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Abstract: In this study, AISI 430 and HARDOX 500 steels
were joined by cold metal transfer (CMT) welding method.
The properties and microstructural changes of the welding
and HAZ regions were investigated by OM and SEM ana-
lyses. Microhardness, notch impact, and tensile tests were
performed to determine the mechanical properties of the
welded specimens. The ruptured surfaces of the test speci-
mens after the impact test were examined using SEM. Coarse
grains were formed in the HAZ regions but were limited to
the low-temperature input of the cold metal transfer weld-
ing. The N3 specimen was broken from AISI 430 base metal
and the elongation amount was 16.32 mm. Tensile strengths
were from 380 to 493 MPa. The mechanical properties of AISI
430 and HARDOX 500 steels combined with CMT welding
increased significantly and weldability was proven possible.

Keywords: cold metal transfer; hardness; mechanical;
microstructure; steels; welding

1 Introduction

In parallel with the technological development, high strength
steels have become very important in many branches of
industry. The most important point here is that these steels
can be welded with each other. Many welding techniques are
used for this purpose. The CMT (cold metal transfer) tech-
nique, which is a MIG/MAG process, has gained more
importance among these techniques nowadays. The CMT
welding developed by Fronius provides many advantages
in terms of preserving the mechanical properties of the
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material types used during welding. During the welding
processes, it has 30 % less heat input than the other gas metal
arc welding methods [1]. The CMT technique aims to reduce
spatter and heat input during welding and to minimize
damage to the base metals joined by welding and it is a dip
arc process, which is a droplet detachment from the wire.
Due to the controlled droplet transfer, the process is known
as no-spatter [2]. Both the welded materials and the weld
zones are cooler than the gas metal arc welding method. It
has many advantages over other welding techniques (e.g.;
more precise processing with low heat input and distortion,
high-quality weld bead, burr-free work, the ability to weld
materials and galvanized sheets thinner than 0.3 mm, and
the possibility of joining steel and aluminum) [3].

AISI 430 steels, which are included in the ferritic group,
are alow-carbon stainless steel material containing 1618 wt%
Cr. Due to the different elements in its composition, its
weldability is limited. The steels of type 430 do not contain
nickel and molybdenum. They are not highly resistant to
corrosion. It has medium machinability and is named 1.4016
or X6Cr17 according to the EN norm [4, 5]. Due to the for-
mation of grain growth in the HAZ region, the toughness of
ferritic stainless steels such as AISI 430 decreases after
welding, and they are susceptible to intergranular corrosion.
Therefore, special precautions must be taken during welding
[6]. HARDOX steels have high toughness, bendability, and
features of good weldability. For this reason, it provides a
longer life of materials in areas where abrasion is intense
(for example, due to its load-bearing purpose and high wear
resistance feature) [7, 8]. They are abrasion resistant due to
their hardness properties. Thanks to their toughness prop-
erties, it provides the advantages such as flexibility, form-
ability, and weldability without crack formation. They are
more resistant to hydrogen cracking as they have low carbon
equivalent compared to other high-strength steels. Austen-
itic stainless steel filler materials such as AWS 307 or AWS
309 can be used for the welding operation of HARDOX-type
steels [9]. In another study, HARDOX 450 and AISI 430 steels
are welded using a double-sided TIG (tungsten inert gas)
welding method, and the changes in chemical structure and
phase characterization of welded joints were examined. No
physical defects were detected in the welded joint. Pepper-
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like chrome carbides and grain boundary carbides were
determined in HAZ-AISI 430, and acicular ferrite, widman-
stidten ferrite, and martensite were determined in
HAZ-HARDOX 450 [10]. In a study where AISI 430/AISI 1030
steels were welded using synergistic GMAW (manual gas
metal arc) and GMAW-P (controlled impact) welding
methods, the HAZ of steel joints welded with GMAW-P had
narrower than that of GMAW and the steel welded with
GMAW. The joints had less grain growth than the HAZ.
GMAW-P welded joints of different steels had superior
tensile strength and hardness than GMAW [11]. AISI 430 and
HARDOX 450 steels were welded in another study using a
double-sided tungsten inert gas welding method. The
mixture of AISI 430 steel containing Cr and Ni and HARDOX
450 formed new phases such as Cr;C; CrsNiz, Cy3Cs,
martensite, and Cry 3 Feg 5, in the weld metal. It was deter-
mined that the composition and amount of martensite and
carbides depend on the welding heat output and rate of
cooling [12, 13]. In general, ferritic stainless steels cannot be
characterized by good weldability. Wires made of austenitic
stainless steels are usually applied to join ferritic materials
because of the good mechanical resistance, tenacity, and
flexibility reached by austenitic weld metal. There were
always losses of alloying elements due to the presence of
0,/CO,, but the intensity depended on the amount of tita-
nium/niobium [14].

In this study, AISI 430 and HARDOX 500 steels were
joined by cold metal transfer (CMT) welding. The mechanical
behaviors and metallography of the welding and HAZ
regions of these steels were investigated.

2 Experimental approach

In this study, 130 x 100 x 10 mm AISI 430 and HARDOX 500
steels, and AWS 307 1.2mm wire were selected for the
welding process. The mechanical properties and chemical
compositions of these materials are given in Tables 1 and 2.
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Table 2: Chemical composition of AWS 307 welding wire (wt%).

Product quality C Si Mn Cr Ni

AWS 307 0.08 1.45 6.62 19.10 9.03

The specimens to be welded were first cut into pieces of
130 x 100 x 10 mm with the metal cutting band saw. Then, a
“V” shaped welding groove was opened to these specimens
and they were centered with a gap of 2mm between the
specimens. Specimens were welded with the Fronius-
Tps500i welding machine using the robotic CMT method.
Welding operations were carried out with AWS 307 1.2 mm
wire in 6 passes. The specimens were welded with 0° torch
angle, 45 cm min " feed rate, Arco 2.5 gas, and 5.4 cm min ™
wire feed speed conditions. Three specimens as N1, N2, and
N3 were prepared for each test and each of the specimens
was welded at 120, 130, and 140 A currents, respectively.
97.5 % Argon and 2.5 % CO, gas were used as shielding gas.
The specimens to be used for the experiments were then cut
from the welded specimens with a metal band saw (Figure 1).
The specimen surfaces were sanded with grit sandpaper in a
sanding machine. The specimens were polished with 3 um
diamond paste on the polishing felt. In order to determine
the microstructural differences that occur during the weld-
ing process, the HARDOX 500 specimen was etched with 98 %
ethyl alcohol and 2 % nitric acid. AISI 430 specimen was
etched in an electrolytic etching device in 49 % ethyl alcohol,
49 % hydrochloric acid, and 2% nitric acid with a 12V
etching unit. The specimens prepared for metallographic
examination were observed with an Nikon LV 150 brand
optical microscope (OM) and QUANTA - FEG 250 brand
scanning electron microscope (SEM). The phase changes and
compounds in the welded joint zone and the HAZ were
determined by a Cu-Ka beam source with a wavelength of
A = 154054 in the XRD device. The hardness values were
measured at 0.5mm intervals with a 100 g load with the
SHIMADZU HMV-G brand microhardness device.

Table 1: Chemical compositions and mechanical properties of HARDOX 500 and AISI 430 steels.

Product quality

Elements and their maximum values (wt%)

C Si Mn Al P S Cr Ni Mo B

HARDOX 500 0.27 0.50 1.60 - 0.025 0.01 1.20 0.25 0.25 0.005
AISI 430 0.05 0.28 0.48 0.011 - - 16.9 0.16 0.2 -
Hardness (HV) Yield strength (MPa) Tensile strength (MPa) Notch impact resistance Stretching (%)

HARDOX 500 525 1400 1550 37 10
AISI 430 172 318 490 22 18
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Figure 1: Removal of welded specimens.
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Figure 2: Tensile specimen view.

The tensile test specimens were cut with a band saw
from the welded joint according to the ASTMES8M-04 stan-
dard (Figure 2) [15]. Tensile tests were carried out in the
SHIMADZU brand hydraulic tensile device with 100 KN
tensile capacity. The specimens to be used for the mea-
surement of the fracture energies of the welded joints were
prepared according to the ASTME23-06 standard [16]. Notch
impact tests were determined using a 300 ] hammer in the
impact testing machine. Then, the morphology of the frac-
tured surfaces of the specimens was determined by SEM
analysis.

3 Results and discussion

The macro structures of the N1, N2, and N3 specimens obtained
by welding with the CMT method were examined. The weld
seam width of the N3 specimen was determined to be wider
than the N2 and N1 specimens. The macrostructure showed
that the weld seam width increased as the current increased
(Figure 3). Sectional views of N1, N2, and N3 specimens are
given in Figure 4. Full penetration was achieved in all speci-
mens and a “V” shaped weld seam was formed.

Before and after the welding process, the microstruc-
ture changings of ASI 430 and HARDOX 500 steels were also
investigated in Figure 5. The structure of HARDOX 500 steel
consisted of pearlite (a+Fe3C), while the structure of AISI 430
steel consisted of a ferrite (a) phase. In AISI 430 steel, the
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Figure 3: View of the macrostructures of the welded metal pair.

Figure 4: Macrostructure images of the intersections of N1, N2, and N3
specimens.

white-colored phases consist of ferrite (a), and the looking
darker parts consist of textures.

The weld metal microstructure of the welded steel
pairs is given in Figure 6. There was a dendritic structure in
the weld zone. The welded structure consisted of austenite
(y) and delta ferrites (6). It has been reported that the
presence of delta ferrites in certain proportions improved
the mechanical properties because it absorbed impurities
in the metal [17]. Finer particles, lower heat input, and
higher cooling rates are formed in the weld zone in similar
studies belonging to the welded joints made with the CMT
method [18].

Figure 7 shows the schematic view of the HAZ zones of
the AISI 430 and HARDOX 500 steels welded by the CMT
technique. It is known that the heat generated during
welding will direct to the metal with high thermal conduc-
tivity. A represents AISI 430 steel and H symbolizes HARDOX
steel. A4 is the coarse-grain zones, A3is the finer-grain zones.
A2 represents the partially transition zones, while Al rep-
resents the heat-unaffected zones. Likewise, H4 schema-
tizes high temperature, H3 medium temperature, H2 low
temperature, and H1 heat-unaffected zones. K represents
the weld metal zone. Since the thermal conductivity of AISI
430 metal is lower than HARDOX 500, the HAZ region is
narrower.

The coarse grained HAZ region formed right next to the
weld metal in the AISI 430 region is shown in Figure 8. Grain
boundary and intragranular carbides were seen in the
enlarged microstructure. The cooling rate increased with
increasing current intensity, intense lath-type carbides,
peppery-carbides in the grain, and grain boundary carbides
were formed. The coarse-grained formation during the
welding process in the HAZ region is the normal state [10].



DE GRUYTER

Figure 6: Weld metal microstructure of the welded steel pairs.

HARDOX 500

Transition
zone

Grain inner carbide

Figure 8: Microstructure of AISI 430-HAZ.

A larger HAZ region was formed in the microstructure
of the HARDOX 500 region compared to AISI 430 (Figure 9).
Acicular ferrite and widmanstatten ferrite formations were
also seen in the HAZ zone due to heat inputs during welding.
Partially more acicular ferrite was formed in the
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Figure 5: Microstructure of AISI 430, HARDOX
500, before welding.

microstructure of the N3 specimen compared to the micro-
structure of the N1 specimen. This situation can also be
associated with an increase in the cooling rate as the current
increases. With the increase in the cooling rate, lath-type
martensitic structures and more acicular ferrite structures
were formed in the HAZ [10].

When the micro images of the AISI 430-part of the N1, N2,
and N3 specimens are examined, it is seen that the coarse-
grained part of the N1 specimen in the HAZ zone is narrower
than the other specimens, and the coarse-grained region
grew further with the increase of the current. There was no
significant difference in the widths of the HAZ regions of the
N1 and N3 specimens. The HAZ regions of the N3 and N2
specimens were wider than the HAZ region of the N1 spec-
imen (44 % and 29 %, respectively). There was a direct pro-
portionality between the increase in current and the relative
grain coarsening. The optical image of the N3 specimen
welded at 140 A given in Figure 10 and SEM images are given
in Figure 11. In studies comparing traditional MIG/MAG
welding and CMT welding, when welding with CMT, it was
stated that the peppery-carbides occur in grains of the AISI
430-HAZ region, finer grains and more ferrite are formed in
the welding seam. The formation of peppery-carbides was due
to the carbides formed during cooling [18, 19]. The increase in
the cooling rate when the current increased created a coarser
dendritic structure in the microstructure of the weld metal.
No cracks were observed in any of the welded joints.

SEM-EDS analysis of N3 specimen was given in Figure 12.
The maximum values of Fe, C, Ni, Mn, Cr, Si, and Mo amounts
were determined as 89.90 wt%, 14.72 wt%, 9.31 wt%, 22.07 wt%,
22.09 wt%, 3.55wt%, and 0.67wt% at different points of
HARDOX 500 region, respectively. The minimum values of
Fe, C, Ni, Mn, Cr, Si, and Mo amounts in AISI430 side were
determined as 59.06 wt%, 1.24 wt%, 0.43 wt%, 0.77 wt%,
0.18 wt%, 0.22 wt%, and 0.05 wt% at different points of AISI
430 region, respectively. Fe, Cr, Mn, Ni, Mo, C, and Si
elements were detected in both the weld metal and the base
metal. The elements in the weld metal of the AISI 430-HAZ
side were more than those in the HARDOX 500-HAZ side. The
reason for this can be explained by the atomic density. In
similar studies, there were atomic transitions from high



1306 —— M. E. Kocadagistan et al.: Weldability and mechanical behavior of CMT welded

Weld metal

ETU-YUTAM

atomic density to low atomic density [10]. The element
transitions increased between the HAZ zone and the weld
metal zone with the increasing current intensity.
Microhardness graphic of specimens are showed in
Figure 13. The highest hardness in the weld metal was
measured as N3 = 538 HV. While the austenitic structure in
the weld metal had a higher hardness than AISI 430-base
metal, it had lower hardness values than HARDOX 500-base
metal. It is thought that the carbide precipitation in the weld
metal increases the hardness [20]. A decrease in hardness
values was observed in the transition from the AISI 430-base
metal to the AISI 430-HAZ zone. This was due to carbides
formed in the grain inner and grain boundary zone despite
grain coarsening. Nickel and manganese mixed with the
base metals from the weld metal reduced the formation of
chromium-carbide. A general decrease in the hardness
values was observed in the transition from the HARDOX
500-base metal to the HARDOX 500-HAZ zone. This situation
was caused by tempered martensite [21, 22]. The causes of
the reduction in hardness and tensile strengths were slower
cooling and coarse grain microstructures. Nagasai et al. [18]
revealed that the grain size was reduced due to the wire
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Figure 9: Microstructure of HARDOX 500-HAZ.

Figure 10: Optical microstructure of the N3
specimen.

Figure 11: SEM view of the N3 specimen.

retraction mechanism of the CMT process, which reduced
heat input and increased cooling rate.

The impact energies of the specimens were determined
as N1=99.997], N2 = 118.43], and N3 = 128.9]. The macro
images of the specimens are given in Figure 14. All of the
specimens were fractured from the weld zone where the
notch was opened. SEM images taken from the specimen
surfaces as a result of the notch impact test are given in
Figure 15. The surfaces were ductile and had a spongy
structure [23].

The EDS graphic of the fractured surface of the N3 spec-
imen are given in Figure 16. In general, the amounts of Fe, Cr,
Mn, and Ni were high. It is known that manganese has the effect
of increasing hardness and decreasing fracture toughness.

The macro images of the specimens after the tensile
test are given in Figure 17. In the tensile test server, the
tensile strength values of the N1, N2, and N3, were measured
respectively as 380 MPa, 486 MPa, and 493 MPa. The maximum
elongation amounts of N1, N2, and N3 specimens were calcu-
lated as 5.11 mm, 15.27 mm, and 16.32 mm, respectively. After
the tensile test, the N1 specimen was fractured by the side of
AISI 430 of the weld area. The reason for this is the
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Figure 12: SEM/EDS graphics, a) SEM/EDS graphic of the HARDOX 500 HAZ region of the N3, b) SEM/EDS graphic of the AISI 430 region of the N3, and c)

SEM/EDS graphic of the weld metal region of the N3.
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Figure 13: Microhardness graphic of specimens.

precipitation of chromium carbides in the HAZ zone and the
grain coarsening occurs when they pass from the liquid
phase to the solid ferrite phase. This is thought to may also be
due to low penetration [24].

The N2 and N3 specimens were fractured from the side of
AISI 430-base metal. The austenite additional wire prevents
the formation of intermetallic phases in the weld metal and
reduces carbide formation in the AISI 430 part [25, 26]. While
N2 and N3 specimens were fractured by waisting, the N1
specimen broke without waisting in the macro dimension.
When comparing the CMT welding method with the MIG
welding method, the specimens welded with the CMT welding
method have less distortion than the MIG welding method.
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Figure 15: Fractured surface SEM image of the N3 specimen after impact
test.

It was measured as N1 = 380 MPa, N2 = 486 MPa, and
N3 = 493 MPa in tensile tests. N2 and N3 specimens were
fractured from the base metal. Because of the use of the
additional wire, the austenitic structure formed in the weld
metal reduced the formation of chromium carbide and
martensite and prevented the formation of intermetallic
compounds [25, 26]. In the low-current welding process,
there were no voids and no full joining in the N1 specimen.
The tensile strength increased as the current increased.

Figure 17: Macro views of N1, N2, and N3 specimens.

The phases formed in the material structure of N1, N2,
and N3 specimens are given in Figure 18. Austenite, Cr,Cs,
Cr3Niz, Ni phase, and compounds were detected in the
structure. These phases have a rigid and brittle structure.
But Nickel has a face-centered cubic structure. Therefore, it
formed austenite with high toughness and increased the
mechanical properties of the austenite material [10].

4 Conclusions

In this study, HARDOX 500 and AISI 430 steels with different
mechanical and chemical properties were joined by the CMT
welding method using additional wire. The following results
were obtained.

The low heat input of CMT provided the desired grain
reduction in the microstructure. Less distortion and high-
quality joints occurred.

No cracks and gaps were observed in the HAZ zones of
the specimens.

The highest hardness in the weld metal was measured as
N3 =538 HV. The microhardness of the welded joints decreased
in the transition from weld metal to AISI 430 and HARDOX 500
metals. Martensites and chromium carbide formations detec-
ted in the weld metal had an effect on the increase in strength.

0.0
0.00 050

Ni Ni
SRS b
180 270 360 . 4 . 720 810 J

Lsec: 24.7 0 Cnts 0.000 keV Det: Octane Pro Det

kV: 15Mag: 5005 Takeoff: 40.5Live Time(s):24.7Amp Time(us): 3.84Resolution:(eV)

Figure 16: Fractured surface SEM and EDS graphic of the N3 specimen.
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Impact toughness changed from 99.9 to 128.9]. The
impact energies increased as the current increased.

The fracture surfaces showed a ductile fracture.

The N2 and N3 specimens were broken from AISI 430
base metal at 486 MPa and 493 MPa tensile strength,
respectively. While the N2 specimen elongated by 15.27 mm,
the elongation amount of the N3 specimen was 16.32 mm.
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