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HOT DEFORMATION ACTIVATION ENERGY OF METALLIC MATERIALS 
INFLUENCED BY STRAIN VALUE

Suitable and complete sets of stress-strain curves significantly affected by dynamic recrystallization were analyzed for 11 
different iron, copper, magnesium, titanium or nickel based alloys. Using the same methodology, apparent hot deformation activa-
tion energy Qp and Qss values were calculated for each alloy based on peak stress and steady-state stress values. Linear dependence 
between quantities Qp and Qss was found, while Qp values are on average only about 6% higher. This should not be essential in 
predicting true stress of a specific material depending on the temperature-compensated strain rate and strain.
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1. Introduction

The apparent activation energy value Q (J· mol–1) in hot 
forming is considered as an important material constant, used 
primarily for the calculation of the Zener-Hollomon parameter 
Z (s–1) representing the temperature-compensated strain rate [1]. 
Its knowledge for the given material enables, among others, to 
predict effectively the maximum flow stress value or the strain 
value corresponding to the start of the dynamic recrystallization 
at the given temperature T (K) and strain rate ė (s–1)   – see e.g. 
[2,3]. The Q-value is ideally the material constant depending 
only on the chemical composition and microstructure of the 
particular material. The hyperbolic law in Arrhenius type equa-
tion is conventionally used for its determination [4]:
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where C (s–1), n (-) and α (MPa–1) are other material constants, 
R = 8.314 J·mol–1·K–1 and σp (MPa) is flow stress correspond-
ing to the peak stress on the individual stress-strain curve. This 
relationship is often solved by a simple graphic method, based 
on the repeatedly used linear regression. A particularity of the 
hyperbolic function is used in this calculation that simplifies the 
Eq. (1) for low stress values (i.e. α ·σp < 0.8) into the form of the 
Arrhenius power law [5]:
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and, vice versa, fo   r high stress values (i.e. α ·σp > 1.2) into the 
form of the exponential law [5]:
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where C1, C2 and β are the material constants. The constant 
a in Eq. (1) is given by the relationship α = β/n. For a chosen 
high-temperature level (i.e. for low stress values) the constant n 
is determined by the linear regression of the experimentally 
found values in the coordinates ln ė ~ ln σp (see Eq. (2)), and for 
a chosen low-temperature level (i.e. for high stress values) the 
constant β is obtained by the linear regression in the coordinates 
ln ė ~ σp (see Eq. (3)). After the calculation of the quantity α, 
the constants Q and C in the Eq. (1) can be calculated by the 
final linear regression of all the data plotted in the coordinate 
system ln ė – n · ln(sinh(α ·σp)) ~ T –1. Only the universal Eq. (1) 
can describe the σp values for any value of the product (α ·σp).

At the beginning of the activation energy calculations, the 
alpha value is not known. Therefore, σp values measured at the 
highest and lowest testing temperature levels are commonly 
used for the calculations of the constants in Eqs. (2) and (3). 
Such an estimate of constants n and β is a weak point of the 
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described method, since it can be strongly influenced by the 
selection of the corresponding temperature levels. This was pre-
viously demonstrated, for example, by calculating the Q values 
of  456-570 kJ·mol–1 for the Fe-40Al + TiB2 alloy [6]. Values 
of n and β constants can vary considerably for a given material 
when calculated for different temperature levels – recently see 
e.g. [7-10]. This deficiency can be eliminated by the application 
of the specially developed software ENERGY 4.0 [6] which uses 
the aforementioned values of n and β only as the first estimate 
of parameters for the final refining nonlinear regression analysis 
of all the data corresponding to Eq. (1). 

Calculation of the hot deformation activation energy from 
experimental σp-values on the basis of the hyperbolic-sine Eq. (1) 
is an established method that was successfully applied for dif-
ferent types of materials, recently for example for various types 
of steel [11-13], intermetallic compounds [14], alloys based on 
copper [15,16], titanium [17,18] or magnesium [19,20], etc. The 
use of the peak stress σp seems to be physically justified in this 
case, because for different Z-parameter values it corresponds to 
qualitatively similar structural states given by the initiation of dy-
namic recrystallization; similarly, in the case of the stress σss (MPa) 
corresponding to steady state. A peak in the stress-strain curve 
means the dynamic balance between deformation strengthening 
and dynamic softening processes. The critical strain for the onset 
of dynamic recrystallization is closely related to the peak coordi-
nate. The steady state strain can be considered as deformation at 
which the dynamic recrystallization becomes complete [21-23]. 
It is questionable whether the Q-value is indeed constant over 
a continuous hot deformation when there are considerably different 
proportions of deformed and recrystallized grains at different strain 
values. By modifying Eq. (1), general dependence of the stress σ 
(MPa) on parameter Z = ė ·exp(Q/(R·T)) can be expressed [1,2]:
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Equation (4) represents the relationship which is often used 
to approximate hot flow curves in the wide range of thermome-
chanical conditions. In order to use Eq. 4 for the description of 
flow stress in the whole range of deformation, it is necessary 
to express the quantities A, n, Q and α as parameters depend-
ent on true strain e (-). These dependencies are considered by 
several authors to be polynomials (most often of the 4th or 5th 
order), thus having a phenomenological character – see e. g. 
[24-26]. This indicates a significant effect of the strain value 
on the Q parameter, which would generally not be considered 
a material constant. Liu et al. [27] even describe the dependence 
of activation energy on strain, strain rate and temperature, and 
moreover, the situation can be complicated by calculating the 
true activation energy value (defined differently from apparent 
hot activation energy) [28].

The aim of the work was to determine the effect of strain 
on apparent hot deformation activation energy and to confirm 
it or refute it on the basis of the mathematical analysis of the 

available experimental data sets. In doing so, the values of the 
activation energy calculated from the stress σp and σss were 
compared. The quantities further marked as Qp (J·mol−1) and 
Qss (J·mol−1) are corresponding to significantly different values 
of true strain. Furthermore, in the case of selected alloy, the Q 
values corresponding to different e-values regarding to the wide 
strain range of flow curves have also been studied. 

2. Processing of experimental data

In the database of own results (for a total of 6 alloys) and in 
literary sources (for the next 5 alloys), stress-strain curves were 
found, for specific materials suitable for reliable localization 
of the σp and σss values. This required working with materials 
exhibiting a sufficiently rapid onset of dynamic recrystallization 
under the experimental conditions and transitioning into a steady 
state with constant stress level. The data obtained by uniaxial 
compression tests for quite small strain rates and/or high tempera-
tures mostly suited it. The stress-strain curves obtained at higher 
values of the Zener-Hollomon parameter were often unusable 
for this purpose because they showed no distinct steady state 
stress. This, of course, is in some contradiction with operating 
conditions, where the hot forming is mostly realized at relatively 
high strain rates. The σp and σss values were obtained from other 
authors by digitizing the published stress-strain curves. Only 
sufficiently comprehensive sets of experimental data were used, 
corresponding to a larger temperature-compensated strain rate 
range. The Qp and Qss values were calculated for each material 
by methodology described above (using ENERGY 4.0 software) 
based on the same number of curves with evident σp and σss stress 
coordinates – to ensure comparability of results for individual 
alloys. Since there are some stress changes even in the steady 
state, the σss values were determined by linear regression of the 
relevant data (parallel to the horizontal axis). Data on curves 
not showing unambiguous steady-state data had to be excluded 
from data files. Therefore, the Qp values did not always follow 
the values previously obtained by mathematical processing of 
the complete set of curves. There are basic characteristics and 
chemical compositions on alloys in Table 1, for which Qp, Qss 
values and other constant in Eq. (4) have been calculated. The 
own results (marked as O) were obtained on the hot deformation 
simulator Gleeble 3800 in VSB-TU Ostrava.

Table 2 gives a precise description of the deformation 
conditions of the individual alloys and the respective stress-
strain curves (always defined by the temperature and strain rate 
values). Table 3 includes the activation energy values and all 
other constants in Eq. (4) calculated in two variants – for peak 
(p) and steady state (ss).

3. Discussion of results

The discrepancy between Qp and Qss values should be due 
to different dislocation density and grain character. Charts on 
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TABLE 1
Description of the processed alloys

Material Characterization Chemistry in wt.% Ref.
Alloy 1 low carbon steel Fe-0.036C-0.29Mn-0.04Si O
Alloy 2 medium carbon steel microalloyed with V and Ti Fe-0.34C-1.52Mn-0.72Si-0.083V-0.018Ti-0.0114N [29]
Alloy 3 medium carbon steel microalloyed with Ti and B Fe-0.30C-1.20 Mn-0.22Si-0.022Ti-0.0032B O [11]
Alloy 4 medium carbon steel C45 Fe-0.49C-0.76Mn-0.28Si O
Alloy 5 modifi ed H13 hot work tool steel Fe-0.49C-5.15Cr-1.26Mo-0.84V [30]
Alloy 6 low-density austenitic steel Fe-0.8C-17Mn-8Al [31]
Alloy 7 copper alloy CuCr0.6 Cu-0.6Cr-0.1P O
Alloy 8 magnesium alloy AZ31 Mg-2.82Al-0.80Zn-0.37Mn [19,32]
Alloy 9 duplex near alpha titanium alloy Ti6242 Ti-5.7Al-2.0Mo-4.1Zr-2.0Sn-0.08Si [33]
Alloy 10 nickel alloy Inconel 600 Ni-16.0Cr-9.2Fe-0.21Ti-0.073C O
Alloy 11 nickel alloy Incoloy 825 Ni-30.0Fe-22.5Cr-3.4Mo-1.7Cu-1.2Ti-0.2Al-0.013C O

TABLE 2
Deformation parameters of the analyzed flow stress curves

Material Deformation temperature and strain rate values

Alloy 1
1523 K (0.05 – 1 – 20 s–1), 1423 K (0.05 – 1 – 20 s–1), 

1323 K (0.05 – 1 s–1), 1323 K ( 0.05 – 1 s–1)

Alloy 2
1423 K (0.003 – 0.01 – 0.03 – 0.1 s–1), 1373 K (0.003 – 0.01 – 0.03 – 0.1 – 0.3 s–1), 
1323 K (0.003 – 0.01 – 0.05 – 0.1 – 0.3 s–1), 1273 K (0.005 – 0.01 – 0.05 – 0.3 s–1)

Alloy 3
1473 K (0.1 – 1 – 11 s–1), 1373 K (0.1 – 1 – 11 s–1), 
1273 K (0.1 – 1 – 10 s–1), 1173 K (0.1 – 1 – 10 s–1)

Alloy 4
1553 K (0.05 – 1 – 20 s–1), 1393 K (0.05 – 1 – 20 s–1), 
1273 K (0.05 – 1 – 20 s–1), 1173 K (0.05 – 1 – 20 s–1)

Alloy 5
1423 K (0.01 – 0.1 – 1 s–1), 1373 K (0.01 – 0.1 s–1), 1323 K ( 0.01 – 0.1 – 1 s–1), 

1273 K (0.01 s–1), 1223 K (0.1 – 1 s–1), 1173 K (1 s–1)

Alloy 6
1373 K (0.001 – 0.01 – 0.1 – 1 s–1), 1273 K (0.001 – 0.1 – 1 s–1), 

1173 K (0.001 – 0.1 s–1), 1073 K (0.01 s–1), 973 K (0.001 – 0.01 s–1)

Alloy 7
1223 K (0.1 – 1 – 10 s–1), 1123 K (0.1 – 1 – 10 s–1), 

1023 K (0.1 – 1 – 10 s–1), 923 K (0.1 – 1 s–1)

Alloy 8
723 K ( 0.01 – 0.1 – 1 s–1), 673 K (0.01 – 0.1 – 1 s–1), 

623 K (0.01 – 0.1 s–1), 573 K (0.01 – 0.1 s–1)

Alloy 9
1273 K (0.003 – 0.03 – 0.3 s–1), 1173 K (0.03 – 0.3 s–1), 

1073 K ( 0.03 – 0.3 s–1), 973 K (0.03 – 0.3 s–1)

Alloy 10
1513 K (0.1 – 2 – 30 s–1), 1373 K (0.1 – 2 – 30 s–1), 

1253 K (2 – 30 s–1), 1153 K (0.1 – 2 – 30 s–1)

Alloy 11
1513 K ( 0.1 – 2 – 30 s–1), 1373 K (0.1 – 2 – 30 s–1), 1253 K (0.1 – 2 – 30 s–1), 

1153 K (0.1 – 2 – 30 s–1), 1073 K (0.1 – 2 – 30 s–1)

TABLE 3
Material constants calculated for individual alloys

Material
Qp Qss np nss αp αss Cp Css

(kJ·mol–1) (kJ·mol–1) (-) (-) (MPa–1) (MPa–1) (s–1) (s–1)
Alloy 1 318 297 5.01 4.18 0.0104 0.0115 1.6E+12 3.1E+11
Alloy 2 369 384 6.13 5.67 0.0074 0.0107 6.2E+14 4.4E+14
Alloy 3 315 281 5.90 5.31 0.0054 0.0004 6.7E+13 6.8E+18
Alloy 4 296 279 4.71 4.40 0.0079 0.0083 9.7E+11 3.0E+11
Alloy 5 437 396 5.97 4.33 0.0060 0.0084 4.7E+16 2.5E+14
Alloy 6 434 404 5.05 5.08 0.0060 0.0062 1.6E+17 1.2E+16
Alloy 7 340 393 5.60 5.78 0.0218 0.0261 6.0E+14 6.4E+16
Alloy 8 163 141 7.20 4.61 0.0068 0.0302 1.6E+15 1.2E+09
Alloy 9 575 613 2.05 4.08 0.0142 0.0075 5.9E+22 7.6E+25
Alloy 10 494 474 4.62 3.77 0.0076 0.0097 6.1E+17 7.3E+16
Alloy 11 601 501 4.15 4.04 0.0095 0.0085 1.1E+21 1.1E+18
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Figs. 1 and 2 document that Qss values are on average about 6% 
lower than Qp values and that a linear dependence was found 
between them. On the basis of the partial correlation calculations, 
a still weak dependence between np a ns values was revealed 
(see Fig. 3), but no other dependencies of quantities in Table 3 
were reflected.

Fig. 1. Linear dependence of the Qss and Qp values

Fig. 2. Representation of the average deviation of Qss and Qp values

Fig. 3. Description of the relationship between np and ns values

Several authors have calculated apparent hot deformation 
activation energy for different materials for graded strains, not 
only on the basis of σp and σss quantities. Their digitized results 

are shown graphically in Fig. 4 for Ti-6Al-4V titanium alloy [2], 
T24 ferritic steel [26], 17-4 PH stainless steel [34], and Q420qE 
microalloyed steel [35].

Fig. 4. Effect of deformation on the Q value of selected steels and 
titanium alloy

In most cases, the activation energy decreases more or less 
with increasing plastic deformation, which is consistent with the 
data in Table 3. However, the relative differences of Q values 
within individual materials are higher – ranging from 24% to 
61%. Qualitatively similar results were achieved for 42CrMo 
steel [24] and for a Ti-modified austenitic stainless steel [25] 
as well. On the other hand, different dependence patterns were 
recorded for AZ81 magnesium alloy [36] and selected Al-based 
materials [10,27] – see Fig. 5. It is likely that this different 
deformation behavior is associated with other mechanisms and 
processes taking place in the formed material (twinning and dy-
namic recovery unlike recrystallization).

Fig. 5. Effect of deformation on the Q value of selected aluminium and 
magnesium based materials

In the Opěla’s PhD thesis [37], Q values and other pa-
rameters in Eq. (4) were calculated for C45 steel (i.e. Alloy 4 
in Table 1) by the methodology described above, but based on 
a different set of experimental data. Total of 20 flow curves were 
obtained for combination of temperature 1173 K – 1273 K – 1373 
K – 1473 K – 1553 K and nominal strain rate 0.1-1.0 – 10 – 
100 s–1 (see Fig. 6 for example).
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Fig. 6. Selected stress-strain curves of C45 steel (strain rate 0.1 s–1) – 
according to [38] 

Figure 7 clears that, with the exception of small strains, the 
Q and n values decrease with increasing deformation, but after 
exceeding true strain of e = 0.4, they are more or less stabilized. 
It is worth noting a much greater dispersion of the calculated 
values in the case of activation energy. Difference in Q values 
in Fig. 7 and in Table 3 for Alloy 4 is defined by the difference 
of the default data sets (with much lower strain rates in the case 
of Table 3). After smoothing the dependencies in Fig. 7, the dif-
ference between the highest and lowest Q is about 8%, which 
is in accordance with the average difference of 6% between Qp 
and Qss values in Table 3. 

Fig. 7. Influence of deformation on Q and n quantities for C45 steel 

Activation energy Qp values can be applied, for example, 
in physically based phenomenological models of the hot flow 
stress [11,38,39]. These are then used for more precise prediction 
of the forming forces in rolling mills and forges.

It should be noted that all of the activation energy calcula-
tions described herein were based on the apparent constitutive 
analysis. Mirzadeh, Saadatkia and other researchers [40-42] 
have described the possibilities and advantages of physically 
based constitutive analysis which accounts for the temperature 
dependence of the Young’s modulus and the self-diffusion co-
efficient of austenite. Such an approach directly deals with the 
atomic mechanisms. 

4. Conclusions

• Flow stress curves significantly affected by dynamic re-
crystallization were analyzed for 11 different iron, copper, 
magnesium, titanium or nickel based alloys. Based on stress 
values of clearly unequivocal peak stress or steady-state 
stress (i.e. σp and σss), apparent hot deformation activation 
energy Qp and Qss values were calculated.

• A linear dependence between Qp and Qss was found, where 
Qp values are on average only about 6% higher. This was 
also confirmed by calculating the dependence of activation 
energy on true strain (up to e = 1) in C45 medium carbon 
steel, where the largest difference in Q values was about 8%.

• Correlation analysis revealed no further significant depend-
encies between other parameters in the sinus-hyperbolic 
relationship, used mainly for prediction of peak stress 
depending on Zener-Hollomon parameter Z.

• The achieved results confirm that the hot deformation ac-
tivation energy is to some extent influenced by the strain 
value and strictly speaking it is not a material constant, but 
its minor changes may not play a key role in the prediction 
of flow stress σ = f(e,Z). 
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