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microcracks within in the deformation areas. Average hardness 
of adiabatic shear bands in bainitic steel was higher than hard-
ness of matrix of this steel while in maraging steel an opposite 
effect was found – average hardness of adiabatic shear bands 
was lower than hardness of matrix of this steel [14]. Chung et al. 
carried out numerical and experimental study of the formation 
of adiabatic shear bands in the 4340 steel grade deformed using 
Split Hopkinson Pressure Bar. The authors found out very sharp 
adiabatic shear bands apparently formed by localized deforma-
tion. Overall shape and direction of the bands coincided with 
results of the numerical calculation [15].

In this work propensity for adiabatic shear bands formation 
(an associated microstructural evolution) under quasi-static and 
dynamic deformation in nanostructured bainitic steel have been 
studied. Microstructure of the bands formed during different test 
conditions (compression, firing) were examined and hardness 
of the bands were determined.

2. Material and experimental procedures

2.1. Material

Industrial heat of nanostructured bainitic steel with chemi-
cal composition showed in the Table 1 was melted in an electric 
arc furnace. The ingots were homogenised at 1200°C during 
24 hours and next they were hot forged into flat transfer bars 
for hot rolling. Plates with thickness 3, 5, 6, 8, 10 and 12 mm 
were hot rolled. Next for the final heat treatment and for further 
investigation were cut out. The heat treatment process consisted 
of austenitising and direct controlled cooling to a temperature 

of the isothermal heat treatment. Subsequently isothermal 
transformation into lower bainite at a temperature in the range 
of 210÷275°C during a period of time in the range of 70÷120 
hours was carried out.

For investigation of deformation behavior of nanostructured 
bainitic steel in quasi-static and dynamic compression tests, two 
variants of isothermal heat treatment were chosen. The variants 
of isothermal transformation temperatures (ITT): 210°C and 
275°C, characterized by different mechanical properties and 
microstructure, especially volume fraction of retained austenite.

TABLE 1

Chemical composition of nanostructured bainitic steel, wt%

C Mn Si Cr Mo Cu P S
0.59 2.04 1.90 1.32 0.71 0.12 0.009 0.004

In Table 2 mechanical properties for selected final heat 
treatment parameters are shown. For the obtained values of 
strength: 1.6 and 2.0 GPa, a high level of ductility up to 19% and 
12% respectively as expressed by the total elongation in tensile 
test and Charpy-V impact toughness 24 J at room temperature 
should be emphasised.

In the as-received condition (after isothermal heat treat-
ment and before deformation tests) the steel has a laths carbide 
free bainite microstructure with uniformly distributed blocky 
austenite grains (Fig. 1). Under high magnification examination 
in a transmission electron microscope (TEM), microstructure of 
the plates was seen to be composed of nano-laths of carbideless 
bainite with high density of dislocations and films of retained 
austenite (Fig. 2).

TABLE 2
Mechanical properties, hardness and retained austenite content of nanostructured steel

Temperature of 
isothermal heat 

treatment

Yield Stress,
MPa

Ultimate 
Tensile Stress,

MPa

Total 
elongation,

%

Uniform 
elongation,

%

Hardness,
HV10

Charpy-V impact toughness, 
J

Volume fraction 
of retained 

austenite, %+20°C –40°C
210°C 1300 2050 12 10 610-630 23 13 20.4 ± 0.7
275°C 1200 1650 19 15 530-550 24 14 31.5 ± 0.4

 
(a )                                            (b ) 

Fig. 1. Microstructure of nanostructured bainitic steel after isothermal heat treatment at 210°C (a) and 275°C (b) in the as-received condition 
before deformation, light microscope
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a )                                                      b )  

Fig. 5. An adiabatic shear bands in the specimens after uniaxial compression test in Gleeble simulator. ITT 210°C variant. a) strain rate 0.5 s–1, 
b) strain rate 200 s–1. Arrows indicate the compression direction

  
a )                                                      b ) 

Fig. 6. Microstructure of the specimens after uniaxial compression test in Gleeble simulator. ITT 275°C variant. a) strain rate 0.5 s–1, b) strain 
rate 200 s–1. Arrows indicate the compression direction

  
a )                                                      b )  (c ) 

Fig. 7. An adiabatic shear bands in dynamically deformed specimens of nanostructured bainitic steel. Dynamic compression tests using SHPB. 
ITT 210°C variant: a) strain rate 2266 s–1, b) strain rate 3830 s–1, c) strain rate 4306 s–1. Arrows indicate the compression direction
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(a )                                         (b ) (c )  

Fig. 8. Microstructure of the specimens after dynamic compression tests using SHPB. ITT 275°C variant: a) strain rate 5138 s–1, b) strain rate 
6585 s–1, c ) strain rate 8999 s–1. Arrows indicate the compression direction

Fig. 9. Shear band due to ballistic impact. ITT 210°C variant, firing test (one shot), 0° obliquity, projectile velocity (energy): 766 m/s; (2280 J), 
arrow indicates the projectile direction

   
(a )                                               (b )  
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Fig. 10. Shear bands due to ballistic impact. ITT 210°C variant, firing test (one shot), 0° obliquity, projectile velocity (energy): 929 m/s; (1536 J), 
arrows indicate the projectile direction. On the micrograph (a), TEM specimens orientations were indicated: T – transverse, P – parallel





2324

Matrix of 
the steel 

Transition zone 

Adiabatic 
shear 

band core 

Fig. 13. Microstructure of the adiabatic shear band and matrix of the nanostructured bainitic steel in the vicinity of the band. ITT 210°C variant, 
transverse specimen (T), bright field TEM image

Fig. 14. Internal adiabatic shear band's microstructure (core). ITT 210°C variant, parallel specimen (P), bright field TEM image

Fig. 15. Bright field TEM image of internal shear band microstructure (a) and electron diffraction pattern (b) taken with wide aperture, showing 
the limited spread of orientations in the shear band. ITT 210°C variant, transverse specimen (T)

3.3. Hardness measurements of the deformed 
specimens

Specimens after quasi-static and dynamic deformation were 
selected for the hardness measurements especially in the area of 
adiabatic shear bands and in the vicinity of the bands. Results of 

hardness measurements are shown in Table 5. Hardness of the 
specimens in the as-received condition was 610-630 HV for ITT 
210°C variant and 530-550 HV for ITT 275°C variant.

Hardness of adiabatic shear bands for the ITT 210°C variant 
deformed quasi-statically and dynamically in Gleeble simulator 
was about 930 HV and was independent on applied strain rate. 
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(a )                                               (b ) 

Fig. 16. Bright field TEM image (a), dark field TEM image in 110 reflection (b) of internal shear band microstructure and electron diffraction 
pattern for the zone axis [110] taken from core of the band. ITT 210°C variant, transverse specimen (T)

  
(a )                                             (b ) 

Fig. 17. Bright field TEM image (a), dark field image in 011 reflection (b) of internal shear band microstructure and electron diffraction pattern 
for the zone axis [01-1] taken from core of the band. ITT 210°C variant, parallel specimen (P)

Hardness of the matrix in the range 750-800 HV and 680-720 HV 
was determined for strain rate 0.5 s–1 and 200 s–1 respectively.

For ITT 275°C variant first adiabatic shear bands were de-
tected during compression test in Gleeble at strain rate 200 s–1. 
Hardness of the bands reached maximum 890 HV and hardness 
of the matrix was in the range of 600-690 HV. Hardness of the 
matrix of the variant ITT 275°C compressed at 0.5 s–1 was vari-
able on the specimens length and reached maximum 720 HV in 
the middle of the specimen (Fig. 22a).

Hardness of the ASBs in the specimens dynamically 
compressed using SHPB was 900-930 HV and 780-830 HV for 
ITT 210°C (4306 s–1) and for ITT 275°C (8999 s–1) variants 

respectively. ASBs were not detected in specimen of ITT 275°C 
variant compressed at strain rate up to 6585 s–1 the hardness of 
which was in the range of 620-660 HV on the entire specimen 
length (Fig. 22b).

Maximum hardness of ASBs was found in the specimen of 
ITT 210°C variant ballistically tested using projectile velocity 
929 m/s (kinetic energy 1536 J). Hardness of the bands reached 
960 HV (Fig. 23a). Transition zone between the core of the bands 
and the matrix of hardness range within 760-900 HV occurs 
(Fig. 23b). Matrix hardness outside near-to-surface dynami-
cally deformed layer was the same as in as-received condition 
(610 HV).
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(a )                                          (b )  

   (c )
1                                                      2                                                3 

Fig. 18. Bright field TEM images of fine grains with martensitic twins within (a, b) and high-resolution TEM images (HRTEM) depicting mar-
tensitic twins in fine grains in core of the band (c). ITT 210°C, parallel specimen (P), areas 1, 2 and 3 of HRTEM analysis were indicated on the 
micrograph (b)

 
(a )                                          (b )  

Fig. 19. Bright field TEM image (a), dark field TEM image in 011 reflection (b) of internal shear band microstructure and electron microdiffrac-
tion pattern for the zone axis [1-11] taken from twins in the core of the band. ITT 210°C, parallel specimen (P)
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TABLE 5

Results of hardness measurement of the ASBs and the matrix of steel after quasi-static and dynamic deformation tests

Temperature of isothermal 
heat treatment

Deformation 
method

Strain rate, test 
parameters Hardness of ASBs and deformed matrix

210°C

Uniaxial 
compression 

test in Gleeble 
simulator

0.5 s–1 ASB; HV0.010: 895, 932, 932, 932
Matrix; HV1: 787, 769, 806, 794, 746, 781

210°C 200 s–1 ASB; HV0.025: 859, 926, 892, 870, 903, 926
Matrix; HV1: 682, 702, 718, 714, 722, 708

275°C 0.5 s–1 No adiabatic shear bands were found
Hardness distribution (Fig. 22a)

275°C 200 s–1
ASB; HV0.025: 809, 892
ASB; HV0.010: 828, 878

Matrix; HV1: 687, 670, 605, 600

210°C

Dynamic 
compression 
using SHPB

4306 s–1 ASB; HV0.010: 901, 932, 896, 895 
Matrix; HV1: 698, 729, 708, 699, 692

275°C

6585 s–1 No adiabatic shear bands were found
Hardness distribution (Fig. 22b)

8999 s–1
ASB; HV0.010: 792, 802, 778, 813, 813, 833, 807 
In the vicinity of ASBs; HV0.010: 671, 672, 663

Matrix; HV1: 621, 634, 655

210°C Firing test with
0° obliquity

929 m/s; 
(1536 J)

Core of the ASB; HV0.025: 938, 950, 963 (Fig. 23a)
Transition zone; HV0.025: 914, 903, 828, 881, 763 (Fig. 23b)

  
(a )                                                                       (b ) 

Fig. 22. Distribution of hardness in the length of specimen (ITT 275°C variant) deformed at strain rate 0.5 s–1 in Gleeble simulator (a) and at 
strain rate 6585 s–1 using SHPB (b). No adiabatic shear bands were found in both specimens

 
(a )                                                                  (b ) 
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Fig. 23. Microstructure in the area of hardness measurement impressions. ITT 210°C variant after firing test (V = 929 m/s; E = 1536 J). (a) core 
of the band; (b) transition zone




