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Abstract. Results of tests of mechanical properties and resistance to perforation with 

small-calibre armour-piercing projectiles for new designed grades of nano-precipitates 

hardened steels have been presented. The results comprise of mechanical properties 

essential for materials used in armour and microstructure which influences the 

mechanisms of piercing. Plate segments of high-alloyed maraging steels and low-carbon 

Ni-Mo steels were produced using semi-industrial lines for melting, casting and  

thermo-mechanical treatment. Plate segments were produced with the use of different 

parameters of final heat treatment in order to achieve a wide range of mechanical 

properties. Preliminary assessment of the protection capability concerning piercing was 

carried out based on the results of firing tests with 12.7 mm B-32 incendiary projectiles 

at square steel plates of 50÷150 mm in dimension and of 5÷10 mm in thickness placed 

on an RHA (Armox 500T and Armox 600T) “witness” plate. A minimal thickness of 

plates which protected the “witness” plate and did not fragment was determined. The 

microstructure in the area of the projectile impact was examined.  
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The usability of newly designed grades of steel in layered armour and the 

possibilities of the production of these plates from the steel in domestic steel plants 

were pointed out. 

Keywords: materials engineering, steel, armour plates, precipitation hardening, 

resistance to perforation 

 

1. INTRODUCTION 

 
Properties of dispersion strengthened steels are achieved owing to heat 

and/or thermo-mechanical treatment as a result of which the particles of the 

strengthening phase precipitate from the supersaturated matrix. Control of the 

properties of this type of materials consists in the selection of the parameters of 

heat treatment which has direct impact on volume fraction, size distribution and 

type of precipitates. Precipitation from the supersaturated solution apart from 

chemical composition of steel depends mainly on the temperature and ageing 

time. As the temperature and ageing time increases, mechanical properties 

increase and plasticity drops until the maximum strength is achieved.  

High-alloy maraging steels applied in most cases following ageing as  

a result of which maximum hardness is achieved (the so called „peak aged 

state”) are examples of precipitation hardened steel. High-strength maraging 

steels are also characterized with good crack resistance, required for structural 

materials. The advantages of maraging steel following supersaturation include 

good cold deformability and bondability. Another example of precipitation 

hardened material is medium-alloy structural steel for quenching and tempering. 

For this grade of steel hardening with carbide particles during tempering is 

used.  

The low carbon Ni-Mo precipitation hardened steels (ND3) newly 

designed in the Institute for Ferrous Metallurgy combine the features of 

maraging steels as well as quenched and tempered steels. For these grades of 

steel as a result of final heat treatment one may obtain the effect of total 

hardening of the matrix with intermetallic phases and carbides as well as with 

copper nano-precipitates. The chemical composition of ND3 steel makes it 

suitable for steelmaking, casting as well as hot working to produce plates in the 

conditions of domestic industry.  

Depending on the level of protection, armour on special vehicles (military 

vehicles) is produced as monolithic, spatial or layered. The level of protection is 

defined by resistance to piercing with a specific type of projectile, its impact 

energy and/or the mass of detonating charge. The protective efficiency of 

armour (ballistic resistance) depends on the physical properties and the 

thickness of materials used for construction, as well as the shape and 

arrangement of armour plates in relation to the most probable direction of 

attack.  



New Nano-Precipitates Hardened Steels of Wide Range of Strength… 41 

The present solutions of the components of armoured vehicle structures are 

based on steel grades, the chemical composition and mechanical properties of 

which are specified e.g. in the MIL 46100 standard. Swedish steels Armox 

grade 500T and 600T are very popular in Europe. SECURE armour steels are 

manufactured in Germany, among them grade 600 is characterized with the 

highest hardness and ballistic resistance demonstrating the following properties: 

BHN hardness 570÷640; Charpy-V impact strength 15 J at the temperature  

–40°C; yield stress ca. 1500 MPa, tensile strength ca. 2000 MPa and total 

elongation ca. 8% [1]. Preliminary results of firing tests of maraging steels 

(MS350, MS400 and MS550) as well as medium alloy steels Ni-Mo (ND3) 

have shown a high potential for the application of plates made of these steels for 

components of armoured vehicles [2÷4]. Results of the comparative tests 

conducted for Armox steels and precipitation hardened steels in firing tests with 

the 12.7 mm B-32 armour-piercing incendiary projectiles have shown that 

plates of maraging and ND3 steel of respective 6 and 8 mm thicknesses 

protected the “witness” plate, while similar plates of commercially available 

500 and 600 HBW hardness armour steels of 10 mm in thickness were pierced 

including the “witness” plate.  

In order to reduce the weight of the armour, composite metal and ceramic 

structures are used in which the steel plate layer is partially replaced with 

ceramics.  

The paper presents proposals of maraging and ND3 steel grades for 

application in layered protective structures of the armoured vehicles. In the case 

of maraging steel parameters of final heat treatment and/or chemical 

composition were modified in reference to the standard parameters in order to 

manufacture a material of high resistance to projectile piercing and high ability 

in impact energy absorption. Similarly for the recently developed grade group 

of ND3 steels properties, which facilitate the application for armour 

components, were achieved. 

 

2. SEMI-INDUSTRIAL TECHNOLOGY OF MANUFACTURING 

OF THE TESTED MATERIAL 

 
The tested material in the form of segments of plates of thicknesses from 

6 to 11 mm has been manufactured in the conditions of semi-industrial line for 

physical simulation of hot rolling and heat treatment (LPS) in the Institute for 

Ferrous Metallurgy. Ingots for the rolling of ca. 100 kg weight were melted and 

cast in the laboratory vacuum furnace. In tests of resistance to piercing, plates of 

50  50 mm, 100  100 mm and 150  150 mm dimensions and a thickness in 

the range from 5 to 10 mm were used.  

Tests of resistance to piercing were conducted using 12.7 mm API type 

ammunition. Experimental steel plates were fixed to the “witness” plate of 

Armox 500T and Armox 600T steel by means of gluing.  
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Single and multiple firing was carried out from the distance of 3 m at 0° 

obliquity (plate surface was normal to the trajectory of the projectile). The result 

of firing provided some information on the level of Armox steel “witness” plate 

protection and information on the behaviour of experimental steel plates 

following the test.  

The chemical compositions of tested materials are presented in Table 1. 

For MS350 steel grade parameters of heat treatment characterized by shorter 

ageing times and/or higher temperature as compared to the standard parameters 

were designed. Grades: MS400; MS550 and MS550m are high-alloy maraging 

steel with the additions of W and V. In the case of these steels, standard ageing 

parameters and short time ageing – similar in the case of MS350 were used. 

ND3 grade group is constituted by low carbon Ni-Mo steels. For these steels the 

optimum chemical composition and ageing parameters were determined in 

order to achieve maximum hardness whilst simultaneously maintaining good 

plasticity.  

Initial parameters of manufacturing were defined assuming the 

achievement of the required hardness and strength levels and good plasticity 

which according to the theory should guarantee the proper protective properties 

(high energy absorption capacity). The final parameters of manufacturing in 

scope of chemical composition and heat treatment were developed mainly on 

the basis of the results of the firing tests of experimental steel plates. 

Table 1.  Chemical composition of tested material – average nominal contents of basic 

elements, mass %  

Steel grade  C Ni Co Mo W V Ti Al Cu 

MS350 < 0.01 18 12 4.0 – – 1.8 – – 

MS400 < 0.01 12 15 5.0 3 2.0 – – – 

MS550 < 0.01 12 18 6.5 2 2.0 0.7 – – 

MS550m < 0.01 12 17 6.3 2 – 0.7 – – 

ND3 0.10 8.3 – 2.0 – – – 1.4 1.8 

 

3. RESULTS OF EXAMINATION OF PROPERTIES AND 

MICROSTRUCTURE OF EXPERIMENTAL STEELS 

 
Mechanical properties of materials were determined in the static tensile test 

(Re, Rm and A5) and/or in the static compression test (R0.002, e) using a Gleeble 

simulator. The value of “R0.002” is yield stress determined in compression test 

while “e” determines the value of the deformation at the moment when cracks 

occur (e = 1 means that a sample in a compression test has not shown the 

presence of cracks and deformation has reached the value of 1.0). 

Measurements of hardness and impact resistance (Charpy-V) at the temperature 

of –40°C were conducted.  
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As a result of the applied parameters of heat treatment, materials 

characterized with mechanical properties in a wide range of strength and 

plasticity were obtained.  

Table 2 presents parameters of heat treatment as well as the tests results for 

particular precipitation hardened steel grades. For experimental precipitation 

hardened steel, the following parameters were achieved: Re in the range from 

1400 to 2100 MPa, R0.002 from 1850 to 2900 MPa and hardness from  

45 to 58 HRC. Optimum properties in relation to resistance to firing were 

identified for materials of hardness of ca. 50 HRC which have demonstrated 

good plasticity. Examples of the curves of uniaxial static compression for 

samples of MS350 maraging steel are presented in Figures 1 and 2. Based on 

the curves, the plasticity of steel was estimated as well as the determination of 

yield stress (R0.002).  

Table 2.  Parameters of heat treatment, tests results of mechanical properties and firing 

tests results of plates from experimental steels, constituting the protection of 

the “witness” plate of Armox 500T and 600T steel of 10 mm thickness 

a) Grade: experimental MS350 maraging steel 

Plate 

dimensions, 

mm 

Plate 

thickness, 

mm 

Parameters of 

heat 

treatment 

(temp./ time) 

Hardness, 

HRC  

Mechanical 

properties 

Re, Rm, R0.002, 

MPa 

Firing test result 

(description of 

plate behaviour) 

100  100 8 550°C/ 

10 min 

57 Re 2080; Rm 2240; 

A5 7.5% 

R0.002 2470; e = 1 

Positive, plate 

fragmented  

100  100 8 480°C/ 

15 min 

47 Re 1650; Rm 1800 

R0.002 2100; e = 1 
Positive, plate 

intact   

100  100 8 480°C/ 

30 min 

52 Re 1900; Rm 2000; 

A5 5.0% 

R0.002 2295; e = 0.5 

Positive, plate 

fragmented 

100  100 7 480°C/ 

20 min 

52 nda  Positive, plate 

intact  

100  100 6 550°C/ 

2 min 

53 Re 1930; Rm 2050; 

A5 7.5% 

 

R0.002 2290; e = 1 

1 shot – positive, 

plate intact;  

2 shot – positive, 

piece of plate torn 

off;  

3 shot – negative  

100  100 6 550°C/ 

5 min 

54 Re 2090; Rm 2160; 

A5 7.5% 

R0.002 2420; e = 1 

Positive, plate 

broke  

100  100 6 550°C/ 

10 min 

55 Re 2080; Rm 2240;  

A5 7.5% 

R0.002 2470; e = 1 

Positive, plate 

broke 

nda – no data available  
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b) Grade: experimental MS400 maraging steel  

Plate 

dimensions, 

mm 

Plate 

thickness, 

mm 

Parameters 

of heat 

treatment 

(temp./time) 

Hardness, 

HRC  

Mechanical 

properties 

Re, Rm, 

R0.002, MPa 

Firing test result 

(description of 

plate behaviour) 

100  100 8 460°C/ 

1 hour 

52÷54 R0.002 2250; 

e = 0.6 
Positive, plate 

broke 

100  100 8 460°C/ 

1 hour 

52÷54 Positive, plate 

fragmented 

100  100 8 460°C/ 

30 min 

48÷50 R0.002 1990; 

e = 1 
Positive, plate 

intact  

100  100 8 460°C/ 

30 min 

48÷50 Positive, plate 

intact  

100  100 6 460°C/ 

1 hour 

52÷54 R0.002 2250; 

e = 0.6 
Positive, plate 

broke 

c) Grade: experimental MS550 maraging steels  

Plate 

dimensions, 

mm 

Plate 

thickness, 

mm 

Parameters 

of heat 

treatment 

(temp./time) 

Hardness, 

HRC  

Mechanical 

properties 

Re, Rm, 

R0.002, MPa 

Firing test 

result 

(description 

of plate 

behaviour) 

100  100 10 460°C/ 

1 hour 

57 R0.002 2515;  

e = 0.4 

Positive, 

plate 

fragmented 

100  100 8 460°C/ 

1 hour 

56 Positive, 

plate 

fragmented 

100  100 10 550°C/ 

5 min 

56 R0.002 1850;  

e = 1 

Positive, 

plate 

fragmented 

100  100 8 460°C/ 

4 hours 

57 R0.002 2860;  

e = 0.2 

Positive, 

plate 

fragmented 

100  100 8 550°C/ 

5 min 

58 R0.002 1850;  

e = 1 

Positive, 

plate 

fragmented 

100  100 8 460°C/ 

20 min 

45 Re 1420;  

Rm 1650;  

KV –40°C 

15 J 

Positive, 

plate intact   

100  100 8 460°C/ 

20 min 

47 Re 1420;  

Rm 1650;  

KV –40°C 

15 J 

Positive, 

plate intact   



New Nano-Precipitates Hardened Steels of Wide Range of Strength… 45 

100  100 7 460°C/ 

4 hours 

57 R0.002  2860;  

e = 0.2 

Positive, 

plate 

fragmented 

100  100 7 460°C/ 

1 hour 

56 R0.002  2515;  

e = 0.4 

Positive, 

plate 

fragmented 

100  100 6 460°C/ 

20 min 

47 Re 1420;  

Rm 1650;  

KV –40°C 

15 J 

Positive, 

plate intact   

100  100 6 460°C/ 

20 min 

49 Re 1420;  

Rm 1650;  

KV –40°C 

15 J 

Positive, 

plate intact   

100  100 6 460°C/ 

1 hour 

55 R0.002 2515; 

 e = 0.4 

Positive, 

plate 

fragmented 

d) Grade: experimental MS550m maraging steels  

Plate 

dimensions, 

mm 

Plate 

thickness, 

mm 

Parameters 

of heat 

treatment 

(temp./time) 

Hardness,  

HRC; (HV10)  

Mechanical 

properties 

Re, Rm, 

R0.002, MPa 

Firing test result 

(description of 

plate behaviour) 

100  100 10 490°C/ 

1 hour 

56; 660 HV R0.002 2360;  

e = 0.5 

Positive, plate 

fragmented 

100  100 8 490°C/ 

1 hour 

56; 660 HV Positive, plate 

fragmented 

100  100 6 490°C/ 

3 hours 

55 R0.002 2550;  

e = 0.4 

Positive, plate 

fragmented 

100  100 6 490°C/ 

1 hour 

56; 660 HV R0.002 2360;  

e = 0.5 

Positive, plate 

fragmented 

100  100 6 490°C/ 

1 hour 

56; 660 HV Positive, plate 

fragmented 

100  100 6 490°C/ 

10 min 

45, 560 HV R0.002 1920;  

e = 1 

1 shot – positive, 

plate intact;  

2 shot – positive, 

plate cracked; 

3 shot – negative 
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e) Grade: ND3 experimental steels 

Plate 

dimensions, 

mm 

Plate 

thickness, 

mm 

Parameters 

of heat 

treatment 

(temp./time) 

Hardness, 

HRC; 

(HV10)  

Mechanical 

properties 

Re, Rm, 

R0.002, MPa 

Firing test 

result 

(description of 

plate 

behaviour) 

50  50 10 490°C/ 

3 hours 

48, 540 HV R0.002 1850; 

e = 0.5 

Positive, plate 

fragmented 

50  50 10 510°C/ 

4 hours 

48 nda Positive, plate 

fragmented 

50  50 10 530°C/ 

3 hours 

48; 550 HV Re 1565; 

Rm 1710; 

A5 10% 

KV –40°C 

11 J 

R0.002 1880; 

e = 0.7 

Positive, plate 

fragmented 

50  50 10 490°C/ 

2 hours 

46 R0.002 1840; 

e = 0.5 

Positive, plate 

fragmented 

50  50 10 510°C/ 

3 hours 

45; 565 HV Re 1565; 

Rm 1715; 

A5 9.5% 

R0.002 1860; 

e = 0,5 

Positive, plate 

fragmented 

100  100 8 530°C/ 

3 hours 

48; 550 HV Re 1565; 

Rm 1710; 

A5 10% 

KV –40°C 

11 J 

R0.002 1880; 

e = 0.7 

Positive, 

partially 

fragmented 

plate 

10  100 6 530°C/ 

3 hours 

49; 550 HV Positive, plate 

fragmented 

100  100 6 530°C/ 

3 hours 

48 Re 1565; 

Rm 1715; 

A5 9.5% 

R0.002 1860; 

e = 0.5 

Positive, plate 

fragmented 

150  150 5.8÷5.9 530°C/ 

3 hours 

46 Positive, plate 

fragmented 

150  150 5.0÷5.1 530°C/ 

3 hours 

46 Negative 

nda – no data available  
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Fig. 1. Compression curves of MS350 maraging steel following heat treatment in 

standard ageing temperature 

 

Fig. 2. Compression curves of MS350 maraging steel following heat treatment in 

temperature higher than standard ageing temperature, for the time up to 600 sec 

 



J. Marcisz, B. Garbarz, M. Adamczyk, A. Wiśniewski 48 

A crucial parameter characterizing the material is its microstructure which 

determines mechanisms of deformation. For the selected options of heat 

treatment of precipitation hardened steels the examination of the microstructure 

was conducted by means of a high resolution transmission electron microscope. 

An example of the microstructure presenting the morphology of nano-

precipitates in MS350 maraging steel is presented in Fig. 3. The average size of 

precipitates, volume fraction and spatial distribution in the matrix ensures high 

strength, good plasticity and no anisotropy of mechanical properties. 

 

     
(a)                                                        (b) 

Fig. 3. Nano-precipitates in MS350 maraging steel, transmission electron microscope:  

a – bright field image, b – dark field image 

 

4. RESULTS OF PERFORATION RESISTANCE TESTS BY 

FIRING 

 
Firing tests were the main criteria for material assessment. Based on these 

tests results, the parameters of the experimental steel plates manufacturing as 

well as their thickness were designed or revised. Final test results allowed the 

determination of  the minimum thickness of the plate of the experimental steel 

which protected the “witness” plate from piercing and was not subject to 

fragmentation. Table 2 represents results of the perforation resistance tests of 

the examined steel grades in the form of a description of the plate’s behaviour 

during the experiments. A positive result means that the “witness” plate was not 

pierced while the negative result means that the plate was pierced along with the 

“witness” plate. Firing tests results were used for modifying the plates 

manufacturing parameters for subsequent experiments. Test results of the 

experimental steels’ resistance to piercing are also presented in descriptive form 

of the plates during firing.  
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Additionally analysis of the measurements of the results of projectile traces 

and/or tested plate pieces’ and the impact on “witness” plates were conducted. 

Parameters measured on the “witness” plate after firing, representing the 

capacity to absorb impact energy by the tested plate along with “witness” plate 

are presented in Fig. 4. For the selected plate options, the analysis of changes in 

the microstructure in the area of impact of the projectile was conducted.  

Comparative firing tests using plates of 50  50 mm and 100  100 mm 

dimensions and 10 mm thickness of 500 and 600 HBW hardness armour steels 

were conducted. In the case of the plates of 50  50  10 mm dimensions of 500 

HBW armour steel, the “witness” plate Armox 500T that was protected by a set 

composed of two plates was pierced. Negative test results were also obtained in 

the case of the application of single plates of 100  100  10 mm dimensions, 

both of 500 and 600 HBW hardness armour steels.  

For the newly designed grades of precipitation hardened steels the below 

mentioned minimum thicknesses of the 100  100 mm dimensional plates were 

achieved which protected Armox 500T or 600T steel plate from piercing and 

were not subject to any significant fragmentation. In the case of the MS350 

maraging steel the application of non-typical heat treatment resulted in the 

possibility of achieving unique properties of material in reference to resistance 

to impact. In the case of this steel grade the minimum thickness of 6 mm for 

100  100 mm dimensions plates was achieved. The optimum heat treatment 

option for these types of plates passed a double firing test. For the MS400 

maraging steel grade, the minimum achieved thickness of 100  100 mm 

dimensions plate was 8 mm. In the case of the high alloy maraging steel MS550 

and MS550m, the minimum thickness of 100  100 mm dimensional plates, 

which passed the test and were not fragmented, was 6 mm. Additionally, for the 

M550m grade positive behaviour of the plate following a double firing test was 

observed. In reference to the ND3 grade, which is currently at the stage of 

designing optimum parameters of heat treatment, for application in armour 

components, the thickness of the plate was determined at 8 mm. The plate 

showed positive results in the test but insignificantly cracked. Figure 5 presents 

a photographic example of the plate after firing, which protected the “witness” 

plate from piercing, as well as photographs of traces on the Armox 500T steel 

plate.  

The measurements results of the areas of protective and “witness” plates 

contact have shown that the depth of penetration (DP) for a majority of the 

positive tests ranged from 1 to 3 mm and dinge diameter (d2) ranged from ca. 15 

to 30 mm. Height of the bulge on the back surface of the “witness” plate (h2) for 

the positive firing tests ranged from 0.2 to 2 mm and bulge diameter (d3) ranged 

from 5 to 40 mm. It needs to be emphasized that the minimum values of the 

parameters of the “witness” plate assessment are concerned with the plates of 

high hardness which fragmented during tests.  
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The dimensional ranges of traces on the “witness” plate depend on, apart 

from the plate’s properties, the thickness of plates of the experimental steel and 

on the type of the “witness” plate. 

 

 (positive test) 

Fig. 4. Parameters of traces on the RHA “witness” plate following experimental steel 

plate firing: DP – depth of penetration, h1 – height of hill, d1 – hill diameter, d2 – dinge 

diameter, d3 – bulge diameter on the back surface of RHA, h2 – bulge height on the back 

surface of RHA  

 

    
             (a)                                          (b)                                    (c) 

Fig. 5. Photography of 100  100  6 mm dimensions plate of maraging MS350 steel 

after double firing with the 12.7 mm API ammunition (a)  

Result of the positive test – the “witness” plate of Armox 500T steel remained intact  

(b – view from the side subject to firing (plate side),  

c – view of the back side of the plate) 

 

Investigations of changes in the microstructure of precipitation hardened 

steel conducted under other research [3] has shown a decreased susceptibility of 

this steel grade to the formation of deformation bands in the area of the impact 

of the projectile. Moreover, it was ascertained that the average hardness of the 

deformation bands in maraging steel is lower than the hardness of the matrix 

which may also imply good plasticity in firing tests [3].  
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Similar examinations, conducted for the selected options of precipitation 

hardened steels have shown very low susceptibility to the formation of 

deformation bands. In particular, in the sample of MS550 steel following  

a short-time ageing presence of bands in the area of the projectile impact was 

not observed by means of an optical microscope and the micro-cracks were 

formed along grain boundaries (Fig. 6a). Characteristics of the single narrow 

deformation bands, which are not morphologically related to microstructure 

elements (e.g. with grain boundaries), were observed in the sample of MS400 

steel (Fig. 6b). 

 

   
                                 (a)                                                                 (b) 

Fig. 6. Example of the microstructure and deformation bands in the area of impact:  

a) grade MS550, b) grade MS400  

 

5. POSSIBILITIES OF NANO-PRECIPITATES HARDENED 

STEEL PRODUCTION IN DOMESTIC INDUSTRY 

CONDITIONS 

 
Grades of steel subject to examination in this research are materials of 

special properties much different from properties of structural materials 

available in commercial markets. Moreover, the materials for special 

applications are characterized with quantitative and assortment variability of 

demand and small deliveries. The nature of special steels application causes 

difficulties in availability of the most innovative structural materials [5].  

The experimental precipitation hardened steels, representing ND3 grades 

may be produced in the form of armour plates within the technical boundaries 

of domestic manufacturers. This is ensured by the designed chemical 

compositions and production parameters in scope of hot plastic working and 

final heat treatment. At the present stage of research, domestic manufacturers 

confirmed the possibility of ND3 steel plates production of desired properties. 

The potentially demanding volume of this product requires determination, due 

to the adjustment of the orders to the unit tonnage of the heat.  
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Due to the required chemical composition, concerning the very low content 

of carbon, nitrogen and residual elements the production of high alloy maraging 

steels is currently not possible within the technical conditions of domestic steel 

plants. These are produced in the form of flat products by European 

manufacturers. The technology of heat treatment of maraging steels designed in 

this research may be applied using heated furnaces available at the domestic 

manufacturers. 

 

6. SUMMARY AND CONCLUSIONS 

 
The research was aimed at the designing of the parameters of 

manufacturing precipitation hardened steels, representing grades of maraging 

and medium – alloy Ni-Mo (ND3) steels for the application in the construction 

of armoured vehicles. The developed steel grades make it possible to 

manufacture products of a wide range of mechanical properties. The 

investigation presented in this paper focused on obtaining materials of high 

capacity for the purpose of their ability to absorb the impact energy of  

a projectile. The obtained materials were examined in the conditions of firing 

with 12.7 mm API ammunition. The plates of experimental steels of 

50  50 mm; 100  100 mm and 150  150 mm dimensions and a thickness in 

the range of 5÷10 mm, constituted protection against piercing of the “witness” 

plate of Armox steel of 10 mm in thickness.  

Based on the conducted firing tests, manufacturing variants were selected 

for the particular steel grades and the minimum plates thickness of 

100 x 100 mm dimensions was defined, all of which passed the firing test. 

Positive results of the test meant the protection of the “witness” plate from 

piercing and the lack of fragmentation of the plate of the experimental steels. 

Additionally comparative tests for commercially available 500 and 600 HBW 

hardness armour steels were conducted in identical conditions to the plates of 

the investigated steels.  

Another aspect of the study was indication of the possibility of applying 

the proposed technologies in the manufacturing of plates from the experimental 

steels in the conditions of domestic manufacturers.  

Based on the conducted research the perspectives of the application of the 

experimental steel plates in protective components of armoured vehicles were 

proposed. Preliminary comparative analyses of nano-precipitates hardened steel 

with 500 and 600 HBW hardness armour steels have shown, that the application 

of the armour components of the developed grades may significantly improve 

the protective parameters of vehicles and/or reduce their weight. The cost of the 

new materials application requires further analysis. One should account for 

higher material costs in the case of the application of high alloy steels and select 

the most sensitive components of vehicles requiring protection e.g. passenger 

zone, fuel tanks or electronic control systems.  
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Based on the accomplished research and analyses on semi-industrial and 

industrial scales of manufacturing technology, as well as in the scope of 

assessing the ballistic parameters of nano-precipitates hardened steel, the 

following main conclusions were drawn:  

1. Precipitation hardened maraging steels as well as Ni-Mo steels make it 

possible to produce materials of a wide range of properties, in particular of 

high capability to absorb impact energy.  

2. Firing tests results of 100  100 mm dimensional plates, constituting 

protection of the “witness” plates of Armox 500T or 600T steel with the 

12.7 mm API ammunition have demonstrated the following protective 

features of the developed steels:  

a. In the case of maraging MS350 steel, unique properties have been 

achieved as far as the resistance to dynamic impact is concerned. 

The minimum thickness of the plates, which fully protected the 

“witness” plate, was 6 mm. The tested plates subjected to optimum 

heat treatment passed the test of the double firing of one plate.  

b. The minimum protecting thickness of plate equal to 8 mm was 

achieved for the maraging MS400 steel.  

c. In the case of high-alloy maraging steel grades MS550 and 

MS550m, the minimum thickness of the plates, which passed the test 

(positive result) and were not fragmented, was 6 mm; additionally, 

positive behaviour of plate after double shooting was observed for 

the MS550m grade.  

d. For ND3 steel grade, which is presently at the stage of designing, the 

optimum protecting thickness of the plate was determined as 8 mm; 

the plate showed positive results in the test. 

3. Comparative firing tests were conducted using plates of 100  100 mm 

dimensions and 10 mm in thickness of 500 and 600 HBW hardness armour 

steels. In both cases of the steel test results were negative and both the 

plates (protective and “witness”) were pierced.  

4. Experimental precipitation hardened steel of ND3 grade may be produced 

in form of sheets or plates in the condition of domestic manufacturers. 

Maraging steels are manufactured in the form of flat products by European 

manufacturers. The developed technologies of heat treatment for maraging 

steels may be used in domestic processing plants.  

5. The achieved test results indicate high potential of the precipitation 

hardened steels in the application for monolithic and layered ballistic 

protection. Preliminary comparative analyses of precipitation hardened 

steels with commercially available 500 and 600 HBW hardness armour 

steel plates have shown that application of the components of armour 

manufactured from the designed new grades may significantly improve the 

protective parameters of vehicles and/or reduce their weight.  
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