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Abstract. The paper presents mechanical and physical properties measured in 

static conditions, and some properties determined in dynamic conditions, of plates of 

new nano-composite bainite-austenite (NANOS-BA) steel to be used for construction of 

armours. Firing tests of NANOS-BA steel plates fixed on a base plate of RHA 

(Rolled Homogenous Armour), Armox 500T and Armox 600T steel, carried out by 

means of 12.7 mm B-32 projectiles have demonstrated that in the conditions of tests, 

NANOS-BA steel shows better protective properties than 500BHN and 600BHN –

 grade commercial plates. NANOS-BA steel plate of minimum 5 mm thickness has 

protected Armox 500T and Armox 600T plate from piercing. Quantitative effects were 

assessed of firing the NANOS-BA steel plates of 50  50 mm and 100  100 mm 

surface dimensions, and thickness in the range of 5÷10 mm, as well as sets of the 

NANOS-BA steel plates of 100  100  (4÷8) mm dimensions, arranged in layers on 

the base plate. It was determined that ballistic limit V50 for NANOS-BA plate of 6.0 

mm thickness, for the 7.62  51 mm M61 AP (Armour Piercing) projectile, amounts to 

797±10 m/s. Based on the analysis which compared results of tests carried out with the 

application of various parameters it was estimated that the value of V50  obtained for 
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NANOS-BA steel is higher than the parameters of the highest grade steel plates offered 

in the global market.  

The tests imply that NANOS-BA steel is a prospective material for armour 

construction which can enable to reduce weight of armours and/or to improve their 

protective parameters in comparison with the presently used structures. Due to very 

high protective capability, monolithic plates of NANOS-BA steel can be used as one of 

the layers of the composite armour.  

Keywords: materials engineering, armour plates, nano-crystalline steel 

 

1. INTRODUCTION 

 
As a result of laboratory and semi-industrial research carried out on the 

material of experimental steels with chemical compositions in the range 

specified in Table 1 [1] new ultra-high strength steel grade containing 

0.55÷0.59% C, 1.95÷2.10% Mn, 1.75÷1.90% Si, 1.20÷1.40% Cr, 0.70÷0.80% 

Mo and micro-additions of V, Al and Ti (content of elements indicated in the 

paper in mass %) was developed in the Institute for Ferrous Metallurgy. In order 

to optimize the chemical composition and the heat treatment of the new steel 

grade the principles characterizing mechanisms and kinetics of bainitic 

transformation – particularly in low temperature range [2÷4] – as well as the 

data showing influence of alloying elements on the bainite microstructure and 

properties of bainitic and martensitic steels [5÷8] were applied. Chemical 

composition and heat treatment of the developed steel grade NANOS-BA were 

submitted by the Institute for Ferrous Metallurgy to the Patent Office of the 

Republic of Poland for patenting [9]. 

Table 1.  Range of the elements content in the investigated experimental melts of the 

high carbon, medium–alloy bainitic steels, mass %; N and O – in ppm 

 

The developed parameters of thermo-mechanical and heat treatment of 

NANOS-BA steel lead to formation of nano-composite structure in final 

products (Fig. 1). The structure is composed of nano-laths of carbide free 

bainite of high density of dislocations and nano-laths and nano-grains of 

retained austenite, the volume of which was determined as of 15÷25%. With the 

use of the developed technology and application of the equipment – the line for 

semi-industrial simulation of metal products manufacturing (LPS) [10] – the 

plates of NANOS-BA steel were produced, characterized by very high strength 

and good plasticity: strength above 1.8 GPa, yield stress above 1.3 GPa and 

total elongation in the static tensile test in the range of 12÷20%.  

C Mn Si P S Cr Co Mo V Ti Al N O 

1.00 2.39 2.00 0.015 0.017 1.37 1.7 0.80 0.120 0.023 0.800 63 28 

0.49 1.82 1.57 0.008 0.010 0.01 0.0 0.27 0.086 0.000 0.014 23 6 
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Such level of mechanical properties generates possibility to use the 

NANOS-BA steel for production of shields of improved protective properties, 

protecting against projectile firing, in comparison with the available steel plates 

for armours of the highest protection grade (Fig. 2). 

 

     

(a)                                                (b)  

Fig. 1. a) Structure of nano-bainite (scanning electron microscope),  

b) distribution of bainite nano-laths width 

 

Fig. 2. Diagram showing the level of hardness and toughness of selected hard materials 

applied in the technology, compared to the properties of new generation of hard steels 

and iron alloys, currently under development (some data taken from work [11]) 
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The paper specifies mechanical properties measured in static conditions 

and some properties determined in dynamic conditions for NANOS-BA steel 

plates, manufactured in the line for semi-industrial simulation of plate 

production (LPS), and presents results of the carried out firing tests. The article 

also specifies the possibilities and perspectives of manufacturing NANOS-BA 

plates in the conditions of domestic steel industry. 

 

2. CHARACTERISTICS OF PHYSICAL, TECHNOLOGICAL 

AND SERVICE PROPERTIES OF NANOS-BA STEEL 

PLATES AND COMPARISON THEREOF WITH 

CHARACTERISTICS OF STEEL MATERIALS USED  

AT PRESENT 

 
The highest parameters achieved globally [12÷14] and in Poland [15], 

listed in Table 2, for quenched and tempered armour plates manufactured on 

industrial scale, were acknowledged as a reference level, which should be 

exceeded as a result of development of new material in the project [1]. Table 3 

presents the achieved mechanical properties of NANOS-BA steel for plates of 

thickness from 5 mm to 15 mm, produced on semi-industrial scale in the LPS 

line. Parameters presented in Table 3 were determined based on the present 

status of research on NANOS-BA steel developed in the project [1]. Due to yet 

insufficient data set, containing mechanical properties of this group of steels, 

the figures presented in Table 3 are not deemed to be the final requirements and 

can be subject to modification. High plasticity and simultaneously ultra-high 

strength of NANOS-BA steel is due to the fact, that this steel is characterized 

with considerably different mechanism of strengthening in comparison with 

conventional armour steels (Fig. 3), which results in higher capacity for 

absorbing deformation energy than the quenched and tempered steels. One of 

the structural mechanisms active in the NANOS-BA steel subject to 

deformation is the transformation of retained austenite into martensite (TRIP 

effect – TRansformation Induced Plasticity). 

With the use of the Taylor test method it was determined (Fig. 4) that 

NANOS-BA steel subject to heat treatment producing hardness of 570 HV 

(ca. 49 HRC), at static yield stress of 1.3 GPa and static strength of 1.9 GPa, 

shows high dynamic yield stress equal to 1.9 GPa, and simultaneously good 

plasticity in the conditions of dynamic strain proven by the fact, that the 

samples remain coherent at collision rate up to ca. 200 m/s (the so called 

“critical rate” in the Taylor test) [16].  
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Table 2.  The highest level of mechanical properties of armour plates of alloy steels 

subject to quenching and tempering, presently offered by the global and 

domestic producers [12÷15] 

Parameter The highest level (global)  The highest 

level in Poland 

Hardness, BHN 570÷640  Up to 570  

Tensile strength, MPa Typical value 2000 

(not specified in certificates) 
Up to 1800 

Yield stress in tensile test, MPa Typical value 1500 

(not specified in certificates) 
Up to 1600 

Percentage elongation, A5 (%) Typical value 7÷8 Min. 7 

Charpy-V impact strength at  

–40°C, J 
Min. 12÷15 Min. 15 

Fracture toughness, KIC No data in specifications  nda  

Dynamic yield stress No data  in specifications nda  
 nda – no data available  

 

Table 3.  The measured mechanical properties and physical parameters of NANOS-BA 

steel in form of plates manufactured on semi-industrial scale  

Parameter Obtained values for plates 

of NANOS–BA steel  

Hardness, BHN 590÷640  

Tensile strength, MPa 1800÷2000 

Yield stress in tensile test, MPa 1300÷1500 

Percentage elongation, A5 (%) 15÷20 

Charpy-V impact strength at –40°C, J Minimum 12 

Fracture toughness, KIC at +20°C, MPa·m
1/2

 Minimum 30 

Dynamic yield stress, MPa Minimum 1900 

Density, kg/m
3
 7750 

Longitudinal modulus of elasticity E, MPa 202 670 

Longitudinal acoustic wave velocity at +20°C, m/s 5860 
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Fig. 3. Typical true stress-strain curve for uniaxial tensile test of NANOS-BA steel 

 

  (a)  

 

 (b)  

 

Fig. 4 a, b. Rod-shaped specimens of NANOS-BA steel (composition 162)  

subject to the Taylor test. The main parameters and test results are shown  

in the tables corresponding with the photos: 

V – velocity of the specimen,  ̇ – rate of deformation,  – dynamic yield stress 

 

Specimen 

no 

V, 

m/s 

 ̇ , 
s-1 

, 

MPa 

1 162 2.5  103 1904 

2 161 2.5  103 1934 

3 172 2.6  103 1906 

 

Specimen 

no 

V, 

m/s 

 ̇ , 
s-1 

, 

MPa 

4 179 2.6  103 1848 

5 177 2.7  103 1907 

6 184 2.8  103 1923 
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 (c)  

 

 (d)  

 

Fig. 4 c, d. Rod-shaped specimens of NANOS-BA steel (composition 162)  

subject to the Taylor test. The main parameters and test results are shown  

in the tables corresponding with the photos: 

V – velocity of the specimen,  ̇ – rate of deformation,  – dynamic yield stress 

 
Based on the results of bend tests on the mandrel (Fig. 5), it was found that 

the sections of NANOS-BA steel plates subject to heat treatment ensuring 

achievement of the required final mechanical properties have passed the 90º 

bend test at ambient temperature, on the mandrel of radius equal to five-fold 

plate thickness, between bearings at the distance equal to twenty-fold plate 

thickness.  

 

Fig. 5. Bend test of NANOS-BA steel 

Specimen 

no 

V, 

m/s 

 ̇ , 
s-1 

, 

MPa 

7 190 2.9  103 1885 

8 190 2.9  103 1906 

9 196 2.8  103 1821 

 

Specimen 

no 

V, 

m/s 

  ̇ , 
s-1 

, 

MPa 

10 205 3.2  103 1932 

11 204 disintegration of specimen 

12 204 2.9  103 3426 
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The plates of NANOS-BA steel characterized with carbon equivalent 

calculated by means of the formula: 

CE = (%C) + (%Mn)/6 + (%Cr + %Mo + %V)/5 + (%Ni + %Cu)/15 (1) 

equal to 1.34 for the average chemical composition, and for the upper 

admissible content of elements reaching the level of 1.40, are not weldable with 

standard welding methods.  

 

3. TESTS RESULTS OF NANOS-BA STEELS PLATES 

RESISTANCE TO PROJECTILE FIRING 
 

3.1. Firing test methodology 
 

Tests of ballistic resistance of NANOS-BA steel plates, produced in the 

Institute for Ferrous Metallurgy, were carried out in the Military Institute of 

Armament Technology in Zielonka. Perforation resistance tests were carried out 

on rectangular plates of NANOS-BA steel of 50  50 mm and 100  100 mm 

dimension and of 4÷10 mm thickness. The sets of plates of different 

strength and ductility were prepared and hardness in four corners of each of the 

plates was determined by means of the Rockwell measurement method. The 

NANOS-BA steel plates were glued individually or in form of a layer 

consisting of two plates, to the RHA base, of the Armox 500T or Armox 600T 

plate 500  500  10 mm dimension, fixed to the frame of a stationary stand. 

The RHA base plate was regarded as the so called “witness” plate. Based on 

deformation and destruction of the “witness” plate, the protective capability of 

the examined plates of NANOS-BA steel was assessed. The result of firing of 

NANOS-BA steel plate fixed on RHA plate determines behaviour of the tested 

specimen in the process of absorption of projectile energy. During each of the 

tests, the rifle barrel was located at a distance of 3 m from RHA plate and the 

angle from the normal to the surface of RHA plate was set at α = 0º – in vertical 

and horizontal intersection (90º from RHA surface – in vertical and horizontal 

intersection). The examined plates of NANOS-BA steel were fired with the 

12.7 mm B-32 AP incendiary projectile with velocity V = 817.5 m/s.  

 

3.2. Results of firing NANOS-BA test plates 
 

After firing  test plates fixed on the base RHA plate the following defined 

parameters of the “witness” plate deformation or piercing were measured – 

depending on the type of interaction: depth of penetration or dinge/cavity, 

height of hill, diameter of penetration, diameter of hill, diameter of dinge/cavity, 

diameter of bulge in the rear surface of RHA, height of the bulge in the rear 

surface of RHA, height of the pulled rear part of RHA, inlet diameter of the 

crater of the pierced RHA plate.  
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Details of the methodology of measurement of the specified parameters are 

presented in [17]. The manner of test plates deformation or fragmentation as 

well as the parameters, measured on the base plate after firing, characterize the 

capability for absorbing the energy of the projectile by the protective test 

specimen  together with the base plate. 

Examples of the results of firing NANOS-BA steel plates (of 

100  100  (4÷8) mm dimension) arranged in layers, with the 12.7 mm B-32 

projectiles, as well as traces on RHA plate (Armox 500T) are presented in 

Tables 4 and 5, and in Figures 6÷9. 

Table 4.  Results of firing NANOS-BA steel plates with the 12.7 mm B-32 projectiles: 

plates arranged in layers on RHA 10 mm thick plate (Armox 500T)  
 

Test no 

Sample 

marking 

Plates 

dimensions, 

mm 

Hardness, 

HRC 

Remarks 

21 
163a/2 +  

163c/1 
100  100  8 

100  100  4 

50 

49 

The second plate unbroken and 

unpierced 

22 
219/3a + 

163c/2 
100  100  5 

100  100  4 

60 

51 

The second plate unbroken and 

unpierced 

23 
220/3a/1 + 

220/3a/2 
100  100  5 

100  100  5 

52 

52 

The second plate unbroken and 

unpierced 

24 
217/3c/1 +  

217/3c/2 
100  100  5 

100  100  5 

53 

52 

The second plate unbroken and 

unpierced 

 

 a  b  c 

Fig. 6. Test no 21 (Table 4): 

a – front of plate 1, b – front of plate 2, c – front of Armox 500T plate after firing 

 
 

 a    b  c 

Fig. 7. Test no 23 (Table 4): 

a – front of plate 1, b – front of plate 2, c – front of Armox 500T plate after firing 
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Table 5.  Results of firing NANOS-BA steel plates placed on RHA 10 mm thick plate 

(Armox 600T) with the 12.7 mm B-32 projectile  
 

Test 

no 

Marking; 

dimensions, 

mm; 

hardness, 

HRC 

Dinge 

depth, 

DP 

Diameter 

of dinge, 

d2, mm 

Height 

of the 

hill, 

h1, 

mm 

Height 

of the 

bulge, 

h2, mm 

Diameter 

of the 

bulge, 

d3, mm 

Remarks 

18 

250/A3/5 

2.75 25.61 – 1.54 30.34 

Projectile 

stopped, section 

of plate torn off, 

minor bulge in the 

rear part of 

Armox 600T plate 

100  100  5 

53 

20 

220/3a (50) 

3.03 23.05 – 2.23 29.63 

Projectile 

stopped, no 

cracks, bulge in 

the rear part of 

Armox 600T plate 

100  100  5 

52 

 

 a        b  c 

Fig. 8. Test no 18 (Table 5): 

a – front of NANOS-BA plate, b – front of Armox 600T plate,  

c – rear of Armox 600T plate 

 

a b  
c 

Fig. 9. Test no 20 (Table 5): 

a – front of NANOS-BA plate, b – front of Armox 600T plate, 

c – rear of Armox 600T plate 
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In order to compare the protective capabilities of NANOS-BA with Armox 

steel, Armox 500T and Armox 600T steel plates of 50  50  10 mm and 

100  100  10 mm dimensions, fixed on the base Armox 500T plate of 

500  500  10 mm dimensions were fired with the 12.7 mm B-32 projectile 

(Table 6). 

Table 6.  Results of Armox 500T steel plates firing with the 12.7 mm B-32 projectile  
 

Steel grade 

of test plate 

Test plates 

dimensions, 

mm 

Total thickness, 

including base plate 

Armox 500T, mm 

 

Remarks 

Armox 

500T 
50  50  10 

(2 plates) 
30 

Plates and base plate 

pierced 

Armox 

500T 
100  100  10 20 

Plate and base plate 

pierced 

Armox 

600T 
100  100  10 20 

Plate and base plate 

pierced 

 
Based on analysis of the carried out tests of protective capacity of 

NANOS-BA steel plates, conducted with firing the 12.7 mm B-32 projectile, it 

was found that the minimum thickness of the plate sufficient to ensure 

protection of RHA test plate against piercing is 5 mm. The tests also imply, that 

the protective capability of NANOS-BA steel plates in the applied conditions is 

higher than of the Armox 500T and 600T plates. At the present stage of 

research it has been already confirmed that the plates of NANOS-BA steel are 

suitable for application in the layered armours, since one may indicate such 

elements of armours of the protected vehicle which ensure identical or very 

similar conditions of “base support” of NANOS-BA steel plates to the 

conditions applied in the conducted tests. 

 

3.3. Preliminary measurement of the standard ballistic parameters of 

NANOS-BA steel plates 
 

Investigation of NANOS-BA steel plates was conducted on the samples of 

500  160 mm dimension and of 6 mm, 8 mm and 9.5 mm thickness. For the 

plate of 6 mm thickness ballistic limit V50 was determined. The obtained value 

of V50 parameter was equalled 797±10 m/s in the following test conditions: the 

7.62  51 mm M61 AP projectile, distance  9 m, multiple firing. For the plates 

of 8 mm and 9.5 mm thickness, in the same test conditions, the maximum 

impact velocity was assumed as V50, since the projectiles did not pierce the 

samples. Therefore, the V50 parameter was assumed to be in the range of 

measured in the tests maximum projectile velocity: 862÷880 m/s and 

866÷895 m/s respectively. The traces of projectile impact have shown 

insignificant convexities on the plate side opposite to impacted one.  
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In the point of contact with the projectile deformation of the plate without 

any brittle decohesion tendency and knocking out was observed. 

 Results of the conducted ballistic tests of NANOS-BA steel cannot be 

compared to the published results of the tests of Armox steel and other highest 

class armour steels [14], because the defined ballistic limits for foreign steel 

concerned the 7.62  51 mm M2 AP projectile and firing angle of 30º. Tests for 

NANOS-BA steel in scope of this paper were conducted with the 7.62  51 mm 

M61 AP projectile, fired perpendicularly to the surface [18]. However the 

construction of the M61 AP and M2 AP projectiles is identical, they differ in 

the impact energy due to different mass and impact velocity (the mass of the 

7.62  51 mm M2 AP projectile amounts to 10.75 g, while the mass of the 

7.62  51mm M61 AP projectile equals to 9.75 g). Taking into consideration the 

mass of projectiles and the impact angle, comparison was made between the 

ballistic limit of Armox steel plates and NANOS-BA steel plates. Based on the 

achieved values of impact energy it was found that in case of the plates of 6 mm 

nominal thickness, the value V50 is higher for NANOS-BA steel than for Armox 

600T steel. However, in order to compare entirely, it is necessary to determine 

ballistic limits for NANOS-BA steel with 7.62  51 mm M2 AP projectile, 

or test the foreign steel grades with the projectile of higher energy, e.g. API  

B-32/7.62  54R.  

 

4. POTENTIAL APPLICATION OF NANOS-BA STEEL AND 

POSSIBILITIES OF LAUNCHING INDUSTRIAL 

PRODUCTION OF NANOS-BA PLATES 

 
The conducted comparative tests of mechanical properties and protection 

capability against firing with the 12.7 mm AP projectiles of the developed 

NANOS-BA steel plates, manufactured on semi-industrial scale, and Armox 

500T or Armox 600T steels imply, that the plates of NANOS-BA steels have 

improved protective properties in comparison with the highest class armour 

steel plates, available commercially in the global market. Taking into account 

the specific constraints of technological and service parameters of NANOS-BA 

steels, it can be stated that this is a prospective material for construction of 

armours, which enables to reduce the weight of armours and/or to improve the 

protective capability in comparison with the structures presently used.   

As a result of research covering theoretical thermodynamic analyses, 

experimental tests carried out in laboratory and semi-industrial conditions, 

industrial technology of the NANOS-BA plates manufacturing was developed 

in two variants.  

The integrated technology covers the following operations in sequence: 

from heating of the charge material, through controlled hot rolling, to final heat 

treatment of plates. The stage technology consists of two stages.  
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During the first one the charge material is heated, hot rolled to the required 

dimensions and next cooled under control. During the second stage the plates 

are subject to two-operation heat treatment.  

It is necessary to underline, that the implementation of the integrated 

technology of NANOS-BA plates manufacturing in the existing technical 

equipment of the domestic steel industry requires its modernization and/or 

additional investment. At present the domestic steel producers can confirm 

capability to produce NANOS-BA steel sheets and plates in the range of 

3÷20 mm thickness using the two-stage technology.  

 

5. CONCLUSIONS 

 
1. As a result of laboratory and semi-industrial investigation, the new ultra-high 

strength steel grade (nano-composite bainite-austenite, named NANOS-BA), 

was developed at the Institute for Ferrous Metallurgy, containing alloying 

elements in total ca. 6.5% of mass, which is comparable to the total contents 

of alloying elements in the quenched and tempered steels presently used for 

armours. Plates of NANOS-BA steel were produced in the semi-industrial 

conditions and they showed very high strength and good plasticity: strength 

above 1.8 GPa, yield stress above 1.3 GPa, total elongation in the static 

tensile test of 12÷20% and dynamic yield stress equal to 1.9 GPa. It is 

possible to implement the industrial production of NANOS-BA plates of 

3÷20 mm thickness in conditions of the domestic steel industry.  

2. Tests of ballistic resistance of NANOS-BA steel plates carried out in the 

Military Institute of Armament Technology have shown, that the protective 

capability of NANOS-BA steel examined with firing the 12.7 mm B-32 

projectile is higher than of Armox 500T or Armox 600T plates in the applied 

conditions. The NANOS-BA steel plate of minimum 5 mm thickness 

has protected from piercing the Armox 500T and Armox 600T plates placed 

behind it. 

3. The ballistic limit V50 for NANOS-BA steel plate of 6.0 mm thickness was 

determined to be 797±10 m/s for the 7.62 x 51 mm M61 AP projectile. 

Comparing the results of tests carried out with application of various 

parameters, it was estimated that the value of V50 obtained for NANOS-BA 

steel is higher than the highest class steel plates offered currently in the 

global market. 

4. NANOS-BA steel is a prospective material for the construction of armours, 

what may lead to reduction of the armours weight and/or to improvement in 

the armours protective capability in comparison with the structures used 

presently. Due to the very high protective capability the monolithic plates of 

NANOS-BA steel can be used as one of the layers of the composite armour. 
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5. NANOS-BA steel plates can be used for protection of the selected areas of 

the light armoured vehicles surface. Elements armoured with plates of 

NANOS-BA steel can protect the vehicle from piercing with the 12.7 mm  

B-32 AP projectiles, provided that parameters of the vehicle plate are 

assured to be similar to corresponding parameters of Armox 500T or Armox 

600T plates with regard to the thickness, strength and rigidity, and provided 

that the fixing of NANOS-BA steel plate to the vehicle plate is applied (e.g. 

by screws).   
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