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Abstract

In this study, the effect of metal active gas (MAG) welding has been evaluated on the
microstructural and mechanical properties of dual phase steel. Low carbon dual phase steels
containing varying volume fraction of martensite was produced with coarse and fine micro-
structure. Specimens were joined by MAG welding method and tensile tests and microstruc-
tural analysis were performed on these specimens. Initial microstructure of steel plates appears
to be a factor in determining the microstructure of heat affected zone (HAZ). Average grain
size in MAG weld metal deposited on fine grained dual phase steels produced was in the range
of 7.7 to 8.9 micron. Columnar grains with comparatively large average grain size were also
observed in weld metals. Yield and maximum tensile strengths are relatively lower than those
of non welded steels. Tensile strengths of weld metals (WM) deposited on initially coarse
grained dual phase steels yielded better results than those with initially fine grained dual
phase steels.
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1. Introduction

Increasing environmental concern and fuel prices
motivate car manufacturers to use lightweight ma-
terials having a higher tensile strength coupled with
better ductility. By reducing the weight of a car less
fuel consumption along with less CO4 emission can be
achieved [1]. A recent research in Europe showed that
the use of advanced high strength steel (AHSS) could
reduce the weight of automobile by 25 %. Dual-phase
(DP) steel is one of the most common AHSS steels [2].
The microstructure of DP steels consists of islands of
martensite in the ferrite matrix with or without the
presence of retained austenite where the martensite
accounts for strength and the ferrite is responsible
for ductility [3-6]. Usually DP steels are produced
by intercritical annealing followed by a rapid cool-
ing [7, 8]. During the intercritical annealing treatment
small pools of austenite are formed in the ferrite mat-
rix, which subsequently transform to martensite upon

rapid cooling. Compared with high strength low al-
loy (HSLA) steels, DP steel shows slightly lower yield
strength but the continuous flow behaviour in DP steel
results in larger and also more uniform total elonga-
tion and higher initial work hardening rate along with
considerably higher ultimate tensile strength [9-12].
All these satisfactory mechanical characteristics have
made DP steel attractive to the automobile manufac-
turers [10]. MAG has great importance to automobile
industry for car body. Good weld quality cannot only
insure the car body security and reliability, but also
influence the accuracy of car assembly [13].

The MIG (metal inert gas)/(MAG) welding is
an arc welding process in which additional metal is
brought by a roll of wire line and is molten by an elec-
tric arc [14]. It is used extensively by the sheet metal
industry and, by extension, the automobile industry.
There, the method is often used for arc spot welding,
thereby replacing riveting or resistance spot welding.
It is also popular for automated welding, in which ro-
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Table 1. The chemical composition (wt.%) of the St37

Elements
Steel
C Mn Cr Ni P S Si Al Cu N

St37 0.073 0.64 0.049 0.065 0.01 0.004 0.206 0.053 0.075 0.027
Heat Treatment Heat Treatment was performed in a bench top box furnace. A sum-
o Group 1 Group 2 mary of all heat treatments carried out is shown in
\3_'; FA A Fig. 1. Two groups of heat treatments were performed
2 H on the specimens. In the first heat treatment the spe-
g IA IA cimens were cooled in the furnace after full annealing
S/ H - ﬂ H and then intercritical annealing was given to the spe-
= FC H 1BQ /| H IBQ cimens at varying temperatures which was followed by
/ | 1BQ / | quenching into ice brine in order to obtain ferrite +
SM-F +P// /] smm” / Time martensite structure in coarse grain. The second type
F+M(C) F+M(F) of heat treatment involved austenitizing which was fol-

Fig. 1. Graphical representation of heat treatments applied

to steels prior to welding (FA: full annealing (900°C), A:

austenitizing (900°C), IA: intercritical annealing, IBQ: ice

brine quenching, SM: starting microstructure, F + P: fer-

rite + pearlite, M: martensite, C: coarse and F: fine, H:

heating rate of 20°C min~! and cooling rate for IBQ is
2160°Cs™ ).

bots handle the work pieces and the welding gun to
speed up the manufacturing process [15].

In this study, St37 structural steel was used. Struc-
tural steels are used in many applications, combining
good welding properties with guaranteed strengths.
There are many grades and the uses varied includ-
ing civil and industrial engineering. HSLA steels have
replaced many structural steels where weight reduc-
tion is important (e.g., automotive) but with guaran-
teed strengths. St37 steels were subjected to intercrit-
ical heat treatment to produce coarse and fine grained
steel with martensite + ferrite structures. Welded and
non welded specimens containing 30, 50 and 80 vol.%
of martensite were also tested for mechanical charac-
terization and microstructures were examined.

2. Experimental procedures
2.1. Material
The structural steel St37 was used in this study
and its composition was determined by using Foundry-
-Master Xpert spectrometer of Oxford Instruments.
The chemical composition of structural steel St37 is
given in Table 1.

2.2. Heat treatments and metallography

Strips of steel were prepared and heat treatment

lowed by the ice brine quenching and then intercrit-
ical annealing was performed prior to second ice brine
quenching again in order to obtain ferrite + martensite
microstructure in fine grain. The intercritical anneal-
ing temperatures were chosen between 720 and 850 °C.
In short, after the starting microstructures were ob-
tained, the specimens were given intercritical anneal-
ing at temperatures of 720, 730, 740, 750, 760, 770,
780, 790, 800, 810, 820, 830, 840 and 850°C.

The annealing heat treatment was 30 min in argon
shroud and ice brine temperature was approximately —
5°C. Full annealing and austenitizing temperature was
selected as 900°C. Following the observations of mi-
crostructure, specimens containing martensite volume
fractions of 30, 50 and 80 % were welded by MAG tech-
nique. Standard metallographic techniques were em-
ployed for microstructural observations before which a
surface layer of 0.2 mm was removed in order to elim-
inate decarburized part of the specimens. All speci-
mens were ground and polished to 1 micron surface
finish. A 3 vol.% Nital + 10 % sodium metabisulphite
solution was used to etch the specimens prior to op-
tical microscopy. Volume fraction of each phase was
determined by commercial software, MicroCAM 4.1,
and the grain sizes were determined by linear intercept
method (ASTM E112-12). After pre-heat treatments
in Fig. 1, selected experimental parameters were coded
as in Fig. 2.

2.3. MAG welding parameters and tensile test

Table 2 shows MAG welding parameters used in
this study. SG2 filler metal with a composition of low
alloy steel was purchased from Askaynak welding com-
pany, Turkey.

Dimensions of specimens prior to welding and the
direction and location where tensile test specimens
were extracted on the welded specimens are also given
in Fig. 3.
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Table 2. MAG welding parameters

Welding speed (mms™*) Current (A)

Wire speed (mms™') Gas

Wire code

1.5 165

10 CO2 SG2

Table 3. Change of obtained martensite volume fractions depending on starting microstructure after intercritical an-
nealing (%)

Intercritical annealing temperature (°C)

Starting microstructure
720 725 730 740 750

760 770

780 790 800 810 820 830 840 850

35.3 40.7 49.8 57.1 58.1 622 629 709 79.2 824
142 18.8 29.8 31.3 35.7 424 50.9 518 62.5 71.7 81.2 86.1

Martensite volume fraction (%)

Ferrite-pearlite - - 272 29.9 30
Martensite - - -
Kltercrlitical 740F30W
nnealing I
Temperature (C) /_I
Phase Morphol
ase Morphology Welded

(C:Coarse, F: Fine)

Martensite Volume
Fraction (%)

Fig. 2. Coding of experimental parameters.

Tensile Test Specimen
A

....................

t:4mm

Fig. 3. Geometrical dimensions of St37 sheets joined by
MAG welding.

444
15 20

30 170

Fig. 4. Geometry and dimensions of the tensile test sample
[15].

Tensile test specimens were prepared according to
ASTM E-8M [16]. Welded specimens were also tested
using test pieces with a weld in the middle lying per-
pendicular to tensile direction. The dimension and the
geometry of tensile specimens can be seen in Fig. 4.
Shimadzu AG/IS (100 kN) universal tensile tester was
employed for tensile testing operations. Three test
readings were taken and an average was computed for
each set of specimens.

2.4. Micro hardness test

The hardness of the welded specimens was meas-
ured on the cross-sections using a Shimadzu HMV-2
Vickers indenter with a 100 g load.

3. Results and discussion

3.1. Heat treatments, welding and
microstructures

Following heat treatment of both specimens with
coarse and fine microstructure, it is shown that a
DP steel microstructure was clearly obtained. The
martensite volume fractions (MVF) for all speci-
mens after intercritical heat treatment are given in
Table 3. The heat treatment temperatures underlined
in Table 3 are heat treatment temperatures produ-
cing similar volume fractions, given in bolt, that were
achieved in specimens with starting microstructure of
ferrite + pearlite and martensite after intercritical
heat treatment. Microstructures of these specimens
are given in Fig. 5.

Two different starting microstructures were ob-
tained before the intercritical annealing by subjecting
the specimens to full annealing and quenching from
the austenite zone. The starting microstructure is the
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Fig. 5. Microstructures of specimens: (a) 740C30, (b) 780C50, (c) 840C80, (d) 760F30, (e) 800F50, (f) 840F80. Dark and
light regions are martensite and ferrite, respectively.

microstructure which the steels have before the in-
tercritical annealing. Depending on the starting mi-
crostructure, the phase morphology, grain sizes and
the mechanical properties of the DP steels change. As
a result of full annealing, the microstructure is com-
posed of ferrite + pearlite and as a result of quenching,
the microstructure is composed of martensite. After
intercritical heat treatments, the starting microstruc-
ture with ferrite 4+ pearlite was coarse dispersed fer-
rite + martensite grains, while the starting micro-
structure with martensite was fine dispersed ferrite

-+ martensite grains. Similar results were also repor-
ted by some researchers [17-21]. Average grain sizes
of 22, 27,23, 17, 14, 12 um for the specimens 740C30,
780C50, 840C80, 760F30, 800F50, 840F80 were ob-
tained, respectively. Respective average grain sizes for
each zone, base metal (BM), HAZ and WM are given
in Table 4. Martensite appears in darker colour in
Fig. 5 compared to ferrite in gray. WM microstruc-
tures of specimens are given in Figs. 6, 7.

In HAZ, the fine grained DP steel contained av-
erage grain sizes ranging from 7.7 to 8.9 micron and



S. Ulu et al. / Kovove Mater. 53 2015 9-16 13

Specimen Base Metal (BM) Heat Affected Zone (HAZ) Weld Metal (WM)
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Fig. 6. Weld zone microstructures for specimens with coarse dispersed ferrite and martensite.
Table 4. Average grain sizes (um) in different zones of the welds

Specimen BM HAZ WM
740C30W 22 +1 171+ 3 73+8
780C50W 27 + 1 9.3+ 3 54 + 1266 + 9
840C80W 23 +1 8.8 +2 112 + 12-53 + 9
760F30W 17+1 8.9 +1 63 + 658 + 5
800F50W 14+1 83+1 52 + 367 £ 7
840F80W 12+1 7T E1 225 + 15-84 + 6

WM grain size was dominantly in the columnar form
which was represented by two different numbers as
given in Table 4. Grain sizes in weld metals appear to
be higher than those of HAZ grains.

Compared to 740C30W-HAZ, 780C50W-HAZ and
840C80W-HAZ microstructures of HAZ, it is observed
that the microstructure of 740C30W-HAZ is coarser
in appearance. The microstructure of 740C30W-WM,
similar to its HAZ microstructure, has an appearance

of columnar grains containing a refined intragranular
irregularly distributed acicular structure. In all micro-
structures, grain boundaries are decorated with grain
boundary ferrite along with Widménstatten forma-
tion. This is clearly shown in Fig. 7. It is seen in
the figure that specimen coded WM causes that start-
ing microstructure of weld metal has a strong influ-
ence on the final microstructure which is character-
ized by its refined appearance containing relatively
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Specimen Base Metal (BM) Heat Affected Zone (HAZ) Weld Metal (WM)
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Fig. 7. Weld zone microstructures for specimens with fine dispersed ferrite and martensite.

higher percentage of martensite. HAZ microstructures
in Fig. 6 (740C30W-BM, 780C50W-BM, 840C80W-
-BM and 740C30W-HAZ, 780C50W-HAZ, 840C80W-
-HAZ) vary significantly as oppose to the microstruc-
ture of critical cooling zone which has similar grain
structure as with WM. This may suggest that the
grain growth is restricted by this behaviour. However,
acicular microstructure may be obtained by the form-
ation of long and large columnar grains which is af-
fected by the excessive grain growth induced by the
coarsening of refined intragranular structure.

The small grain size within the WM appears to
result in a chaotic structure with an appearance of
ferrite + cementite side plates containing small frac-
tion of retained austenite and/or martensite. Similar
systematic formation is also seen in Fig. 7. The weld
metal of DP steel with a starting microstructure of
martensite ended up with a finer intragranular micro-
structure, while after the welding the starting coarse
microstructure such as pearlite with large grain might

result in a coarser microstructure in HAZ. In addition,
for specimens shown in Fig. 7, there is an indication of
excessive grain growth. These microstructures usually
appear in steel with low alloying contents or decarbur-
ization of steel. It is obvious that very fine inner grain
morphology of ferrite + cementite side plates requires
large quantity of C for the formation of fine cementite
plates, leaving grain boundaries poor of C, and there-
fore resulting in the formation of large grains.

3.2. Tensile test results

Tensile test results are given in Table 5. As shown
in Table 5, the yield strength of the F series (fine
grain) DP steels is generally higher than that of the C
series (coarse grain) DP steels. The yield strength in
non welded specimens increased with increasing MVF.
This result is due to the matrix structure of the speci-
mens being composed of martensite rather than of fer-
rite. Similar situation was also seen in tensile strength
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Table 5. Tensile test results

Specimen Yield strength (MPa) Ultimate tensile strength (MPa) Elongation (%)
740C30 368.2 560.2 16
780C50 381.5 638.4 17
840C80 423.2 668.5 19
760F 30 377.8 604 20
800F50 391.5 616 18
840F80 469.8 683.2 19
740C30W 277.1 327.9 7
780C50W 302.5 360.7 6
840C80W 335.7 425.2 9
7T60F30W 231.7 279.3 5
800F50W 267.1 327.2 5
840F80W 304.3 343.1 5
As obtained 221 362 17

of non welded specimens, which was also observed
by some researchers [22-25]. In addition, the yield
strength of non welded specimens changed inversely
with the change in average grain size in accordance
with Hall-Petch law [26, 27]. With increasing MVF
values, yield strength and tensile strength of series F
and C after welding also increased, but elongation did
not change. MVF in welds with F and C specimens
yield and ultimate tensile strength increased, however,
tensile elongation values did not change. The average
grain size in HAZ may have an effect on the plastic
deformation stage. Welds with F specimens produced
lower yield and ultimate tensile strength compared to
C series specimens. The improved performance of C
series specimens may be originating from crack de-
flection capability through ferrite side plate islands in
coarse grains which is not effectively achieved in small
grains. The elongations in all welds are generally lower
in values of which the types of microstructures are
thought to be of prime importance as seen in Table 4.
840C80W appears to be an ideal specimen in terms of
tensile tests.

3.3. Hardness of weld zone

Hardness variation in weld zones may indicate the
formation of hard or soft regions whereby structural
changes occur. However, as seen in Table 6, the hard-
ness of parent metal is higher than those of other
parts of weld zone due to probably having a vary-
ing fraction of martensite in microstructure, whereas
HAZ and WM are subjected to heat effect and there-
fore do not contain martensite. The microstructural
study also showed that parent metal in all the speci-
mens had fine grains compared to WM and although
slightly lower values than those of HAZ. As seen in
Table 6, the hardness of WM is higher compared to
HAZ even though the grain size is comparatively lar-
ger. This may suggest that the initial microstructure
does not have a substantial influence on the hardness.

Table 6. Average micro-hardness values, HV100, for each
section of the weld zone

Specimen BM HAZ WM
740C30W 197.8 160.4 198.5
780C50W 205.5 152.7 163.6
840C80W 195.8 155.0 145.0
760F30W 184.3 145.0 173.6
800F50W 199.4 167.7 168.0
840F80W 197.0 149.3 184.0

4. Conclusions

The results obtained in this study are summarized
as follows:

— Intercritical annealing produced DP microstruc-
ture in St 37 steel.

— The two different starting microstructures that
were obtained prior to intercritical annealing led to
coarse and fine dispersions of ferrite and martensite
in the microstructures.

— The MVF increased with increasing intercritical
annealing temperature.

— The weld metal of DP steel with a starting mi-
crostructure of martensite ended up with a finer in-
tragranular microstructure while after the welding of
coarse starting microstructure such as pearlite in large
grain may result in a coarser microstructure in HAZ.

— The strength and ductility properties of the fine-
dispersed non welded specimens that were subjected
to intercritical annealing exhibited better results than
the non welded coarse-dispersed specimens.
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