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Abstract: The hot deformation behavior of a typical martensitic stainless steel containing 2.1% Ni
was investigated by means of the compression test in the strain rate range of 0.001-1 s* and
temperature range of 950-1150 °C. The flow behavior of the steel was evaluated using the flow
stress curves and flow-softening map as well as microstructural investigation. The Z and Q maps
were plotted as a function of the strain rate and the strain taking into account the strain effect on
the hot deformation behavior. In order to obtain the optimum hot deformation regime, the m-map
was constructed. It was found out that all restoration mechanisms i.e. dynamic recovery and
dynamic recrystallization phenomena take place at different hot working conditions. It was also
found out that the dominant softening mechanism at different hot deformation domain depends
upon Z parameter. According to the flow curves and also Z, Q, and m maps, the optimum hot
deformation conditions have been obtained as: strain range of 0.25-0.5, temperature range of 1000-
1100 °C, and strain rate of 0.01-0.1 s,
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1. Introduction
Martensitic stainless steel has been commonly used for a component with high strength and medium
corrosion properties [1]. For many of these applications, the improvement of corrosion resistance can be
made by adding several alloying elements like Ni which can be beneficial to improve the service life.

Generally, the hot deformation process is one of the most important industrialized methods to
manufacture stainless steel components. It is possible to achieve various microstructures by changing hot
deformation conditions i.e. temperature and strain rate [1, 2]. Hence the wide range of mechanical
properties can be achievable but it is necessary to determine the optimum deformation conditions at an
elevated temperature. Many researchers studied the hot deformation behavior of materials using the
processing maps for a wide range of alloys such as Al [3], Zr [4], Fe [5], Ti [6], Ni [7] and Mg [8] in order
to model the flow behavior of materials, while various studies were focused on the development of the
constitutive equations [9-12]. However, the effect of strain was not taken into account in the processing
maps and constitutive equation for materials[13].

In this study, the effect of strain on the Zener-Hollomon and the activation energy over wide and
practicable temperatures and strain rates are studied using the experimental data obtained from hot
compression test on 414 Martensitic steel samples. In the following, the strain rate sensitivity (m) map as
one of the most important parameters is extracted in order to determine the hot workability of the
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materials [14]. Finally, according to the microstructure of the studied stainless steel and other state
variable maps, the optimum hot deformation conditions of studied materials are determined.

2. Experimental procedure

The chemical composition of the alloy used in this study is given in Table 1. The samples for the
compression test were prepared in the diameter and height of 10 and 15 mm, respectively via electro-
discharge machine from the ingot (wrought) with the dimension of 250*100*%20 mm. The compression
tests were performed by a Zwick/Roell 250 universal testing machine at a strain rate range of 0.001-1 s*
and at a temperature ranging from 950 to 1150 °C. For the purpose of reserving the as-deformed
microstructure, the specimens were quenched immediately after the compression test. All the specimens
were ground and polished to prepare the proper surfaces for the etching. The polished samples were then
electroetched using the solution of 65 ml nitric acid and 35 ml H,O to reveal the microstructure. The
microstructure of the steel samples was analyzed before and after the hot deformation by optical
microscope of HUVITZ HR3-TRF-P.

Table 1. Chemical composition of the studied steel.

Elements Fe C Cr Si Mn Ni

Composition Bal. 0.1 12,5 0.54 0.83 2.1

3. Results and discussion

3.1. Flow stress analysis

The true stress-strain curves can be basically divided into three types, as shown in Fig.1 where the type of
curves is in a meaningful relation with the involved restoration mechanism. The first type shows the sharp
rise at low strains and by increasing the strain, the rate of stress rising reduces since work hardening
overcomes softening mechanism. The second type depicts the trending like the first type, but at high strain
levels it shows the steady stress region. This trend indicates that at the final stage of deformation, the rate
of work hardening is becoming equivalent to the rate of softening which is the typical feature of dynamic
recovery. In the third kind of curves, the flow stress incessantly reaches to the peak stress and follows with
the reduction of stress to the steady state stress which resulted into dynamic recrystallization. The kinetics
and relative amount of decline in this type are associated with the amount of softening [15].
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Fig. 1. Schematic illustration of various types of flow curves.

The corrected flow stress curves of the studied steel at different deformation circumstances are shown in
Fig. 2. As it can be seen, at temperature ranges of 950-1150 °C (Fig. 2a), the flow curve shows the multi
peak at a strain rate of 0.001 s. This phenomenon is representative of the cyclic nature of dynamic
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recrystallization, due to a longer time of deformation as the dominant mechanism of restoration. At the
higher strain rate, i.e. 0.01 and 0.1 st at a given temperature, the amount of DRX grain increases. At the
strain rate of 1 s?, the flow stress shows the steady state condition at the end of the deformation.
Consequently, at this condition, the DRV is the dominant softening mechanism. According to Fig. 2a and
b, increasing the temperature at a constant strain rate leads to a reduction in the flow stress level. In
addition, at higher temperatures, i.e. 1050-1150 °C at a given strain rate, the flow curves consist of the
multi peaks at the same time, while at lower temperatures only one peak can be observed. This is because
of the enhanced mobility of the dislocation as the temperature rises and the cycles of DRX occur
simultaneously. On the other hand, at lower temperatures, subsequent cycles of DRX overlap with each
other and just one peak can be observed.
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Fig. 2. True stress-strain curves of 414 martensitic stainless steel at various temperatures
and constant strain rates of (a) 0.001 s* and (b) 1 s

3.2. Microstructure evolution

In order to determine the optimum hot deformation regime, the microstructure of the studied steel is
characterized by the optical microscopy. Fig. 3 demonstrates the microstructure at base state and different
deformation conditions. Increasing the temperature leads to the formation of an equiaxed grain structure.
At the lower temperature (Fig. 3b), the DRX occurs but the microstructure is non-uniform as a result of
inadequate temperature to make a uniform distribution of the DRX grains. As it can be seen, at higher
temperatures, DRX occurs over the whole microstructure while the grain growth phenomenon leads to the
increase of the grain size (Fig. 3c). The effect of the strain rate on the microstructure of the steel sample
can be observed by comparing Figures. 3c and d. According to these micrographs, at the strain rate of
0.001 s and the temperature of 1050 °C, the stored energy does not satisfy the critical energy to initiate
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incipient DRX grains, and the percent of DRX is insignificant rather than higher strain rate of 0.01 s at
the same temperature of 1050 °C. At this regime of hot deformation as observed in Fig. 2a, the cyclic
DRX is the dominant mechanism of the softening. By increasing the strain rate, the dislocation density
increases and results in an increase in the percent of the DRX grains which can enhance the mechanical
properties.
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Fig. 3. Optical microstructure of base and directly quenched specimens of 414 martensitic stainless steel right
after the hot compression tests at various deformation conditions: (a) wrought base
(b) 950 °C, 0.01 s (c) 1050 °C, 0.01 s and (d) 1050 °C, 0.001 s,

3.3. Correction of the friction and deformation heating effects

During the compression test, in order to minimize the friction between the surfaces of the samples and the
tools, various kinds of lubricants can be used. However, it is not quite a practical process to eliminate the
friction effectively and completely and so the flow stress curves shift to the higher level of stress. On the
other hand, the increase in the strain rate leads to a decrease in the time of the deformation which reduces
the heat loss to the surroundings. Therefore, the heat of deformation results in a considerable increase in
the steel sample temperature and causes the shifting of the true stress-strain curves to lower stress levels.
Therefore, in order to implement accurate values in mathematical formulas, the flow stress curves
obtained from hot compression test are corrected considering the frictional and deformation heating
effects [17, 18]. The computed temperature rise of the sample is shown in Fig. 4 in which the effects of the
strain rate and hot deformation temperature on the average 5.56 °C temperature rise of the sample is
illustrated. It is obviously understood from the figure that, increasing the strain rate and decreasing the
temperature lead to increases in the rise of the temperature. By increasing the strain rate, the thermal state
changes from isothermal to adiabatic and the temperature decreases by bolding the temperature rise. The
change of the thermal state is related to the strain rate. At lower strain rates the sufficient time exists to
eliminate the temperature rise, and therefore, by increasing the strain rate the time for the elimination of
the temperature rise reduces.
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Fig.4. the 3D contour map of temperature rise (AT) as a function of strain rate and temperature.
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3.4. Flow softening map

In order to investigate the variation of true stress-strain curves during the hot compression test, the
restriction of the decline ratio of flow stress (DRFS), Ry, is used. Rq refers to the percent of the decline in
flow stress from the peak stress to the stress at the end of the deformation and it can be calculated from
Eq. (1) [16].

Op — Og

Ra(%) = % 100 (1)

P
where op is the peak stress and ce is the flow stress associated with the highest value of strain. Figure 5

indicates the flow softening map of 414 steel obtained from flow curves obtained at different deformation
conditions. According to this map, two distinct regions can be recognized:

Region I: at a higher strain rate of 0.0025 s and all over the temperature range (according to Fig. 2), the
DRX is the dominant mechanism of restoration. In this region, at the intermediate strain rate, i.e. 0.135-
0.018 s and higher temperature of 1025 °C, the decline ratio is significant which shows that the DRX
has occurred all over the materials. Therefore, the hot deformation behavior of the studied material in this
region leads to the achievement of uniform grain size, and as a consequence, good mechanical properties.

Region Il: at a lower strain rate of 0.0025 s and the temperature range of 950-1150 °C the amount of flow
softening is lower than 3%. According to Fig. 2, at this region, the DRV is the dominant mechanism of
softening.
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Fig. 5. Contour map of flow softening parameter as a function of strain rate and temperature at a strain of 0.6.

3.5. Zener-Hollomon parameter map

During the hot deformation of materials, the microstructure of the deformed sample is determined by the
combination of the strain rate and the temperature. The Zener-Holloman parameter is often used to
describe the relationship between strain rate, temperature, and flow stress [19] which is commonly
described via Arrhenius type constitutive equation [20]:

Z= z£exp(Q/RT) = Asinh({aop)® 2)

where £ is the strain rate, Q is the activation energy for deformation (kJ/mol), R is the gas constant (8.314
J.molt.K?), T is the absolute temperature (K), &g is the peak stress, A, o and n are material constants.
However, the effect of strain on Z parameter is not considered in Eq. (2). It has been proved that the strain
has a great effect on Z parameter [21] though the effect of strain on Z parameter has attracted less
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attention in the related researches. In order to investigate the effect of strain on Z parameter, the map of Z
parameter as a function of strain rate and strain at a constant temperature of 1050 °C is plotted and shown
in Fig. 6. As it can be seen, at the middle of strain levels, 0.2-0.5, and lower strain rate of 0.1 s, the Z
parameter has lower values. It has been found that the DRX occurs at the lower Z. This means that the
lower strain rate and higher temperature is the best hot deformation condition for the occurrence of the
DRX. Following the variation trend of the Z at constant strain rate, it can be found that at the lower values
of strain, the Z keeps the higher values and subsequently the increment of the strain leads to the decrease
of the Z parameter. In other words, while performing hot deformation at a constant temperature and strain
rate, the Z value is just a function of deformation activation energy (Q) regarding Eq. (2). In this case, it
can be deduced from this variation trend that, strain dependency of Z parameter is a clear consequence of
direct strain effect on activation energy.

48

In(Strain rate) 1/s

Fig. 6. Z-value map as a function of strain rate and strain at a constant temperature of 1050 °C.

3.6. The Q-map
Generally, The Q factor is conventionally used to estimate the flow behavior. By using Eq. (2), the Q can
be calculated by the following equation [22-24]:
8 In(sinh{nop))
a1/T) (3)

Q=Rn

The Q map as a function of strain and strain rate is shown in Fig. 7. Increasing the strain rate leads to the
generation of the dislocations and an increase of dislocation tangles, which leads to the increase of the
work hardening. Therefore, the required energy for further deformation increases. Hence as the strain rate
increases, the deformation activation energy rises. The cause of reduction in activation energy at lower
strain rate may be attributed to the solid solution strengthening of the studied alloy with the elements like
Cr, Ni, and C. These solute atoms can lock the dislocations and increase the activation energy for further
deformation. This effect is more pronounced at lower strain rates [25]. It is clearly understood that there is
a critical strain for the onset of DRX. At strain lower than 0.23, the value of activation energy is higher
than that of the strain range of 0.23-0.6, which is due to intensive rate of work hardening stemmed from
the dislocation interaction and entanglement at the lower strain. Further restoration mechanisms such as
DRV and DRX lead to a decrease in strain hardening by dislocation rearrangement and annihilation and
movement of strained bulged grains, respectively. These phenomena make the Q values drop.
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Fig. 7. Q-value map as a function of strain rate and strain.
3.7. The m parameter map
One of the most important factors representing the hot workability of the materials is strain rate sensitivity
(m) which is a function of strain rate and temperature. Generally, the relationship between the flow stress
and strain rate is defined by the following equation [26, 27]:

olz,T) = k™ (4)

where the o is the flow stress, £ is the strain rate, m is the strain rate sensitivity, and k is the material
constant. Taking the natural logarithm on sides of Eq. (5) yields [28]:

In{g) = In(k) + mlIn(&) (5)

Then by using the curve slope of In(c)-In(£) [29, 30], m can be calculated. Figure 8 shows the contour map
of m with strain rate and temperature. As can be recognized from Eqg. (4), the higher m value leads to an
increase in the required flow stress for deformation with strain rate. Therefore, according to Fig. 8 which
presents the m-value map as a function of strain rate and temperature at strain of 0.4, in the regions with
higher m value, the work hardening rate is higher than that of other regions which leads to the rise of the
flow stress required to resume deformation, thereby the local deformation is prevented [31]. Hence with
the aim of attaining the suitable microstructure and higher uniform deformation, the hot deformation
regime should be in the higher m value.
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Fig. 8. Contour map of m-value as a function of strain rate and temperature at the strain of 0.4.
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4. Conclusion

The hot deformation behavior of the 414 (Fe-0.1 C-2.1 Ni-12.5 Cr) martensitic stainless steel is

investigated over the wide range of the temperature and strain rate. Based on the obtained results, the

following conclusions can be made:

1. The true stress-true strain curves have shown that the flow stress level of the studied steel has a direct
relationship with the strain rate and an inverse relationship with the temperature and these two
influential parameters activate the restoration mechanisms during hot working.

2. The flow softening mechanism is intensively related to the deformation condition. The occurrence of
the DRX is more significant at the lower strain rates i.e. 0.001 and 0.01 s, while the DRV is the
dominant softening mechanism at higher strain rate i.e. 1 s™.

3. The Z-map showed that in the deformation within the range of 0.2-0.5 strain and lower strain rate of
0.1 s, the Z value is lower than other deformation regimes so the suitable microstructure is
achievable.

4. The activation energy for the strain range of 0.25-0.6 and lower strain rate of 0.1 s? is lower than 450
kJ.mol. This result confirms the lower value of the Z at this region.

5. The optimized deformation conditions for the studied alloy according to the obtained m-map can be
proposed as the temperature range of 1000-1100 °C and the strain rate range of 0.01-0.1 s%.
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