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The new class of wrought γ-γ/ Co-base superalloys, which are based on Co-Al-W system,  was 
developed by conventional hot working routes with a high volume fraction of γ/ precipitates 
and good mechanical properties. The aim of the present study was to predict the flow stress 
and hot deformation modeling of a novel γ-γ/ Co-base superalloy. The hot compression tests 
were carried out over a wide range of temperatures (950°C-1200°C) and strain rates (0.001s-1-1s-1). 
The flow stress analysis, constitutive approach and microstructure characterization revealed 
that dynamic recrystallization (DRX) occurred at a high temperature regime (1100°C-1200°C) 
but not at a low one (950°C-1050°C) due to the presence of γ/ precipitates. The hot deformation 
characteristic was studied using the hyperbolic sine equation on each of the above-mentioned 
regimes and the ANN approach on the overall conditions. The constitutive method indicated 
good potential for the prediction of the flow stress at each separated regime, but the ANN 
model represented a much more appropriate performance. The outstanding predictability of 
the ANN model regardless of the γ/ phase participation during the thermomechanical 
processing under the overall deformation conditions can be considered as another achievement 
of the proposed approach. 
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1. Introduction 

 

New Co-base superalloys, based on Co-Al-W system 

and strengthened by the ordered γ/ phase, L12 structure 

and Co3 (Al, W) composition, were first introduced in 

2006 [1] and then studied by many researchers [2-5]. It 

is reported [4-7] that in cast alloy of this type, high 

temperature mechanical properties are comparable to 

those of the well-known Ni-base superalloys such as 

IN713, MarM247, and CMSX-3. The high temperature 

stability, high volume fraction (up to 90%), and proper 

anti-phase boundary (APB) energy of γ/ precipitates 

were assumed to be the superior properties [4, 5, 8-10]. 

The wrought Ni-base superalloys containing the γ/ 

phase were usually used in gas turbines as disc, blade, 

hub and shaft parts. The wrought superalloys have been 
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conventionally fabricated by ingot metallurgy, which 

involves several thermomechanical processes on cast 

material known as the cogging treatment. Waspaloy, 

Udimet720 and IN718 are generally prepared by this 

approach [11, 12]. However, in modern alloys such as 

RR1000 and Rene 95, which contain a high volume 

fraction of γ/ precipitates and superior mechanical 

properties, the cogging treatment cannot be applied due 

to the high γ/ solvus temperature. In other words, their 

hot working temperature range is interposed on the 

stability domain of γ/, and then on the hot deformation 

process along with crack and failure [11, 13]. 

Fortunately, it was shown [4, 5, 14, 15] that the 

temperature range between the γ/ solvus and solidus 

temperatures, as hot working window, of Co-Al-W 

alloys is larger than that of many wrought Ni-base 
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superalloys. Besides, in the Co-Al-W superalloys, 

especially those alloyed with Ta, Ti and Ni elements, the 

volume fraction of the γ/ phase of more than 70% can be 

obtained. Therefore, it can be considered as a high 

strength superalloy with appropriate workability as well 

as excellent high temperature properties [16, 17]. It 

reveals that the wrought specimens can be fabricated by 

the conventional thermomechanical treatments such as 

hot rolling [17-19] and hot pressing [20]. To the best 

knowledge of the author, no systematic research has 

been so far conducted to investigate hot deformation 

mechanisms, variables and parameters. 

The hot deformation processes of alloys are usually 

accompanied with complex conditions and multifaceted 

variables such as initial microstructure, present phases 

and processing parameters (temperature, strain, strain 

rate, inter-pass time). Therefore, predicting the flow 

stress and hot deformation modelling has been of great 

importance in different industrial units. In the field of 

metal working, finite element method (FEM) is used as 

a useful tool to simulate the thermomechanical process 

and find out the optimum parameters. The constitutive 

equation which presents the material’s flow behavior is 

used as input to the FEM code for simulating the 

material’s response under specified loading conditions. 

Therefore, the reliability of these simulations’ outputs 

depends essentially on the modeling of the constitutive 

equation [21]. The hot deformation models are divided 

into three main categories: 1- phenomenology models, 

2- physical models and 3- Artificial Neural Network 

(ANN) approach [22, 23]. The phenomenology models 

are based on macro parameters, not taking micro 

mechanisms into account. The main phenomenology 

models are Johnson–Cook (JC) [24, 25], Khan-Huang-

Liang (KHL) [26, 27], Molinari–Ravichandran (MR) 

[22] and various Arrhenius equations [28-30]. The 

physical models are based on the material’s 

thermodynamic path, dislocation movement, activation 

energy and slip dynamics such as Zerilli–Armstrong 

[31], MTS [32], Preston–, and Voyiadjis–Almasri [33]. 

Modeling by using physical types has higher levels of 

accuracy compared to phenomenology ones; however, 

their equation forms are quite complex and the  

parameters obtained in these models are difficult. This is 

despite the fact that the parameters and constants of both 

models are based on data regression analysis through hot 

deformation parameters which often have a nonlinear 

relationship with the flow stress [22]. 

Artificial neural networks (ANN) are a category of 

parallel processing architectures, which can mimic 

complex relationships at various phenomena and 

subjects. The attraction of the ANN methods is that they 

are best suited to solve the problems that are the most 

difficult to solve by the statistical, numerical or 

traditional computational methods. In this approach, the 

relationship between the parameters can be learned by a 

network through adequate training based on initial 

and/or experimental data. Not only can it make decisions 

using incomplete and disorderly information, but it also 

can generalize rules through training and apply these 

rules to new cases. Usually the structure design of an 

ANN is divided into 3 layers: input, hidden and output. 

The ANN is a useful approach to solve complex 

problems in various materials science fields [34-38], 

especially in hot working [39-41]. 

The modeling and simulation approaches using hot 

compression tests are a common way of assessing the 

high temperature behavior of a material at various 

conditions. Therefore, due to the production of Co-Al-W 

superalloy as a wrought form by thermomechanical 

treatment, it is necessary to predict the flow stress and its 

relationship with hot working parameters. In addition, to 

describe the hot deformation behavior during the 

thermomechanical processing, it can be studied and 

predicted by establishing a model. The aim of the present 

research is the hot deformation modeling of a cast Co-

Al-W superalloy by using the hyperbolic sine constative 

equation and ANN approach based on the hot 

compression tests. 

 

 

2. Material and Methods 

 

The designed superalloy was prepared by a vacuum 

induction melting (VIM) furnace, and then poured into a 

ceramic mold. The chemical composition of the as-cast 

alloy was obtained as 9.8Al-7.4W-2.7Ti-20.4Ni-0.4C-

0.1B (at %) by an inductively coupled plasma atomic 

emission spectroscopy (ICP-OES), thermo iCAP 6000, 
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and LECO TS 230 carbon analyzer instruments. The 

differential scanning calorimetry (DSC) thermal analysis 

was used to measure the γ/ solution/precipitation 

temperatures considering 10C.min-1 in heating/cooling 

rate under nitrogen protective gas, as shown in Fig. 1. 

The critical solvus and precipitate temperatures were 

calculated at about 1079ºC and 1071ºC, respectively. 

The as-cast sample was homogenized at 1300C 

temperature through 16 hours, according to our previous 

work [42]. The cylindrical samples with a diameter of 

8mm and height of 12mm, according to ASTM-E209, 

were machined out from the homogenized alloy using 

the wire-cut electro-discharge machine. A Zwick/Roell 

Z250 testing machine equipped with a computerized 

control furnace was used to perform the hot compression 

tests in a temperature range of 950C-1200C and strain 

rates of 0.001-1s-1, up to true strain of 0.4. The samples 

were then held at the test temperature for 5 min., prior to 

hot compression, and quenched immediately after the 

test to maintain the hot worked microstructure. Optical 

microscopy and field emission gun scanning electron 

microscopy (FEGSEM) were employed to examine the 

deformation-induced microstructures. Having been 

ground and polished, the samples were etched in 

waterless Kalling and Glyceregia [43] solutions for 

deformed and sub-micron structures that were obtained 

by OM and FEGSEM equipment, respectively. In 

addition, a FE-SEM (Philips XL30S-FEG), equipped 

with electron back scatter diffraction (EBSD) detector, 

was utilized and the data obtained from EBSD were 

analyzed using TSL-OIM. 
 

 
Fig. 1. The DSC result of the as-cast alloy during heating and 

cooling routs 

3. Results and Discussion 

 

3.1. Flow curves and microstructure 

Different levels of the alloy’s flow stress at various 

strain rates (0.001s-1-1s-1) are presented in Fig. 2 It can 

be seen that the true levels of the stress decline by 

increasing the temperature and decreasing the strain rate. 

Fig. 2 clearly indicates that the stress level at a low 

temperature regime (950°C, 1000°C, 1050°C) is higher 

than that of a high temperature regime (1100°C, 1150°C, 

1200°C). By paying careful attention to the resultant γ/ 

precipitation temperature (1071°C), the hot compression 

tests can be divided into two regimes, i.e. low and high 

ones. 
The hyperbolic sine constitutive equation is an 

accepted methodology to describe the hot working 

behavior of many alloys at various temperatures and 

strain rates,  which can be expressed as follows [29, 44, 

45]: 

exp( ) [sinh( )]
Q

Z A
RT

 


                                    (1)  

Here, Z is the Zener-Hollomon parameter; 


 and T 

are the strain rate and temperature of the deformation 

test, respectively. Q denotes the activation energy and n 

is the stress power; besides, R, A and ߙ are the constants. 

The value for the constants of the above equation at both 

regimes is calculated at the strain of 0.2, according to the 

approach which was explained briefly in the literature 

[46]. 

 
Table 1. The hot working parameters based on the hyperbolic 

sine equation with a strain rate of 0.2 at low and high 
temperature regimes 

 

 α n Q lnA 

Low temperature 
regime 

0.0026 9.15 1196 107.40 

High temperature 
regime 

0.0103 4.16 511.74 55.78 
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Fig. 2. The experimental flow curves of the studied alloy at 

different temperatures and strain rates of: a) 0.001s-1, b) 
0.01s-1, c) 0.01s-1 and d) 1s-1 

The resultant data are presented in Table 1. 

According to this table, there is an obvious difference 

between these parameters at both regimes, which is 

related to the distinct mechanism(s) during the hot 

deformation of each regime. The Q and n values at the 

high temperature regime are 1196.52kj.mol-1 and 4. 

16, respectively; however, at the low temperature 

regime, these parameters are 511.74kj.mol-1 and 4.16, 

respectively. It is noteworthy that both resultant Qs are 

more than one for the self-diffusion of the Co element 

(286 kj.mol-1 [47]), especially in the low temperature 

regime. The Q value for the high temperature regime 

(511.74 kj.mol-1) is similar to the Q values for some 

nickel-base superalloys [48-52], having no gamma 

prime phase during the  hot working, i.e. within a 

range  400 to  491 kj.mol-1, due to the happening of the 

dynamic recrystallization phenomena [49-51]. 

However, the high Q value at the low temperature 

regime (1182.48 kj.mol-1) can be compared with that 

of Udimet 720 (1552 kj.mol-1 [53]) and Waspaloy 

(1400 kj.mol-1 [49]) which are deformed below the 

gamma prime phase precipitation temperature. 

The deformed microstructures of the alloy at a 

strain rate of 0.01 s-1 and temperatures of 1000C and 

1150C are shown in Fig. 3. In the micrograph taken 

at the low temperature regime (Fig. 3-a, b), it can be 

seen that the large initial as-cast grains impose some 

strain but this deformation causes flow instability. The 

FE-SEM micrographs (Fig. 3-c) show some slip bands 

which contain many sheared dislocation-pairs [10, 54, 

55], assistion the cracks to occur along these bands, 

which finally lead to fracture, as can be seen in Fig. 3-a.  

In contrast, some new grains were found at the high 

temperature regime (Fig. 3-d, e, f), which appeared by 

the Dynamic recrystallization (DRX) phenomenon. 

Both the flow curves and deformed microstructure can 

be related to the initial microstructure before 

performing the hot compression tests in every 

designed regime. More details about the mechanisms 

and activated phenomena were investigated by the 

authors elsewhere [56]. 
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Fig. 3. The hot deformed microstructure at the strain rate of 
0.01s-1 and temperatures of 1000°C (a, b, c) 

and 1150°C (d, e, f) 
 

The starting microstructures of the studied alloy, 

exactly just before the deformation, at 950°C, 1000°C, 

1050°C and 1150°C are shown in Fig. 4 The high 

volume fraction and small size of the γ/ particles at the 

low temperature regime are shown in Fig a, b, c. 

however, the evidence of the gamma prime phase was 

not detected at any other conditions Fig. 4 (d). In other 

words, the studied alloy with a specified composition 

was partitioned into two distinct microstructures with 

different hot deformation behaviors. 

 

 
 

 
 

Fig. 4. The starting microstructures just before the 
deformation at temperatures of a (950°C, b) 1000°C, 

(c) 1050°C and (d) 1150°C 
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3.2. Hyperbolic sine modeling 

Considering Eq. (1), the hyperbolic sine equation 

that relates the stress of the hot deformation to the Zener-

Hollomon parameter can be expressed as: 
 

1
( )11

( )[sinh ( )] nZ

A



                                         (2) 

 

To predict the variation of the flow stress of the hot 

deformation with strain, the material constants (i.e. α, n, 

Q and A) must be calculated at every specific strain. 

These values at various strains (0.1-0.4) are obtained 

with similar procedure described above and presented in 

Fig. 5. 

 

 
 

 
 

 
Fig. 5. The variation of the hot deformation constants  

(α, ln A, n, Q) of the hyperbolic sine equation as a function of 
true strain at low and high temperature regimes 

 

It is accepted that the material constants’ variation 

with the strain is using the polynomial function [51, 57]. 

In this regard, the 5th order polynomial function is used 

according to the typical form (3), as well as every 

function calculated and presented in Fig. 5. 
  

݂ሺߝሻ ൌ ܽହߝହ ൅ ܽସߝସ ൅ ܽଷߝଷ ൅ ܽଶߝଶ ൅ ܽଵߝ ൅ ܽ଴   (3) 
  

Finally, the predicted flow stress was calculated by 

Eq. (2). The predicted stress and the experimental data 

at the strain rates are shown in Fig. 6 It can be seen that 

the predicted stress level in the high temperature regime 

is not that different from the experimental data. 

However, at the low temperature regime, there is a gap 

in the predicted results. This may be related to the 

variation of the volume fractions and size of the gamma 

prime precipitates which are formed before the 

compression test and affect the hot deformation 

behavior. 
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Fig. 6.  The prediction of the stress from the hyperbolic sine 

equation modeling and experimental data at different 
temperatures and strain rates of: a) 0.001s-1, b) 0.01s-1, c) 

0.01s-1 and d) 1s-1 (the solid line and pointed-line curves show 
the experimental data and prediction, respectively) 

3.3. ANN modeling 

In the current study, the back propagation artificial 

neural network (BP-ANN) was used for the flow stress 

prediction of the studied alloy at the overall conditions 

without any predefined temperature regimes. The 

temperature, the strain rate and the strain were 

introduced to the network as the input data and the stress 

was assumed to be the output data. The set of the input 

data, obtained from the hot compression tests, was 

validated by using the temperature (950°C to 1200°C), 

logarithm of the strain rate (-3 to 0) and strain (0.1 to 

0.4). The set of the input, read by the network, was 

normalized by the following equation within the range 

of 0.1-0.9 [58]: 
 

/ 0.1 0.8( )M in

M ax M in

X X
X

X X


 


                       (4) 

 

Where X is the original data, Xmax and Xmin values 

are the maximum and minimum data for X respectively, 

and ܺᇱ is the normalized data. The number of the 

neurons in the hidden layer is determined by several 

trail-error methods, and the statistical adequacy model 

was evaluated with mean square error (MSE). The MSE 

of the network reached its minimum value when the 

number of the hidden layer neurons was 12. The 

schematic diagram of the network architect is presented 

in Fig. 7 In this approach, 132 data were randomly 

selected from 176 points (75% of the data) as the inputs 

for the training phase of the BP-ANN network. 

 
Fig. 7. The schematic diagram of the network used in this 

study. 
 

The ANN predicted stress obtained after the 

training of the network as well as the experimental 

data are presented in Fig. 8 As seen clearly, the ANN 

predicted values can correctly and properly at 

various conditions. 
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Fig. 8. The prediction stress from the ANN modeling and 

experimental data at different temperatures and strain rates of: 
a) 0.001s-1, b) 0.01s-1, c) 0.01s-1 and d) 1s-1 (solid line and 

pointed line curves show experimental and prediction, 
respectively) 

Table 2. The correlation coefficient (R) and average  absolute 
relative error (AARE) at the two used models 

Method R AARE 

Hyperboilic sine, Low  
temperature regime 

0.954 4.493 

Hyperboilic sine, High  
temperature regime 

0.995 1.829 

ANN, over all data 0.999 0.897 

 

3.4. Verification and comparison of the models 

The plot of the experimental flow stress data and 

predicted values by the hyperbolic sine equation at both 

regimes and the ANN approach at the overall data are 

shown in Fig. 9 The predictability of the  two models is 

further quantified by employing the standard statistical 

parameters such as correlation coefficient (R) and 

average absolute relative error (AARE), which are 

expressed bellow, where ߪ௘௫௣.௜  is the experimental flow 

stress, ߪ௣௜  is the predicted flow stress, and ߪ௘௫௣.௠  and ߪ௘௫௣.௠  

are the mean values of ߪ௘௫௣.௜  and ߪ௣௜ , respectively and N 

is the total number of data. 
  

ܴ ൌ
∑ ሺఙ೐ೣ೛.

೔ ିఙ೐ೣ೛.
೘ ሻሺఙ೛

೔ ିఙ೛
೘ሻಿ

೔సభ

ට∑ ሺఙ೐ೣ೛.
೔ ିఙ೐ೣ೛.

೘ ሻమሺఙ೛
೔ ିఙ೛

೘ሻమಿ
೔సభ

                      (5) 

 

ܧܴܣܣ ൌ ଵ

ே
∑ ฬ

ఙ೐ೣ೛.
೔ ିఙ೛

೔

ఙ೐ೣ೛.
೔ ฬே

௜ୀଵ                                    (6)  

 
Fig. 9.  Correlation between the experimental and predicted 

flow stress by using a) hyperbolic sine equation and  
b) ANN approach 
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These parameters were calculated for both models 

and are presented in Table 2. According to the prediction 

results Fig. 9 as well as the statistical parameters      

(Table 2), it can be said that a good correlation is 

obtained by the constative equation model, especially at 

the high temperature regimes. However, the ANN model 

presented relatively much more accurate results at the 

extended hot deformation domain. The neural network 

with the mentioned optimum architecture was 

successfully incorporated to numerically model the hot 

deformation characteristics of the investigated alloy. 

Moreover, as indicated in the results, the well-trained 

ANN has better prediction capability over the strain 

compensated constitutive model, regardless of the 

presence or absence of the γ/ phase throughout the hot 

working. The suggested methodology proposed in the 

current work confirms the excellent capability of the 

ANN model in simulating complex multi-factors during 

the hot deformation of this cobalt based superalloy. 

 

 

4. Conclusions 

 

In this research, the high temperature flow behavior of 

a new cobalt based superalloy containing the γ/ phase, with 

precipitation temperature of 1071ºC, was studied over the 

temperature domain of (950ºC-1200ºC) and strain rate 

range of (0.001s-1-1s-1). The results show that at the low 

temperature regime (950ºC-1050ºC) which contain the γ/ 

phase, the hot deformation was accompanied with sole 

work hardening without DRX. Furthermore, at the high 

temperature regime (1100ºC-1200ºC), with a complete 

solution of the γ/ phase, DRX occurred and proved to be the 

dominant restoration mechanism during the hot working. 

According to the hyperbolic sine equation, two distinct 

behaviors were seen at both regimes as Q values at the low 

and high temperature regimes were calculated at 1196.52 

kj/mol.K and 511.74 kj/mol. K, respectively. The 

hyperbolic sine equation notwithstanding, the ANN 

approach was used to model the true stress-strain curves of 

the alloy at high temperatures not considering the presence 

or absence of the γ/ phase throughout the deformation. The 

results indicate that although the  constitutive equation 

could work well to predict the flow stress at every 

individual regime, the ANN yields more precise findings at 

the overall domain regardless of the partitioning of the 

working temperature range. 
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 و كيپربوليه ينوسيس معادله از استفاده با العادهفوق هيپا كبالت/  γ-γ كي در تنش سيلان يمدلساز
   ANN روش

    
  2و غلامرضا ابراهيمي 1شهرام خيرانديش، 1عربيحسين  ،1 اكبري ثانيساعد علي

    

  ، ايران.ژي، دانشگاه علم و صنعت ايران، تهرانرمواد و متالو دانشكده مهندسي -1
   .ايران، انشكده مهندسي مواد و پليمر، دانشگاه حكيم سبزواري، سبزوارد -2
      
 

 

 چكيــده  

اند، داراي كسر حجمي بالايي از رسوبات فاز توسعه يافته W-Al-Coكه بر مبناي سيستم  γ/سوپرآلياژهاي كارشده از نوع پايه كبالت حاوي فاز 

نش سيلان بيني تدهي گرم قابليت توليد دارند. هدف از تحقيق حاضر پيشهاي متداول شكلگاماپرايم با خواص مكانيكي مناسب هستند كه با روش

) و نرخ C1200-°C950°فشار گرم در يك بازه دما وسيع (هاي است. آزمايش γ-γ/سازي رفتار كارگرم يك سوپرآلياژ جديد پايه كبالت و مدل

هاي سيلان، مطالعه روابط ساختاري و بررسي ريزساختار نشان داد كه در رژيم دماي ) انجام شد. تحليل منحنيs1-1-s 001/0-1كرنش گسترده (

)، C1050-°C950°كه در رژيم دماي پايين (ورتي) رخ داده است، در صDRX) پديده تبلور مجدد ديناميكي (C1200-°C1100°( دهيبالاي شكل

رخ نداده است. بررسي رفتار كارگرم با استفاده از رابطه سينوس هايپربوليك در هر دو رژيم دمايي  DRXبه علت حضور رسوبات گاماپرايم، پديده 

بيني تنش سيلان روابط بنيادي نشان داد كه پيشسازي با روش ) در تمام دماها انجام شد. مدلANNو با استفاده از روش شبكه عصبي مصنوعي (

سازي رفتار توانايي مدل ANNدست آمد. همچنين روش هدقت بالاتري ب ANNكه با استفاده از روش در هر دما به خوبي انجام شد، در حالي

  پذيري از حضور يا عدم حضور رسوبات فاز گاماپرايم را نشان داد.كارگرم، بدون اثر

  

  ANNبيني تنش سيلان، رابطه سينوس هايپربوليك، روش سازي كارگرم، پيش، مدلγ-γ/سوپرآلياژهاي پايه كبالت يدي: هاي كلواژه
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