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AISI 4340 steel, owing to sufficient balance between toughness and strength finds use in 

bearings, shafts, crankshafts, and landing gears applications.  Since the steel under study is 

subjected to metal forming processes, it necessitates determining the combined effects of 

various hot working parameters on microstructural evolution.  In the current work, the stress 

strain response of AISI 4340 steel deformed between 900 °C - 1000 °C  at various deformation 

velocities (strain rates) to a maximum true strain of 0.7 was recorded. The peak strength of the 

steel increased from 217 MPa to 273 MPa, when the processing parameters were varied from 

1000 °C, 1 s-1 to 900 °C, 1 s-1 . The peak stress increased from 118 MPa to 273 MPa when the 

processing parameters were  varied from 900 °C, 0.01 s-1 to 900 °C, 1 s-1.  The constitutive 

equation for the steel relating stress with process parameters, being the rate of deformation and 

temperature was determined.  The flow curves recorded were fitted to Ludwigson model to 

determine strength coefficients and strain hardening exponents.    
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Introduction  

AISI 4340 steel finds applications in bearings, gears, shafts, crankshafts, landing gears [1,2] 

because of   good balance between strength and toughness. 4340 has been subjected to hot 

deformation for producing forged parts and hot rolled products. It is therefore important to 

understand the optimum processing parameters required for carrying out hot deformation for 

producing alloy parts without having various instabilities. Hot deformation studies have been 

performed to improve the workability of many alloys and control the microstructure [3–6].  

Shear bands, kink bands, flow localisations [7], grain boundary sliding [8], wedge cracking [8] 

and deformation bands [9] were the few of the  instabilities observed in the microstructures of 

hot deformed 4340 alloy. Work hardening, and dynamic recrystallization (DRX), depending 

upon the deformation conditions, occur during hot deformation of 4340 alloy.  Since the 
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austenite phase, the major phase being deformed at elevated temperature,  has low stacking 

fault energy (SFE), the kinetics of dynamic recovery has been found to be sluggish, and 

therefore dynamic recrystallization occurs during elevated temperature working conditions 

[10,11]. Needle like ferrite structure formed in the deformed structure resulted in improvement 

in toughness of the structure [7]. Lukaszek-Solek et al. [9] reported that dynamic 

recrystallization failed to  occur when 4340 was deformed at  900 °C, the rate of  deformation 

being  10 s-1. The author [9] reported that recrystallization happened at lower strain rates (< 10 

s-1).  Therefore, the degree of formation of recrystallized grains is influenced by the process 

parameters. In the hot deformation studies on 4340 steel carried out earlier, the steel was 

strained to a compressive  true strain of 1 [7–9], and the effect of deformation parameters on 

hardness has not been reported. In the current study, the constitutive equation for AISI 4340 

steel relating the peak stress associated with the deformation to the processing parameters 

(strain rate and temperature) is determined for the alloy deformed to a compressive true strain 

of  0.7, and the experimentally determined stress-strain curves were fitted with empirical 

relations[12]. In addition, the Vickers microhardness of the steel was determined to elucidate 

the effects of hot processing on the deformation response of the processed steel.  

Material and Methods 

AISI 4340 steel of dimensions of 10 mm diameter and 91 mm height, was subjected to 

compressive deformation at hot working temperatures, ranging from 900 °C to 1000 °C with 

the deformation rates lying in the range from 10-2 s-1 to 1 s-1 in the Gleeble® 3500 simulator 

(Fig.1). The steel specimen (Fig. 1) was heated at a rate of 5 °C/s to the deformation 

temperature in an argon atmosphere and isothermally held for a duration of seven minutes.  

Thereafter, the alloy was strained upto a maximum compressive true strain of 0.7 and it was 

immediately air-cooled. The temperature during the test was recorded using a thermocouple 

wire (K-Type) spot-welded at the middle section of the 91 mm long specimen, on its surface.  

Specimens for the scanning electron microscopy (SEM) analysis were machined from the 

middle section perpendicular to the axis of the deformed specimen and the specimen surface 

was etched using picric acid. SEM studies were carried out using ZEISS SIGMA Field 

Emission SEM, in which the secondary electrons were used for imaging. The microhardness 

testing on deformed specimens was carried out at a load of 10 kg using a Vickers 

Microhardness Tester.  

Results and Discussion 

The elevated temperature stress-strain behaviour of the steel initially demonstrates an increase 

in stress with the strain which signifies work hardening (Fig. 2). The processes like work 

hardening and dynamicrecrystallization occur after which a steady state is achieved  [9,13,14]. 

DRX begins to occur when critical value of dislocation density is reached.  It is found that, at 

each of the temperatures of deformation the peak stress increased while the strain rate imposed 

was raised from the lowest (10-2 s-1) to the highest values (1 s-1). In addition, the magnitude of 

true strain at 



                          Hot Deformation Behaviour Of AISI 4340 …  M S Mohan, et al. 3713 

 

Nanotechnology Perceptions 20 No. S16 (2024) 3709-3717 

which the peak stress reaches its maximum shifted towards higher strain with increase in strain 

rate. At each of the strain rates, lowering of peak stress resulted when there was an increase in 

deformation temperature. The effects of  variation in the  processing parameters (temperature, 

strain rate) on the deformation stress are investigated  with the aid of  Zener-Hollomon 

parameter (Z) [15–18]. 

Z =  ε̇exp (
Q

RT
) =  Aσn                                      

(1) 

   =  ε̇ exp (
Q

RT
) = A′ exp(β. σ)               

(2) 

Figure 2: Stress-strain behaviour of AISI 4340 steel, captured during uniaxial 

compression. 

Figure 1: Photographs of (a) specimen deformed in compression test, and (b) 

chamber containing the specimen fixed between the copper grips in the  Gleeble 

3500 simulator. The photograph in (b) was taken after deformation.  
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    =  ε̇exp (
Q

RT
) = A′′[sinh (α. σ)]n′

                  

(3)
 

where Q is the activation energy (J/mol) of the deformation, and σ is the stress attained from 

the deformation flow curves. T denotes the temperature at which processing is carried out.   The 

material constants and the activation energy are determined from the following equations 

derived from the aforementioned three equations.  

lnσ = (
1

n
) (ln ε̇) +  (

1

n
) (

Q

RT
− ln A)                                                               

(4) 

σ =  (
1

β
) (ln ε̇) +  (

1

β
) (

Q

RT
− ln A′)                                                                                            (5) 

ln (sinh(α. σp)) =   (
1

n′) (ln ε̇) + (
1

n′) (
Q

RT
− ln A′′)                                                                 (6) 

The material constants, namely, n, β, and n′, and Q are estimated from slopes of the curves in 

Fig. 3. The estimated average magnitudes of the material constants n, β, n′ are determined to 

be be 5.281, 0.033 MPa-1, and 3.957 respectively. α (= β/n) was determined to be 0.0063 MPa-

Figure 3: Variation of peak stress with deformation rate at different processing 

temperatures in (a), (b), and (c). Relationship between (d) peak stress and temperature, 

and (e) Zener-Hollomon parameter and peak stress. 
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1.   The activation energy calculated using the slope of the curve (Fig. 3d) is estimated as 224 

KJ/mol.  The intercept of the curve (Fig. 3e) gives A′′ as 2.36 x108. The constitutive equation 

is therefore determined to be Z = 2.36 x 108[sinh(0.0063σp)]3.957 = ε̇ exp(
224000

RT
). The activation 

energy determined in the current study is 224 kJmol-1 . 

                                                                                                                                                             

The activation energy reported for medium carbon steels  by some of the researchers varies 

between 427 kJmol-1 and 270 kJmol-1 [19–21]. The activation energy refers to  the atom’s 

ability to surmount various obstacles during processing [22].  Q is influenced by various 

processes like climb, cross-slip,  chemical composition, nature of interfaces etc. [23].The 

lamellar structure in the attained structures ( Fig. 4) indicates the presence of pearlite in 

microstructure. 

 The flow stress-true plastic strain (εP) curves  were fitted to Holloman (equation 7) and 

Ludwigson (equation 8) [12,24] models which describe the flow behaviour.  

σ =  KHεP
nH                                                     

(7) 

𝛔 =  𝐊𝐥𝛆𝐏
𝐧𝐥  + 𝐞𝐱𝐩 (𝐊𝟐 +  𝐧𝟐𝛆𝐏)        

      (8) 

where  KH and Kl represent the strength coefficients, nH and nl represent the strain hardening 

exponents, and  K2  and n2 are the coefficients that have been incorporated to take into account 

the deviation of experimental stress values from those predicted by Holloman model. The 

Ludwigson model fits the experimentally acquired flow stress-strain curves slightly better 

when compared to the Holloman model (Fig. 5), as evidenced by the attainment of lower chi-

square (χ²) values when the experimental data is fitted to the former model (Table 1).   

Figure 4: The microstructures of the 4340 alloy strained at (a) 900 °C, 0.1 s-1, (b) 950 

°C, 0.01 s-1, and (d) 1000 °C, 0.1 s-1.  
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The strength coefficient (K1) increased with elevation in strain rate at each of the deformation 

temperatures (Table 1).  Thus, increasing the strain rate has contributed to a rise in the extent 

of strain hardening  [12]. The hardness (Fig. 6) decreased with increase in temperature for each 

of the strain rates. The hardness was found to be lowest when the steel was strained at 1000 

°C, 0.01 s-1. The decrease in hardness can be  ascribed to the occurrence of DRX [4]. The 

nucleation  of recrystallization in the austenite phase begins when dislocation density value 

reaches the critical value, which is influenced by the temperature, strain rate, and strain [15]. 

Since austenite phase has low SFE, DRX is favoured as the cross-slip of dislocations is 

hindered. It is observed that at each of the deformation temperatures, the hardness increases 

when the strain rate associated with the deformation is varied from 0.01 to 0.1 s-1. Such an 

increase in hardness can occur due to rise in  dislocation density, and subsequent increased 

interaction between dislocations, with increase in strain rate [25].  

Table 1. Holloman and Ludwigson parameters determined for hot deformed AISI 4340 steel 

Temperature 

(°C) and Strain 

rate 

(s-1) 

Holloman Ludwigson 

n 

K 

(MPa

) 

χ2 

K1  

(MPa

) 

n1 K2 n2 χ2 

900 
1 0.16 358 35.12 365 0.31 4.40 -2.12 26.60 

0.1 0.12 217 4.87 217 0.23 3.94 -2.84 2.73 

Figure 5: Ludwigson model fit to the flow curves of 4340  steel. All the curves depict 

the flow behaviour at 0.1  s-1 (strain rate).  
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0.01 0.08 139 0.98 133 0.37 4.30 -2.12 0.45 

950 

1 0.16 288 19.85 287 0.23 3.65 -2.38 16.89 

0.1 0.11 155 3.54 151 0.40 4.24 -1.61 1.49 

0.01 0.06 118 1.41 115 0.43 4.30 -2.05 0.78 

1000 

1 0.15 271 16.92 273 0.25 3.88 -2.37 12.41 

0.1 0.12 140 2.22 137 0.26 3.73 -2.42 1.58 

0.01 0.05 91 1.04 97 0.51 4.13 -2.06 1.23 

 

 

 

 

Conclusions 

The AISI 4340 steel was subjected to elevated temperature uniaxial compression at various 

deformation velocities. The constitutive equation, which relates the flow stress with processing 

parameters was determined. Additionally, the microstructural characterization of the deformed 

steel and hardness tests on the deformed structures were carried out.  The rise in peak stress 

and peak strain resulted from an increase in strain rate from the lowest (10-2 s-1) to the highest 

(1 s-1) at each of the deformation temperatures. The constitutive equation was found to be 2.36 

x 108[sinh(0.0063σp)]3.957 =  ε̇ exp(
224000.

RT
).  The Ludwigson model offered better fit to the 

Figure 6: Vickers Hardness of AISI 4340 steel deformed at different 

deformation rates 
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experimental stress-strain curves compared to the Holloman model. Hardness was found to be 

lower for the steel deformed at higher temperatures. 
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