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This authors presented article deals with the size of heat affected zone (HAZ) at specific technological processes 

(cutting and welding techniques). Armox 500 steel was selected and used to perform all realized experiments. Even 

before the start of the experiments that investigated the effect of HAZ on cutting and welding, it was necessary to 

subject the investigated Armox 500 steel to basic experimental measurements with regard to its chemical compo-

sition, fundamental microstructure and mechanical properties. The microstructure was performed on Neophot 32 

optical microscope. Chemical composition was analysed on the spectral analyzer Spectrolab Jr CCD. Mechanical 

properties, like nanohardness H and reduced Young modulus Er were subsequently measured on Hysitron TI950 

Triboindenter with a Cube Corner measuring tip, and evaluated by software Triboscan.  Based on the measured 

values, a 2D nanostructure of the distribution map of s H and Er was evaluated in Matlab. This scientific research, 

together with all measured and calculated results, is the fundamental that will help to optimizing the quality and 

used all these results to optimize presented material and technological processes. 
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 Introduction 

Hard steel Armox 500 belongs between the ultra-high 
strength martensitic steel used as an armor material and 
protection for special types of vehicles, mobile containers 
and other special components in armament as well as for 
the civil exploitations. Ballistic resistances of this mate-
rial are given through the combination of hardness and 
strength with optimal value of toughness with respect to 
the materials characteristics. Armox 500 steel was indus-
trially applied in Slovak Republic for the construction of 
the Aligator vehicle frame, Bozena demining system or 
mobile army containers for modular communication sys-
tem Mokys.  

Scientific research together with the development in 
manufacturing of those types of steels allows decreasing 
active thickness of armor on 50 % with equal ballistic re-
sistance [7]. Cutting and welding experiments are tar-
geted to study of the affection of the steel by heat and 
consequently the degradation of basic mechanical prop-
erties during application of these processes. Vicker’s mi-
crohardness courses (HV5) were measured in cross sec-
tion to the surface after cutting and through welding joints 
after two welding processes. The Armox steels are group 
of armoured middle alloyed steels with martensitic struc-
ture, heat treated on very high strength and hardness as 
well as good toughness. These properties result from spe-
cific production process of the steel where most important 
steps are minimizing of H, N and O content by the vac-
uum furnace and heat treatment consist of quenching with 
very rapid cooling and low tempering at temperatures 
about 150÷200 °C.  If the final steel is exposed to the tem-
perature above the 200°C some phase transformations 
take place in the microstructure and the degradation of 
mechanical properties needed for the steel usage occurs. 
These conditions are typical for secondary processing of 
the steel as are cutting or welding.  

 Materials and methods 

In this article, all realized experimental investigations 
were carried out by cutting and welding technological 
process with respect to chemical compositions, mechani-
cal properties and microstructure of workpiece material, 
which is Armox 500 steel. Armox steels production tech-
nology consists of few significant steps to achieve their 
desired mechanical properties. First point is a continuous 
casting process of slab with using of steel of high chemi-
cal purity with minor hydrogen level mainly. The next 
point is the controlled rolling of the slabs at high temper-
ature about 1250 °C to refine austenitic grains. Then the 
plates are solution annealed at temperature about 850 °C.  
Most significant for result high strength and hardness are 
two final points – quenching and tempering. The plates 
are quenched in continuous furnace from the temperature 
about 1000°C with very rapid coolant in the water to 
harden the steels and then finally low tempered at about 
200 °C in order to make hardened steels tougher [2, 3].  

The microstructure resulting from this treatment is 
fine tempered martensite. The producer of Armox steels 
recommend their secondary processing (machining, cut-
ting, welding etc.) at lower temperatures than tempering 
temperature due to accidental over tempering and degra-
dation of mechanical properties in heat affected zone. 
Specific properties of Armox steels demand special tools 
for secondary treatment of Armox steels by machining. 
As a result of very high surface hardness, and that’s why 
to high wear of used cutting tool, the cutting edge made 
by cemented  carbide and coated by PVD nano Al-
TiCN+TiN coating is required to machine Armox 500.  

Middle class of Armox high strength steels - Armox 
500 was selected as experimental workpiece material. Its 
fundamental mechanical properties can be seen in Table 
2 and chemical composition is disclosed in the Table 1. 
Indicated mechanical properties were assessed by the 
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standard tensile strength test (EN ISO 6892-1), Charpy 
impact test (EN ISO 148-1) and Brinell hardness test (EN 
ISO 6506-1) [6]. Chemical composition was measured by 
the spectral analyzer Spectrolab Jr CCD. Fundamental 
microstructure of this steel can be seen in Fig. 1. The in-

vestigated microstructure consists of the tempered mar-
tensite with assumed small quantity of retained austenite. 
There are observed some carbides as a product of tetrag-
onal martensite transformation to cubic tempered marten-
site during tempering.

Tab. 1 Chemical composition of examined steel Armox 500  
Chemical composition 

[wt. %] 
C Si Mn P S Cr Ni Mo B 

0.27 0.23 1.10 0.014 0.009 0.81 1.58 0.7 0.004 

Tab. 2 Mechanical properties of examined steel Armox 500  

Mechanical properties 
Tensile strength 

Rm [MPa] 
Yield strength 

Rp0.2 [MPa] 
Toughness 
KCU [J] 

Hardness 
[HBW] 

Elongation 
A5 [ % ] 

1638 1422 25 516 9 
 

 

Fig. 1 Microstructure of material Armox 500, etch. Nital 
(1000x) 

 

Fig. 2 Selected positions of the measured specimens in 
the Hysitron TI 950 Triboindenter 

 
The quasistatic nanoindentation measurement method 

has been conducted in order to investigate mechanical 
properties of Atmox 500 steel. Hardness and Young 
modulus were realized by the nanoindentation measuring 
device TI 950 Triboindenter (directly from the company 
Bruker Ltd.) in the CEDITEK Laboratory (Center for 
testing quality and diagnostic of materials) of Mechanical 
testing in Trencin (Faculty of special technology). In this 
part of author´s research, these realized measurements 

and number of tests were conducted by the quasi static 
nanoindentation techniques, which fundamental setting 
of measured specimen can be seen in Fig. 2. 

Thermal processed as are plasma or laser cutting are 
most usually used to cut high strength steels with 
martensite microstructure. These processes have several 
benefits as are relative low-cost realization, high cut 
speed, good quality of cut face etc [4, 10]. However, there 
is high risk of overtempering and consequently the 
degradation of key mechanical properties can occur in 
affected areas. The reason is the heat input transferred to 
the cut face during cutting.  

The weldability of Armox 500 steel by the 
conventional arc welding processes is considered as fair 
whereby its carbon equivalent is cE = 0,46÷0,5. The weld 
with good quality and utility properties could be done 
with suitable consumable material and technological 
precautions as are preheating and post-heating. However, 
conflicting requirements exist in choosing of proper 
consumable material for welding of ultra-high strength 
steel. On the one hand one of general welding says to 
choose consumable with properties close to base material, 
but on the other hand high strength steels are very 
susceptible on cracking during welding and require more 
ductile consumable to minimize the effect. Therefore, the 
weakest part of the weld is area of a weld metal almost 
fully containing consumable material having low 
mechanical properties in comparison to base high 
strength steel. 

 Results and discusssion 

The quasistatic nanoindentation analysis is focused on 
main microstructure parts revealed through 
microstructure study by the optic microscopy. The displa-
cement (h) is monitored as a function of the load (P) 
throughout the load-unload cycle where resulting relation 
P-h is called nanoindentation curve. However, elastic – 
plastic contact occurs in real materials. There are both 
plastic and elastic deformations during indentation test on 
examined material surface. Plastic part of deformation is 
typically used to determine Young’s Modulus, while the 
elastic-plastic part both with indent surface is used to eva-
luate the nanohardness H. The selected areas of the spe-
cimen surface area were scanned by the SPM (Scanning 
probe microscopy) technique with using nanoindentation 
probe first (of the type Cube Corner, which is optimal ge-
ometry for the high strength materials testing). In the next 
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step, the quasistatic nanoindentation process was per-
formed on selected location in the SPM image.  

 

Fig. 3 The SPM image of Armox 500 particles with nanoin-
dentation pattern (both 25x25 µm), statistical processed 2D 
map of nanohardness H [GPa] directly from measured 

values 
 
Based on the results from optical microscopy, it has 

shown that the Armox 500 high-strength microstructure 
is fine-grained and consists of martensitic and assumed 
small residual austenite. Based on this fact, the rectangu-
lar pattern was 25x25μm with a regular spread of 
puncture nut 5x5. The distances between the inches in 
both directions were 5μm. Based on the measured values 
obtained from individual inches, a 2D nanostructure of 
the distribution map of nanohardness H (can be seen in 
Figure 3) and a reduced modulus of elasticity Er (can be 
seen in Figure 4) was processed in the Matlab system. 
Used quasistatic nanoindentation measuring device uses 
the SPM to visualise measured area where nanoindenta-
tion tip oscillate and tapping over the area. Moreover, the 

quasistatic nanoindentation allows to measure local me-
chanical properties of these material structure constitu-
ents. 

  

Fig. 4 The SPM image of Armox 500 particles with na-
noindentation pattern (both 25 x 25 μm) statistical pro-
cessed 2D map of reduced Young modulus Er directly 

from measured values 
We perform the experiment to determine the decrease 

of hardness in the HAZ (heat affected zone) after cutting 
the high strength steel by two thermal processes. The ob-
jects of experiment are samples of Armox 500 steel with 
the HAZ after cutting by laser and plasma. The basic pa-
rameters of both used processes can be seen in Table 3 
and Table 4. Heat affected zones after application of these 
thermal processes were evaluated by microhardness Vic-
ker’s test (HV0,5) on samples made of Armox 500 steel 
with three different thickness t = 4, 5 and 8 mm. These 
samples were measured to determine the microhardness 
profile in cross section to the cut face and describe the 
changes in hardness values after affecting the material by 
heat during cutting process.

Tab. 3 Basic parameters of used laser cutting process 

Thickness [mm] Laser Output [W] Frequency [Hz] Cutting speed [m.min-1] 

4 1900 10000 3.1 

5 3200 10000 2.9 

8 3200 10000 2.9 

Tab. 4 Basic parameters of used plasma cutting process 
Thickness [mm] Voltage [V] Current [A] Cutting speed [m.min-1] 

Plasma gas: O2 
4 120 30 0.9 

5 125 45 0.85 
Supplementary gas: O2 / N2 

8 130 50 0.55 

 
The course of microhardness in cross section to the 

cut face for Armox 500 steel with thickness 5 mm cut by 
plasma and laser is in Fig. 5.  

Three characteristic different areas of the HAZ are 
recognizable in the course of microhardness: 

• increase of hardness in narrow area close under 

the cut face (heating up to the temperature in 

austenite area and rapid cooling),  

• intensive decrease of hardness (uncontrolled 

tempering of origin martensitic structure), 

• slow increase of microhardness to the value of 

base material hardness. 

 
As is evident from the course, heat affection is more 

noticeable in plasma cutting process. Same character of 
heat affection is resulted from the values of depth of the 
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HAZ after cutting can be seen in Table 5. Depth of the 
HAZ is evaluated by adapted method commonly used for 
evaluation of layers after application of surface hardening 
processes based on limit hardness as a criterion for 
reading the depth value from hardness course [9, 11].  

 
Fig. 5 Course of microhardness in cross section to the 

cut face for Armox 500 with t = 5 mm cut by plasma and 
laser 

 
Moreover, the part of hardness courses where the 

hardness slowly increases is used only for depth of HAZ 
evaluating. The hardness of base material is considered as 
the limit hardness. The values of the depths of the HAZ 

also varying in dependency on material thickness as are 
shown in Table 5. Depth of the HAZ is noticeably higher 
for thickness t = 8 mm.  The reason is in using of different 
process parameters for different thickness of cut material.   

Tab. 5 Depths of the HAZ for laser and plasma cutting on 
Armox 500 sample 

Thickness t [mm] 
Depth of heat affected zone [mm] 

Laser cutting Plasma cutting 

4 0.77 2.40 
5 1.06 2.53 
8 3.25 3.90 

 
Other serious problem in welding of ultra-high 

strength steels is their overtempering during the process 
and the large width of the HAZ [1, 5, 8]. We perform two 
experiments to study the welding aspects of Armox 500. 
The purpose of first experiment is to determine the 
degradation of mechanical properties in the HAZ after the 
conventional MAG (Metal Active Gas) welding. Used 
basic parameters for the MAG welding are shown in 
Table 6.  

Second experiment is targeted to verification of 
welding possibility of high strength steel by the FSW 
(Friction Stir Welding). The FSW could be a suitable 
replacement of conventional arc welding methods for 
ultra-high strength steel with noticeably lover affection 
by heat input. Used basic parameters for the FSW are 
shown in Table 7.

Tab. 6 Basic welding parameters of the used MAG method 

Current 
[A] 

Voltage 
[V] 

Polarity 
Wire feed 

rate [m∙min-1] 
Filler material 

Protective 
atmosphere 

145÷155 27-29 = (+) 15÷6 Thermanit X 80% Ar, 20% CO2 

Tab. 7 Basic welding parameters of the used FSW method 

Tool rotation speed 
[min-1] 

Advance of tool 
[mm∙min-1] 

Inclination of tool 
[°] 

Depth of tool absorption to 
material [mm] 

400 50 3 0÷0.1 

 

Fig. 6 Course of microhardness across the weld joint of 
Armox 500 steel made by the MAG and the FSW wel-

ding 

There is shown course of microhardness across the 
weld joint of Armox 500 steel made by the MAG welding 
technology in Fig. 6 (blue curve). Some characteristic 
areas of welding joint are noticeable in the course in order 
from the weld center. Central zone with highest decrease 
of microhardness is wide 5÷6 mm and is almost filled 
with consumable material only.  Mechanical properties of 
this part correspond to used consumable properties and 
not to base material as was stated above and is not consi-
dered as a part of heat affected zone. Next characteristic 
zone in the course is the area with increased hardness 
above the value of base material hardness. This is the area 
with full recrystallization and consequent repeard marten-
sitic transformation what results to the high hard but rela-
tively brittle martensitic needle structure. The wide of this 
area is relatively narrow (1÷1,5 mm). The last area with 
rapid decreasing of nanohardness, and then its slow incre-
asing to the value of base material hardness which corre-
sponding with uncontrolled tempering area). Relative 
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decrease of hardness in this area is about 30 % in compa-
rison to the base material hardness. 

The red curve in Fig. 6 represents the course of 
microhardness through weld joint made by the FSW 
(Friction Stir Welding) with using of the same high 
strength steel. The FSW is a solid-state joining process 
where is not required to use consumable material. Weld 
joint is made by rotating pin tool whereby the tool is 
loaded by extreme force. Welding heat is generated by 
friction between the rotating tool and the workpiece 
material, which leads to a plasticized softened region near 
the FSW tool. Course of microhardness through joint 
made by FSW is without weld metal zone with very low 
hardness. Some hardening effect due to influence of 
welding pin to the material is present in the center of the 
weld. However, this hardening does not reach the values 
of hardness of original base material. The area in the 
center of the weld is the mixed zone with strong 
thermomechanical effect including weld nugget. Despite 
of the TMS effect presence, the microhardness course for 
Armox 500 is decreasing in this area. Thermal part of the 
affection in this area causes microstructure change in 
comparison to the base material. Study of microstructure 
also confirms partial recrystallization in this area due to 
high temperature. Next to this area lies the TMS 
influenced zone where are both thermal and mechanical 
affection still present. However, the temperature and the 
deformation are considerably lower in comparison to 
mixed area with the nugget. The deformation part of the 
influence causes small increase in hardness values. 

 Conclusion 

The processing of the ultrahigh strength martensitic 
steels Armox with using the processes based on thermal 
transfer causes the formation of significant heat affected 
zone. The width of the HAZ depends on heat input 
brought to the processed material which is a function of 
specific welding or cutting parameters.  

Conclusions found by HAZ study of cut faces after 
laser and plasma cutting of Armox 500 steels could be 
summarizing to the following points: 

• Depth of measured HAZ by plasma cutting faces 

is significantly bigger in comparison to the laser 

cutting. For example, the HAZ reaches 20% of 

total thickness of cut material (5 mm) for laser 

cutting and almost 50% for plasma cutting. 

• In respect to the cut thickness, depth of HAZ 

increases in relation to the thickness of the ma-

terial. Thick material requires higher heat unput 

to be fully cut. 

• As a result, the HAZ is almost as wide for both 

technologies in a case of higher thickness (8 

mm). In a case of h=8 HAZ reaches 65% of total 

thickenss for laser cutting and 80% for plasma 

cutting. 

 
Described influence may affect final quality of 

processed product with smaller intersections mainly. Due 

to these reasons is advisable to cut Armox materials by 
using of the water jet cutting process which is without the 
heat affection in principle. 

Welding of Armox is more problematic because the 
heat transfer is much bigger than in cutting processes 
where its amount is essential to make enough quality weld 
joint by conventional welding methods as MAG is. Most 
weaken part of MAG weld joint is the weld metal as a 
mixture of base material and consumable material. 
Optimizing of welding parameters considering heat input 
could help to minimize heat affection. Also, some 
progressive welding method could be used besides 
conventional arc welding methods as is friction stir 
welding that using lower welding temperatures. Structure 
of weld joint made by the FSW is different from the 
conventional MAG welding as results from the 
comparison of the microhardness courses for the MAG 
and the FSW which can be seen in Fig. 6. As is apparent 
from the FSW principle, joint made by this method does 
not consist consumable material and morover thermo – 
mechanical effect may occur in it with possible increasing 
of mechanical properties values. However, this 
strengthening does not occurs or is very low and did not 
appear in the microhardness curve of the FSW joint of 
Armox 500 steel. Nevertheless, the experimental results 
confirm that it is possible to weld of Armox steel with 
high hardness and strength by FSW method to form a 
better joint than with conventional welding methods. 
Limiting factor of technological realisation is the need of 
special very hard weld tool because of high hardness of 
the steel. 
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