در دهاّای، آزهایPH7-17جْت بررسی رفتار تغییر فرم گرم فَلاد زًگ ًسى  چکیده:

بر ثاًیِ اًجام شذ. بر ایي اساس رفتار تغییر فرم گرم با بْرُ گیری از ًوَدارّای تٌش  1/9تا  991/9ٍ ًرخ کرًش ّای  1159˚

ار گرفت. ّوچٌیي سیلاى، ًوَدارّای ًرخ کار سختی بر حسب تٌش سیلاى، هعادلات ساختاری تَاًی ٍ ریسساختار هَرد هطالعِ قر

تٌش بحراًی برای شرٍع تبلَر هجذد دیٌاهیکی با استفادُ از تَابع ًوایی درجِ سَم هحاسبِ گردیذ. ًتایج ًشاى هی دّذ کِ تٌش 

سیلاى ٍابستگی زیادی بِ دهای تغییر فرم ٍ ًرخ کرًش دارد. بطَری کِ تٌش سیلاى با افسایش ًرخ کرًش ٍ کاّش دهای تغییر 

ا هی کٌذ. بعلاٍُ اثبات شذ کِ حضَر فاز فریت دلتا هٌجر بِ کاّش ًرخ ًرم شذگی در ًرخ کرًش ّای بالا ٍ فرم افسایش پیذ

دهاّای پاییي هی شَد. ًتایج بذست آهذُ تطابق بسیار خَبی را بیي پیش بیٌی ّای هعادلات ساختاری ٍ ًتایج تجربی ًشاى هی 

 دّذ.
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