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High strength low alloy (HSLA) steels are a new generation of plain carbon steels with significantly
improved mechanical properties while maintaining good weldability with common commercial tech-
niques. Residual stress and microstructural analysis of welded HSLA Strenx 700 MC was carried out
in this research. Results have shown that the welding process causes significant grain coarsening in
the heat affected zone. The microstructural changes are also accompanied with creation of tensile re-
sidual stress field in the weld metal and heat affected zone, reaching up-to depth of 4 mm. Tensile
residual stresses are well known for acceleration of fatigue crack initiation and together with coarse
grains can lead to significant decrease of the fatigue properties of the welded structure.
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1. Introduction

Welding process is currently one of the most common meth-
ods of joining steel, aluminium and even plastic components
in industry. The possibility to weld a steel and the final weld
quality is related to a so called carbon equivalent, in which is
represented influence of each alloying element on the welda-
bility. To ensure high quality of the welded joint, C, Mn, Cr,
Mo, V, Ni and Cu content has to be kept very low. This obvi-
ously limits the possibility of use steels with higher mechani-
cal properties for welding, since the higher yield point and ul-
timate tensile strength is mostly obtained by increasing of
carbon content.

Requirements of increasing safety and efficiency in modern
industry forced steel factories to focus on development of the
special High Strength Low Alloy (HSLA) steels, which ex-
hibit excellent mechanical properties, while maintaining good
weldability with conventional technologies, due to their low
content of alloying elements. The improvement of mechanical
properties is based on special thermo-mechanical processing
providing extremely fine-grained microstructures, microstruc-
tures strengthened by precipitation hardening or solid solution
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strengthening (Shao et al., 2018; Park et al., 2013; Bakkaloglu,
2002; Charleux et al., 2001).

The main problem of welding of the HSLA steels is, that
during the welding , part of the material is fully re-melted and
certain material volume around the weld is locally annealed,
what leads to partial loss of the superior mechanical properties
due to changes of the microstructure (Jesus Jorge et al., 2018).
Also the crystallization of weld metal and thermal expansion
due to high amount of heat introduced into the material can
significantly change the residual stress state of the welded
joint. Macroscopic effect of high stresses can be seen as de-
flection of welded joint — this occurs when the stresses exceed
the yield point. However, high value elastic residual stresses
still remain in the material. These stresses attribute to the load-
ing stresses during the component operation, what can lead to
initiation and propagation of fatigue cracks. It is true, that
stress relieving can be carried out by heat treatment or special
vibration techniques, however both processes are expensive
and impossible to perform on large structures. This is the main
reason, why for wide application of HSLA steels for series
production, it is necessary to understand the residual stress
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state in the weld and then search for optimal welding parame-
ters to provide balanced mechanical properties and low resid-
ual stress state (Lago et al., 2019).

2. Experimental material and welding process

Strenx 700 MC is a termomechanically rolled steel with pre-
cisely controlled heating, rolling and cooling process. Chemi-
cal composition (Tab. 1) is characterized by low carbon and
manganese contents to ensure good weldability and addition
of small amounts of elements such as Niobe, Titanium and
Vanadium (together, their content must not exceed 0.22 wt.
%) to ensure grain refinement of the final steel. Grain refine-
ment together with high micropurity results in UTS and yield
point values (Tab. 2) which are commonly achieved in low
alloy steels after heat treatment, however the steel is still suit-
able for cold forming and welding. According to the EN-
10149-2 standard, the EN S700 MC steels rank in the category
of extra high strength steels used for various application as the
truck frames, cranes and mining machines.

Table 1. Chemical composition of experimental material
Strenx 700 MC (wt. %) obtained by OES analysis

C Si Mn S P Al Nb
0.11 | 0.093 | 0.64 | 0.017 | 0.009 | 0.017 | 0.088

\
0.19

Ti
0.14

Table 2. Mechanical properties of Strenx 700 MC obtained by ten-
sile test and Charpy impact test

Yield point UTS 0
IMPa] | [mpa | A0 KV ]
+20°C | -20°C | -30°C
741 823 115 - e1 29

For experimental works were used welded joints manufac-
tured by welding of two 10 mm thick Strenx 700MC sheet
metals with the MAG method. Before the welding, the edges
of the sheet metal were machined to a 30° bevel to create a 60°
V shape channel. Welding has been carried out with use of one
root bead and two filling beads and one covering bead as
sketched in Fig. 1. As filler material was used ESAB OK Aris-
tod wire with chemical composition and mechanical proper-
ties as listed in Tab. 3.

Table 3 ESAB OK Aristod 69 chemical composition (wt. %) and
mechanical properties

C Si Mn Mo Cr Ni \%
0.08 0.60 1.60 0.25 0.30 1.40 0.07
Yield point Ultimate tensile strength Elongation A5
min. (MPa) min. (MPa) min. (%)
730 800 19

3. Experimental results and discussion

Residual stress analysis was carried out with use of X-Ray
diffraction method, which is based on measuring of the posi-
tion of a diffraction peak, when the material is exposed to X-
Ray radiation (Cullity, 2002). The used experimental set-up
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was: Proto iXRD device, Cr Ko radiation, 1 mm? irradiated
area and sin?y evaluation method. The depth-profile was ob-
tained by material removal with use of electrochemical polish-
ing with electrolyte of saturated NaCl water solution. The
measurements were performed in the weld metal (WM), heat
affected zone (HAZ) and base material (BM) — Fig. 2, and the
measurement vector was along the weld axis.
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Fig. 1. Welding process of the Strenx 700 MC steel: sequence of
the beads (a), macro-etched cross-section of the final weld (b).

Fig. 2. Position of measured residual stresses in the welded joint

The surface layers of the Strenx 700 MC sheet metal are
characterized by compressive residual stresses (Fig. 3) with
value of approx. -200 MPa. With increase of measurement
depth, the value slowly decreases and saturates at approx
-50 MPa in 4 mm depth under the original surface. In contrary,
residual stresses in the weld metal and heat affected zone have
opposite character. In the surface layers the tensile residual
stresses reach approx. 150 + 200 MPa and with increasing
measurement depth, they slowly decrease. They reach values
close to zero in approx. 3 + 3.5 mm under the surface and again
saturate at a depth of 4 mm with value close to -50 MPa.

Presence of compressive residual stress state in sheet metal
is a common result of the sheet rolling process and these
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Fig. 3. Residual stress in the zones of Strenx 700 MC welded joint

C
Fig. 4. Microstructure of Strenx welded joint: welded joint overview (a); weld metal (b);
base metal (c); heat affected zone (d), transversal section, etch. Nital 2%

stresses are usually considered as beneficial, since they are
able to close the initiated fatigue cracks and slow their propa-
gation.

On contrary, introduction of tensile residual stresses tends to
open both, existing cracks and cracks created by external load-
ing. This is the reason why presence of tensile residual stresses
is usually considered unsuitable for components and construc-
tions loaded by alternating stresses (Noyan and Cohen, 1987).

The microstructural analysis was performed on a transversal
section of the welded joint (Fig. 4a). The weld metal consists
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from fine acicular ferrite without visible inclusions or irregu-
larities (Fig. 4b). The grain orientation is in the direction of
the thermal output, towards to the HAZ. Base metal, Fig. 4c,
in the region far from the weld, which was not thermally in-
fluenced, consists from fine grain rolled structure with Ti, Nb
and V carbides. However, due to their small size, these car-
bides are hard to identify by optical metallography metods, but
their presence is expected due to the chemical composition of
the steel and the corresponding phase diagrams. The purpose
of these carbides is better grain refinement in the Strenx steel
manufacturing process, as has been mentioned before. It is
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well noticeable that HAZ is not wider than 1 mm and sigificant
grain coarsening can be observed. The grain size in the HAZ
is approx. ten times bigger that in the BM and the microstruc-
ture is consisting from coarsen polyedric ferrite grains with the
Ti, Nb and V carbides.

4. Summary and conclusion

Welding process introduced changes to microstructure and
residual stress state of the Strenx 700 MC HSLA steel. Besides
the fact, that between the two sheet metal plates was added
another material in form of the filler metal, the thermal input
caused grain coarsening of the surrounding area (HAZ). Since
the superior mechanical properties of the experimental mate-
rial is mainly achieved by fine-grained microstructure, the ma-
terial of the weld metal and in the heat affected zone will not
have the same parameters as the rest of the component.

The welding process also introduced tensile residual stress
state in the weld metal and heat affected zone (approx.
150 +200 MPa vs. -200 in the as-rolled condition). Tensile
residual stresses are in most aplications considered dangerous
due to their influence on accelerating the fatigue crack initia-
tion and propagation. It has to be noted, that tensile residual
stresses after welding are quite common, however, they have
to be considered when designing a construction from HSLA
steel, since this construction is expected to resist higher load-

ing.

Acknowledgements

The research was supported by the Slovak Research and De-
velopment Agency under the contract no. APVV-16-0276 and
by project VEGA no. 1/0951/17.

Bakkaloglu, A., 2002. Effect of processing parameters on the microstructure
and properties of an Nb microalloyed steel, Mater. Lett., 56, 263-272,
https://doi.org/10.1016/S0167-577X(02)00453-6.

Charleux, M., Poole, W.J., Militzer, M., Deschamps, A., 2001. Precipitation
behavior and its effect on strengthening of an HSLA-Nb/Ti steel, Metall.
Mater. Trans. A., 32, 1635-1647, https://doi.org/10.1007/s11661-001-
0142-6.

Cullity, B.D., 2002. Elements of X-ray diffraction, Prentice Hall, 2002, 664,
ISBN-10-020161-0914.

Lago, J., Trsko, L., Jambor, M., Novy, F., Bokiivka, O., Mi¢ian, M., Pastorek,
F., 2019. Fatigue Life Improvement of the High Strength Steel Welded
Joints by Ultrasonic Impact Peening, Metals, 9.

Jesus Jorge, J., Candido, V.S., Rios da Silva, A.C., Costa Garcia, Filho, F., Cam-
poso, Pereira, A., Santos da Luz, F., Neves Monteiro, S. 2018. Mechanical
properties and microstructure of SMAW welded and thermically treated
HSLA-80 steel, J. of Mater. Res. Technol., 7, 598-605,
https://doi.org/10.1016/j.jmrt.2018.08.007.

Noyan, I.C., Cohen, J.B., 1987. Residual Stress-measurement by diffraction and
interpretation, New York: Springer —Verlag, 1987

Park, D.B., Huh, M.Y., Shim, J.H., Suh, J.Y., Lee, K.H., Jung, W.S., 2013.
Strengthening mechanism of hot rolled Ti and Nb microalloyed HSLA steels
containing Mo and W with various cooling temperature, J. Mater. Sci. Eng.
A., 560, 528 - 534, https://doi.org/10.1016/ j.msea.2012.09.098.

Shao, Y., Liu, C., Yan, Z., Li, H., Liu, Y. 2018. Formation mechanism and con-
trol methods of acicular ferrite in HSLA steels: A review, J. Mater. Sci.
Technol. 34, 737-744, https://doi.org/10.1016/j.jmst.2017.11.020.

Strenx 700 MCIE#E:¥ELRIHLSIRER RN J1 017

stz
AP
i
Kk
oL
S HuHL L

WE

BT T o Hr

fi%.

rr R AR A (HSLA) MR — AR RN, B B s (U ERe, R SO M
MR AR GRES T RAFHIREYE . AHTFURSFIEIIHSLA Strenx 700 MCRF A% R 77 AL S 21
SERERY], R R ARG X SR B A SRR AL o
PEBEE AR 12 SR A AR R X oh P A R RN 87y, HLAEIA 4 mm IR .
Xt INE R 57 AU A AR R R, I LSRR oL — i w] 3 BUR R S5 X5 57 1k e 5 P

B LR IE
PSR AN /)

ARCHIWUM INZYNIERII PRODUKCJI

44



