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1. Introduction

The thermo-mechanically controlled processed (TMCP) 
steels belong to the group of ultra-high strength steels, which 
exhibit exceptional combination of high tensile and yield strength, 
toughness and ductility. The ultra-high strength steels exhibit also 
high abrasion resistance, when comparing to the carbon steels [1]. 
These properties are obtained by the combination of alloying by 
small addition of V, Ti, Cr, Ni, Si, Mn, Mo, and properly chosen 
processing, which allows to achieve the high strength properties 
while the amount of C is maintained low [2]. Nowadays, in 
the many industrial applications, the usage of the high strength 
steels is increasing [3]. Those steels were introduced in the 
heavy machinery constructions as heavy mobile cranes, where 
exist requirements for the high UTS with combination with the 
high damage tolerance [4], [5], [6], [7]. Exceptional properties 
led to expansion to other applications like the construction of 
military vehicles, offshore constructions, shipbuilding industry, 
high pressure pipes for oil/gas transportation and nowadays 
also to a construction of commercial vehicles [1], [7], [8], [9]. 
The only drawback that prevented the wider introducing of the 
high strength steels to constructions is the higher price of those 
steels; thus their price must be compensated by introducing 
other advantages [10]. Application of the high strength steels in 
constructions enables application of small thickness profiles and 
consequently reduction of the construction mass [11]. The weight 
savings in the construction, reached by the substitute of standard 
mill steels (S355) by the high strength steel S960MC, can be up 
to 60 % [12]. Efforts to decrease the air pollution is another strong 
reason to introduce the high strength steels to the construction of 
transport vehicles, where the reduction of the weight can bring 

really significant increase of the fuel efficiency and thus the lower 
the air pollution level [10], [13].

The high strength steels have worse forming properties than 
conventional mild steels, so their usage in the constructions is 
restricted to the profiles, which can be easily fabricated (mostly 
sheets); thus for manufacturing more complicated shapes, welding 
is the most common technology, which can be used for producing 
joints of these steels. Using the high strength steels in the 
construction leads to reduction of the cross section, which also 
reduces the time required for the welding and the consumption 
of the filler metal [14]. The high tensile and yield strength of 
this type of steels is obtained by the combination of the chemical 
composition, heat treatment and the processing. The heat input 
into the material during the welding can thus significantly affect 
properties of the steel and the whole joint. The main problem of 
the welded structures of high strength steels is the softening in 
the heat affected zone (HAZ) [8], [15], [16], [17], [18], [19]. 
In steels with the tensile strength higher than 500 MPa, due to 
the heat effect, occur structural changes in the HAZ, which can 
significantly degrade properties in those areas [20]. To allow 
weldability of these steels, without excessive degradation of the 
mechanical properties, the chemical composition is carefully 
arranged to meet the requirement for the high mechanical 
properties with high toughness and to ensure weldability and the 
resistance to formation of hot and cold cracks [6], [14], [21].

The majority of the recent papers, regarding welding of the 
high strength steels (especially S960), investigate the effect of the 
processing parameters and technology on the resulting properties, 
but those studies mostly consider the quenched-tempered steels 
and sheets with thickness of 8 mm and more. It is well known 
that the welding of the thin sheets can reveal some differences 
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and microscopic evaluation and the microhardness measurements 
were cut from the sheets at the minimal distance 25mm from the 
begining of the welds. Microhardness measurements were used 
for characterization of  changes of the properties through the 
welds; the microhardness was measured in the line, from the base 
metal, through the weld up to the base metal on the other side. 
For all the micro-hardness measurements, the force F = 1kp (9.8 
N) was used.

3.	 Results and discussion

3.1 Macro and microstructural characterization

Welds were prepared with the two different sets of welding 
parameters. The most significant differences were in the welding 
speed, which resulted in the 60 % increase of the heat input in 
the second weld. For simplification, the weld made with the 
lower heat input will be designated as ‘weld A’ and the other 
one as a ‘weld B’. Both welded sheets were subjected to visual 
control, which did not reveal presence of any defects on the 
welds surface and there were none visual differences between 
both welds, as well. The welds‘geometry was macroscopically 
examined (Figure 2a, Figure 2b) and it fulfills requirements 
according to EN ISO 17639 standard for the used type of welds. 
As a result of macroscopic observation, it was found that both 
tested joints have no cracks, no lack of penetration, no porosity, 
regular profile and a smooth transition to the base metal.  A small 
angular deviation was observed, as a result of the welding process 
during which the sheets were not clamped. Despite the large 

in the resulting properties of the welded joint when compared to 
the thick sheets. In this study, the high strength TMCP S960MC 
steel welded joints were examined. Welded joints prepared from 
3 mm thick sheets were obtained by welding with different welding 
parameters resulting in different heat input to the material.

2.	 Material and experimental procedures

In this study, the S960MC thermo-mechanically processed 
steel sheets were used. The chemical composition and the basic 
mechanical properties of tested steel are shown in Table 1 and 
they meet the requirements for the S960MC steel according to 
standard EN 10149-2. Sheets with dimensions 300×300 mm and 
thickness of 3 mm were used.  A configuration of the but welded 
joint without grooves was prepared by a single pass gas metal arc 
welding (GMAW) technique (gap width was of 1.5 mm, Figure 
1). Prior to the welding process, the surface was ground and 
degreased by ethanol, to prevent occurrence of welding defects. 
To protect the mold welding pool, prevent the excessive oxidation 
and obtain adequate penetration, the weld was protected by 
M21 gas mixture (82 % Ar + 18 % CO

2
). Two sets of welding 

parameters were used; they are shown in Table 2. The G 89  5 
M21 Mn4Ni2.5CrMo filler metal (EN ISO 16834-A) in the form 
of a  wire with f = 1 mm was used. Chemical composition and 
mechanical properties of used welding wire are shown in Table 3.  
The welds were obtained without any preheating and with cooling 
in the air. No additional post-weld heat treatment was applied. 

After the welding procedure, the specimens were cut in the 
transversal direction. The tensile tests were carried out, according 
to EN ISO 6892-1 standard to obtain the mechanical properties 
of the weldments. Specimens for the tensile tests were prepared 
according to EN ISO 4136 standard. Two specimens from the 
both welds were manufactured. 

The microstructure evolution after the welding was 
characterized by the optical microscopy; specimens were prepared 
by the standard procedure for preparation of metallographic 
specimens and etched by 1 % Nital. Specimens for macroscopic 

Table 1 Chemical composition (in weight %) and the mechanical properties of tested material

S960MC

C Si Mn P S V Ti Cu Cr Ni Mo

0.087 0.18 1.11 0.009 0.001 0.01 0.022 0.017 1.08 0.06 0.128

YS [MPa] 1034 UTS [MPa] 1150 Elongation [%] 11.5

Table 2 Welding parameters used in the study

Weld Voltage [V] Current [A]
Welding speed  

[m/min]
Wire feeding rate  

[m/min]
Heat input [kJ/cm]

A 19 135 0.45 4 2.7

B 17 120 0.23 4 4.3

Table 3 Chemical composition (in weight %) and mechanical properties of the filler metal

G 89 5 M21 Mn4Ni2.5CrMo

C Si Mn P S Cr Ni Mo Cu Al V Ti Zr

0.11 0.66 1.77 0.009 0.007 0.41 2.43 0.46 0.17 0.007 0.007 0.069 0.0019

YS [MPa] ≥ 930 UTS [MPa] ≥ 980 Elongation [%] ≥ 14

Figure 1 Schematic view of the welding configuration.
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ferrite, while the untransformed martensite was tempered. The 
resulting microstructure of this area is the mixture of martensite, 
ferrite and tempered martensite - similar to other studies [9], [12]. 
According to other authors, the ICHAZ is the weakest area in the 
welded quenched-tempered and TMCP steels [1]. The width of 
the ICHAZ was approximately 740 μm for weld A and slightly less 
for the weld B - approximately 680 μm, but it is unlikely, that this 
difference could be significant for the mechanical properties of 
the whole welded joint. In addition, the base metal near the HAZ 
was affected by the introduced heat, but heat exposure did not 
exceed the A

c1
 temperature, so no phase transformation occured, 

only a tempering of the martensite phase, which actually resulted 
in decrease of the mechanical properties in that area.

3.2 Microhardness measurements

Phase transformations occurred mainly in the HAZ and 
strongly affected the resulting mechanical properties of the whole 
welds. Microhardness measurements were performed by the 
measuring hardness profiles from the base metal, throughout the 
HAZs and the weld metal (WM). The microhardness profiles are 
shown in Figure 6.

Microhardness profiles show continual decrease of 
microhardness in the direction from the base metal to ICHAZ, 
which was similar for both welds. This decrease is related to the 
tempering of martensite in the base metal structure. Decrease of 
strength related properties is common behavior for all the high 
strength steels (quenched tempered and TMCP steels), when 
they are heated in the range 450 °C - A

c1
 temperature, due to 

martensite tempering [5]. The lowest values of microhardness 
were obtained in the ICHAZ, where only 66 % of the base metal 
hardness was recorded. The ICHAZs seems to be most critical 
areas, even the width of these zones is relatively small (≈ 0.7 mm). 

differences in the heat input, no enlargement of the HAZ due 
to the higher heat input was observed. Due to the low thickness 
of the welded sheets, most of the heat is transferred rapidly to 
the air, and no excessive heat dissipation in the welded sheets 
occurs. As a result, the higher heat input does not significantly 
enlarge an area which is heated above the A

C1
 temperature. The 

greater emphasis was placed on the microstructural observation. 
Microstructure of the base metal is shown in Figure 3 and it is 
composed of a mixture of martensite and tempered martensite. 
This kind of structure allows obtaining the combination of high 
mechanical properties and high toughness. The weld metal (WM) 
microstructure was characterized as a mixture of martensite and 
tempered martensite in the large columnar grain structure (Figure 
4). No significant differences were recorded in the comparison 
of welds A and B. The heat affected zone (HAZ) is the most 
problematic zone in the welds of the high strengths steels, as 
its properties are a result of the thermo-mechanical processing; 
introducing of the thermal energy during the welding process 
can significantly affect the structure in the HAZ and thus also 
the resulting properties of the whole weldedjoint. Regardless of 
the welding parameters, three different areas in the HAZ, were 
recorded, depending on the temperature to which the individual 
zones were exposed and the cooling rates (the similar behavior 
was reported by many authors [2], [9], [12], [14]). In the 
direction from the weld metal to the base metal, the first observed 
zone was the coarse grain zone (CGHAZ) (Figure 5a, Figure 
5b). The CGHAZ is the area, which was heated high above the 
A

c3
 temperature, what resulted in the transformation of the base 

metal to austenite, which subsequently grew. Followed by the 
rapid cooling, the enlarged austenitic grains transformed back to 
martensite.  The amount of the austenite phase growth increases 
with getting closer to the fusion zone, which corresponds to the 
temperature increase in the same direction. Coarsening of the 
austenitic grains in the TMCP steels at elevated temperatures is 
accelerated by the dissolving of NbC (and other small particles) 
in the matrix, and thus the pinning effect is significantly reduced 
[22]. The second area resolved in HAZ, is the fine grain heat 
affected zone (FGHAZ) (Figure 5c, Figure 5d). This area was 
heated slightly above the A

c3
 temperature, but the holding time 

above A
c3

 was very short. Exposure to heat at this zone caused 
thetransformation of the base metal to austenite, but due to 
the low temperature and very short duration of this exposure, 
followed by the rapid cooling, it resulted in the refinement 
of austenitic structure and its subsequent transformation to 
martensite. The last area of the HAZ is called the intercritical 
heat affected zone (ICHAZ) (Figure 5e, Figure 5f). This area was 
exposed to temperatures in the range between A

c1 
and A

c3
 where 

the martensite is partially transformed to austenite. This exposure 
resulted in formation of the mixture of martensite and austenite, 
which transformed, after the rapid cooling, to martensite and 

Figure 2 Macroscopic view of the weld A (a) and weld B (b)

Figure 3 Microstructure of the base metal
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Figure 4 Microstructures of the weld metal, weld A (a) and weld B (b)

Figure 5 Microstructures of the HAZ; a, c and e represent CGHAZ, FGHAZ, ICHAZ of weld A, respectively; b, d and f represent CGHAZ, FGHAZ 
and ICHAZ of weld B, respectively
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but a decrease of the mechanical properties in the HAZ.  This is 
in consistence with other authors, but in the case of thin sheet, 
the HAZ softening is more dramatic. The sheets with the lower 
thickness are more susceptible to excessive overheating and thus 
the degradation of the properties in HAZ is more likely to occur. 
Depending on the width of that HAZ, the general properties of 
thewelded joint can be decreased. The TMCP steels are more 
susceptible to the HAZ softening than thequenched-tempered 
steels with the similar mechanical properties, sincetheir carbon 
content is lower and the final mechanical properties are reachedby 
several strengthening mechanisms. (Precipitates of-V,Nb,Ti-CN, 
which can dissolve in the matrix at high temperature exposures, 
also influence the high mechanical properties,which can 
contribute to the strength reduction after the welding) [6].

3.3 Tensile tests

The tensile tests were performed according to EN ISO 6892-1 
standard and two specimens of each weld were tested. Results of 
the tensile tests are shown in Table 4.

The tensile tests show the significant reduction of the tensile 
strength and yield strength. The ultimate tensile strength was 
reduced to 79 % of the base metal value in the weld A  and 
81 % in the weld B. Similarly, the yield strength was reduced 
as well, and it reached 73 % of the base metal yield strength 
in the weld A, and 75 % in the weld B. Regardless of welding 
parameters, the UTS and YS were significantly reduced in 
both welds. Even more dramatic decrease was recorded for the 

In FGHAZ, the microhardness started to increase and reached 
its maximum at microstructures shownin Figure 2c, Figure 2d. 
For the weld A, the maximum value was a little bit higher than 
for the weld B, which is related to the amount of heat introduced 
to the material during the welding. Towards the CGHAZ, a small 
decrease of microhardness was recorded, what is related tothe 
excessive grain growth in this zone. The microhardness in that 
area is given by the mean grain size, which is a function of the 
cooling rate and the holding time at elevated temperatures [22]. 
The weld metal microhardness values were different for the two 
welds. Weld A exhibits the higher microhardness in the weld 
metal, value of 383 HV

1 
was recorded. Though this value is higher 

than that of the base metal, it is still lower than the considered 
limit value 450 HV

1
 at which an embrittlement of the welded 

joint can occur. The weld metal in the weld B exhibited the lower 
microhardness, the maximum value recorded in that area was 328 
HV

1
. According to that, the higher heat input used in the weld 

B resulted in the lower hardness of the weld metal. In majority 
of cases, achieving of lower microhardness values in the weld 
metal is desirable, but in this case, these values were even lower 
than the base metal microhardness, thus it could be detrimental 
for the whole welded joint properties. Some authors suggest that 
the main problem during the welding of the high strength steels 
is an increasing hardness in the weld metal region, which causes 
embrittlement and lower toughness and ductility. In this study, the 
highest measured hardness in the weld metal region was only 383 
HV

1
 for weld A and 328 HV

1
 for weld B. According to previously 

mentioned values, the most crucial for  theTMCP steels is not 
an increase of the mechanical properties in the weld metal region 

Figure 6 Micro-hardness profile of the welds

Table 4 Results of the welds tensile tests

YS [MPa] UTS [MPa] Elongation [%]

A-01 794 826 5

A-02 836 858 3

Average - weld A 815 842 4

B-01 830 848 3

B-02 838 877 3

Average  - weld B 834 863 3

Base metal 1034 1150 11.5
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4. 	Conclusions

Based on the carried out experiments, the following 
conclusions can be drawn:
•	 The S960MC TMCP steels sheets of 3 mm thickness were 

successfully welded with the G 895M21Mn4Ni2.5CrMo 
filler metal without appearance of any cracks and weld 
imperfections.

•	 The microstructure observations revealed a  few different 
zones in the HAZ, whose evolution was similar for the both 
sets of welding parameters and only minor differences were 
recorded as a result of difference in welding parameters.

•	 The microhardness measurement shows that the ICHAZ is 
the weakest area of the whole joint, with microhardness of 
only 66 % of the parent material hardness. Similar values were 
recorded for both sets of tested welding parameters and no 
correlation between the ICHAZ microhardness and the heat 
input was found.

•	 The weld metal microhardness was found to be dependent on 
the welding parameters. In the weld A, the hardness exceeds 
hardness of the base metal, but that value still did not exceed 
400 HV

1
; thus there are no concerns for any embrittlement. 

The weld metal in the weld B exhibits the lower hardness than 
the base metal, due to excessive heat input.

•	 The tensile tests show the significant reduction of mechanical 
properties and elongation for both tested welds, where the YS 
reached 73 % of that of the base metal, the UTS reached 79 % 
and elongation less than 40 % of the base metal values.

•	 No significant differences were found in the welds properties 
after welding with the heat inputs of 2.7 and 4.3 kJ/cm, while 
the slightly higher mechanical properties were obtained with 
the latter one.

•	 Thin sheets of the TMCP steels are strongly susceptible to 
excessive overheating, so the standard GMAW procedure is 
not an appropriate method for welding the thin sheets made 
of the TMCP S960MC steel. Modern welding methods using 
high energy narrow beams (electron/laser) could be the 
solution to the problem of TMCP thin sheets welding.
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tensile elongation. The tensile elongation reduction was similar 
in both welds and its value reached less than 40 % of the parent 
base material elongation. Fracture of specimens, tested by the 
tensile tests, occurred approximately 6 mm from the weld center 
in all thespecimens, what corresponds to the micro-hardness 
measurements and appearance of the most softened zone in that 
area. Thus, it can be said that the fracture occurs in the narrow 
area of the ICHAZ. This phenomenon is a  result of changes in 
the ICHAZ microstructure, where the softening occurs in the 
narrow areas. Due to the decrease of the yield strength of these 
regions, the plastic deformation during the tensile testing occurs 
in these regions at lower stress values than the yield strength of 
the rest of the weld; thus the yielding occurs only in those narrow 
areas, which results in localization of all the plastic deformation 
to relatively small area causing the significant reduction of the 
tensile elongation. Some authors claim that the decrease of the 
ductility and toughness is a  result of formation of the brittle 
martensite phases in the HAZ (especially in the CGHAZ) [22], 
[23], but according to result of the tensile tests, the fracture 
occurs in the region of ICHAZ and the reduction of tensile 
elongation is due to yielding localization. In the study [12], the 
8 mm thick S960QL steel sheets were successfully welded by the 
multi pass GMAW technique, with the heat input ranging from 
4.6 kJ/cm to 8.4 kJ/cm. A decrease of hardness in the HAZ was 
also recorded, but the decrease was only 15 % and result of the 
tensile tests showed the 7.1 % drop in the UTS and 1.4 % drop in 
elongation. The failure of the tensile specimens also occurred in 
the HAZ. There are many other studies where the high strength 
steels were successfully welded by using the GMAW with the heat 
input of 7-18 kJ/cm [5], [8], [12], but those studies were carried 
on much thicker sheets (at least 8 mm) and, in addition, the used 
steels were mostly of the quenched-tempered type, which has the 
higher carbon content. Based on the previously mentioned facts, 
there follow a  few important conclusions. At first, the changing 
of welding parameters (in the range used in this study: 2.3-4.3 
kJ/cm) did not significantly affect the overall properties of the 
welded joints. The weld made with the higher heat input showed 
the better mechanical properties, though the lower values of 
microhardness were recorded in the HAZ and WM. Comparison 
of those results to other studies, made on quenched tempered 
steels, shows that there is clearly an evident higher drop of the 
mechanical properties for the TMCP steels, which contain less 
carbon and the high mechanical properties are also obtained by 
other strengthening mechanisms. The last very important factor is 
the thickness of the welded sheets. Sheets of a smaller thickness 
are more susceptible to excessive overheating and thus the 
degradation of the properties in the HAZ is more likely to occur, 
which results in the severe degradation of the overall properties 
of whole joint.
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