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ABSTRACT 

The hot deformation behaviour of EN30B steel in the presence of inclusion has been studied 

using the Gleeble® simulator 3800. The Processing maps are developed to identify the range 

of parameters (temperature, strain, and strain rate) for a safe deformation zone. Safe 

deformation zones are identified at various strain levels. The safe zone is found to lie in the 

high temperatures (1110 to 1150°C) and high strain rates (6 to10 s-1) at lower deformation (true 

strain = 0.4),  which subsequently moves to low strain rates (0.1 to 0.8/s) and wide temperature 

regime (1000 to 1150oC) at higher strain labels (0.6 to 1.2).  With the shear band generation, 

there is a competition between favourable and unfavourable microstructural evolution, which 

shifts the safe zone at various strain levels. The evolution of inclusions and cracks at different 

strain rates and temperatures are examined using SEM and correlated with the processing maps. 

Cracks were initiated at compound inclusions and propagated in the lower temperatures and 

higher strain rate regimes, identified as the unstable plastic deformation zone in the processing 

map. An estimated higher volume fraction of the dynamically recrystallized grains in the safe 

deformation zone attributed to arresting the cracks.    

 

Keywords: - EN30B steel, Non-metallic inclusions, Gleeble® simulation, Cracks, Processing 

maps.  
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1. Introduction 

Medium carbon low alloy (MCLA) Ni–Cr–Mo steels have been a centre of attraction for 

many researchers in the last few decades. Several studies have been conducted on MCLA steels 

due to their excellent balance of strength, toughness, and wear resistance. British standards 

grades like EN30B, EN18, EN19 (AISI 4140), EN24 (AISI 4340), EN30B, 34CrMo4, 42CrMo 

belong to this category of steels. EN grade Ni–Cr–Mo steels find application in machine part 

members, gears, and shafts due to their high hardenability, good tensile strength, and 

toughness, which could be tailored by proper heat treatment (Ref 1). EN30B steel shows a 

tensile strength of more than 1000 MPa with 13% ductility. The evolution of stress and strain 

behaviour during hot deformation of EN30B steel in the presence of inclusion is an important 

study not reported so far.   

Several authors studied the hot deformation behaviour of 42CrMo MCLA steel. Based on FEM 

simulation, Lin et al. reported that the evolution of strain and DRX (dynamic recrystallized) 

grains were inhomogeneous in the deformed sample, the extent of which decreased with an 

increase in strain rate (Ref. 2, 3). Similarly, Chadha et al. (Ref. 4) calculated more uniform 

temperature distribution at a higher strain rate during hot deformation of as-cast 42CrMo steel. 

Subsequently, Lin et al. (Ref. 5) developed a processing map that identified a safe zone of hot 

deformation for 42CrMo steel in a temperature range of 1050-1150˚C and a wide strain rate 

range of 0.01 to 3/s. Chen et al. (Ref. 6) showed that refined austenite grains favoured DRX 

grain formation during the hot compression of 42CrMo steel. Quan et al. (Ref. 7) showed that 

the microstructure became more refined at higher strain rate and the DRX-refined average grain 

size increased rapidly beyond 1273K.  

 

Few hot deformation studies have also been concentrated on 34CrMo4 MCLA steel. S V 

Sajadifar et al. (Ref. 8) estimated hot deformation activation energy at 491 kJ /mol. Based on 

theoretical and experimental study, they also showed that the flow curves exhibited single or 

multiple peaks before reaching a steady state (Ref. 9). Xiao et al. (Ref. 10) identified the safe 

zone of hot deformation in the temperature range of 850 to 900 °C and strain rates in the range 

of 10 to 20 s-1 for 34CrMo4 steel.  

Several studies have been carried out on several other medium carbon alloy steel, which 

are grouped in this paragraph. M.I.Mehta et al. (Ref. 11) studied the flow behaviour of rotor 

grade steel 28CrMoNiV59 and showed that in an intermediate temperature range (~200 °C to 

350 °C), flow stress increased with temperature, attributed to the uniform precipitation of fine 
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carbide particles. A. Momeni et al. (Ref. 12) estimated hot deformation activation energy at 

435 kJ/mol for VCN200 medium carbon low alloy steel. M. Mirzaee et al. (Ref. 13) reported 

that for hot deformation of 26NiCrMoV steel, predicted flow stress produced a significant 

deviation from experimental data below 1000oC, attributed to dynamic precipitation. Ferdowsi 

et al. (Ref. 14) showed that for medium carbon micro-alloyed Si-Mn-V-Cr steel, the true strain 

required to get a certain volume fraction of DRX increased with a decrease in deformation 

temperature but decreased with an increase in strain rate. F. Zhang et al. (Ref. 15) showed that 

for medium carbon Si-Mn-Cr steel, grain size decreased, hardness passed through peak, and 

impact toughness monotonically increased with an increase in deformation.  G.L.Wu. et al. 

(Ref. 16) reported that an unstable region belonged to the temperature range of 1010-1100°C 

when strain rates exceeded 0.78 s-1 for Nb-Ti micro-alloyed steel.  M. Sadeghi et al. (Ref. 17) 

reported that for Mn-Ni-Cr alloy steel, a remarkable decrease in flow stress in the temperature 

range from 700 to 750oC was attributed to the dissolution of Mn3C and forming a single-phase 

solid solution.   

 S. V. Sajadifar et al. (Ref. 18) estimated the activation energy of hot deformation of 

automobile grade 4340 steel at 427 kJ/mol. They also reported that the strain rate sensitivity of 

the alloy increased from 0.106 at 900°C to 0.149 at 1200°C, improving workability at higher 

temperatures. Yang et al. (Ref. 19) reported a higher fraction of DRX grains at higher 

temperatures and lower strain rates for BT25y alloy. Sun et al. (Ref. 20) identified the safe 

zone of deformation for Fe-30Mn-10Al-1C low-density steel in the temperature range of 975-

1100oC and strain rate range of 0.01 to1s-1 with the efficiency of powder dissipation in the 

range 36 to 64%.  

Lin et al. (Ref. 21) studied the hot deformation behavior of Ni-based superalloys by EBSD 

analysis and demonstrated that low angle grain boundaries (LAGB) decreased with an increase 

in deformation temperature or decrease in strain rate, which was linked to an increase in DRX. 

The fraction of LAGB increased rapidly at a relatively small deformation degree and 

progressively decreased with an increase in DRX. M. S. Chen (Ref. 22) studied the effect of 

stepped strain rate on DRX of solution-treated and aged Ni-based superalloy. They showed that 

under stepped strain rate deformation, DRX decelerated for solution treated sample and 

accelerated for the aged sample. Z. Chen et al. (Ref. 23) developed a model to predict the flow 

behaviour of aged Ni-based superalloys. They demonstrated that an enhanced initial delta phase 

increased dynamic recrystallization and refined grains. 
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Several studies were also reported on the inclusion behaviour of steel during 

deformation. During hot forging of 30Cr4Ni2MoV ingot, Zhao et al. (Ref. 24) reported that 

when stress was applied parallel to plastic sulphide inclusions, more extensive fault formed in 

the overlapped region of strains around adjacent inclusions. They further reported that in brittle 

compound inclusion containing several fragmented particles, stress developed at both sides of 

the particles, and cracks initiated and propagated, connecting each other.  Z. Xiao et al. (Ref. 

25) showed that 35CrMo steel deformed at high temperatures or low strain rates failed due to 

the coalescence of numerous voids in the recrystallized grains. In contrast, the fracture was 

attributed to the crack initiation at inclusions at high strain rates or low temperatures.  Based 

on FEM simulation, N. K. Kanoje et al. (Ref. 26) studied the inclusion response during 

railway wheel failure and reported that the stress intensity factor at the alumina inclusion crack 

tip was higher when inclusion was laid parallel to the rolling direction, but for MnS inclusion, 

it was higher for all crack orientations, indicating that MnS inclusions were more likely to 

cause cracks.  Based on modelling and experimental studies, Qi et al. (Ref. 27) showed that 

the deformation of plastic inclusion was compatible with the matrix, while harder inclusion 

rarely deformed and initiated a conical crack in the matrix. Singh et al. (Ref. 28) reported that 

non-deformable and incoherent alumina inclusions acted as a crack initiator in the forged steels. 

From the above literature survey, it is evident that several studies reported on the deformation 

behaviour of various materials, including MCLA. They mainly reported on developing the 

constitutive equations for flow stress, the kinetic equation for DRX, the estimation of activation 

energy of deformation, and the processing map identifying the safe zone of deformation in the 

two-dimensional domain of temperature and strain rates. However, to our knowledge, no 

literature reported the hot deformation behaviour of EN30B steel (medium carbon Ni-Cr-Mo 

low alloy steel). Besides, the presence of inclusions also influences the dynamic response of 

the material under hot deformation and the evolution of the safe deformation zone. Although 

few studies reported the mechanism of fault formation in the presence of soft and hard 

inclusions, a study correlating the evolution of inclusion with processing map has rarely been 

reported for medium carbon low alloy steel (MCLA), especially for EN30B steel.  

In the present study, Gleeble® physical simulation is carried out on EN30B steel. Experimental 

flow stresses are analysed to develop processing maps by superimposing instability maps and 

power dissipation maps. The present study identifies the safe deformation zones during the hot 

compression of EN30B steel in the presence of inclusions. The evolution of inclusions and 
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microstructure are correlated with the processing map, and the generation of cracks is 

explained. 

 

2.  Experiments 

2.1. Materials 

The chemical composition of the as-cast ingot of EN30B steel, received from Heavy 

Engineering Corporation, India, as detected by optical emission spectroscopy, is shown in 

Table 1. The ingot was treated with calcium injection for inclusion modification during 

upstream processing. The ingot was verified free of any cracks in the ultra-sonic inspection.  

 

Table 1: Chemical composition of EN30B steel 

Elements C Mn Si S P  Cr Ni Mo Al Ca 

Wt. % 0.29 0.488 0.24 0.009 0.015 1.26 4.2 0.25 0.013 0.0015 

 

2.2. Experimental Procedure  

A specific volume of material (15 × 15 × 10 cm3) was cut from the center of a rectangular piece 

of cast ingot. Around 30 cylindrical samples, each of 8 mm diameter and 12 mm height, were 

prepared for thermo-mechanical simulation in Gleeble® 3800 (Ref 29).  A 0.2 mm thick 

tantalum foil was used between the specimen and the anvils to act as a spacer and lubricant, 

reducing the friction between the specimen and the die. Isothermal compression test was 

performed at three temperatures (950/1050/1150˚C), three strain rates (0.1, 1, 10/s), and up to 

70% deformation. Standard nickel paste was used to keep the foils in place. 

 

Considering the EN30B steel composition (Table 1), the austenite transformation start and end 

temperatures during heating (Ac1 = 670˚C and Ac3 = 755˚C, respectively) and ferrite 

transformation start and end temperatures during cooling (Ar1 = 621˚C and Ar3 = 743˚C, 

respectively) are predicted from the equations (Ref 30-31).  These temperatures are expected 

to vary to a certain extent depending on the heating and cooling rates. The deformation 

temperatures (≥ 950˚C) are much above the predicted transformation temperatures; hence, the 

deformation is expected to be performed in the single-phase austenite domain. The 

recrystallization stop temperature (TNR), as predicted from the equation (Ref 32), is 941˚C.  

Hence, recrystallization is also expected to happen at the deformation temperatures of interest. 

The BS and MS Temperatures, as predicted from Andrew’s equations (Ref 30), are 443˚C and 
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310˚C, respectively. Due to considerably high carbon, nickel, and chromium, the steel is 

expected to bear high hardenability compared to low-carbon, low-alloy steels. 

 

In Gleeble® simulation, the samples were heated at a rate of 20˚C/s (typical to industrial 

processing) up to three different temperatures (950 / 1050 / 1150˚C) and soaked for 2 minutes 

(Ref 33) and water-quenched. The photographs of the sample before and after deformation are 

shown in Figures 1(b), respectively. The deformed samples were cut on longitudinal sections 

(i.e., cut parallel to compression direction), as shown in Figure 1(b). Samples were prepared 

using standard polishing methods for microstructural examination, and images were captured 

in unetched conditions to study the inclusions and cracks. The size of inclusions was measured 

using ImageJ software. A significant material has been studied, covering at least 100 inclusions 

at each processing condition.  

Electron backscattered diffraction (EBSD) was carried out to understand microstructure 

evolution at various deformation temperatures and strain rates. Some optical micrographs 

etched with picric acid were developed. These micrographs revealed the prior austenite grains 

and their recrystallization behavior (Ref 34).  

 

Figure 1: (a) Thermal cycle used in the Gleeble® simulation, and (b) sampling  
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3. Results and Discussion 

 

3.1. Inclusion analysis of steel sample before the thermo-mechanical simulation 

Micrographs of the calcium-treated unetched samples were obtained by optical and electron 

microscope. The inclusions' size, shape, morphology, and composition were studied before the 

hot-deformation simulation. Figure 2(a) shows the optical micrograph that depicts numerous 

inclusions (some of them in clusters) on the sample's surface. Subsequently, the inclusions were 

observed at higher magnifications, as shown in Figure 2(b - f).  Figure 2(c) shows the clustering 

of inclusions. Inclusions were mainly, MnS and Al2O3. The size of Al2O3 inclusions was in the 

range of 10-20 μm. In contrast, the size of MnS inclusions was in the range of 20-40 μm.  

 

 

Figure 2: (a) shows the optical microscopy images of the EN30B steel, (b), (c), (d), (e) 

depict the SEM images at different magnifications, before thermo-mechanical simulation.  

Although it was a calcium-treated sample, no significant amount of calcium aluminate 

inclusions was recorded in the EDS result. However, small clusters appeared at some places, 

where complex inclusions with CaO. CaS appears as an outlier of Al2O3 inclusions (Fig. 

2(d),(e)). There were no visible cracks in the sample before the thermo-mechanical simulation.  

3.2.True stress strain curve from Thermo-mechanical simulation 

Figure 3 depicts the true stress-true strain curves of the hot compression test of EN30B steel at 

70 % deformation with varying temperature and strain rates. Figure 3(a), (b), and (c) represent 

the material flow behaviour at different temperatures for strain rates of 0.1, 1.0, and 10.0/s, 
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respectively. The figure depicts that peak stress increases with an increase in strain rate and 

decreases with increasing temperature.  

 

 

Figure 3: The Gleeble® generated true stress strain curves for 70 % deformation at 

different forging temperatures and at strain rates a) 0.1 /s, e) 1.0 /s and f) 10.0 /s   

It may be noted that at low strain values, flow stress increases steeply (due to work hardening). 

It follows a decrease in steepness due to softening by dynamic recrystallization (DRX) at a 

critical stress (𝜎𝑐) until it reaches the peak stress. It is illustrated schematically in figure 4. The 

solid line in Figure 4 (a) represents the curve that could be expected in the absence of DRX. 

The plateau of this solid curve represents the saturation stress (𝜎𝑠). As shown by a dotted curve, 

the deviation at critical stress represents the evolved flow behaviour in dynamic softening 
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during the material's hot compression. Following the dotted line beyond the critical stress, the 

work hardening rate dominates over DRX up to peak stress. After that, DRX dominates over 

the work hardening, and flow stress starts to fall and finally flattens off with steady-state stress 

(𝜎𝑠𝑠). From Fig. 3, it may be noted that in EN30B steel, after attaining the plateau, i.e., a steady-

state stress level (𝜎𝑠𝑠), the flow stress increased again with strain, at a high strain level (from 

0.8 to 1.2).  Such an increase in flow stress at large strain values can be attributed to friction at 

large deformation (Ref 20). The friction at the specimen-platen interface reduces the 

flowability of the material adjacent to the interface.  At high strain levels, as the specimen 

thickness reduces, the interface friction effect becomes significant (Ref 35). The friction at the 

metal/platen interface could not be avoided entirely, despite using lubricant.  

The variation in the work hardening parameter (θ), which defines the rate of change of stress 

with strain (slope of the stress-strain curve), when plotted against stress, is shown schematically 

in Figure 4 (b). The curve passes through three stages. In the 1st stage, θ is positive and 

decreases with an increase in stress, and the decrease in θ decelerates with an increase in stress 

until critical stress is reached where DRX starts (stage 2 starts). During the second stage, work-

hardening dominates over DRX, and θ falls sharply till the flow stress attains peak stress (𝜎𝑝) 

when work hardening and DRX balance each other, and θ becomes 0. In the third stage, θ 

becomes negative when DRX dominates over work-hardening. First, it decreases and then 

increases until flow stress attains the steady-state stress (𝜎𝑠𝑠) again at θ = 0 at comparatively 

lower stress than peak stress when the material deforms without further hardening. 

This curve also yields saturation stress (𝜎𝑠). The value of 𝜎𝑠  is obtained by taking a tangent on 

the work-hardening curve (θ vs. σ) at a critical stress (when the curve just takes a turn) and 

extrapolating it to a stress value at θ equal to zero. The 𝜎𝑐  can also be obtained from the figure, 

but it could be derived more meaningfully at a stress value corresponding to the inflection point 

or minimum value of the – (dθ/dσ) vs. σ plot (Ref 36). Dynamic recrystallization behaviour is 

predominantly recorded for all deformation conditions in the present case and discussed in 

table 2 under section 2.5. 
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Figure 4: Schematics of (a) stress strain curve representing various flow stresses with and 

without DRX, b) work hardening curve (Ref 37).    

3.3. Determination of volume fraction of dynamically recrystallized grains under 

different hot deformation conditions 

The volume fraction of dynamic recrystallization (XDRX) is calculated using equation 1 (Ref 

19, 36), where stress values and magnitudes of a and b are depicted in Figure 4.  σ represents 

the flow stress during hot deformation and 𝜎𝑊𝐻  represents the hypothetical flow stress in the 

absence of DRX.  

𝑋𝐷𝑅𝑋 =
𝑏

𝑎
=

(𝜎𝑊𝐻 − 𝜎)

(𝜎𝑠 − 𝜎𝑠𝑠)
 

                                                                                                              (1) 
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Figures 5(a) to 5(c) show the θ vs σ plots for strain rates 0.1/s, 1.0/s, and 10.0/s, respectively, 

for different temperatures. These plots are used to estimate the stresses 𝜎𝑠  and 𝜎𝑠𝑠, as described 

in the section above.     

 

Figure 5: Variation of 𝜽 against 𝝈 plots at different temperatures for strain rates a) 0.1 

/s, b) 1.0 /s and c) 10.0 /s. 

Figure 6 shows the - (∂ θ /∂ σ) vs. σ plots for strain rates of 0.1, 1.0, and 10/s.  These plots are 

used to estimate the values of critical flow stress for dynamic recrystallization (𝜎𝑐) that 

correspond to the stress values at the inflection point of - (∂ θ /∂ σ) vs. σ plots for different 

temperatures and strain rates.  
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Figure 6: Variation of  −(𝒅𝜽 𝒅𝝈⁄ ) against 𝝈 at different temperatures for strain rates a) 

0.1 /s, b) 1.0 /s and c) 10.0 /s  

In the absence of real data, the work hardening curve without dynamic softening of material is 

approximated by two straight lines: i) the tangent at critical stress on the stress-strain curve, 

and ii) a horizontal line at 𝜎 = 𝜎𝑆.  A similar approach was reported elsewhere (Ref 19). The 

value of 𝜎𝑊𝐻  at different strain values are calculated using straight line approximations of the 

work hardening curve.  

The calculated volume percentage of DRX values at different strain rates and temperatures for 

different true strain values are tabulated in Table 2. Table 2 shows that DRX percentages 

increase with a decrease in strain rates and an increase in temperature for all strains. Also, the 

DRX percentage increases with an increase in the extent of deformation (strain) for a particular 

strain rate and temperature.  The literature also reported a similar observation (Ref 5, 14, 19). 

However, there are some discrepancies at higher strain due to the upward movement of the 

flow stress curve, as discussed above. 
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Table 2: Estimated volume fraction of dynamically recrystallized grains at different 

temperatures and strain rates at 70% deformation 

 

Fig.7 (a-d) shows the Inverse Pole Figure (IPF) maps of the deformed samples (obtained from 

electron backscattered diffraction analysis, EBSD) for different deformation temperatures and 

strain rates. In order to make the prior austenite grains more clearly visible, some optical 

micrographs etched with picric acid are made (Ref 34). Fig. 8(a-d) shows the picric acid-etched 

optical micrographs of the deformed sample at different temperatures and strain rates. At a 

lower temperature (950˚C), and strain rates (0.1/s), partial recrystallization is observed (Figs. 

7 & 8(a)). Most of them are deformed non-recrystallized grains with few small recrystallized 

grains. At higher temperature (1150˚C) extent of recrystallization become significant (Figs. 7 

& 8(b)). At a high strain rate (10/s), partially recrystallized prior austenite grains aligned along 

a certain direction. This could be a shear band providing sites for recrystallization (Figs. 7 & 

8(d)). Although shear bands are observed at high strain rates and low temperatures (Figs. 7 & 

8(c)), the fraction of recrystallized grains is much smaller, consistent with Table 2. 

Temperature (˚C) 

 - strain rate (/s) 

𝝈𝒄 𝝈𝒔 𝝈𝒔𝒔 𝝈𝑾𝑯 σ  

  

𝝈𝑾𝑯 σ  

  
 

𝝈𝑾𝑯 σ  

  
 

MPa MPa MPa MPa MPa % MPa MPa % MPa MPa %  
0.4 true strain 0.6 true strain 0.8 true strain  

950-0.1 111 141 109 132 120 36 134 112 70 137 110 82 

1050-0.1 70 102 69 93 767 47 95 70 75 98 69 88 

1150-0.1 52 67 55 64 56 68 66 57 75 68 57 92 

950-1.0 144 172 162 168 162 25 168 162 67 171 165 52 

1050-1.0 107 136 123 127 123 33 130 121 69 129 124 70 

1150-1.0 75 97 84 93 87 46 94 83 82 95 85 79 

950-10.0 168 210 196 207 206 8 207 204 19 208 205 24 

1050-10.0 144 165 157 160 159 19 162 159 31 163 158 64 

1150-10.0 100 135 117 127 121 34 129 121 44 131 117 78 
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Figure 7: Inverse pole figure maps of various deformation conditions, a) 950-0.1-70, b) 

1150-0.1-70, c) 950-10.0-70 and d) 1150-10.0-70. The compression direction is indicated. 

The colour legend for IPF orientation maps is also inserted. 
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Figure 8: Optical micrographs of different deformation conditions a) 950-.1-70, b) 1150-

0.1-70, c) 950-10.0-70 and d) 1150-10.0-70. Boundaries of some of the prior-austenite 

grains are delineated by black-dotted lines.  

3.4. Processing Map  

Processing maps provide guidelines to identify the range of operating parameters where hot 

deformation could be carried out safely without causing damage to the material. The Processing 

maps are generated by superimposing the contour maps of the two parameters. They are the 

efficiency of the power dissipation parameter (η) and the instability parameter (ξ) (Ref. 38). 

The power dissipation parameter (η) defines the fraction of energy used for microstructural 

evolution to the total energy consumed, including heat dissipation during plastic deformation. 

During hot deformation, the microstructural evolution can be favourable, i.e., a uniformly 

deformed structure comprising of fine and equiaxed DRX grains free from defects. The 

evolution of unfavourable microstructure might be due to extensive strain hardening, 

heterogeneous deformation and the associated deformation banding, and crack initiation and 
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propagation from the particles and inclusions. A high ƞ value might represent a region where 

DRX occurs readily, as well as a region containing unfavourable microstructure that leads to 

the formation of cracks and voids. Therefore, to identify a safe deformation region, another 

parameter called the instability parameter, ξ, is introduced in the processing map. It represents 

an unstable region that encompasses only the negative values of ξ.  It traces the strain rate and 

temperature limit where flow localization occurs and defects like voids and cracks generate 

under specific hot deformation conditions. 

The flow stress, temperature, and strain rates are interdependent for a plastically deforming 

material. For constant strain and temperature, their inter-relationship is given by a power law 

(Equation 2), where the exponent is the strain rate sensitivity parameter.   

σ = 𝐾 𝜀̇m 

                                                       (2) 

The strain rate sensitivity (m) values, defined by equation (2), are obtained from the slopes at 

any strain rate on the fitted curve (2nd order polynomial) of ln (σ) vs. ln (𝜀)̇.  The reliability of 

interpolation at intermediate strain rate values is well justified by considering a perfect 

polynomial fit with more than 95% goodness of fit in any case in the present study.  It is to be 

noted that such ‘m’ values represent a condition of a particular strain and temperature.   

 

𝑚 =
𝜕(𝑙𝑛(𝜎))

𝜕(𝑙𝑛(𝜀))
      

(3) 

The efficiency of the power dissipation parameter can be calculated from the strain rate 

sensitivity parameter (m) by equation (4), following (Ref 38).  

𝜂 =
2𝑚

(𝑚 + 1)
   

(4) 

The instability parameter ξ (�̇�), which helps to delineate regions where unstable flow, fracture, 

or defect are likely to occur, can be estimated by equation (5), following (Ref 38). 

𝜁(𝜀)̇ =
𝜕𝑙𝑛 (

𝑚
𝑚 + 1)

𝜕𝑙𝑛(𝜀̇)
+ 𝑚    

(5) 
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It is calculated from the values of slopes at any strain rate on the fitted polynomial curve of 

𝑙𝑛 (
𝑚

𝑚+1
) Vs. 𝑙𝑛(𝜀)̇.   

Figure 9 shows the processing maps at various true strain values. These maps superimposed 

the efficiency of power dissipation (η) and instability (ξ) contours. The hatched area represents 

the instability region containing only the negative values of ξ, where microstructural energy 

dissipation is likely to produce defects like cracks. It may be noted that the contours shown in 

the unstable hatched region depict the η contours only. A dotted square box indicates the safe 

zone of deformation outside the instability region and energy dissipation efficiency greater than 

30% (Ref 4, 20).  Even outside the instability zone, the low energy efficiency region (below 

30%) is not included in the safe region.   

 

Figure 9: Processing maps of EN30B steel at true stains a) 0.4, b) 0.6, c) 0.8, d) 1.0, and 

(e) 1.2. The lines with numbers indicate the ƞ contours, and the hatched area indicate the 

instability region with only negative values of ξ. The dotted boxes indicate the safe zone 

of deformation with efficiency of power dissipation greater than 30%.   

At low strain (0.4), the safe deformation zone is limited to a very narrow window in the right 

top corner (high strain rates in the range of 6 to 10/s and high temperatures in the range 1110-
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1150˚C). However, the instability region remains restricted on the left face at lower 

temperatures (<990˚C). Thus, most white regions are unsuitable for safe deformation outside 

the instability zone.  

At a higher strain of 0.6, the instability zone expands from left to right, encompassing a large 

temperature regime, especially for higher strain rates. The safe zone moves to the middle 

bottom encompassing temperatures in the range of 1010 to 1110˚C and lower strain rates in the 

range of 0.1 to 0.3/s. Also, a small region at the right top corner also exists as a safe zone, 

similar to the low strain at 0.4. With a further increase in strain to 0.8, the instability region 

moves up, clearing the entire low strain regime irrespective of temperature. The safe 

deformation region expands at the middle bottom, with wider temperatures (990-1130˚C) and 

strain rates (0.1-0.6/s). At a strain of 1.0, the instability region expands significantly and dips 

down, while the safe zone is pushed further to the right bottom corner, encompassing high 

temperatures (1100-1140˚C) at low strain rates ( 0.1 to 0.5 /s). With a further increase in strain 

to 1.2, the safe deformation zone remains at the right bottom corner but expands to broader 

temperatures (1070-1150˚C) and strain rates (0.1 to 0.8/s). Such shifting of the safe 

deformation zone with strain was also reported in the literature (Ref. 4).  

The evolution of a safe deformation zone with strain may be explained as follows. Low strain 

rates and higher temperatures promote the growth of dynamically recrystallized (DRX) grain 

in the strained matrix. DRX also increases with strains due to the generation of defects (like 

dislocations, twins, and deformation bands), which act as the nucleation sites for recrystallized 

grains. At low strain, defect generation in the matrix is less, which minimizes the nucleation of 

new strain-free grains.  In the absence of recrystallization, work hardening dominates, making 

the matrix more resistant to further deformation, corresponding to a low energy dissipation 

efficiency value.  However, a safe zone in a small top-right window (high strain rates and 

temperatures) may be explained as follows. At high strain rates, time to deformation is limited 

for any strain level. Hence, dislocations generate rapidly, and those get less time to annihilate 

or rearrange. As a result, high dislocation density can increase the local strain energy, i.e., the 

driving force for dynamic recrystallization. Moreover, high temperature increases dislocation 

mobility through the thermally activated atomic migration, facilitating dislocation motion by 

climb and cross-slip mechanisms. Thus, at low strains, favourable microstructural change with 

high efficiency of energy dissipation is likely to be observed at high strain rates and high-

temperature regimes.  
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At higher strain levels, the prevailing high density of defects (dislocations, twins, deformation 

bands, etc.) increases the driving force for recrystallization. These defects offer sites for the 

nucleation of recrystallized grains. At that condition, recrystallization is promoted at lower 

strain rates and higher temperatures that allows more atomic diffusion. Therefore, at strains 0.6 

and above, the safe zone moves to low strain rates and high temperatures where dynamic 

recrystallization is promoted (Table-2).  However, the instability zones also expand at higher 

strains, pushing the safe zone further to higher temperatures. In fact, there is a competition 

between favourable and unfavourable microstructural evolution at higher strains. For example, 

when heavy deformation is applied at a higher temperature, adiabatic deformation heating may 

cause inhomogeneous strain distribution by the formation of the adiabatic shear band. When 

those bands become severe, cracks can form along those bands, expanding the instability 

region. When those bands are mild, such shear bands may act as the nucleation sites for new 

dynamically recrystallized grains (decreasing instability region). Fig. 8(d) may be referred to 

show such recrystallized grain along with the shear band.  Therefore, the safe zone is found to 

widen for a transition of strain from 1.0 to 1.2, which may be attributed to shear bands allowing 

some growth of DRX grains, reducing the instability region.   

 

3.5.Inclusion evolution 

Figure 10 depicts the SEM images of all the thermo-mechanically treated unetched samples at 

all temperatures and strain rates at 70% deformation. The images of inclusions at 950˚C and 

0.1 strain rate (4 boxes in the lower left corner) show the de-bonded inclusions with the matrix. 

Cavities were seen, with no cracks identified. Cracks appear in images at higher strain rates of 

1.0/s (four middle bottom boxes) and 10.0/s (four right bottom boxes). No prominent cracks 

are observed at higher temperatures (1050 and 1150˚C) except at 1150˚C and high strain rate 

(10/s), as depicted in the top right four boxes.   

The effect of inclusions on deformation behaviour is discussed below. Figure 10 depicts no 

cracks at lower strain rates (0.1/sec). However, de-bonding develops between the inclusions 

and steel matrix, leading to micro-voids generation. Nevertheless, such micro-voids could not 

propagate forming a higher volume fraction of softer recrystallized grains at the low strain rate 

of 0.1/sec (see Table 2). However, at higher strain rates, the volume fraction of recrystallized 

grains decreases, and these voids increases in size from 1-2 µm to 2-7 µm with increasing strain 

rates above 1/s and at lower temperatures (<1050˚C). Coalescence and converging of these 
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voids occur near the inclusion forming an unstable region designated by negative values of ξ 

(see Figure 9) at higher strain rates and lower temperatures.   

 

Figure 10: a) SEM images at different deformation temperatures and strain rates from 

four different locations. 

In this context, it is necessary to understand the combined effect of straining and DRX of the 

ferrite matrix and defect generation during hot deformation in the presence of inclusions. 

Dislocation loops form around the inclusions by virtue of stress and strain concentration around 

inclusions and dislocation-inclusion interaction. The number of dislocation loops increases 

with the increase in applied stress. The loops adjacent to the inclusions are pushed into the 

inclusion-matrix interface by the repulsive force of the surrounding loops. Thus, voids are 

initiated by separating the inclusion-matrix interface for weakly bonded inclusions having a 



22 | P a g e  
 

significant difference in elastic and thermal properties with the matrix (Ref 37). When the 

applied external stress exceeds the nucleation threshold stress for void formation, cavities form 

in the material.  Subsequently, the voids grow by further dislocation activities aided by the 

triaxial stress field acting around the voids. 

The DRX of the matrix releases the strain concentration, i.e., significantly reduces the 

dislocation density around the inclusions. As a result, void nucleation can be restricted, and a 

higher strain can be required to initiate the voids. The DRX phenomenon also relieves the strain 

in the matrix ligament between the two adjacent voids. As a consequence, void coalescence is 

also delayed. Overall, the deformability of the steel is enhanced. Under high-temperature 

deformation (900˚C–1200˚C), stress strengthening caused by the inclusions and stress 

softening caused by DRX determine the overall strength, while the promotion of void initiation 

and growth by inclusions and the inhibition of void growth and coalescence by DRX jointly 

determine the plasticity (Ref 39-40). 

At lower deformation temperatures, the preferential deformation of the matrix surrounding 

hard inclusions can result in the formation of shear bands that leads to deformation instability 

(Ref 41). As the instability region shrinks at the higher temperature (Figure 9), the propensity 

of crack formation also decreases. By examining the middle row boxes (figure 10) representing 

1050˚C, few cracks could be found at the highest strain rates at 10/sec. The propensity for crack 

formation decreases at higher temperature, 1150˚C.   

A decrease in MnS in the matrix was observed at all deformation temperatures, especially at 

1150˚C. It was observed that before the thermo-mechanical treatment, the size of inclusions 

was in the range of 10-40 µm. After the treatment, the size was reduced with increasing 

deformation temperature, ranging between 5-10 µm, indicating the dissolution of MnS. 

Besides, the volume fraction of dynamically recrystallized grains also increased at higher 

temperatures (see Table 2). Therefore, crack formation is limited at high temperatures, even at 

high strain rates. 

It may be observed from Figure 10 that MnS inclusions get deformed, elongated, and alumina 

inclusions are fragmented, as reported by previous investigators (Ref 5, 24, 27). While MnS 

are plastic and absorb energy by deforming, alumina inclusion is harder and cannot absorb 

energy. Instead, they lead to stress concentration at the matrix-inclusion interface. On the other 

hand, as plastic inclusions get deformed, the stress field along the weak bonded inclusion and 

matrix expands. When such stress field from adjacent inclusions overlaps, causing a fault in 

conjunction with two adjacent plastic inclusions (Ref 24). As per recent studies, the 
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deformability of plastic inclusion, softer than the matrix, increases with the increase in the 

difference in hardness and viscosity between the matrix and inclusion (Ref 37, 42). In complex 

inclusions, embedding both Al2O3 and MnS might be more dangerous because the mutual 

interaction of strain fields around these inclusions is likely to amplify the strain and initiate 

cracks. Besides, the overall size of compound inclusions is larger than the individual inclusions. 

From Figure 10, it is also observed that cracks are generated at complex inclusions where both 

Al2O3 and MnS are embedded. Through a mathematical model, it is demonstrated that 

compound inclusion assists crack formation more easily than individual inclusions (Ref 43).  

4.  Conclusion 

Three safe deformation zones for hot deformation of EN30B steel are identified at low, 

medium, and high strain levels. At low strain (true strain 0.4), the safe deformation zone locates 

at high temperatures (1110-1150˚C) and high strain rates (6 to 10 s-1) regime. At medium strain 

(0.6 to 0.8), the safe zone shifts to a low strain rate (0.1 to 0.6 s-1) and wide temperatures (990 

to 1130˚C) regime. At high strains (1.0 to 1.2), the safe zone shifts to a higher temperature 

(1070-1150˚C) but with broader strain rates range of 0.1 to 0.8 s-1. At higher strains, shear 

bands in the deformed body might assist in dynamic recrystallization or generate fault 

depending on the local strain values. Estimated recrystallized grains were found to be 

maximum at low strains and high temperatures delineating the safe zone.  Cracks were found 

to originate at complex inclusions at lower temperatures and higher strain rates, which are 

encompassed by the instability regime in the processing map, irrespective of strain values.  

 

The present study proposes an optimized schedule for forging rather than a fixed deformation 

condition. Usually, industrial forging is a multi-pass process.  Therefore we can recommend a 

high strain rate during initial passes and then low strain rates for subsequent passes.  We also 

recommend that the temperature of forging should be progressively increased for subsequent 

passes. Future studies may involve testing such schedules on an industrial scale. On 

fundamental study, a more detailed evolution of inclusions in terms of counts, size, shape, and 

composition and its correlation with the processing map would further clarify the defect 

generation during hot deformation of EN30B steel in the presence of inclusion.   
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TABLE  1 

 

Elements C Mn Si S P  Cr Ni Mo Al Ca 

Wt. % 0.29 0.488 0.24 0.009 0.015 1.26 4.2 0.25 0.013 0.0015 
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TABLE 2 

 

 

 

 

 

Temperature (˚C) 

 - strain rate (/s) 

𝝈𝒄 𝝈𝒔 𝝈𝒔𝒔 𝝈𝑾𝑯 σ  

  

𝝈𝑾𝑯 σ  

  
 

𝝈𝑾𝑯 σ  

  
 

MPa MPa MPa MPa MPa % MPa MPa % MPa MPa %  
0.4 true strain 0.6 true strain 0.8 true strain  

950-0.1 111 141 109 132 120 36 134 112 70 137 110 82 

1050-0.1 70 102 69 93 767 47 95 70 75 98 69 88 

1150-0.1 52 67 55 64 56 68 66 57 75 68 57 92 

950-1.0 144 172 162 168 162 25 168 162 67 171 165 52 

1050-1.0 107 136 123 127 123 33 130 121 69 129 124 70 

1150-1.0 75 97 84 93 87 46 94 83 82 95 85 79 

950-10.0 168 210 196 207 206 8 207 204 19 208 205 24 

1050-10.0 144 165 157 160 159 19 162 159 31 163 158 64 

1150-10.0 100 135 117 127 121 34 129 121 44 131 117 78 


