Uludag University Journal of The Faculty of Engineering, Vol. 27, No. 3, 2022 RESEARCH

DOI: 10.17482/uumfd.1157841

HEAT INPUT EFFECT OF THE FCAW PROCESS ON THE
MICROSTRUCTURE AND MECHANICAL PROPERTIES OF
STRUCTURAL STEEL JOINTS

Ugur GUROL *

Received: 07.08.2022; revised: 09.12.2022; accepted: 09.12.2022

Abstract: Flux-cored wires are commonly used in structural and pipeline welding, shipbuilding, offshore
constructions, and petrochemical and power generation industries. The higher heat inputs in the multi-
pass welding result in shorter production time while considerably changing the properties of the welded
joint. In this study, robotic flux cored arc welding with varying heat inputs (between 0.56-2.52 kJ/mm)
was performed to determine the effect of heat input on weld microstructure, hardness, tensile properties,
and impact toughness in the structural steel joints. Results exhibited that decrease in heat input from 2.52
to 0.56 kJ/mm changed the majority of the microstructure from polygonal ferrite to acicular ferrite.
Furthermore, this increased by 56%, 37%, and 47% in yield strength, tensile strength, and hardness
values, respectively, while decreasing by 30% and 15% in elongation and Charpy impact test results,
respectively. Moreover, all welded joints displayed a satisfying toughness value higher than the requested
value of 47 J, even at the test temperature of -50 °C. Finally, it can be concluded that the optimum results
were obtained with a heat input of 1.26 kJ/mm, considering the minimum requirements of the AWS
A5.20 standard and the expectations in applications.

Keywords: Robotic MAG welding, Flux-cored welding wire, Structural steel joints, Heat input,
Microstructural characterization, Mechanical properties

FCAW Prosesi ile Yapisal Celiklerin Birlestirilmesinde Is1 Girdisinin Mikro yap1 ve Mekanik
Ozelliklere Etkisi

Oz: Ozlii kaynak telleri, yapisal ve boru hatti kaynagi, gemi yapimu, agik deniz insaatlari, petrokimya ve
enerji liretim endiistrilerinde olduk¢a yaygin bir sekilde kullanilmaktadir. Cok pasolu kaynaklarda yiiksek
1s1 girdileri, daha kisa iiretim siirelerine neden olurken, kaynakli birlestirmenin 6zelliklerini de 6nemli
6lciide degistirmektedir. Bu ¢alismada, yapisal celiklerin kaynakli birlestirmelerde 1s1 girdisinin kaynak
mikroyapisi, sertlik, cekme 6zellikleri ve darbe toklugu tizerindeki etkisini belirlemek icin degisen 1s1
girdileriyle (0,56-2,52 kJ/mm arasinda) robotik 6zIi 6zli ark kaynagi yapilmistir. Sonuglar, 1s1 girdisinin
2.52’den 0.56 kJ/mm’e diigmesi ile mikro yapinin genelinin poligonal ferritten asikiiler ferrite
doniistiiglinii gostermistir. Bu da akma mukavemeti, cekme mukavemeti ve sertlik degerlerinde sirasiyla
%356, %37 ve %47'lik bir artisa neden olurken, uzama ve Charpy darbe testi sonuglarinda sirasiyla %30 ve
%15'lik bir diislise neden olmustur. Ayrica, kaynakli birlestirmelerin tiimiinde -50 °C'lik test sicakliginda
bile istenen 47 J degerinden oldukca yiiksek tokluk degerleri elde edilmistir. Son olarak, AWS AS5.20
standardinin minimum gereksinimleri ve uygulamalardaki beklentiler dikkate alindiginda optimum
sonuglarm 1,26 kJ/mm 1s1 girdisi ile elde edildigi sonucuna varilmustir.

Anahtar Kelimeler: Robotik MAG kaynagi, Ozlii kaynak teli, Yapisal celik birlestirmeleri, Is1 girdisi,
Mikroyap1 karakterizasyonu, Mekanik 6zellikler
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1. INTRODUCTION

The flux cored arc welding (FCAW) wires are commonly used in structural and pipeline
welding, shipbuilding, offshore constructions, petrochemical, and power generation industries
where productivity, high deposition rates, and out-of-position welding are required (Pitrun et al.,
2004), (Yang et al., 2020). FCAW wires are classified into three main types having different
properties: rutile-based wires, metal-cored wires (MCW), and basic wires. MCW increases the
deposition efficiency due to having no slag-forming elements in the filling (Giirol et al., 2022a).
Basic wires produce a very fluid slag with a relatively low solidification temperature. The rutile-
based wires lead to a more fluid slag which solidifies at a lower temperature and allows the
weld bead to become flat with good wettability compared to others (Weman and Linden, 2006).
FCAW wires are formulated to adapt to a specific shielding gas mixture by adding flux powders
having different characteristics from the wire manufacturers. The shielding gases in FCAW
defined in the EN 439 standard are argon, helium, carbon dioxide, oxygen, nitrogen, and
hydrogen. The most used gas in the industry is 100% carbon dioxide because it is a relatively
cheap shielding gas since it is readily available (Giirol et al., 2022b). It is also used as a
component in argon-based mixtures (up to 25%) to combine the effects of both gases and
achieve properties suitable for each situation.

Welding engineers are responsible for developing and working on the weld procedures in
order to increase production efficiency. This is accomplished by higher heat inputs, higher
travel speeds with the same heat input, and using multiple electrodes (Tandem). However,
higher heat input results in significant changes in the microstructure of both the weld metal
(WM) and the heat-affected zone (HAZ) (Viano et al., 2000), (Ling et al., 2015). Bang et al.
(2014) studied the effect of welding parameters on the tensile properties of the WM obtained
with AWS E80T1-Nil FCAW wire. They indicated tensile strength of the WM first increased
(up to 2.1 kJ/mm), then decreased (between 2.1 and 4.5 kJ/mm) due to the microstructural
change with the increase in heat input. Evans (1982) reported that increasing the heat input from
0.6 to 4.3 kJ/mm in all weld metals obtained by C—Mn iron powder basic electrodes reduced the
tensile properties, and optimum Charpy results were obtained at about two kJ/mm. Muda et al.
(2015) investigated the effect of three heat input combinations (0.99, 1.22, and 2.25 kJ/mm) on
the ABS Grade A steel joints welded by the FCAW process. They reported that higher heat
input caused grain coarsening, lower hardness, and lower impact toughness values than lower
and medium heat input. Zhang et al. (2016) studied the effect of heat input and metal transfer on
the weld geometry and microstructure of welding joints performed underwater using the wet
FCAW method. They reported that the underwater welds have less acicular ferrite in the weld
metal and less pro-eutectoid ferrite in the HAZ due to the rapid cooling effect and lower
temperature compared with the air welds.

To summarize, the effect of the heat input on the properties of the weld joints can differ
depending on the filler metal and base material used. Therefore, optimization studies for each
welding combination are of great importance. In this study, the FCAW wire with the E71T-1C
class wire described in AWS AS5.20, having a commercial name of GeKa ELCOR R71, was
used as filler metal. Robotic flux-cored arc welding with varying heat inputs (between 0.56-2.52
kJ/mm) was performed to determine the effect of heat input on weld microstructure, Vickers
hardness, tensile properties, and impact toughness of structural steel joints.

2. MATERIALS AND METHODS

The robotic FCAW in a flat position was performed using E71T-1C class wire described in
AWS A5.20 with a diameter of 1.2 mm as a filler metal. The S355-J2 structural steel plates with
dimensions of 150x350x20 mm were used as base metal. The chemical composition of the
welding wire and base metal given in the material certificates are shown in Table 1. The FCAW

1208



Uludag University Journal of The Faculty of Engineering, Vol. 27, No. 3, 2022

wires used in the study are classified as exhibiting low spatter loss, a fast-freezing slag rutile-
based slag, which completely covers the weld bead, and a spray arc transfer resulting in high
deposition rates. The diffusible hydrogen content of the FCAW wire was determined by gas
chromatography according to the EN ISO 3690 standard using the Bruker G4 Phoenix model of
the diffused hydrogen meter. The average hydrogen content was found as 3.68 ml/100g. Welded
joints having a configuration with a 60-degree single V groove edge and a root-face gap of 13
mm, as described in AWS A5.20, were obtained under 100 % CO, of shielding atmosphere with
a flow rate of 15 1 min™' (Figure 1). The base plates were fixed during the experiments using a
fixture to reduce welding-induced distortion.

Table 1. Chemical analysis of the welding wire and base metal (wt. %)

C Si Mn P S
Base metal 0.13 0.22 1.45 0.015 0.005
E71T-1C wire 0.06 0.50 1.30 0.011 0.008
60°
X
EJ
£
Q
=
AY £ | AN
O
13 mn
Figure 1:

The joint configuration

The heat input can be arranged by changing operational parameters such as welding current,
voltage, and travel speed. However, by changing more than one parameter simultaneously,
multiple factors could influence the results and make a distinct correlation between heat input
and mechanical properties difficult (Schonmaier et al., 2021). Therefore, the four different heat
inputs were arranged by changing only the travel speed, and the other parameters were kept
constant. According to AWS AS5.20, heat input values for the all-weld joints should meet the
requirements of 1.0-2.0 kJ/mm for the filler materials having a diameter of 1.00-1.20 mm. In
this study, the heat inputs were chosen as 2 of them remained within the range specified by the
standard (1.26 and 1.01 kJ/mm), while the others (2.52 and 0.56 kJ/mm) were outside the value
specified by the standard. The nominal heat inputs were calculated by equation 1, where Q is the
heat input, in kJ/mm; V the arc voltage, in V; I the arc current, in A; S the velocity of the
welding torch (mm/min), as stated in AWS AS5.20 standard. Moreover, the inter-pass
temperature was maintained at 150 + 15 °C, and preheating was not applied. The welding
parameters used in this study are presented in Table 2.

Q = (V x1x 60)/(1000 x S) (1)
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Table 2. Welding parameters, including heat input variation

Beads per | Number of Current Voltage Welding speed Nominal heat input
layer layers (A) V) (cm/min) DT pass
(kJ/mm)
1 10 20 2.52
2 8 40 1.26
3 7 250 -260 32.8-33.2 50 101
4 9 90 0.56

An X-ray radiographic test (RT) was first conducted to detect any defects which may be
present in all-weld joints using a portable industrial X-Ray generator that has a capacity of 300
kV. Upon completion of the X-ray testing, the welded joints were cut and machined to the
required dimensions for preparing the metallographic and mechanical test specimens
corresponding to AWS AS5.20. Tensile and Charpy-V notch (CVN) test specimens were
extracted in the mid-thickness section at the position corresponding to the WM central line, as
shown in Figure 2. The notches of the CVN specimens were positioned through the thickness of
the weld beads, and tests were conducted at varying temperatures at temperatures of -20, -30, -
40, and -50 °C to detail the critical ductile-brittle transition zone. Tensile specimens were
removed parallel to the welding direction, and tests were carried out with round bar specimens
at ambient temperature. The Vickers-hardness tests (5 kg load) were performed on samples
obtained through the thickness direction corresponding to the CVN test locations, marked in red
dots shown in Figure 2.

Hardness ,
GHSIRg= test locations 1 onsile

specimen specimen
: .\\ /T\/

a
N7

: I A

Figure 2:
Locations of test specimens

Standard metallographic procedures (such as grinding, polishing, and etching) for the cross-
sectional specimens were performed to reveal the microstructural changes in relation to heat
input variation utilizing an optical and scanning electron microscope. The macrostructural
investigation was performed according to ISO 5817-B to detect any weld defects such as cracks,
insufficient melting between the layers, etc. The fracture surface of CVN test specimens was
also evaluated using a stereo microscope. Finally, the chemical analysis of the all-weld joints
was carried out on the reduced section of tensile specimens using ARL OES 8860 optical
emission spectrometer.

3. RESULTS AND DISCUSSION

Table 3 shows the chemical analysis of the joints obtained, including the Ceq value that
indicates the hardenability of the joints. The C and Mn contents which are the primary elements
that affect the Ceq, changed with heat input; however, the Mn amount seems more affected by
heat input. The highest Ceq was obtained with the lowest heat input of 0.56 kJ/mm. However,
the Ceq values decreased with an increase in heat input, indicating that sudden loss of Mn in the
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WM. This was caused by the lowest boiling temperature and heat of vaporization of manganese
compared to others existing in welding wire (Chinakhov et., 2016). A significant increase in C
and Mn is visible with the decrease of the heat input from 1.01 to 0.56 kJ/mm.

Table 3. Chemical analysis of welded joints fabricated with varying heat inputs (wt. %)

Heat input C Si Mn P S (Cr+Mo+V Ceq
(kJ/mm) +Ni+Cu)
2.52 0.065 0.38 1.17 0.010 0.008 0.28
1.26 0.063 0.41 1.21 0.008 0.008 max. 0.2 0.28
1.01 0.069 0.39 1.25 0.012 0.008 o 0.30
0.56 0.082 0.44 1.41 0.015 0.008 0.34

The macrographs of the welded joints produced with varying heat inputs are shown in
Figure 3. No welding defects that exceed the ISO 5817-B class were found in the macro section
of the joints, such as porosity, crack, or others. It was also observed that all layers except for the
final layers of the multi-pass joints were reheated by successive passes. Due to different heat
inputs, all joints revealed completely different amounts of as-deposited (columnar) and reheated
regions at the middle section of the joint that corresponds to the CVN test location. In addition,
the heat-affected zone of base materials tends to get wider with increased heat input.

Figure 3:
Section view of the welded joints fabricated with a varying heat input of;
a.2.52 kJ/mm b.1.26 kJ/mm c. 1.01 kJ/mm d. 0.56 kJ/mm

The microstructure of face regions generally consists of a columnar structure (Figure 4).
Their microstructure is composed mainly of acicular ferrite (AF) with different amounts of grain
boundary ferrite (GBF) and ferrite side plates (FSP). However, the amount and width of FSP
and GBF decreased clearly, and the microstructure became dominated by an acicular ferrite
structure with decreasing heat input. As shown in Fig. 4d, in the case of welding with low heat
input (0.56 kJ/mm), GBF and FSP almost disappeared, and the final microstructure was entirely
composed of fine acicular ferrite structures. Similar microstructures were also reported to be
formed in shielded metal arc welded, submerged arc welded, friction stir welded, or wire arc
additive manufactured structural steels (Giirol et al., 2022a), (Jorge et al., 2019), (Evans, 1991),
(Kiiciikémeroglu et al., 2018), (Ipekoglu et al., 2018).
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Figure 4:
Micrographs showing the microstructure of the face region with a varying heat input of';
a.2.52 kJ/mm b.1.26 kJ/mm c. 1.01 kJ/mm d. 0.56 kJ/mm

The microstructure of the middle regions that correspond to the CVN test location observed
by OM and SEM are shown in Figure 5 and Figure 6, respectively. It is well known that the
impact toughness of multi-run weld metal depends on the amount of the as-weld and reheated
regions (Wang et al., 2018). Especially, the majority of middle sections (CVN test locations) of
the joints welded with higher heat inputs of 2.52 and 1.26 kJ/mm contained reheated regions,
and their microstructure predominantly exhibited polygonal ferrite structures with a small
amount of pearlite inside the austenite grain boundaries. Furthermore, the cooling rate after
welding influences the transformation behavior and is commonly described as the cooling time
from 800 °C to 500 °C (At8/5) (Zhou et al., 2018). In this context, the At8/5 cooling time of the
joints welded with a heat input of 2.52, 1.26, 1.01, and 0.56 kJ/mm was calculated as 21.9 s, 7.6
s, 6.1 s, and 3.4 s according to EN 1011-2, respectively. Therefore, with the decrease of heat
input from 2.52 to 1.26 kJ/mm, PF grains became smaller due to a shorter cooling time (Figure
6).

The majority of microstructure at the CVN test locations changed from polygonal ferrite to
acicular ferrite in the joints welded with lower heat inputs of 1.01 and 0.56 kJ/mm. The main
difference between the joints welded with 1.01 and 0.56 kJ/mm was found to be the amount of
FSP and GBF phases at the columnar regions. As mentioned for the face regions, the amount of
FSP and GBF were also reduced sharply, and AF grains became more smaller with the decrease
of heat input from 1.01 to 0.56 kJ/mm at the CVN test locations. Moreover, randomly dispersed
inclusions were found in all welds. The inclusions size exceeded 1.5 um in high heat inputs, as
shown in Figure 6. However, it became smaller than 1 pm with decreasing heat input to 0.56
kJ/mm, confirming increased nucleation sites for acicular ferrite. This also ensured that the
inclusion's diameter depended on the heat input, as reported in a previous study (Viano et al.,
2000).
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Figure 5:
Micrographs showing the microstructure of Charpy region with a varying heat input of;
a.2.52 kJ/mm b.1.26 kJ/mm c. 1.01 kJ/mm d. 0.56 kJ/mm

Figure 6:
SEM micrographs showing the microstructure of Charpy region with a varying heat input of;
a.2.52 kJ/mm b.1.26 kJ/mm c. 1.01 kJ/mm d. 0.56 kJ/mm
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Figure 7 shows the hardness test locations and test results of all the welded joints,
containing both the as-deposited and reheated microstructures. All welded joints showed the
same tendency that hardness results decrease first up to 3-4 mm below the surface due to the
final layers having higher proportions of fine acicular ferrite structure resulting from faster
cooling. The hardness values of the middle region corresponding to the CVN test locations were
measured as 1675 HV, 200+11 HV, 209+11 HV, and 246+11 HV for the heat inputs of 2.52,
1.26, 1.01, and 0.56 kJ/mm, respectively. The results reveal that heat input has a powerful effect
on increasing the hardness of the WM by decreasing heat input. An example, a reduction in heat
input from 2.52 to 0.56 kJ/mm resulted in a sharp increase in the hardness by about 48% at the
CVN test location. Moreover, the scatter in hardness values of the CVN test location tended to
increase with decreasing heat input, due to the formation of complex ferrite structures,
especially in 1.01 kJ/mm heat input.

320 | —— 2,52 kj/mm
—— 1.26 kj/mm
300 | —e— 1.01 kjfmm

—y— 0.56 kjfmm

Hardness (HV)
n
38
T

1 1 1 L L 1 L 1 L 1
0 2 4 8 8 10 12 14 16 18

Distance from the top surface (mm)

Figure 7:
Hardness test locations (marked with white dots) of the weld joints with a varying heat input of;
a.2.52 kJ/mm b.1.26 kJ/mm c. 1.01 kJ/mm d. 0.56 kJ/mm e. hardness test results

The tensile test results with the minimum requirements of the AWS AS5.20 standard were
listed in Table 4, and results obtained from all the welded joints were compared in Figure 8. The
tensile properties are more affected by the microstructure of all the welded joints composed of
polygonal ferrite for both 2.52 and 1.26 kJ/mm and acicular ferrite for both 1.01 and 0.56
kJ/mm, which is predominant at the test location. As a result, the highest yield and tensile
properties (694 MPa and 719 MPa, respectively) were achieved with the heat input of 0.56
kJ/mm. In contrast, the lowest (444 MPa and 524 MPa, respectively) were achieved with 2.52
kJ/mm. These results showed that the increased amount of acicular ferrite could result in a 56%
(from 444 to 694 MPa) and 37% (from 524 to 719 MPa) increase in yield and tensile strength,
respectively. However, the increase in yield strength led to a sharp decrease in elongation.
Therefore, the minimum elongation value specified as 22% in AWS AS5.20 was only obtained
with heat inputs of 1.26 and 2.52 kJ/mm.

Table 4. Tensile test results of the welded joints fabricated using varying heat inputs

Heat input Yield strength Tensile strength Elongation
(kJ/mm) (MPa) (MPa) (%)
AWS A5.20 1.00 —2.00 Min. 390 490-670 Min. 22
2.52 444 524 25.6
1.26 514 602 26.0
ELCORRTI 1.01 561 632 20.4
0.56 694 719 18.1
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Figure §8:
Engineering stress—strain curve of the welded joints

The CVN test results are shown in Table 5. A considerable influence of test temperature on
the impact toughness of the all-weld joints can be observed in Figure 9. Varying impact
toughness values at different heat inputs were obtained due to the formation of different
microstructural phases in the Charpy region. The general trend showed as decreasing the heat
input resulted in a decrease in impact toughness values at all test temperatures except the heat
input of 0.56 kJ/mm. The decrease in the amount of FSP and increase in AF amount at a heat
input value of 0.56 kJ/mm caused higher Charpy results than the joint welded with a heat input
of 1.01 kJ/mm. Nevertheless, the 47 J value specified in the related standards was obtained for
all the joints even at -50° C, which is relatively high for rutile-based FCAW wire.

Table 5. Charpy impact test results of all the welded joints

Heat input Test temperature

(kJ/mm) -20 °C -30°C -40 °C -50 °C
2.52 142 +7 136 £7 108 £ 15 68 + 37
1.26 129 +7 120+ 4 97 £ 16 67 £21
1.01 110+£9 102+ 6 77 £ 17 53+13
0.56 118 £13 110+ 17 89+ 18 56+ 10
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Figure 9:
Comparison of the Charpy impact test results

Figure 10a-d shows the fracture surfaces of CVN test specimens taken from the joint
welded with the highest heat input depending on the test temperature. All the specimens
exhibited a mixture of shear and flat fracture regions. The shear regions are considered fully
ductile, while the flat regions could be ductile, brittle, or a combination of both. In this context,
the increased number of flat regions (shown in yellow) with a decrease in test temperature
resulted in a decrease in toughness values.

C)§

101 J at -40 °C — 54 J at -50 °C Zim

Figure 10:

Fracture view of the Charpy impact test specimens of the welded joint fabricated by using a
heat input of 2.52 kJ/mm showing the total area of flat regions in yellow
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4. CONCLUSIONS

In this study, the effect of different heat inputs on the microstructure and mechanical
properties of structural steel joints obtained by the FCAW method using low alloyed steel wire
described as E71T-1C in AWS A5.20 (ELCOR R71) was investigated, and the results were
compared with each other. The obtained results can be summarized below.

e The increase in heat input caused a decrease in the amount of Mn in the all-weld metal
deposit, due to Mn evaporation, resulting in a decrease in Ceq values which is also a
reason for the change of microstructure and decrease in tensile strength of weld metal.

e The majority of microstructures at CVN test locations of the joints welded with higher
heat inputs (2.52 and 1.26 kJ/mm) exhibited PF structures due to the higher amount of
reheated regions existed while the majority of microstructures with lower heat inputs
(1.01 and 0.56 kJ/mm) showed higher amount of AF with a small amount of GBF and
FSP.

e The change of microstructure from polygonal ferrite to acicular ferrite due to the
decreased heat input from 2.52 and 0.56 kJ/mm resulted in an increase of 56%, 37%,
and 47% in the yield strength, tensile strength, and hardness values while resulting in a
decrease of 30% and 15% in elongation and Charpy impact test results, respectively.
However, all four joints displayed a satisfying toughness value higher than the
requested value of 47 J even at the test temperature of -50 °C.

As a result of the study, it can be concluded that optimum test results were obtained with a heat
input of 1.26 kJ/mm, considering the minimum requirements of the AWS A5.20 standard and
the expectations in applications.
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