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Abstract: AISI 430 and HARDOX 450 grades were com-
bined using tungsten inert gas double-sided welding pro-
cess. Microstructural changeswere evaluatedwith scanning
electron microscope, energy dispersive spectrometry, elec-
tron back scatter diffraction, elemental mapping, X-ray
diffraction analysis. Mechanical diffenrences of welded al-
loys were determined by tensile, notch impact and micro-
hardness tests. Failure surfaces of tensile samples were
examined by SEM. The maximum tensile strength was
513.59MPa and the impact energy was 77 J at welding speed
of 0.01mmin−1 at current of 475 A. The lowest hardness was
determined in HAZ due to excessive grain size. Failure
exhibited brittle fracture and cleavage planes.
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1 Introduction

Tungsten inert gas (TIG)welding is ahighefficiency, quality,
sensitive and clean technique. TIG process is preferred in
different industry operations. TIG welding parameters are
the most prominent variables affecting the grade, perfor-
mance and expenditure of the joint [1–3]. The size and form
of the weld bead is important to welding engineers in the
manufacturing industry. Bead geometry clearly affects the
construction and fabrication costs of steel structures and
mechanical tools. Welding of different metals has attracted
attention because it reduces costs and savesmaterials [4–6].
Ferritic stainless steels (FSS) are iron–chromium alloys with
a body-centered cubic (BCC) crystal structure. They have a

quite weaker strength, ductility and formability at higher
temperatures than the austenitic type. FSS is preferred in the
chemical processing industry, furnace parts, petroleum
refining equipment, protection tubes, storage containers,
electrical appliances. Ferritic alloys are difficult to join
due to the number of brittle precipitates and metallurgical
changes. Different problems can be encountered in the
welding of ferritic stainless steels. Grain size is a serious
problem in the welding of FSSs and coarse grains lead to
lower toughness. FSS is a good alternative to austenitic
stainless steel, particularly for practices needing nickel-free
stainless steel [7–11]. HARDOX grade is classified according
to its kinds, thick, carbon rate and alloy elements (Ni, Mn,
Cr, Mo, B). HARDOX steel is produced in 400, 450, 500, 550
and 600 type. HARDOX-450 has ideal abrasion resistance,
combinability, cold bending and hardness [12]. Cheng et al.
[13] reported the butt joinability of titanium and stainless
steel with Cu insert wire using double-sided MIG-TIG weld-
ing. The strength of the butt joint was achieved as 278 MPa.
Ti-Fe intermetallic compounds formed in the structure with
low heat input and rapid cooling in the arc welding were
removed from the structure.

In this study, AISI 430 and HARDOX 450 steels were
combined using the TIG double-sided arc welding. Me-
chanical characteristics and weldability of joints were
analyzed.

2 Experimental approach

HARDOX 450 and AISI 430 ferritic stainless steels in di-
mensions of 125× 100× 10mm3 as the sheet alloywere used.
The chemical composition of steels used in tests is given in
Table 1. The mechanical values of the test materials are
provided in Table 2. Welding production parameters for
welded joints are presented in Table 3. Ge-Ka-Mak welding
machine was used for joints. Extraction of test samples from
welded joints is given inFigure 1. Sampleswereflattedusing
180–1200 mesh SiC sanding papers and polished using
diamond paste. HARDOX 450 sidewas etched by immersion
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in nital solution. AISI 430 side was electrolytically etched
with Vilella’s reagent of 1 g picric acid, 5 mL HCl acid,
100 mL ethyl alcohol at a voltage of 5 V in 10 s. The micro-
structural changes occurring in welded joints were deter-
mined using a ZEISS EVO LS10 scanning electron
microscope (SEM), energy dispersion spectrometry (EDS),
electron back scatter diffraction (EBSD), elemental map-
ping, a Bruker X-ray diffraction (XRD). The quality and
mechanical properties of the welds were evaluated by ten-
sile test, notch impact and hardness tests. Tensile test was
applied to the samplesprepared according toASTME8M−04
standardwith 100kN Instron test system [14]. Charpy impact
test was applied to samples prepared according to ASTM
E23-06 standard at room temperature [15]. The dimensions
of tensile and charpy test samples are shown in Figures 2
and 3. Fracture morphology of the tensile test specimens
was observed by using SEM.

3 Experimental results

3.1 Macro and microstructure

Macro structure images of double-sided TIGwelded joints
are shown in Figure 4. Weld seams did not show any
physical faults. In the cross-sectional area of S1-S2 sam-
ples, unjoined zone was formed. Full penetration and
hourglass style occurred with the increased current
density in S3 sample.

SEM micrographs obtained from the welded joints are
shown in Figure 5. No cracks were detected in the micro-
structures of the joints. As seen in SEM microstructure
photographs, grain growth occurred on the AISI 430 side
due to increased current intensity and increased cooling
rate. Grain border, lath type and peppery carbides were
formed in the microstructure [16]. Dendritic and columnar
grain structure appeared in the weld area. The grain
boundary martensites and carbides scattered in the grains
are displayed in Figure 5. On theHAZ-HARDOX450 side, the
area under the influence of a wider heat occurred. In this
zone, lath-shape martensite, acicular and widmanstatten

Table : Chemical composition of steels used in tests (wt%).

Chemical composition

Materials Fe C Cr Ni Si Mn

AISI  Bal. . . . . .
HARDOX  Bal. . . . . .

Table : Mechanical values of AISI  and HARDOX  steels.

Materials Tensile strength
(MPa)

Impact strength
(J)

Hardness
(HB)

AISI    

HARDOX    –

Table : Production parameters for double-sided TIG weld joining.

Sample no Current amper (A) Gas flow rate
(l min−)

Welding speed
(m min−)

S   .
S   .
S   .

Figure 1: Extraction of test samples from welded joints.

Figure 2: The measurements of the tensile test specimens.

Figure 3: Scheme of the notch impact test sample.
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ferrite were observed depending on the cooling and the
carbon rate. XRD analysis of S3 sample are dedicated in
Figure 6. Fe, Cr7C3, Cr3Ni3, Cr1.36Fe0.52 phases and com-
pounds were detected. Welding metal electron backscatter
diffraction analysis of S3 sample is given in Figure 7. The
concentration compoundwas determined as 92% Cr7C3, 4%
nmartensite and 4% Cr23C6.

EDS point analyzes of S3 sample are indicated in
Figure 8. The atomic weights of different elements are
exhibited in Table 4. Weld alloy and parent metal
included Fe, Cr, Mn, Ni, Mo, C and Si elements. The fusion
zone was enhanced with Fe, Cr, Ni and Mo, and fine
dispersed precipitates detected. In metals containing

Figure 4: Surface and cross-sectional
macrostructure images of test samples.

Figure 5: SEM micrographs of S3 sample.

Figure 6: XRD analysis of S3 sample.
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element in unlike proportions, diffusion raised with
increasing current intensity. A transition element carbon
more easily dispersed into stainless steel. The diffusion of
chromium and carbon elements increased with the heat
density of the high current.

3.2 Microhardness

The upside and underside microhardness values of the test
samples are demonstrated in Figure 9. The highest hard-
ness was seen in the weld metal, the lowest hardness was

Figure 7: EBSD analysis of S3 sample.

Figure 8: EDS point analyzes of S3 sample.
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in the HAZ. The highest values were seen as upside seam
S3 = 374HV and underside seamS3 = 370HV. The hardness
measurement had almost similar values. The formation of
martensite in the weld metal and the condensation of
chromium carbides in the weld metal increased the hard-
ness. The hardness of HAZwas higher than that of AISI 430
parent steel. At the weld metal melting limit, hardness was
first decreased and then increased. This occurred by the
diffusion of carbon into the weld metal by HARDOX 450
and chromium into the weld metal by AISI 430 due to high
heat input [17]. Since martensite appeared in the HAZ of
AISI 430, its hardness was higher than that of the AISI 430
master alloy. The increased hardness of HAZ was the result
of grain inner and grain boundary martensite and carbide
formation. The increased hardness in the weld provided
strength in the joint, but reduced the toughness [18, 19].
There were two reasons for this: martensite at ferrite grain
boundaries and intragranular carbide deposits. On theHAZ
side of AISI 430 steel, the hardness dropped abruptly near
the fusion line.

3.3 Notch impact test

Absorbed impact energies of AISI 430 and HARDOX 450
welded joints were obtained as S1 = 54 J, S2 = 68 J,
S3 = 7 J. Macro photographs of notch impact test samples
are given in Figure 10, and the graph of the impact results
are given in Figure 11. There was a linear increase in impact
resistance with increasing current intensity at joints. The
most absorbed impact energy was achieved as S3 = 77 J. In
the combinations made at low current intensity, the gaps
formed due to the lack of full penetration created a notch
effect. Low impact energies were measured at the joints at
low current intensities. The fractures in the samples
occurred in the zone between the AISI 430material and the
weld metal. These fractures were caused by grain size,
chromium carbide precipitation and martensite [16].

3.4 Tensile test

Macro images of the S1–S3 samples after the tensile test are
given in Figure 12. Tensile strength values were obtained as
S1=383.04, S2=412.71 andS3=513.59MPa. Itwasdetermined

Table : EDS analysis of S sample.

Sample no. Analysis objects Elements (wt%)

Fe Cr Mn Mo Ni C Si

S Upside . Object . . . . . . .
. Object . . . . . . .
. Object . . . . . . .
. Object . . . . . . .
. Object . . . . . . .
. Object . . . . . . .

Underside . Object . . . . . . .
. Object . . . . . . .
. Object . . . . . . .
. Object . . . . . . .
. Object . . . . . . .
. Object . . . . . . .

Figure 9: Upside-underside microhardness plots of test samples. Figure 10: Impact test fracture samples.
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that there was a rupture on the side of AISI 430 material and
very little plastic deformation occurred. This situation
occurred due to chromium carbide precipitation, martensite
formation and a brittle structure depending on grain size in
AISI 430-HAZ [20, 21]. The chemical composition of the weld
alloy changed with respect to the parent metal and the
ductility of the structure in the molten zone decreased. The
reason for this was the presence of duplex microstructure of
martensite and ferrite. Dissimilar grain shape lead to distinct
flexibility modules. The tension intensified at the boundary
and a crack appeared. Long grains had lower toughness and
tended to crack under cyclic loading status. In addition,
martensites and carbides in grain boundaries increased
hardness. This contributed to the reduction of ductility and
toughness. The creationofmartensite during theweld thermal
cycle could be determined by the Kaltenhauser Ferrite Factor
(KFF) [22]. KFF was calculated as 14.70<17. Martensite was
anticipated in the weld metal of the joint.

3.5 Fracture surface analysis

Broken surface SEM images of S3 sample are illustrated in
Figure 13. The rupture surfaces exhibited brittle fracture.
Fractures were caused by carbides, martensite and coarse
grains. The rupture linewas along the ferrite andmartensite
boundaries. Chromium element, which looks more intense
on the surface than other elements, produced carbide de-
posits in the structure and caused brittle breakage.

Figure 11: Graph of impact energies of S1–S3 samples.

Figure 12: Macro view of tensile test specimens.

Figure 13: SEM images of the rupture surface of S3 sample.

T. Teker and D. Gençdoğan: Mechanical performance and weldability of HARDOX 1611



4 Conclusions

AISI 430 and HARDOX 450 plates were welded with
TIG-DSAW. Dissimilar in microstructure and mechanical
diffenrences of welded joints were examined. The main
conclusions are summarized as follows:
(1) Different AISI 430 and HARDOX 450 steels were suc-

cessfully joined without chamfering.
(2) Full penetration and hourglass view were obtained

with increasing current intensity.
(3) The highest hardness levelswere seen as 374HV for the

upper seam and 370 HV for the lower seam. The lowest
hardness was determined in the HAZ due to extreme
grain size.

(4) The highest tensile strength was 513.59 MPa and the
highest impact strength was 77 J.

(5) All of the samples were broken brittle by AISI 430 ma-
terial. The fracture energy increased with increasing
penetration.
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