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Preface to “Welding, Joining and Coating of Metallic
Materials”

This book is a collection of several reviews and original research papers that cover recent
developments in the field of welding, joining and coating of metallic materials. These processes
are highly applicable to industry, due to the materials having desirable properties and performance.
Therefore, welding, joining and coating are also being studied in detail by scientists worldwide.

The following materials are the focus of this book: titanium, aluminum and magnesium alloys, as
well as various types of steel, intermetallics and shape memory alloys. Particular emphasis is placed
on the microstructural investigations during the welding, brazing and coating processes. However,
in order to solve complex issues, works on modeling and simulation are also presented in the book.

Different metallurgy-related processes are covered, such as spot welding using metallic
interlayers, the welding of dissimilar metals, the study of joints applicable as biomaterials. The
advances in coating technologies covered in the book are related to the micro arc oxidation (MAO)
method, the plasma vapor deposition (PVD) approach and the chemical vapor deposition (CVD)
technique.

We would like to take this opportunity to thank all of the authors who have contributed to
this book.

Michael Zinigrad, Konstantin Borodianskiy
Editors
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Welding, Joining, and Coating of Metallic Materials

Michael Zinigrad and Konstantin Borodianskiy *

Department of Chemical Engineering, Ariel University, Ariel 40700, Israel; zinigrad@ariel.ac.il
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Received: 5 June 2020; Accepted: 8 June 2020; Published: 10 June 2020

Abstract: Welding, joining, and coating of metallic materials are among the most applicable fabrication
processes in modern metallurgy. Welding or joining is the manufacture of a metal one-body workpiece
from several pieces. Coating is the process of production of metallic substrate with required properties
of the surface. A long list of specific techniques is studied during schooling and applied in industry;
several include resistant spot, laser or friction welding, micro arc oxidation (MAO), chemical vapor
deposition (CVD), and physical vapor deposition (PVD), among others. This Special Issue presents
21 recent developments in the field of welding, joining, and coating of various metallic materials
namely, Ti and Mg alloys, different types of steel, intermetallics, and shape memory alloys.

Keywords: welding; solidification; coating; metals; materials properties; build-up

Metals and alloys fabrication, known as metallurgy, has been known since ancient times as the art
of making tools and devices for practical applications. This is a scientific field of research that focuses
on the study of metals” properties and production from the Stone Age through the Bronze Age and
the Iron Age to the modern age of today. Modern metallurgy focuses not only on products for daily
use but also on the fabrication of novel materials for aerospace, automotive, marine, nuclear, electric,
electronic, and other industries. Investigation of the metallic structure is of the highest scientific
interest since it has a primary effect on the properties and performance of the developed product.
These properties are divided into three classes: (1) mechanical properties as strength, toughness,
hardness, and ductility; (2) physical properties as thermal and electrical conductivity; and (3) chemical
properties as corrosion resistance.

One of the main tasks of modern metallurgy is a joining process that involves the assembling of
two or more pieces into one. Joining may be conducted by welding, brazing or soldering techniques.
Recent scientific works in this field focus on understanding the physical processes, structural evolution,
and the correlation between the created structure and final properties of the metal or alloy. In order to
solve complex tasks, knowledge of the interdisciplinary basics in chemistry, physics, mathematics,
and engineering is required. In addition to those, the advanced scientific topic of nanoscience is also
involved in recent works in order to create material with the highest properties as possible.

An additional task of modern metallurgy is surface engineering, mostly applied in order to
improve corrosion and wear resistance. Recent advances in the research of functional coatings and
surface engineering focus on the environmentally friendly techniques of fabrication associated with
performance improvement and cost-effectiveness. A wide variety of advanced properties may be
achieved using different coating technologies, such as bio-inert surfaces, antireflective or antifriction
layers, and corrosion resistive coatings, among others.

The current Special Issue contains 21 scientific works that cover recent developments and
investigations related to the welding, joining, and coating of metallic materials. These works cover
state-of-the-art issues in welding processes, such as resistance spot welding, laser welding, and friction
stir welding. The published works are mostly focused on the microstructural study of metallurgy as
well as the properties and performance investigation of the created joints. Furthermore, several works
on the modeling and calculation of the joints are also presented in this Special Issue.

Materials 2020, 13, 2640; doi:10.3390/ma13112640 1 www.mdpi.com/journal/materials
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Microstructural studies and investigations on the properties of different types of steel using
welding processes are reported [1-3]. Zhang et al. investigate the spot welding process of complex parts
conducted on NiTi shape memory alloy using a copper interlayer [4]. These joints may be applicable
as biomaterials in the medical industry. A complex process of dissimilar welding is presented by
Silvayeh et al. [5], who show numerical calculations of the intermetallic layer thickness of aluminum to
steel welding. Statistical analysis of dissimilar welding of aluminum to copper and investigation of
the joint microstructure and properties are illustrated by Yang and Jiang [6]. In addition to welding
technology, research work on the transient liquid phase bonding approach is published in this Special
Issue. AlHazaa and coauthors report the successful bonding between Ti-6Al-4V and Mg AZ31 alloys
using a zinc interlayer [7].

As mentioned above, coating technology is also covered by this Special Issue. One of the most
promising coating methods in recent years is plasma electrolytic oxidation (PEO) or the micro arc
oxidation (MAQO) approach, as it is also known. A novel approach of MAO treatment is reported
by Sobolev and coauthors who demonstrate oxidation of Ti-based alloy in molten salt for possible
biomedical applications [8]. Additionally, other authors also illustrate the influence of MAO parameters
on the formation of the oxide coating on Ti-6Al-4V alloy [9]. Other coating approaches are presented
by Ali et al. who show stainless steel thin film formation on copper substrates by the physical vapor
deposition (PVD) method [10]. Meanwhile, Zenkin et al. implement the chemical vapor deposition
(CVD) process on diamond-iron interactions [11]. Chang and Amrutwar show improvements on tool
steel mechanical properties using the plasma nitriding method [12].

Finally, we can point out the metallic materials of greatest interest in modern welding, joining,
and coating technology whose studies are presented in the current Special Issue. These materials are
titanium and magnesium alloys, various types of steel, intermetallics, and shape memory alloys. All of
them are attractive to modern science and engineering due to their ability to achieve a combination of
advanced properties that open new horizons of application.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Reversed austenite transformation behavior plays a significant role in determining the
microstructure and mechanical properties of heat affected zones of steels, involving the nucleation and
growth of reversed austenite. Confocal Laser Scanning Microscope (CLSM) was used in the present
work to in situ observe the reversed austenite transformation by simulating welding thermal cycles
for advance 5Mn steels. No thermal inertia was found on cooling process after temperature reached
the peak temperature of 1320 °C. Therefore, too large grain was not generated in coarse-grained
heat-affected zone (CGHAZ). The pre-existing film retained austenite in base metal and acted as
additional favorable nucleation sites for reversed austenite during the thermal cycle. A much
great nucleation number led to the finer grain in the fine-grained heat-affected zone (FGHAZ).
The continuous cooling transformation for CGHAZ and FGHAZ revealed that the martensite was
the main transformed product. Martensite transformation temperature (Tm) was higher in FGHAZ
than in CGHAZ. Martensite transformation rate was higher in FGHAZ than in CGHAZ, which
is due to the different grain size and assumed atom (Mn and C) segregation. Consequently, the
softer martensite was measured in CGHAZ than in FGHAZ. Although 10~11% austenite retained
in FGHAZ, the possible Transformation Induced Plasticity (TRIP) effect at —60 °C test temperature
may lower the impact toughness to some degree. Therefore, the mean absorbed energy of 31, 39 and
42 Jin CGHAZ and 56, 45 and 36 ] in FGHAZ were exhibited at the same welding heat input. The
more stable retained austenite was speculated to improve impact toughness in heat-affected zone
(HAZ). For these 5Mn steels, reversed austenite plays a significant role in affecting impact toughness
of heat-affected zones more than grain size.

Keywords: reverse transformation; grain growth of reversed austenite; welding thermal cycle;
advanced medium Mn steels; impact toughness

1. Introduction

Grain size plays a significant role in determining the strength and toughness of materials. During
the welding process, austenite tends to grow thermally and the austenite grain size provides the
initial condition for the subsequent phase transformation during cooling and then affects the final
microstructure and resulting mechanical properties [1,2]. It is reported that increasing the austenite
grain size shifts the continuous cooling transformation diagram to longer reaction time and increases
the possibility of martensite formation. Martensite formation may lower the toughness [3-5]. Large
austenite grain size is of particular concern during welding where the HAZ experiences rapid thermal

Materials 2018, 11, 2127; d0i:10.3390/mal11112127 5 www.mdpi.com/journal /materials



Materials 2018, 11, 2127

cycles with high peak temperature which give rise to austenite grain growth, especially in the region
adjacent to the fusion zone (coarse-grained heat-affected zone, CGHAZ). Therefore, the austenite
growth behavior has aroused much interest in the past several decades [6-8].

Alloying elements are of importance in affecting the austenite grain growth. Microalloying
elements, like Nb, V and Ti, suppress the austenite growth as (Nb,V,Ti)(C,N) precipitates pin the
austenite grain boundaries before complete dissolution at 1200 °C on heating [9-12]. Some elements,
like B, easily segregate at grain boundaries. Thus, they reduce the austenite growth rate and result
in finer grain at room temperature in CGHAZ. Ni is an austenite former element. When enriched in
retained austenite in the original microstructure, it may enhance the reversed austenite nucleation
site and lead to the final finer grain [13,14]. Other main elements, e.g., Mn should play a role in
influencing the austenite grain growth due to either austenite former element or segregation to the
grain boundaries. However, there is a lack of information about the Mn effect on austenite growth
during welding.

Mn has been utilized in advanced cryogenic steels to replace Ni recently. Like Ni, Mn can
enlarge the y phase and prompt reversed austenite. Additionally, Mn enriches the reversed austenite
and enhances its stability, thus improving the cryogenic toughness. In this present work, 5% Mn
cryogenic steel was experimented. The following issues were investigated based on reversed austenite
transformation at a high temperature of the welding thermal cycle:

(1) The reversed austenite nucleation characterization on heating.

(2) Thereversed austenite growth kinetic.

(3) The effect of different austenite grain size on continuous cooling transformation temperature,
and thus martensite transformation and reversed austenite transformation.

(4) The role of microstructure in influencing the cryogenic toughness of heat-affected zone.

2. Experimental

The material studied is an advanced medium Mn steel. Its chemical composition is shown in
Table 1 and its mechanical properties are shown in Table 2. The microstructure consists of main
martensite and 10~15 vol.% retained austenite. The high yield strength of 650 MPa, ultimate strength
of 770 MPa, and superior cryogenic toughness of around 200 ] at —60 °C were obtained by optimized
intercitical annealing. The transformation temperature was measured as Acl = 626 °C and Ac3 =790 °C
on a slow heating rate of 3 °C/min by Gleeble 3800 (Dynamic Systems Inc., Poestenkill, NY, USA) [15].

Table 1. Chemical composition of investigated 5Mn steel (wt.%).

C Si Mn S P Ni Cr + Cu + Mo Al
0.04~0.06  0.2~0.25 49~52 <0.0012 <0.009  0.27~0.30 0.2~0.5 <0.023

Table 2. Mechanical properties of investigated 5Mn steel.

Rei/MPa Rm/MPa Al% KV, (—60 °C)/J
645~650 770~775 25~27 200~205

A He-Ne CLSM (VL2000DX-SVF17SP, Lasertech Yokohama, Chiba, Japan) with infrared image
furnace and laser scanning confocal microscopy was employed to in situ observe the reverse
transformation of austenite on heating, and martensite transformation on cooling during the simulated
welding thermal cycle. The CLSM samples, with approximate 4 mm in diameter and 6 mm in height,
were carefully machine polished, and then set into an alumina crucible with 0.5 mm in thickness.
The sample chamber was evacuated and then filled with argon to prevent the sample from being
oxidized during heating. Using focused infrared light heating mode, the specimens were heated to
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the peak temperature of 1320 °C at the rate of 5 °C-s~!, and then cooled down to 200 °C at the rate of
5°C-s~1. The live pictures were taken every 15 s from 240 mm x 240 mm surface areas.

Gleeble 3800 was used to detect the expansion variation during the simulated welding thermal
cycle. The sample was 6 mm in diameter and 70 mm in length. The peak temperature was 1320
and 850 °C to simulate the coarse-grained heat affected zone (CGHAZ) and fine-grained heat
affected zone (FGHAZ) respectively. The different cooling rates of 1~60 °C-s~! were set to draw the
simulated heat-affected zone continuous cooling transformation diagram (SHCCT). The transformation
temperature and transformation kinetic were detected based on the thermal expansion curves.

The mean grain size was estimated on the CLSM sample using a circular-intercept method from
image analysis of at least 500 grains. Intercept lengths were determined and then converted into
nominal grain diameters using standard tables. The electron backscattering diffraction (EBSD) was
applied to analyze the misorientation of the microstructure.

The Metallographic specimens of simulated HAZs were polished and etched with 2% nital before
conventional light microscopy. Transmission electron microscopy (TEM, JEM-2100UHR STEM/EDS,
JEOL Ltd., Tokyo, Japan) studies were carried out on thin foils. Thin foils were prepared by cutting thin
wafers from the simulated HAZ samples, and grinding to 0.1 mm in thickness. Three millimeter discs
were punched from the wafers, and were electropolished using a solution of 5% perchloric acid/95%
acetic acid. Foils were examined by conventional transmission electron microscope operated at 120 kV
using standard bright field and dark field imaging techniques.

The volume fraction of reversed austenite was determined using XRD (XPert PRO MPD,
PANalytical B. V., Almelo, Holland) with Cu K« radiation at a scanning speed of 1°min~! and
step size of 0.02°. The specimens of simulated HAZ were first mechanically polished and then
electropolished using an electrolyte consisting of 12% perchloric acid and 88% absolute ethyl alcohol
at room temperature. The integrated intensities of (200)y, (220)y, (311)y, (110)«, (200)«, (211)«, (220)x
diffraction peaks were used to determine the austenite volume fraction.

Hardness was measured on simulated HAZ samples with a load of 200 g, using a MICROMET5101
Vickers hardness tester (Matsuzawa Co., Ltd., Tokyo, Japan). Standard Charpy v-notch (CVN) impact
tests were performed on simulated samples with a different cooling rate at —60 °C, using a NI500A
imapct tester (NCS Co., Ltd., Beijing, China) on specimens of dimensions 10 x 10 x 55 mm?3.

3. Results and Discussion

3.1. Nucleation and Growth of Reversed Austenite

Figure 1a shows that reversed austenite started to nucleate when the temperature reached around
640 °C. Due to the limitation of magnification, only nucleation at the grain boundaries was observed
clearly; the nucleation inside the grain cannot be presented. Theoretically, the pre-existing retained
austenite were the preferable sites for austenite nucleation and growth [16]. In this investigated steel,
the 5~10% retained austenite played a beneficial role in improving nucleation number. Therefore, after
completion of reversed austenite transformation, the grain size was small. As seen in Figure 1b, the
grain size was around 3~10 um at the temperature of 850 °C.
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Figure 1. Reversed austenite at different temperatures on heating during thermal cycle: (a) 642.3 °C,
(b) 748.1 °C, (c) 810.4 °C.

After completion of reversed austenite transformation on heating, austenite started to grow, as
shown in Figure 2. The austenite grain size at different temperatures was measured on the CLSM
samples using the circular-intercept method. The austenite growth rate was plotted in Figure 3.
It reveals that the grain size growth rate was small below the temperature of 1100 °C on continuous
heating. There was a sharp increase in austenite growth from 1100 °C up to 1250 °C. When the
peak temperature of 1308 °C was attained, the maximum grain size of ~52 um was observed and
almost no growth was found during the following continuous cooling until it reached austenite
decomposition temperature.

Figure 2. Austenite growth at different temperatures on heating during thermal cycle: (a) 1172 °C,
(b) 1224.5 °C, (c) 1308.3 °C.
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Figure 3. Austenite grain size VS temperature in the heating and cooling stage.

The reversed austenite generally nucleated at grain boundaries, as seen in Figure 1. Especially, the
pre-existing retained austenite took a positive role in improving austenite nucleation sites. The filmy
retained austenite grew directly in one dimension, which implies a larger nucleation number in the
present investigated steel. The large initial nucleation number caused the slow grain growth. On the
other hand, the grain grew in the boundary migration way, which is controlled by the relatively short
distance of carbon diffusion. Therefore, the grain growth rate was small below 1100 °C.

During the temperature increases, the element diffusion coefficient became lager. The large
diffusion of both carbon and Mn changed the method of grain growth from grain boundary migration
to grain annexation. The sharp increase of grain growth rate was present during continuous heating
from 1100 °C up to 1250 °C.

In low-alloyed steel, the austenite grain continuously grows up during following cooling process
above peak temperature [2], which is referred to as “hot-inertia” [17]. Interestingly, in this present
steel, there was almost no growth of austenite measured, as shown in Figure 3. It is reported that Mn
atoms are likely to segregate toward grain boundaries during continuous cooling [18]. Mn segregation
at the grain boundary was assumed to pin the grain boundary migration and hinder the growth of
austenite grain. Further study is needed to figure out the Mn segregation behavior and its effect on
grain growth.

3.2. Effect of Prior Austenite Grain Size on the Continuous Cooling Transformation Temperature and
Transformation Rate

Figure 4 shows the simulated heat-affected zone continuous cooling transformation diagram.
Figure 4a is a SHCCT diagram for coarse-grained HAZ with the peak temperature of 1320 °C, while
Figure 4b is for fine-grained HAZ with the peak temperature of 850 °C. Both diagrams indicate that
martensite was the main phase. However, the martensite’s start transformation temperature in FGHAZ
was higher than that in CGHAZ by 17~31 °C at the same cooling rate, while the finish transformation
temperature in FGHAZ was higher than that in CGHAZ by 31~58 °C, with an exception at the tg/5 of
7.5 s. Moreover, the transformation temperature range in FGHAZ was smaller than that in CGHAZ,
as shown in Table 3.

Table 3. Continuous cooling transformation temperature at different tg 5.

tg/5/s 5 7.5 20 30 60 Peak Temperature
Start transformation temperature/°C gg; igg Zfi igg izg "l:lezzlg?gOOO?
Finish transformation temperature/°C ;?1) ;ii ;éé ;g ;gg %pilszzooof
Transformation temperature range/°C ﬁé 132 gé }Zi }zg 1:1?})1183:5200:5
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Figure 4. Simulated heat-affected zone continuous cooling transformation diagram for peak
temperature of (a) 1320 °C; (b) 850 °C.

Mn has a definite segregation tendency due to its differential diameter of 5 x 10712 m with the
Fe element. During the welding thermal cycle, Mn may segregate towards gain boundaries by the
nonequilibrium segregation mechanism. The higher the peak temperature is, the higher the segregation
concentration of Mn at grain boundaries is. For FGHAZ, the small grain size allows Mn and C to
diffuse short distance to grain boundary. Furthermore, the great number of grain boundaries can
enhance more Mn and C segregates at the grain boundaries. Therefore, the concentration of Mn and C
should be lower in FGHAZ than in CGHAZ. Consequentially, the martensite start temperature was
higher in FGHAZ than in CGHAZ.

The in situ observation of martensite transformation by SLCM (Figure 5) shows that lath
martensite nucleated inside austenite grain and then grew quickly along the length direction.
The austenite was divided by the first generated longer lathes. Then the lath widened. In the fine
austenite grain, the martensite grew in the limited space, so short and thin martensite lath was found
in FGHAZ. On the other hand, long and thick martensite lath was found in CGHAZ.

i - Lo — — 1 s T ST
(a)\f*——f T:5282 °C | | (b) }“‘" T:5048°C
re e ”’1\ <

Figure 5. Cont.
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Figure 6 reveals the martensite transformation rate vs martensite transformed volume fraction.
At the peak temperature of 1320 °C, the transformation rate from austenite to martensite was measured
to be a maximum of 0.60, while at the peak temperature of 850 °C, the transformation rate from
austenite to martensite was measured to be a maximum of 0.98. The transformation rate is closely
related to the transformation start temperature and transformation temperature range. The higher start
transformation temperature often leads to a relatively high transformation rate. Therefore, because
the martensite transformation temperature was higher at the peak temperature of 850 °C than that at
1320 °C, as well as the grain size was smaller at the peak temperature of 850 °C than that at 1320 °C,
FGHAZ expressed the relatively higher transformation rate.

(a) (b)
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Figure 6. Martensite transformation rate VS martensite transformed volume fraction with different
cooling rate at peak temperatures of: (a) 1320 °C, (b) 850 °C.

3.3. Martensite Transformation and Retained Austenite

Figure 7 shows the crystallography of CGHAZ and FGHAZ by EBSD. It is clear that CGHAZ had
the larger grain (Figure 7a) compared with FGHAZ (Figure 7c). The EBSD superimposed figure in
Figure 7b—d of band contrast and grain boundaries indicated that the number of boundaries with the
misorientation >15° in FGHAZ was greater than in CGHAZ, which means that the effective grain size
in FGHAZ was smaller than that in CGHAZ. The comparison is presented in Figure 7e. This agreed
well with the in situ observation of martensite transformation.
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Figure 7. Crystallographic analysis in sample Z direction of simulated (a) CGHAZ, (c) FGHAZ,
EBSD superimposed figure of band contrast and grain boundaries (misorientation < 15° in red line,
misorientation > 15° in green line) of simulated (b) CGHAZ, (d) FGHAZ with tg /5 of 25 5. (e) Curves
of misorientation angle-relative frequency of simulated HAZs.

Apart from martensite transformation, some austenite was retained in FGHAZ because of the
fast continuous cooling transformation (shown in Figure 4), as well as the shorter transformation
temperature range. The volume fraction of retained austenite in FGHAZ was measured to be 9~11%
by XRD, while only 0.5~1.2% retained austenite in CGHAZ (Figure 8a,b).
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Figure 8. Comparison of volume fraction of retained austenite by XRD in simulated (a) CGHAZ and
(b) FGHAZ.

The retained austenite morphology in FGHAZ by TEM is presented in Figure 9. The retained
austenite was found along the martensite lath, as shown in Figure 9a. In the bright field micrograph
(Figure 9b), the retained austenite was found to be film-like, and thickness was around ~150 nm.
The retained austenite is demonstrated by the field micrograph in Figure 9c and the diffraction pattern
in Figure 9d. By using EDS line-scan, the concentration of Mn in retained austenite was measured and
there was ~1.8 enrichment factor of Mn found in retained austenite, which is shown in Figure 10.

Figure 9. TEM showing (a) RA morphology, (b) Bright field micrograph and (c) Dark field micrograph
(d) diffraction pattern showing austenite in simulated FGHAZ at tg/5 of 10 s.
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Figure 10. TEM micrograph of retained austenite and EDS line-scan along the red line in retained
austenite of simulated FGHAZ at tg/5 of 10 s.

The enrichment of Mn of 9% in retained austenite lowers the martensite transformation
temperature. It is possible for retained austenite to transform into martensite in an impact toughness
test temperature of —60 °C due to the lower stability of retained austenite.

3.4. Hardness

The SHCCT diagram in Figure 4 shows that the hardness of FGHAZ was around 363~393 HV
(0.2) and around 354~384 HV (0.2) of CGHAZ. Both at the peak temperature of 1320 °C and 850 °C,
the continuous cooling transformed product was martensite. Figure 4 also reveals that at the same tg /5
range of 5~60 s, each average hardness value of FGHAZ was larger than that of CGHAZ by around
10 HV. The harder martensite in FGHAZ was attributed to the higher transformation rate, as well as
fine grain.

3.5. Impact Toughness and the Microstructure Effect

The impact toughness of simulated CGHAZ and FGHAZ was present in Figure 11. At —60 °C, the
mean absorbed energy of simulated CGHAZ was 42, 39 and 31 ] with tg;5 of 10's, 20 s and 30 s, while
it was 36, 45 and 56 | in the FGHAZ at the identical cooling rate. The impact toughness seemed to be
independent of the cooling time tg/s5 at the different peak temperatures. In addition, the FGHAZ did
not show more superior impact toughness than CGHAZ, which differentiates from conventional high
strength low alloy (HSLA) steel. Even much finer effective grain and more 10~11% retained austenite,
the impact toughness was not much better in FGHAZ than in CGHAZ. The harder martensite was the
main factor in impact toughness. Moreover, the retained austenite may transform into martensite at
—60 °C during the impact test, which is referred to as the transformation-induced plasticity (TRIP)
effect [19]. This is due to the relatively lower enrichment factor of 1.8 in retained austenite, which
means lower stability of retained austenite. The martensite due to the TRIP effect led to the decrease in
impact toughness.

14
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Figure 11. Absorbed energy of simulated (a) FGHAZ and (b) CGHAZ at the variation of tg 5.

4. Conclusions

M
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The pre-existing retained austenite in the investigated 5Mn steel enhanced the reversed austenite
nucleation number during heating of the welding thermal cycle and led to the relatively small
grain size in simulated CGHAZ and FGHAZ.

Austenite growth dominantly took place in the heating process and there was almost no austenite
growth in the cooling process above peak temperature during the simulated welding thermal
cycle. Therefore, the relatively small size was found in CGHAZ.

The higher transformation rate was measured to be a maximum of 0.98 in the simulated FGHAZ
and a maximum of 0.60 in the simulated CGHAZ. Thus, a 10~11% austenite was retained
in FGHAZ.

Compared to CGHAZ with the larger grain size, the impact toughness in fine grain FGHAZ was
not significantly improved. This was due to the transformation of relatively harder martensite
and the TRIP effect during the impact test in simulated FGHAZ. Therefore, how to retain austenite
will be the future work of how to improve impact toughness of HAZ.
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Abstract: During resistance spot welding, the welding current is the most important process
parameter, which determines the welding heat input and then has a great influence on the welding
quality. In present study, the CR590T /340YDP galvanized dual phase steel widely used as automobile
material was carried out using resistance spot welding. The effect of welding current on the weld
formation, microstructure, and mechanical properties was studied in detail. It was found that the
quality of weld appearance decreased with the increase of welding current, and there was a Zn island
on the weld surface. The microstructure of the whole resistance spot welded joint was inhomogeneity.
The nugget zone consisted of coarse lath martensite and a little of ferrite with the columnar crystal
morphology, and the microstructure of weld nugget became coarser when the welding current was
higher. There was an optimum welding current value and the tensile strength reached the maximum.
This investigation will provide the process guidance for automobile body production.

Keywords: Resistance spot welding; galvanized dual phase steel; microstructure; mechanical
properties; weld formation

1. Introduction

In the automotive field, reducing the body weight is one of the most fundamental ways to save
energy and reduce pollution. Therefore, more and more lightweight and high-strength materials have
been developed for body manufacturing [1-3]. Galvanized dual phase steel has the advantages of
low yield ratio, good formability, high tensile strength, good matching of strength and plasticity,
corrosion resistance, and so on, which has been used in automobile body manufacturing [4-6].
The wide application potential of galvanized dual phase steel in the automotive field mainly depends
on the welding methods and its welding quality.

In previous literature, several welding methods, such as laser welding [7-10], gas metal arc
welding (GMAW) [11-13], and friction stir welding (FSW) [14-16], have been employed to weld the
galvanized dual phase steel, and these welding methods have their own advantages and disadvantages,
as well as being applicable to different base metal materials and joint shapes. Resistance spot welding
has the advantages of high efficiency and low cost, which is an important welding method for
manufacturing the automobile sheet structures [17,18]. Many scholars have studied the microstructure,
softening zone characteristics, mechanical behavior, and welding spatter defect of resistance spot
welding of dual phase steels [19-23]. The CR590T /340YDP galvanized dual phase steel sheet used
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as an automobile manufacturing material not only has good corrosion resistance, but also high
strength, which can effectively reduce the weight of the car body, and some research on resistance
spot welding have been carried out [24-26]. Wang et al. [27] investigated the effect of base material
chemical compositions on the properties of the resistance spot welding joint of DP590 steel, and the
results indicated the tensile strength and toughness of welded joints were affected by the chemical
compositions of the base material, especially the carbon content. Namely, for the same grade DP590
steel, the weld formation, microstructure, and mechanical properties of resistance spot welding will
be different if the chemical compositions of the base material are not the same. During the resistance
spot welding process, it is well known that the welding heat generation can be expressed as Q = IRt
(I is the welding current; R is the resistance; and t is the welding time). In general, the welding
time and welding current are 107! s level and kA level, respectively. Therefore, the welding current
is considered as the key factor to determine the welding heat input and influence of the welding
quality [28]. Wang et al. [29] established a finite element model for resistance spot welding of DP590
steel, and the nugget formation process was investigated. The simulative result for nugget size was
obviously bigger than that of the experiment under a large welding current, although they were well
fitted under a suitable welding current. Therefore, the experimental investigation on the effect of the
welding current on properties in resistance spot welding of DP590 steel has an important significance.

To explore the weldability, and provide the process with guidance for automobile body production,
the CR590/340Y galvanized dual phase steel sheets employed for the automobile front longitudinal
beam part were carried out by resistance spot welding, and the influence of the welding current on
weld formation, microstructure, microhardness, and tensile strength was studied in detail.

2. Materials and Methods

In this study, the base metal is galvanized dual phase steel (Trademark: CR590T/340Y) sheet,
which is always used to manufacture the automobile’s front longitudinal beam part. The thickness of
the base metal is 2 mm, and its .hemical compositions are listed in Table 1. The XRD pattern result
indicates that the base metal consisted of ferrite (86.2 vol.%) and martensite (13.8 vol.%), as shown in
Figure 1. The galvanized dual phase steel sheets were conducted with double-side hot galvanizing
and the weight of the Zn layer is 80 g/m?>. The yield strength and tensile strength of the base metal are
356 MPa and 605 MPa, respectively.

Table 1. Chemical compositions of base metal (wt.%).

Component C Si Mn S P Al Cr Nb Mo Fe
wt% 0.087 0.008 1.694 0.007 0.001 0.030 0.160 0.012 0.011 Balance
1400
1200 |- i -a-Fe(F+M)
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5 800 |-
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Figure 1. XRD pattern of base metal.

The resistance spot welding robot (Shougang MOTOMAN Robot Co., Ltd., Beijing, China) was
employed to weld the overlap joints, and the working face diameter of Cu-Cr-Zr alloy electrodes was
6 mm. The dimensions and configuration of the joint are indicated in Figure 2. The welding time and
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electrode force were set at 20 cycles and 4.0 kN by preliminary process experiments, and the main
experimental parameters are given in Table 2.

| _30mm_|

30mm

2mm

100mm 1 i
100mm

>

Figure 2. Schematic diagram of dimensions and configuration of resistance spot welding joint.

Table 2. Experimental parameters.

Parameter =~ Welding Current (kA)  Welding Time (Cycle, 1 Cycle =0.02s)  Electrode Force (kN)
Value 8.5~12.0 20 4.0

After welding, the appearance of the resistance spot weld was observed by digital camera
(Canon Ixus1000, Cannon, Tokyo, Japan). The resistance spot weld was cut from weld nugget center,
and then mounted, polished, and etched for the microstructure observed and analysis. The etching
solution was 4 vol.% nitric acid. The microstructure of base metal, heat affected zone, and weld nugget
was examined by Evol-18 scanning electron microscopy (SEM) (Carl Zeiss, Jena, Germany) with energy
dispersive spectroscope (EDS). The phase structures were identified using the X-ray diffractometer
(XRD) (D/MAX-2500PC, Rigaku, Tokyo, Japan) machine with 50kV voltage, 300 mA current, Cu Ka
radiation, and 4 °/min scanning rate. The Vickers hardness was measured on the cross section of the
welded joint using an MH-3 microhardness test machine (Shanghai Tuming, Shanghai, China), and the
test load and load time were 1.961 N and 10 s, respectively. The tensile shear test was performed
using CS5-44100 material testing equipment with a 100 kN maximum load (China Mechanical Testing
Equipment Co., Ltd., Changchun, China), and the strain speed was 6 mm/min.

3. Results and Discussion
3.1. Weld Formation

3.1.1. Weld Appearance

The resistance spot weld appearance depends on the coupling effect of heat, electric, and load,
which will influence the welded joint quality, corrosion resistance, and look. Figure 3 shows the
appearances of typical resistance spot welded joints, which were gained with different welding currents.
During the resistance spot welding process, while the welding current was 8.5 kA~10.5 kA, there was
no welding spatter on the spot weld surface. Until the welding current was 11 kA, the welding spatters
were generated, and the welding spatters obviously increased. The welding spatter is caused by the
large welding heat input, which results in the faster speed of melting metal than the expansion speed of
the plastic ring, and the melted liquid metals fly out of the plastic ring. Because the welding current is
the main parameter to determine the heat input (Q = i*Rt, Q is the welding heat input, i is the welding
current, and t the is welding time), the welding heat input increases sharply when the welding current
is increased, then the high heat input brings about more welding spatters.
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Figure 3. Resistance spot weld appearance gained with different welding currents: (a) 8.5 kA;
(b) 10.0 kA; (c) 11.0 kA; (d) 12.0 kA.

Figure 4 indicates the three feature zones on the resistance spot weld surface, and it comprises
of three circle zones (circle zone I, circle zone II, and circle zone III) from the center to the outside.
The circle zone I was the area where the electrodes contacted with the base metal during the resistance
spot welding process, and is located in the centre of the spot weld surface. It was produced by various
physical factors, such as the heat, electricity, and load, of the electrodes and the binding force of the
base metal. Because of the highest temperature in the circle zone I and the low melting point of
Zn (692 K), the welding heat caused the Zn layer to melt and be squeezed away by the electrodes,
meanwhile the base metal substrate was exposed and oxidized. The circle zone II is located outside
the adjacent region of the circle zone I. The profile of the circle zone II depended on the working
surface shape of the electrodes and the indentation depth of the spot welded joint. On the circle zone
II, the Zn extruded from circle zone I along the edge of the electrodes, and molten Zn on circle zone
IT was aggregated by the action of gravity and surface tension, then solidified to form the Zn island
as shown in Figure 4. The SEM image and element (white spots in Figure 5b—d) map distribution of
the Zn island (on the circle zone II in Figure 4 as an example) are shown in Figure 5, and the main
components of the Zn island comprised of O (8.57%), Fe (15.44%), and Zn (65.24%). The circle zone III
was the heat affected zone of spot welded joints. The base metal in this zone was heated and the Zn
layer was oxidized to form ZnO. The Zn island also could generate on the circle zone III.

Zn island

Figure 4. Three feature zones on the resistance spot weld surface.
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(9 (d)

Figure 5. SEM image and element map distribution of Zn island: (a) SEM image; (b) O K« 1; (c) Fe Kot 1;
(d) Zn Ko 1.

From Figure 3a, due to the low welding current, the Zn on the surface of circle zone I was partially
melted and the color was not much different from that on the base metal; the profile of circle zone II
was small with a smooth transition, and the Zn island was generated in the circle zone III. While the
welding current was 10.0 kA, the Zn layer on the surface of the circle zone was not seriously damaged,
and the inner and outer colors of circle zone II were quite different. The Zn island was formed on
the adjacent part of circle zone I, because the Zn layer on the circle zone II was melted and extruded,
and then cooled and crystallized on the outside. There was a Zn island on the circle zone III. When the
welding current continued to increase to 11.0 kA, the Zn layer on the circle zone I was seriously
damaged. There was a Cu-Zn alloy formed by the reaction of the molten Zn layer and copper on
the edge of circle zone II, and the electrodes’ adhesion occurred. When the welding current reached
12.0 kA, the appearance quality of the spot welded joint decreased obviously and many spatters were
generated because of the uneven heat distribution of the electrodes. Figure 6 indicates the relation
between the welding current and the diameters of the three feature zones on the weld appearance.
When the welding current was 8.5~9.5 kA, the diameters of circle zone I were almost unchanged.
With the continued increase of the welding current, the diameters of circle zone I increased to the
maximum at first and then decreased gradually. The diameter of the circle zone II changed little with a
low welding current, which was the largest with a 10.5 kA current. The diameter of the circle zone III
increased with the increase of the current from 8.5 kA to 10.5 kA, but when the welding current was
higher than 10.5 kA, the diameter of circle zone III did not change obviously. The results displayed that
the welding current had an important influence on the weld appearance, and a low welding current
was used on the basis of meeting the strength requirements of the welded joint.
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Figure 6. Effect of the welding current on sizes of three feature zones on the weld appearance.
3.1.2. Main Dimensions of Welded Joint Cross-Section

The main dimensions of the resistance spot welded joint cross-section include the indentation
(usually expressed by indentation rate, D/0) and weld nugget width at the overlap surface (W),
as shown in Figure 7. The indentation influences the weld appearance smoothness, reduces the welded
joint cross-section size, and causes stress concentration, which results in reducing the strength of the
welded joint. The tensile strength of the resistance spot welded joint is mainly controlled by the W.

]

Base metal

Weld nugget

Base metal

A

Figure 7. Schematic diagram of the main dimensions of the welded joint cross-section.

The effect of the welding current on the indentation rate is indicated in Figure 8a. The results
indicated that the indentation rate was small and increased less with a low welding current because
the welding heat input was small, which caused a small amount of base metal melting. When the
welding current was between 9.5 kA and 11.0 kA, the welding heat input increased rapidly, so more
base metal was melted and the indentation rate increased. If the welding current was greater than
11.0 kA, the indentation rate increased gradually due to welding spatters and other defects, and the
indentation was too serious to satisfy the welding quality requirements. Figure 8b displays the
relationship between the welding current and the W. The weld nugget width increased rapidly from
7.36 mm to 8.64 mm with an increase of the current from 8.5 kA to 10.0 kA, and the maximum value
was 8.75 mm at the 10.5 kA welding current. While the current changed from 10.0 kA to 10.5 kA,
the welding heat input reached a quasi-steady state and the change of the weld nugget width was
small. When the welding current was greater than 10.5 kA, the current density was higher, and a large
number of welding spatters were generated, which reduced the amount of melted base metal in the
weld nugget and thus decreased the weld nugget width. If the welding current continued to increase
to 12.0 kA, the weld nugget width increased because of the larger welding heat input, but there were
many welding spatters, and also some shrinkage and crack defects in the weld nugget.
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Figure 8. Relationships between the welding current and (a) indentation rate (D/9); (b) weld nugget
width at overlap surface (W).
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3.2. Microstructure

Due to the uneven heat input and different cooling conditions, the microstructure of the resistance
welded joints was very inhomogeneous. As shown in Figure 9a, the whole resistance spot welded
joint comprised of the base metal (a zone), uneven structure zone (b zone), fine grain zone (c zone),
superheated zone (d zone), and weld nugget zone (e zone). The microstructure of the base metal
consists of ferrite and martensite as shown in Figure 9b. The grain and microstructure in the uneven
structure zone were obviously heterogeneous, as shown in Figure 9c. Because the temperature in this
zone was between Ac; and Acs during the resistance spot welding process, the phase transformation
and recrystallization occurred for part of the base metal, and the fine ferrite and martensite formed;
meanwhile, the ferrite, which was not austenitized, became the coarse ferrite. Therefore, there were
also similarities to the structure of the base metal in this zone. During the welding process, the base
metal in the fine grain zone was heated to above Acs, and all ferrite and martensite were recrystallized
to austenite. The fine and homogeneous ferrite and martensite were obtained after cooling, which were
similar to the normalized microstructure of heat treatment, as shown in Figure 9d. The overheated zone
consisted of coarse lath martensite and a little of the ferrite shown in Figure 9e. The temperature in this
zone was between 1100° and the solidus temperature, and the austenite was overheated. The grain
grew up seriously and the chemical compositions in the grain were uniform, hence, the coarse
martensite was obtained after rapid cooling. The nugget zone comprised of coarse lath martensite and
a little of ferrite with the columnar crystal morphology, as shown in Figure 9f. Because the maximum
temperature gradient in the nugget zone was along the axis of the electrodes, the molten liquid metal
nucleated and crystallized at the fusion line first, and then formed the columnar austenite along the
direction of the higher temperature gradient. Finally, the solid austenite transformed into martensite
because of the rapid cooling rate of the welding process and low carbon component in the base metal.

1. 2000M WD= 41,0 o el A=SET

Figure 9. Cont.

23



Materials 2018, 11, 2310

Figure 9. Microstructure of (a) different zones of the welded joint; (b) base metal; (c) uneven structure
zone; (d) fine grain zone; (e) superheated zone; (f) weld nugget zone.

The weld nugget is the important zone of resistance spot welded joints, and its microstructure
characteristics directly affected the mechanical properties of welded joints. The heat generation and
heat transfer in the nugget zone were different under different welding currents, so the microstructure
was very different. Figure 10 shows the influence of a typical current on the microstructure of the
weld nugget. It can be seen that while the welding current was low, the welding heat input was low,
and the weld nugget was mainly lath martensite with a fine and uniform structure. At the same time,
the plastic deformation of the weld nugget zone was large, and there was no welding defect in the
weld nugget zone. While the welding current was 10.5 kA, the welding heat input increased and the
microstructure became coarser. The decrease of the cooling rate resulted in the decrease of martensite
and the increase of ferrite. The microstructure of the weld nugget was relatively uniform, and there was
no obvious welding defect. If the welding current was the maximum value of 12.0 kA, a large number
of spatters caused some heat loss and a rapid cooling rate, so that the weld nugget microstructure
consisted of lath martensite. The grains in the weld nugget center grew up and coarsened greatly,
as shown in Figure 10c. In short, when the welding current varied from 8.5 kA to 12 kA, the weld
nugget columnar structure gradually coarsened, mainly because of the larger heat input and the
reduction of the cooling rate.

(a) (b) (©)

Figure 10. Effect of the typical welding current on the microstructure of the weld nugget: (a) 8.5 kA;
(b) 10.5 kA; (c) 12 KA.
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3.3. Microhardness Distribution

The microhardness measurement was performed on the cross section of the resistance spot welded
joint. The schematic diagram of the measurement location is shown in Figure 11. The distance between
two test points in the base metal and weld nugget zone was 0.5 mm. Because the HAZ width was
narrow, the two test points distance was 0.25 mm in HAZ.

Base metal

Figure 11. Schematic diagram of the microhardness measurement location of the welded joint.

Figure 12 displays the microhardness distributions of resistance spot welded joints gained with
different welding currents. The microhardness of the base metal was 198 HV| 5, and the microhardness
in HAZ was obviously higher than the base metal. The microhardness of the weld nugget zone was
the highest, which was above 350 HV(,. The microhardness at the edge of the weld nugget was
slightly higher than that of the weld nugget center. Due to the uneven distribution of the current
density at the welding joint, the current density at the edge of the weld nugget was greater than the
average current density, which generated a greater resistance heat. Therefore, during the resistance
spot welding process, the solidification and crystallization first occurred at the edge of the weld nugget.
Meanwhile, the temperature gradient was large and the cooling rate was fast, so the martensite was
large and coarse and the microhardness was higher in this zone. With the increase of the welding
current, the average microhardness in the weld nugget zone decreased. While the welding current
was 8.5 kA, the microhardness of the weld nugget was higher because of the faster cooling rate,
and the microstructure was lath martensite, which was uniform and fine, so the hardness was higher.
While the welding current was 10.5 kA, the cooling rate should decrease. The columnar crystals of the
weld nugget grew up, mainly composed of lath martensite and acicular ferrite, which resulted in the
decrease of hardness. When the welding current continued to increase to 12.0 kA, the microhardness of
most zones of the weld nugget was higher than that of 10.5 kA due to the large heat input and coarse
structure, but there were welding defects in the center of the weld nugget, so that the average value of
microhardness decreased.

450

400 |

. 350

Microhardness/HV
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Distance from weld nugget center/mm

Figure 12. Microhardness distributions of welded joints with different welding currents.
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3.4. Tensile Shear Strength

The tensile shear force is often used to characterize the welded joint strength. The larger the
tensile shear force is, the better the strength is. Figure 13 indicates the effect of the welding current
on tensile shear force. Compared with Figure 8b, it can be found that the variation trend of the W
and tensile shear force with the welding current is basically the same; that is, the larger the weld
nugget width, the greater the tensile shear force. With the first increase of welding current, the weld
nugget width and tensile shear force all obviously increased. While it was 10.5 kA, the weld nugget
width and tensile shear force all reached the maximum value of 8.75 mm and 24.20 kN, respectively.
Subsequently, the weld nugget width dropped rapidly and an inflection point appeared while the
welding current was 11.5 kA, but the tensile force decreased continuously. With the large welding
current, the melting amount of the base metal increased gradually, which caused the increase of the
weld nugget width. Thus, the bonding strength of the resistance spot welded joint increased and the
tensile shear force increased. However, when the welding current was 12.0 kA, the welding heat input
was too large, resulting in a large number of spatters, shrinkage cracks, and other defects in the welded
joint. Although the weld nugget width increased, the effective bonding width of the welded joint
decreased, so the tensile shear force decreased.

Tensile shear force/kN

.

16 L L L L L L L L
8.0 8.5 9.0 9.5 10.0 105 11.0 115 120 125

Welding current/kA

Figure 13. Effect of the welding current on the tensile shear force of welded joint.

During the tensile shear experiment, there were two failure modes: Interface failure and pullout
failure, as shown in Figure 14. The SEM images of fracture surfaces were indicated in Figure 15.
The welded joints, which were gained with the lower welding current (<9.5 kA) and higher welding
current (>11 kA), always ruptured along the overlap surface, as shown in Figure 14a. While the
welding current was low (<9.5 kA), the W was narrow, as well as the strength of the base metal was
high. Therefore, under the tensile shear force, the crack produced on the weld nugget edge at the
overlap surface at first and then extended along the overlap surface until the welded joint failed with
the interface failure mode. While the welding current was high (>11 kA), the bonding strength of
welded joints was small due to the welding defects, such as spatter, shrinkage, and cracks, in the weld
nugget, which resulted in the smaller tensile shear force for the welded joint, and its tensile shear
specimen also ruptured along the overlap surface. As shown in Figure 15a, the river pattern was
obvious on the fracture surface, which illustrated the brittle fracture characteristics. While the welding
current was 10 kA, the fracture pattern of the welded joint was the pullout failure mode, as shown
in Figure 14b. It can be found that the fracture surfaces are mainly dimples and a small amount of
cleavage steps from Figure 15b. Under the tensile shear force, the tensile specimen first produced
necking in the HAZ of the welded joint. With the increase of tensile shear force, the dimples grew
up and converged, and then the tensile specimen broke down in the base metal. In the present study,
the weld nugget width and tensile shear force were all maximum with a 10.5 kA welding current.
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During the tensile shear test for welded joints produced with a 10.5 kA welding current, because
of the large weld nugget and few welding defects, the welded joint was not easy to rupture from
the overlap surface. The tensile stress on the edge of the weld nugget increased gradually, owing to
the angle between the overlap surface and tensile force. The HAZ was the weakest zone due to the
inhomogeneous microstructure, coarse grains, and low plasticity and toughness. With the increase
of tensile force, the necking occurred first in the HAZ, and a number of micro-holes began to form
in the center of the necking. The micro-holes grew and formed the dimples, which converged to
form the crack. Finally, the crack was torn along the HAZ to form the pullout tear failure, as show in
Figure 14c. Figure 15¢ shows the pullout tear fracture surface, which was mainly composed of small
and uniform dimples.

Figure 14. Three failure modes of the resistance spot welded joints: (a) Interface failure; (b) pullout
failure (base metal tear fracture); (c) pullout failure (pullout tear fracture).

Figure 15. SEM images of the fracture surface: (a) Interface failure; (b) pullout failure (base metal tear
fracture); (c) pullout failure (pullout tear fracture).

4. Conclusions

)

@

®G)

The Zn island was generated on the resistance spot weld surface because of the melting and
aggregating of the Zn layer under the action of heated and squeezed by the electrodes. While the
welding current increased from 8.5 kA to 12.0 kA, the indentation rate kept growing to 16.5% due
to the increase of the welding heat input. However, the weld nugget width obviously increased
at first, which reached the maximum when the welding current was 10.5 kA, and then decreased.
The whole resistance spot welded joint comprises of the base metal, uneven structure zone,
fine grain zone, superheated zone, and weld nugget zone. The nugget zone was mainly
comprised coarse lath martensite and little ferrite with columnar crystal morphology due to
the high temperature gradient and rapid cooling rate. With the increase of the welding current,
the microstructure of the weld nugget became coarser; meanwhile, the martensite decreased
and the ferrite increased.

The microhardness of the weld nugget zone was highest and the base metal was lowest. With the
increase of the welding current, the average microhardness in the weld nugget zone decreased.
While the welding current increased from 8.5 kA to 10.5 kA, the tensile shear force was obviously
raised, owing to the increase of the weld nugget width. The tensile shear force reached the
maximum value of 24.20 kN with a 10.5 kA welding current. If the welding current increased
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continuously, the tensile shear force decreased because of a large number of spatters and the high
indentation rate. The failure modes mainly depended on the weld nugget width at the overlap
surface and welding defect. Therefore, while the CR590T /340YDP galvanized dual phase steel
sheets with 2 mm thickness were performed using resistance spot welding, the recommended
welding current was 10.0~10.5 kA with a 20 cycles welding time and 4.0 kN electrode force.
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Abstract: Narrow gap welding is a prevalent technique used to decrease the volume of molten
metal and heat required to fill a joint. Consequently, deleterious effects such as distortion and
residual stresses may be reduced. One of the fields where narrow groove welding is most employed
is pipeline welding where misalignment, productivity and mechanical properties are critical to a
successful final assemblage of pipes. This work reports the feasibility of joining pipe sections with
4 mm-wide narrow gaps machined from API X80 linepipe using cold wire gas metal arc welding.
Joints were manufactured using the standard gas metal arc welding and the cold wire gas metal arc
welding processes, where high speed imaging, and voltage and current monitoring were used to
study the arc dynamic features. Standard metallographic procedures were used to study sidewall
penetration, and the evolution of the heat affected zone during welding. It was found that cold
wire injection stabilizes the arc wandering, decreasing sidewall penetration while almost doubling
deposition. However, this also decreases penetration, and incomplete penetration was found in
the cold wire specimens as a drawback. However, adjusting the groove geometry or changing the
welding parameters would resolve this penetration issue.

Keywords: GMAW; CW-GMAW; Narrow gap welding; sidewall penetration; high strength steel; X80

1. Introduction

Narrow gap welding (NGW) is a technique used to weld thick joints with the aim of reducing
the molten metal deposited volume, ultimately decreasing distortion and residual stresses caused by
thermal stresses developed during welding. One of the drawbacks associated with this technique is
sidewall penetration caused by the arc wandering during welding. This problem is so critical in heavy
duty welding that models to predict it are found in the literature [1].

Various NGW variants were developed to overcome such drawbacks: rotating arc, swing arc and
wave-shaped wire systems. Another reason to use these modified systems in narrow gap welding is to
improve the wettability of the sidewall by the welding pool and to better distribute the heat across
the weld to mitigate distortions. A common setback for these systems is their expense and the use of
highly trained personnel in their operation, which considerably increases the costs of manufacturing.

Not only are arc-modified processes employed in NGW, but also increased-deposition processed
are successfully used, e.g., tandem gas metal arc welding (T-GMAW) [2] and twin GMAW [3]. However,
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these processes rely on increased deposition, while they increase the amount of heat transferred to
the substrate, which might cause increased distortion or residual stresses. To mitigate distortion and
other heat-induced detrimental effects, cold metal transfer (CMT) was developed, in which the wire
feed motion is reversed at a time synchronized with the pulse current to optimize the metal transfer.
A review of the applications of CMT emphasizing the low dilution and the effect of post weld heat
treatments (PWHT) in various materials can be found in [4].

One alternative to these sophisticated welding processes is the cold wire gas metal arc welding
(CW-GMAW), which consists of the standard gas metal arc welding (GMAW) with an extra cold wire
(non-energized) fed into the arc-welding pool system. This process increases the deposition of the
welds while maintaining the nominal heat input for the same welding parameters in standard GMAW.
Previous research [5] has shown that the feeding of cold wire causes a slight increase in current without
a corresponding increase in penetration. A feature that distinguishes GMAW and CW-GMAW is the
reduced dilution caused by cold wire feed rates, which decreases penetration and melting of the base
metal. Ultimately, the two processes differ by range of admissible parameters, since the cold wire can
stabilize metal transfer [6]. Moreover, this difference in dilution can be linked to the thermal signature,
as reported in [7], showing that cold wire welds result in lower heat-induced distortion compared to
standard GMAW welds.

Previous research [8] demonstrates the possibility of welding U-grooves using CW-GMAW with
pure carbon dioxide as shielding gas, and this method was primarily developed to be applied in
shipbuilding. The feasibility of this process to weld a 5 mm wide groove was recently studied
on ASTM A131 grade A steel, revealing that, due to the pinning of the arc to the cold wire, the
sidewall erosion was considerably reduced in comparison to welds manufactured with standard
GMAW [9]. Subsequent research [10] studied the effect of the CW-GMAW on process-induced residual
stresses, concluding that welds manufactured by CW-GMAW have lower levels of residual stresses.
This decrease in residual stresses might explain the improvement in fatigue life reported in [11].

The present work reports the further development on the work of prior research [9], and reports
preliminary results regarding the application of CW-GMAW to weld high strength pipeline steels in
narrow gap configuration. The feasibility of NGW employing CW-GMAW was assessed by comparing
the severity of sidewall erosion in the welds and the presence of defects in the root pass. The results
point to the general feasibility of NGW using CW-GMAW pipeline applications, and illuminate possible
future work to avoid certain defects found during welding. The arc attachment to sidewalls can be
ascribed to the arc shortest electron path according to Zhang et al. [12].

2. Experimental Set-Up and Materials

NGW were fabricated using both GMAW and the cold wire gas metal arc welding (CW-GMAW)
process. Figure 1 shows a schematic of the geometry of the narrow groove used in this work and the
detail of cold wire positioning regarding the wire electrode and cold wire feeding angle. The grooves
were welded using a Lincoln R500 welding power source linked to a Fanuc ArcMate 120i robotic arm.
The size of the joints was 140 mm (length) x 115 mm (width) x 15 mm (thickness). Figure 1 shows
groove gap and the root face. To determine the reproducibility, three replicates were manufactured for
each welding condition. It is important to mention that the welds were performed in constant voltage
mode, where no synergic controls were used during welding to adaptively control the arc dynamics.

To manufacture the welds, ER100S-G in the diameter of 1.2 mm was used as electrode, while the
cold wire had a diameter of 1.0 mm. API X80 [9] was selected as base metal. The nominal compositions
of the electrodes and of the base metal are given in Table 1. Moreover, no weaving or preheating was
used during welding.

Cold wire feed rates are expressed here as a fraction of the electrode mass feed rate, due to the fact
that two wires of different diameters were used for the electrode and cold wire, respectively. To quantify
the cold wire feed rate as function of the electrode wire, the mass percentage as a fraction of the
electrode was used. The mass feed rate was calculated from the wire density and cross-sectional area.

32



Materials 2019, 12, 335

To evaluate the welding process, a NGW joint design used in heavy welding applications such
as pipeline welding was considered. This configuration was chosen to demonstrate an immediate
application of the process, which is critical to welding of thick structures, since it decreases the
heat-induced detrimental effects of welding passes.

4 mm

2 p—nm B b)

15 mm

4 cold
wire
feeder

:|:3 mm i Electrode wire

Figure 1. Schematics of the groove geometries used in this work: (a) schematic of the narrow groove,
showing the cross-section; and (b) detail of CW positioning and feeding angle.

Table 1. Nominal chemical composition of the welding wires and the base metal.

C Mn P S Ti Mo Ni Cr Fe
ER100S-G  0.08 1.25-1.80 0.20-0.55 0.01 0.10 0.25-0.55 1.20-2.10 1.25-1.80 Balance
APIX80 0.22 1.85 0.025 0.015 0.06 - - - Balance

During welding, the current and voltage signals were acquired at the sampling frequency of
20 kHz for 2 s with synchronized high speed imaging at 5000 fps with shutter speed of 25 ms,
an aperture of £/22, and a narrow band pass filter of 900 + 10 nm. The videography was performed
with the camera in parallel to the groove longitudinal line to record the metal transfer inside the
groove. The high speed images shown in this work were selected to adequately represent the arc
dynamics and metal transfer, when in a stable condition. The welding parameters used are reported
in Table 2. For all welds, the shielding gas mixture used was Ar-15%CQO; at a flow rate of 17 L/min,
and the contact tip to work-piece distance (CTWD) was constant and equal to 17 mm. The welding
parameters were set to apply the same heat input using both processes. The quantities of average
voltage (Ugverage), average current (Iaperage), and average power (Payerage) Were calculated using the
average instantaneous algorithm according to Equations (1)—(3):

i
Uavemge = Z U; 1)
1
i
Iavemge = E I (2)
1
i
Paverage = Z Ui x I ®3)
1

The arc arc stability was also assessed through cyclogrammes which are voltage versus current
plots, and are used to study the events occurring in the arc electric. They are useful since they show
the amount of short-circuits and account for the general arc stability of the process [13]. For a more
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thorough discussion on cyclogrammes and their respective zones, the reader should refer to prior
work [14].

Table 2. Welding parameters.

Welding Process WEFS (m/min) Voltage (V) Travel Speed (m/min) CWER (%) Deposition (kg/h)

GMAW 7.62 25 0.41 - 411
CW-GMAW 7.62 25 0.41 80 7.39

Once the experiments were completed, the specimens were subjected to standard metallographic
procedures and etched with 5% Nital to reveal the macrostructure. The cross-sections showing the
passes sequence were taken from the start, middle, and end of the joints. The cross-sections showing
the complete joint were taken from the middle of the joints. The hardness map was performed with
a 200 g load and 10 s dwell time. The distance between indentations was 0.3 mm and the distance
between lines was 0.3 mm.

3. Results

3.1. Electrical Data

Table 3 presents the actual electrical data for current, voltage and power probed for the welding
conditions employed in this work. For GMAW and CW-GMAW, the heat input per pass was similar.

Table 3. Average electrical parameters sampled during welding and nominal resulting heat input as
response of the welding power source.

Welding Process  Pass Average Voltage (V)  Average Current (A) Average Power (W)  NHI (kJ/mm)

root 25.13 299.69 7520.13 1.11
GMAW fill 25.13 270.64 6801.29 1.00
cap 25.12 253.27 6427.07 0.95
root 25.14 292.20 7344.18 1.08
CW-GMAW fill/cap 25.16 277.95 6991.18 1.03

3.1.1. Oscillograms

Figure 2 shows the oscillograms for the standard GMAW condition. For the root pass, one can
notice a periodic repetition with frequency of approximately 3 Hz (Figure 3a). By correlating the
electrical signals to the high speed images, it was observed that this repetition is a consequence of arc
attachment to the groove sidewalls. As a consequence of the arc attachment to the sidewall, the power
source promotes an instantaneous increase in the arc current, as shown in detail in Figure 3b. It is
possible that this was caused by the auto-regulation system of the power source, which interprets
the attachment of the arc to sidewalls as an increase in wire feed speed, consequently increasing the
current to keep the melting rate constant while the arc length is reduced due to the arc attachment to
the groove walls.

On the other hand, one can notice that this repetitive behavior did not occur in the fill and
cap passes (Figure 2¢,d), likely due to a reduced degree of arc constriction, and the shortest path to
the electron conduction being the bottom of the groove and not the sidewalls. On the other hand,
the severity of short-circuits in the cap pass was higher when compared to the filler pass. This suggests
that the distance between the droplet (as shown in the high speed frames, Figure 6) and the substrate
is lower, favoring short-circuits.

Figure 3 shows the oscillograms for the CW-GMAW specimens. It is noted that the periodic
pattern observed in the oscillograms of GMAW for root pass was not observed for the entire sampling
period in CW-GMAW of 2000 ms. This suggests the sidewall erosion was mitigated during CW-GMAW,
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since sidewall penetration causes the periodicity in the observed signal. Moreover, the short-circuit
severity in the fill/cap pass is less prominent than that observed in the GMAW specimen.
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Figure 2. Typical oscillograms for the GMAW condition: (a) root pass; (b) detail of the root inside the
period of repetition; (c) fill pass; and (d) cap pass.
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Figure 3. Typical oscillograms for the CW-GMAW condition: (a) root pass; and (b) fill/cap pass.
3.1.2. Cyclogrammes

Figure 4 shows typical cyclogrammes for GMAW specimens where one can notice that in the root
pass (Figure 4a) the number events corresponding to short-circuits (region inside the dashed rectangle)
are larger than the arc burning area (darker region, upper left-side of the dashed square). Ultimately,
this cyclogramme points out an unstable condition where the arc burning region is smaller compared
to the perturbed region.

As reflected by oscillograms, the fill pass was more stable, with some short-circuits and high
voltage points, indicating large variations in arc length (see Figure 4b). In the cap pass (Figure 4c),
one can notice a larger short-circuit region with slight variation in arc length. The results also suggest
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that there was a high variation in current, probably due to an increased quantity of metal to melt,
interpreted by the power source as an increase in wire feed speed (higher melting speed).

Figure 5 shows the cyclogrammes for the CW-GMAW condition. One observes that, by comparing
the cyclogrammes for root pass between standard GMAW and CW-GMAW, the arc burning operation
range for CW-GMAW is shorter, indicating that this was more stable than the root in GMAW condition.
One observes the complete absence of short-circuits (see Figure 5a). The cause of such stabilization
should be attributed to the cold wire feed. Meanwhile, comparing the fill/cap condition (Figure 5b)
between CW-GMAW and GMAW, one finds short-circuits events where voltage dropped below 20 V,
along with variations in arc length, suggested by high values of voltage for the same range of current.

C - root - GMAW [ », - fill - GMAW [ 6, - cap - GMAW
Short-circuit region

a) 35

Voltage (V)
Voltage (V)
Voltage (V)

1 Increasing WFS
------- =
15 T T T 15 T T T T
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Current (A) Current (A) Current (A)

Figure 4. Cyclogrammes for the GMAW specimens: (a) root pass; (b) fill pass; and (c) fill pass.
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Figure 5. Cyclogrammes for the GMAW specimens: (a) root pass; (b) fill pass; and (c) fill pass.

3.2. High Speed Imaging

Figure 6 shows the high speed frames for the standard GMAW and CW-GMAW inside the grooves.
As suggested by the electrical signals, it was possible to verify that the arc for the GMAW often attaches
to the sidewalls, thus eroding it. The same author claims that the arc attachment was avoided when
welding in constant current mode, since, in these sources, to maintain and almost constant melting
speed, the voltage highly varies. Meanwhile, in CW-GMAW, the arc attachment was to the cold wire,
which prevents sidewall erosion. In Figure 6a, one can discern that the arc is pinned to the rear (cold
wire) and not to the sidewalls.
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Standard GMAW CW-GMAW

Arc attachment

Sidewall erosion

.

Figure 6. High speed frames, arc dynamic behavior inside the groove: (a) standard GMAW; and
(b) CW-GMAW.

3.3. Sidewall Penetration

The erosion of the sidewall was caused by the arc self regulation dynamics, which tried to establish
the shortest path to electron flow, thereby increasing the melting rate. However, as the arc moved
through the groove, the attachment point was continually changing, melting multiple points across the
groove walls. This multiple erosion points might have detrimental effects on the mechanical properties
of the joint.

Figure 7 shows the sidewall penetration caused by the root pass during welding. One observes
that the standard GMAW erodes the sidewalls consistently with the oscillograms shown in Figure 2a.
There, every time the arc attached to the sidewalls, intense and fast short-circuiting caused the current
to increase abruptly (to fuse the extra metal and restore the compatible voltage (arc length, in constant
voltage) to the current pre-set before welding). Conversely, as in the CW-GMAW, the arc was attached
to the cold wire, thus there is effectively no sidewall penetration, as can be seen in Figure 6a.

b)  CWLGMAW
I

Figure 7. Top view of the sidewall penetration caused by the root pass; the specimens were cut along
the longitudinal line (dashed red line): (a) standard GMAW; and (b) CW-GMAW. Once can note that
the specimens were cut along the longitudinal axis of the joint. Note: In (b), the mark on its front is a
written identification of the sample that could not be removed.

3.4. Evolution of the HAZ in Root Pass

Figure 8 shows the evolution of the heat affected zone (HAZ) in the root pass for the standard
GMAW welds in three different locations of the bead: start, middle and end. One can find that the arc
wandering resulted in welds that are rather non-symmetrical. This was likely due to the inconsistency
in penetration, associated with is incomplete fusion defect. Moreover, the size of the root face also
contributed to this issue. In addition, one can note in Figure 8 that, as the weld progressed, the plate
became hotter and consequently penetration was slightly increased in the end of the weld.

Figure 9 shows the root pass in three locations across the bead for CW-GMAW; no discontinuities
(based on cross-sections inspection) were likely to occur in the root pass, and, generally, the sidewall
penetration in the root was much more symmetrical due to the arc pinning to the cold wire. One finds
that the increase in deposition decreased the penetration of the weld, causing incomplete penetration.
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GMAW - Start GMAW - Middle GMAW - End

Figure 8. Root pass macrographs for the standard GMAW process: (a) start of the joint; (b) middle of
the joint; and (c) end of the joint.

S — —_—

CW-GMAW - Start CW-GMAW - Middle CW-GMAW - End

Figure 9. Root pass macrographs for the CW-GMAW process: (a) start of the joint; and (b) middle of
the joint; and (c) end of the joint.

3.5. Macrographs

Figure 10 shows cross-sections from the middle of the bead for both the standard GMAW and
CW-GMAW. One notices that the middle cross-section of the standard GMAW has an acceptable
morphology without discontinuities, while achieving suitable penetration in the root face. Conversely,
incomplete penetration persists in CW-GMAW. Due to the cold wire feed rates, more mass was
deposited in CW-GMAW, which caused a decrease in penetration. This accounts for the incomplete
penetration. Another technicality in CW-GMAW is the presence of inclusions, most likely oxides,
due to the increased level of titanium in the weld metal due to the cold wire feeding, as the same wire
was used as electrode and cold wire.

The presence of inclusions points to the need for more careful grinding after the root to clean
the silicates formed during welding pool solidification. Another feature that differs between the
cross-sections is the quantity of passes to fill them out. Standard GMAW required three passes and
CW-GMAW only two. Ultimately, the overall heat input in CW-GMAW was lower due this difference
in number of passes.

Standard GMAW CW-GMAW

Figure 10. Middle of the bead cross-section showing the final weld morphology: (a) standard GMAW;
and (b) CW-GMAW. The arrows indicate discontinuities such as inclusions and incomplete fusion.
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To mitigate incomplete fusion, two alternatives might be used: increase the current by means of
wire feed speed to increase penetration, or decrease the root face height to facilitate higher penetration.

3.6. Micrographs

The HAZ width of the standard GMAW and CW-GMAW specimens were compared.
The intercritical heat affected zone (ICHAZ), which is basically formed between 800 and 500 °C
upon cooling, is narrower in CW-GMAW welds compared to GMAW.

Weld Interface—Root Pass

Figure 11a shows the HAZ from the weld interface to base metal in the conventional GMAW
specimen. Figure 11b shows the HAZ from the interface in the CW-GMAW specimen. In both
specimens, the images were taken at the root pass, in a one pass weld (see Figures 8b and b,
respectively).

Figure 11. Heat affected zone (HAZ) width in the GMAW specimen showing the Weld metal (WM),
Coarse grain heat affected zone (CGHAZ), Fine grain heat affected zone (FGHAZ), Intercritical heat
affected zone (ICHAZ), and Base metal (BM): (a) standard GMAW; and (b) CW-GMAW.

One can see that the ICHAZ is slightly narrower in CW-GMAW than in the standard GMAW.
This is consistent with previous research. This seems to indicate that CW-GMAW specimens had
a shorter cooling time between 800 and 500 °C compared to the conventional GMAW specimens.
This seems to indicate that less heat was actually applied across the weld joint.

3.7. Vickers Hardness

To characterize the strength of the of the joint via cross-sections, maps of the Vickers hardness
values are reported here. Figure 12 shows the hardness map of the completed joint for standard GMAW
and CW-GMAW specimens.

One can see that the Vickers hardness in the weld for the CW-GMAW is higher, which indicates
that the cooling rate of the weld metal in CW-GMAW was faster than the standard GMAW. For some
conditions, the melting efficiency of CW-GMAW was higher than in conventional GMAW. The melting
efficiency is the amount of heat that actually transfers to the melting pool over the welding total power,
and the difference in this value might explain slower cooling rates.

Figure 13 shows the hardness map of the root pass in cross-section extracted from the middle
of the joint. Regarding the root pass, one can see that the values are similar in standard GMAW and
CW-GMAW. However, comparing Figures 12 and 13, one can see that the bottom of the CW-GMA
welds is harder than the bottom of conventional GMAW. Given that the hardness patterns of the roots
were similar, one has to consider that the cooling rate near the root was faster in CW-GMAW. However,
the exact mechanism behind this fact is still unclear, but may be due to a faster heat transfer due to a
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larger contact area (the area of contact between the weld metal and the base metal) as well as a higher
gradient between the weld and base metals in CW-GMA welds.

Standard GMAW Vickers hardness (HV) CW-GMAW Vickers hardness (HV)
- 203.0 (b) 203.0

273.8 2738
254.5 2545
235.3 2353
216.0 216.0
196.8
1775
158.3

196.8
1775

158.3

139.0 139.0

Figure 12. Hardness map of the cross-sections: (a) standard GMAW; and (b) CW-GMAW, with weld
interface marked by dashed lines.

Standard GMAW-root pass (middle) ~ Vickers hardness CW-GMAW-root pass (middle Vickers hardness
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256.4 256.4
219.8 219.8
183.1 183.1
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109.9 109.9
73.25 73.25
36.63 36.63
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Figure 13. Hardness map of the root pass, middle cross-section: (a) standard GMAW; and (b)
CW-GMAW, with weld interface marked by dashed lines.

4. Discussions

The electrical oscillograms in Figure 2 show that the standard GMAW experiences some sort
of oscillating pattern. It was noticed that this pattern corresponds to the instant the arc eroded the
sidewalls. Moreover, the author pointed out that the arc attached to sidewall such that the current
flows in the shortest path, thus the arc potential in the arc column remains at the minimum possible
level.

This phenomenon in constant voltage (CV) leads ultimately to the melting of the contact tip
and interruption of the welding processes. However, it was noted that, in constant current (CC),
this process did not occur since the reduction in arc length, induced by the arc attachment to the
sidewall, caused a small reduction in arc length in comparison the reduction in current, thus the power
source reached a new equilibrium point.

On the contrary, in CW-GMA welding, the current path was shortest to the cold wire, which caused
the arc to climb to it. This phenomenon prevented the arc attachment to the sidewalls, and consequently
prevented sidewall erosion. Moreover, one observes that the arc was much more stable in CW-GMA
welding (Figure 3) than in standard GMAW (Figure 2). The cyclogrammes for the the two cases
confirmed this assertion. The root pass performed using CW-GMAW (Figure 5a) was more stable than
in the conventional GMAW (Figure 4a), which had a tail that points to short-circuits caused by the
sidewall erosion (dashed square).

Regarding the cap pass, one can observe that, in conventional GMAW, the arc tended to climb
towards the contact, as indicated by the higher values of voltage (increase in arc length) and current
in Figure 4c. However, in the CW-GMAW), such phenomenon did not occur as systematically, with
only occasional values of current and voltage tending to the high voltage region. High speed images
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were used to investigate the arc dynamical behavior. The images show that the arc attached to the
sidewalls in standard GMAW because of the internal regulation of the source in CV, as discussed above
(Figure 6). In CW-GMAW), as expected from the electrical signals, no sidewall erosion was detected,
as can be seen in Figures 6 and 7.

Figure 8 shows the macros of the joint manufactured using conventional GMAW. One can observe
that some fusion points are lacking. These were caused by the arc climbing causing over-melts in one
direction, but leaving a gap and causing the lack of fusion. On the contrary, in CW-GMAW, one can
notice that, as the arc is pinned to the cold wire, this causes a more stable melting pattern avoiding
incomplete fusion across the joint (Figure 9).

The macros, taken from the middle of joints (Figure 10), show the difference in productivity.
The standard GMAW joint was completely filled with three passes while the the CW-GMAW was filled
with two passes. However, one observes that, in relation to the cold wire joint, there was a lack of
penetration due to the arc pinning to the cold wire, which limits the penetration and dilution.

Figure 11 compares the HAZ for the two processes: standard GMAW and CW-GMAW.
The difference in their size can be attributed to differences in thermal signature of CW-GMAW in
comparison to GMAW. The difference in ICHAZ might be linked to higher thermal gradient in
CW-GMAW than in conventional GMAW. This thermal gradient might result from an improved
melting efficiency in CW-GMAW for some conditions.

Figures 12 and 13 show the hardness maps over the complete macro and the root pass for both
conventional GMAW and CW-GMAW, respectively. The Vickers hardness values in CW-GMAW
(Figure 12) point to shorter cooling time (higher cooling rate), which might be linked to the higher
thermal gradient caused by the possibly higher melting efficiency in CW-GMAW. This might explain
the higher hardness in CW-GMAW compared to the standard GMAW. Regarding the root pass, the
difference in hardness was likely due to the larger gradient formed by the larger joined area in
CW-GMAW root. This led to higher cooling rates in the reheated root of the weld metal, with higher
hardness.

5. Conclusions

Narrow groove welds in API X80 were fabricated using the standard GMAW and the CW-GMAW
to assess the process feasibility using CW-GMAW for a joint with 4 mm gap. Taking into account the
results discussed, the following conclusions can be drawn:

1. The welds using GMAW process presented serious sidewall penetration that might compromise
their integrity.

2. The welds fabricated using CW-GMAW did not present sidewall erosion during root pass,
conversely the increase in deposition compromised the penetration in the root region.

3. The amount of inclusions found in the the cold wire welds might be linked to the grade of the
welding wires used.
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Abstract: 1Cr12Mo martensitic stainless steel is widely used for intermediate and low-pressure steam
turbine blades in fossil-fuel power plants. A nickel-based filler metal (SFA-5.8 BNi-2) was used to
braze 1Cr12Mo in an Ar atmosphere. The influence of brazing temperature and hold time on the
joints was studied. Microstructure of the joints brazed, element distribution and shear stress were
evaluated at different brazing temperatures, ranging from 1050 °C to 1120 °C, with holding times of
10's,30s, 50 s and 90 s. The results show that brazing joints mainly consist of the matrix of the braze
alloy, the precipitation, and the diffusion affected zone. The filler metal elements diffusion is more
active with increased brazing temperature and prolonged hold time. The shear strength of the brazed
joints is greater than 250 MPa when the brazing temperature is 1080 °C and the hold time is 30 s.

Keywords: induction brazing; elements diffusion; microstructural evolution; shear strength;
stainless steel

1. Introduction

1Cr12Mo stainless steel is a modified material made by appropriately increasing the content of
Mo to hold the temper brittleness on the base of AISI 403. As a martensitic heat-resistant stainless steel
with good creep strength and moderate corrosion resistance, 1Cr12Mo stainless steel is widely used for
intermediate and low-pressure steam turbine blades in fossil-fuel power plants. Its mechanical properties,
fatigue resistance, and corrosion resistance have been researched [1-4]. However, most of these studies
are limited to traditional processing technology, such as furnace and vacuum brazing [5]. Compared with
vacuum brazing, induction brazing is a faster and more effective technique, which provides a fast and
controllable method of heating to help elements dissolution, diffusion, and chemical reaction between
the base metal and the filler metal. The heating rate of induction brazing can reach 100 °C/s, which is
important to avoid liquation of the braze alloy with different solidus and liquidus temperatures [6].

For excellent performance of the brazed joint, nickel-based filler metal is often used in
high-temperature alloy induction brazing. B, Si, and other elements are added to the filler metal
to lower its melting point temperature and improve its liquid flow rate. However, B and Si in the filler
metal can react with some metallic elements and form high hardness brittle intermetallic compounds,
usually located in the diffusion affected zone of the welded joints. These intermetallic compounds
have adverse effects on joint performance. The brazing temperature and hold time at high temperature
have a critical influence on the diffusion of B and Si. Proper brazing temperature and hold time are
helpful to the diffusion of B and Si, and the diffusion between the filler metal and the base metal [7].
Compared with BMn50NiCuCrCo and BNi82CrSiBFe filler metals, SFA-5.8 BNi-2 filler metal is the
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best for stainless steel brazing because of its distinct weldability [8]. In this study, induction brazing
of 1Cr12Mo using a nickel-based brazing alloy, BNi-2, was investigated. Both the microstructural
evolution and shear strength of the brazed joint are evaluated.

2. Experimental Procedure

1Cr12Mo stainless steel was used as the base metal, with the chemical composition in
weight percent of Cr (11.50~13.00), Ni (0.30~0.60), Mo (0.30~0.60), Mn (0.30~0.50), C (0.10~0.15),
Si (0.05), P (0.035), S (0.030), and Fe (balance) according to the national (Chinese) standard GB8732.
A nickel-based filler metal, BNi-2, containing in weight percent Cr (6.0~8.0), B (2.75~3.5), Si (4.0~5.0),
Fe (2.5~3.5), Ni (balance) was chosen. The filler metal was in powder form with the granule size
about 400 mesh. The base metal was processed to shear specimens described in the national (Chinese)
standard GB11363-89, then cleaned using an ultrasonic bath and acetone solvent, and dried with hot
air. Before brazing, the shear specimens were assembled as shown in Figure 1. The gap between brazed
materials was 2 um and sufficient filler metal was put on the packing place. To prevent the powder
from running away, some alcohol was used during brazing. Figure 2 shows a schematic illustration of
the induction brazing. A HX-GP-25 type high-frequency inductor was used as the heating equipment,
and the heating current was 600 A. A high speed infrared temperature measuring instrument (Kleiber
KMGA740, Kleiber, Allgducity, German) was used to measure and record the brazing temperature.
Due to the low content of Cr elements in BNi-2, to prevent oxidation the induction brazing was
performed in an Ar atmosphere, and the Ar gas flow rate was 25 L/min. The brazing temperatures
were 1050, 1080, 1120 and 1150 °C. The holding times were 10's, 30 s, 50 s, and 90 s respectively.

M10

[=1~]

[=1~=]
L—

b
®1

Figure 1. The brazed specimen for shear strength test (units: mm).

The brazed samples were cut using a metallographic sample cutting machine, then executed in
accordance with the standard metallographic procedure. The cross section of the brazed joint was
examined using the JSM-7600 UHR thermal field emission scanning electron microscope (JEOL, Tokyo,
Japan) with an operating voltage of 15 kV. To evaluate the bonding strength of the base metal and
the filler metal, the shear test was conducted. The shear test piece was drawn by a universal testing
machine (Zwick, Ulm-Einsingen, German) with a constant speed of 1 mm /min at room temperature.
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Figure 2. Schematic illustration of the induction brazing.

3. Results and Discussion

Figure 3 shows the SEM backscattered image of BNi-2 brazed at 1120 °C for 10s,30's, 50 s, and
90 s respectively. The distribution of the elements in the joint can be observed in the backscattered
image. The specimen areas containing high-atomic number elements appear light, while the areas
containing low-atomic number elements appear dark. Based on this information, it is clear that the
elements distribution of the joint is not uniform. Due to the rapid heating and cooling rate in the
induction brazing, there is not enough time for the elements to distribute to equilibrium. As a result,
different phases generated in the joint.

diffusion affected zone

3

1

/ g

precipitation

braze alloy matrix

1opm JEOL
1 WD 15. Omm|

Figure 3. The SEM backscattered image of BNi-2 brazed at 1120 °C for (a) 10s, (b) 30's, (c) 50's, (d) 90 s.
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As shown in Figure 3, the bond region consists of three parts: the matrix of the braze alloy,
the precipitation, and the diffusion affected zone. It has been reported that the matrix of the braze
alloy is the isothermally solidified zone (ISZ) formed by isothermal solidification during the holding
time [9,10]. The microstructure of the ISZ is y solid solution (which solutes the rich Ni) and free
v’ precipitates. The precipitation in the middle of the joint is the athermally solidified zone which
formed at the end of the solidification and is controlled by added elements to depress the melting
point [11]. The diffusion affected zone consists of CrB, due to B diffusion and strong metal compounds
for Cr and B.

Figure 3 also proves that the diffusion affected zone is more active as holding time increases.
When the holding time is only 10 s, as shown in Figure 3a, there is almost no reaction layer between
the base metal and the filler metal. When the holding time is prolonged to 30 s, little reaction layer can
be observed (see Figure 3b). When the holding times are 50 s and 90 s, a net structure (see Figure 3¢,d)
formed in the diffusion affected zone, which has been reported as enhancing the joining strength of the
base metal and the filler metal [12]. At the same time, the area of athermally solidified zone decreased.

Figure 4 shows the elements distribution of the joint using line-scan analysis of the brazing
temperature at 1120 °C for 10 s. From the base metal to the filler metal, the content of Fe and Cr
decrease while the content of Ni and Si increase. The reason is that there is an interdiffusion between
the base metal and the filler metal. When the scanning line reaches the precipitation, the content of Fe
and Ni decrease sharply, while the content of Cr increases to maximum. Based on the principles of
SEM backscattered images, it can be determined that there is B element in the precipitation. Therefore,
the precipitation is identified as CrB.

line-scan direction

=0

Figure 4. Line-scan analysis of the joint brazed at 1120 °C for 10's, (a) line-scan direction, (b) content of
Fe and Cr, (c) content of Ni and Si.
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Figure 3a,c show the chemical analysis of different phases in the joint brazed at 1120 °C for 10 s
and 50 s respectively. There are three different phases observed in the joint. Their corresponding
chemical compositions are shown in Tables 1 and 2. It suggests that the high brazing temperature will
result in some Fe atoms melting from the base metal to the joint, so there are a few Fe atoms detected
in the joint. Meanwhile, the different chemical compositions of the phases in the two joints result from
the different holding times during the brazing procedure. When the brazing temperature is at 1120 °C
for 10 s, the precipitation in the joint (point 1 in Figure 3a) is CrB without other elements. This result is
consistent with the line-scan result mentioned above. The probable reason is that the precipitation
was formed in the althermal solidification at the end of the isothermal solidification. According to
the phase diagram, the solubility of B in Ni decreased at the end of the isothermal solidification, then
the B element was left in the liquid and resulted in the formation of CrB. With the prolonging of
the holding time, more Fe atoms dissolved into the joint. The precipitation at point 1 in Figure 3c,
consists of B, Cr, Fe and Ni (as shown in Table 2), which is different from the precipitation at point 1 in
Figure 3a. The differences in the matrix of the joints are the content of Fe, Si and B. When the holding
time is prolonged, more Fe melts into the joint, and more Si and B atoms diffuse. Due to the atom
size of B being smaller than that of Si, the diffusion rate of B is faster than that of Si, and there is no B
element detected at point 2 in Figure 3c. Point 3 in Figure 3a is the diffusion affected zone between the
base metal and the filler metal. The composition reveals the diffusion of Ni and Si atoms. Point 3 in
Figure 3c is a precipitation that primarily comprises B, Cr and Fe. As reported, B diffuses into the base
metal to form the intermetallics along the grain boundaries of the base metal [13].

Table 1. The chemical compositions labeled 1,2,3 in Figure 3a.

1 2 3
Element
Wt % At % Wt % At % Wt % At %
Ni 0.33 0.11 56.38 49.09 11.08 10.45
Cr 58.07 22.54 2.84 2.79 9.63 10.25
Fe - - 34.33 31.42 78.57 77.88
Si 0.29 0.21 4.75 8.65 0.72 1.42
B 41.31 77.13 17 8.05 - -
Table 2. The chemical compositions labeled 1,2,3 in Figure 3c.
1 2 3
Element
Wt % At % Wt % At % Wt % At %
Ni 3.46 1.05 48.09 45.43 1.74 0.47
Cr 24.32 8.31 4.08 4.36 5.17 1.57
Fe 21.13 6.72 45.06 44.75 31.95 9.01
Si - - 2.77 5.46 0.16 0.09
B 51.1 83.93 - - 60.98 88.86

Figure 5 shows the SEM backscattered images of the joints brazed at 1050, 1080 and 1120 °C
for 30 s, respectively. The diffusion affected zone (see Figure 5a) is not obvious, but is quite clear in
Figure 5b,c. The shape of the boride phase also varies with the brazing temperature. The higher the
brazing temperature, the easier the boride phases achieve phase equilibrium.

Table 3 shows the shear test results of brazed joints for varying brazing parameters. Most shear
stress values of brazed joints are above 250 MPa, except for test samples 1 and 3; the former was brazed
at a low temperature (1050 °C) and the latter was brazed for a short time (10 s). Figure 6a,b show the
variation of shear stress for different brazing parameters. In Figure 6a, when the brazing temperature
is 1120 °C, the shear stress of the brazing joint increases with the prolonging of the holding time.
However, the increase of shear stress is not obvious when the holding time exceeds 50 s. The shear
stress of the brazing joint increases with the increasing brazing temperature when the hold time is 30 s,
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as shown in Figure 6b. The microstructure of the joint is an indicator for its mechanical properties.
The different holding time and brazing temperature that resulted in varying boride phases in the
joint, which have a slight effect on the shear stress in the joint. However, the shear stress is heavily
dependent on the shape of the diffusion affected zone and whether the chemical composition content
in the matrix of the braze joint can easily achieve phase equilibrium [14].

— 10pm JEOL
WD 15 . Omm|

15.0KV COMPO LM

Figure 5. The SEM backscattered images of BNi-2 brazed at (a) 1050 °C, (b) 1080 °C and (c) 1120 °C
for 30 s.

Table 3. Shear test results of the brazed joints for different process parameters.

No. Temperature (°C)  Time (s) Shear Stress (MPa)

1 1050 30 221.2
2 1080 30 252.1
3 1120 10 235.2
4 1120 30 269.5
5 1120 50 277.8
6 1120 90 285.6
7 1150 30 276.5
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Figure 6. The shear test results of the brazed joints, (a) at 1120 °C, (b) for 30 s.

4. Conclusions

The induction brazing of 1Cr12Mo martensitic stainless steel with nickel-based filler metal
(SFA-5.8 BNi-2) in an Ar atmosphere was performed in this paper. The effect of temperature and hold
time of induction brazing on microstructure and shear strength has been discussed. The research
results show that the brazed joint consists of three parts, the matrix of the braze alloy, the precipitation
and the diffusion affected zone. With increases of temperature and holding time, the strength of the
brazed joint was increased. The shear strength of the joints brazed is 285.6 MPa when the Ar gas flow
rate is 25 L/min, the heating current is 600 A, the brazing temperature is 1120 °C, and the holding
time is 90 s.
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Abstract: A process variant of variable polarity plasma arc welding (VPPAW), that is, the pulsed
plasma gas VPPAW process, was developed. The pulsed plasma gas was transmitted into the
variable polarity plasma arc through a high-frequency solenoid valve to modify the output of the
plasma arc. The collection of arc electrical characteristics, arc shapes, and weld formation from
VPPAW, double-pulsed VPPAW (DP-VPPAW), and pulsed plasma gas VPPAW (PPG-VPPAW) was
carried out to examine if the pulsed plasma gas was able to play a positive role in improving the
stability and quality of the VPPAW process. The arc voltage shows that the pulsed plasma gas had
a greater influence on the electrode positive polarity voltage. The lower the plasma gas frequency
was, the lower the arc voltage fluctuation frequency was and the greater the arc voltage fluctuation
amplitude was. From the arc image, it could be observed that the arc core length had a short decrease
during the general rising trend after plasma gas was turned on. The arc core width only had a slight
change due to the restriction of the torch orifice. Compared with pulsed current wave, the pulsed
plasma gas could better enhance the fluidity of the molten pool to reduce porosity during aluminum
keyhole welding.

Keywords: variable polarity plasma arc welding (VPPAW); weld formation; pulsed plasma gas;
arc voltage

1. Introduction

Variable polarity plasma arc welding (VPPAW) has been widely used in aeronautics, astronautics,
and the automobile industry to produce high-quality and high-precision weld joints of aluminum
alloy [1,2]. The constrained process in the plasma arc torch leads to high energy density and arc
stiffness of the plasma arc, but makes the output of the arc coupled. This characteristic results in
a smaller weld lobe curve than for other processes, and leads the keyhole molten pool easily affected
by environmental changes in complex welding environments [3]. All of these cause a poor dynamic
stability of the keyhole and weld defects, which restrict the application of VPPAW.

Increasing arc energy density is a common method to improve welding quality. The laser hybrid
plasma arc welding process [4,5] can improve the energy density and stability of the plasma arc
by benefiting from interactions with laser beams. The gas-focusing plasma arc welding process [6],
with arc column secondly constricted by focusing gas, can improve the arc restraint degree and stability
significantly. The increase in arc stability effectively reduces the disturbance from welding arc to
molten pool, but it is difficult to eliminate the other influence on molten pool stability.
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Increasing the robustness of the keyhole molten pool is more helpful for the interference resisting.
The controlled pulsed plasma arc welding process [7,8], which makes the holes in periodic opening
and closing state by adjusting the current output, could effectively improve the robustness of the
molten pool. The double-pulsed VPPAW (DP-VPPAW) [9,10] adds additional high-frequency pulsed
current into electrode negative (EN) and electrode positive (EP), which makes the molten pool oscillate
periodically to improve stability of the welding process and quality. However, the additional current
parameters lead the thermal-force synchronous change and cause difficulties of process control.

The vibration-assisted plasma arc welding process [11,12], which uses mechanical vibration
to drive molten pool vibration, is an efficient method to decrease the attendant heat fluctuation of
the plasma arc, compared with the current wave. These methods produced satisfactory process
effectiveness, but the mechanical coupling of vibration system and welding torch reduced the stability
and precision of the plasma welding torch structure.

The previous studies [13,14] have shown that the plasma gas flow rate significantly affects the
pressure output, but for the heat output, it is insignificant. Based on this, a novel welding process
named pulsed plasma gas VPPAW (PPG-VPPAW) was proposed in this study. A specially designed
plasma arc torch was used to control plasma gas flow, and the pulsed plasma gas VPPAW system was
developed. This paper focuses on the arc behavior and welding process with PPG-VPPAW. The reason
for the periodic variation of arc voltage and arc profile during PPG-VPPAW is discussed based on the
arc electric signals and arc image acquired from experimental results. Furthermore, the weld-forming
experiments were carried out to explore the reason for the improving the fluidity of the molten pool
and reducing porosity during aluminum keyhole PPG-VPPAW.

2. Experimental Procedure

2.1. Experimental System

Figure 1 shows the schematic diagram of the PPG-VPPAW system, which included three parts:
the pulsed plasma gas control unit, the VPPAW system, and the data acquisition system. The plasma
gas control unit consisted of a 57-200 series PLC and a 35A series high-frequency solenoid valve (rated
voltage of DC24V, rated power of 5.4 W, conduction response time of 6 ms, outages response time of
2 ms, and the maximum atmospheric flux of 16.2 L/min for argon). The solenoid valve was installed in
the plasma gas tube of the plasma arc torch and as close to the torch nozzle as possible to generate the
pulsed plasma gas flow. The VPPAW system consisted of a welding power source, a modified plasma
arc torch, and the needed accessories. The data acquisition system mainly consisted of a voltage sensor,
a current sensor, a high-speed camera, a data acquisition card, and an industrial computer. During the
welding process, the welding current and voltage were collected by the current and voltage sensors.
The plasma arc was imaged by the high-speed camera (IDT Y4 series), which was set to focus on
the fixed region around the nozzle of the unmovable plasma arc torch. The experimental data was
displayed and recorded by the data acquisition card in the industrial control computer.
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Figure 1. Schematic diagram of the PPG-VPPAW system.

2.2. Experimental Design

The principle of the PPG-VPPAW process is shown in Figure 2. When the solenoid valve was
closed, the plasma gas flow was blocked by the solenoid valve and gathered at the entrance of the
solenoid valve. When the solenoid valve was opened, the blocked plasma gas flow was released and
input into the plasma arc at a velocity greater than the set value at that moment. Then, the plasma gas
flow returned to the set value and waited the next closure of the solenoid valve.

Solenoid valve Solenoid valve Solenoid valve Solenoid valve Solenoid valve

(ON) (OFF) (OFF) (OND (ON)
Plasma gas Plasma gas
7
iy |
':'1> ::>

Plasma gas Plasma gas Plasma gas
Figure 2. The principle of PPG-VPPAW process.
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accumulation

Plasma gas
accumulation

Work-piece

In order to study the effect of pulsed plasma gas acting on the plasma arc, the arc electric signals
and arc image were acquired from PPG-VPPAW and compared with those in VPPAW and DP-VPPAW.
The current and plasma gas flow waveforms of the VPPAW, DP-VPPAW, and PPG-VPPAW processes
are shown in Figure 3. The VPPAW process has the variable polarity square current wave with unequal
straight and reverse polarity time intervals, and the plasma gas flow rate remains constant, as shown
in Figure 3a. For the DP-VPPAW process, the current wave has been decreased periodically, the total
current wave presents two periodically varying pulses (i.e., a high-frequency variable polarity pulse
and a low-frequency pulse), and the plasma gas flow rate is the same as for the VPPAW process,
as shown in Figure 3b. In the PPG-VPPAW process, the current waveform is the same as for the
VPPAW process while the plasma gas flow rate is input intermittently in the form of a pulse, as shown
in Figure 3c. Based on a large number of trials, the process parameters in this study were selected
in Table 1 to make the comparison clear. In Table 1, Iry was the electrode negative current; Igp was
the electrode positive current; Iz was the basic current in DP-VPPAW; Ip was the pick current in
DP-VPPAW. The arc image capture rate was 3000 fps and the signal sampling rate was 10,000 Hz.
The plasma gas and the shielding gas both were pure argon.
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Figure 3. Schematic diagram of current-plasma gas flow waveform. (a) VPPAW; (b) DP-VPPAW;

(c) PPG-VPPAW.
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Table 1. Parameters for arc image and electrical signal comparison.

Shielding Gas Plasma Gas

Number Arc Length Tungsten Flow Rate Flow Rate Ien:Igp (A)
(mm) Setback (mm) . R
(L/min) (L/min)
1-1 6 4 10 3.0 100:100
1-2 6 4 10 3.0 100:100
1-3 6 4 10 3.0 100:100
1-4 6 4 10 3.0 100:100
Electric Pulse Electric Pulse Solenoid Valve Solenoid Valve
Number Ip:Ip (A) Frequency Duty Cvel Frequency Duty Cvel
(H2) uty Cycle (Hz) uty Cycle
1-1 - - - -
1-2 80% 3 5:3 - -
1-3 - - - 4 4:1
1-4 - - - 20 4:1

In order to study the effect of pulsed plasma gas on the molten pool in the keyhole welding
process, the weld-forming experiments were carried out. The weld bead geometries and porosity
distribution from the VPPAW, DP-VPPAW, and PPG-VPPAW processes were investigated. In order to
study the influence of the pulsed plasma gas on the molten pool, the filling wire was not applied for
avoiding the effect of filling material on molten pool behavior and simplifying the experimental model.
In these experiments, 5 mm thick 5A06 aluminum alloy was selected as the work piece. The plasma
gas and the shielding gas both were pure argon. Based on a large number of trials, the parameters in
this part were selected to obtain a good weld bead geometry, as shown in Table 2.

Table 2. Parameters for weld-forming experiments.

Tangsten Shielding Plasma Gas
Number Arc Length (mm) Setback (mm) Gas Flow Flow Rate Ien:Igp (A)
Rate (L/min) (L/min)
2-1 5 4 10 3.0 130:150
2-2 5 4 10 3.0 130:150
2-3 5 4 10 3.0 130:150
2-4 5 4 10 3.0 130:150
Welding Electric Pulse Electric Solenoid Valve Solenoid
Number Ip:Ip (A) Speed Frequency Pulse Duty Frequency (Hz) Valve Duty
(mm/s) (Hz) Cycle Cycle
2-1 - 1.83 - - - -
2-2 80% 1.83 3 5:3 - -
2-3 - 1.83 - - 20 4:1
2-4 - 1.83 - - 40 4:1

3. Results and Discussion

3.1. Variation in Arc Electrical Signal

The welding electrical signals of VPPAW (Experiment 1-1) and DP-VPPAW (Experiment 1-2)
are shown in Figure 4a,b, respectively. It can be observed that the current waves well fit the preset
parameters. The root mean square (RMS) and absolute mean (AM) values of current are shown in
Table 3. In comparison with traditional VPPAW, the current of PPG-VPPAW was almost unchanged.
Figure 4c,d show the welding electrical signals of PPG-VPPAW under different plasma gas flow
pulse frequencies with the same plasma flow rate; the plasma gas flow pulse frequencies were 4 Hz
(Experiment 1-3) and 20 Hz (Experiment 1-4), respectively. Compared with Figure 4a,c, it can be
observed that the current wave had a negligible effect on the pulsed plasma gas, while the arc voltage
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fluctuated periodically with the pulsed plasma gas frequency. The electrode negative period voltage
(Ugn) in the VPPAW process and solenoid valve on state of the PPG-VPPAW process was 24.97 V on
average, and the electrode positive period voltage (Ugp) was 35.49 V on average. When the solenoid
valve was off state and the gas flow pulse frequency was 4 Hz, the Ugy and Ugp decreased by 5.8 V and
9.8V, respectively. When the gas flow pulse frequency was 20 Hz, the Ugy and Ugp decreases were
5.1V and 8.9V, respectively. The above results showed that the lower the frequency of plasma gas,
the more distinct the influence on the arc voltage waveform. At a certain plasma gas pulse frequency,
the pulsed plasma gas has a greater influence on the electrode positive polarity voltage.
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Figure 4. Welding current-voltage synchronizing wave form. (a) VPPAW; (b) DP-VPPAW;
(c) PPG-VPPAW (4 Hz); (d) PPG-VPPAW (20 Hz).
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Table 3. The root mean square (RMS) and absolute mean (AM) values of current.

Welding Methods RMS (A) AM (A)
VPPAW 100.95 100.66
DP-VPPAW 93.56 92.39
PPG-VPPAW (4 Hz) 100.98 100.66
PPG-VPPAW(20 Hz) 100.84 100.08

When the plasma gas injects into the arc column, it requires more energy to keep enough ionized
particles that let the current through. When the plasma gas is shut off, the required energy which was
used to ionize the gas decreases, and the arc voltage also decreases. This decrease relates to the shut-off
time of plasma gas and has a maximum value. With the frequency of plasma gas increased, the shut-off
time decreases with lack of time to let the arc voltage decrease to the maximum value. In the EP phase
of the PPG-VPPAW process, due to the cathodic cleaning phenomenon [15], the size of the arc profile is
larger than that in the EN phase, which lets it be more affected by the plasma gas shut-off.

Figure 5 displays more details about the arc voltage of PPG-VPPAW with the plasma gas flow
pulse frequencies of 4 Hz and 20 Hz. The pulse signals of “1” and “0” indicate that the solenoid valve
is in the on state and off state, respectively. It can clearly be seen that with the plasma gas flow pulse
frequency of 4 Hz, the arc voltage is dropped immediately to the minimum voltage when the plasma
gas is shut off, which costs 14 ms, and the voltage decrease rate is 0.44 V/ms. When the plasma gas
is turned on, it takes 28 ms to return the average voltage, and the voltage increase rate is 0.20 V/ms
accordingly. Once the plasma gas flow pulse frequency increases to 20 Hz, the voltage decrease rate is
nearly same as that in 4 Hz (0.46 V/ms), but it is hard to find a stable minimum voltage due to the lack
of shut-off time of the plasma gas. When the plasma gas is turned on in 20 Hz situation, the voltage
recovery time is 22 ms, and the voltage increase rate is 0.23 V/ms accordingly. The above results show
that the plasma arc needs more time to recover the effect of plasma gas closure, and the plasma gas
flow pulse frequency has less effect on the voltage decrease rate.
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Figure 5. The arc voltage of PPG-VPPAW. (a) PPG-VPPAW (4 Hz); (b) PPG-VPPAW (20 Hz).

When the plasma gas is shut off, there is no plasma gas injecting immediately and the arc zone
could be considered as a relative closed environment and establish balance easily. Compared with
it, when the plasma gas is turned on, the plasma gas continuously injects into the arc column and
makes it harder to establish balance, so the arc voltage needs more time to stabilize after the plasma
gas is turned on. Furthermore, the higher the plasma gas frequency is, the lower the plasma gas
accumulation rate is, so the arc voltage needs less time to stabilize after the plasma gas is turned on.
The voltage decrease rate is correlated with arc characteristic, but there is no significant correlation
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with the frequency of plasma gas. However, when the frequency of plasma gas is above a certain
value, the plasma gas is turned on again when the arc voltage is not yet decreased to the stable voltage
without plasma gas, so the recovery speed of the voltage becomes faster.

3.2. Variation in Arc Profile

In order to better observe and analyze the variation in arc profile collected by the high-speed
video camera, it is necessary to divide the arc region for regionalization and measurement. The arc
image processing procedure is shown in Figure 6. The original arc image is shown in Figure 6a.
Figure 6b is the colored gray-scale image that is transformed from the original arc. According to the
intensity of the arc light, the arc can be divided into 256 scale levels. Yang et al. illustrated that the
gray scale was larger with higher intensity in the arc gray-scale image, with 90% of the arc intensity
as the arc core region [16,17]. The gray-scale image was colored by RGB for the convenience of arc
core region [18,19], the red and green region of processed arc image were the core and edge region,
respectively. As a result, the arc profile would be measured and analyzed using the arc core region,
as presented in Figure 6b. The arc profile, which was defined by arc core length L and arc core width
under the nozzle D, was accurately measured by computerized measurement technique.

Arc core
region
Arc edge
region

(b)

Figure 6. Edge extraction and regionalization of welding arc. (a) Original arc image; (b) processed

(@)

arc image.

Figure 7a displays the variation of arc profile in a complete plasma gas cycle of PPG-VPPAW
with the 4 Hz plasma gas pulse frequency in EN phase. Figure 8a shows the corresponding L and
D, which were measured using the method mentioned above. From 0 to 30 ms, the arc images were
relatively stable, the L and D were about 3.76 mm and 1.05 mm, respectively. When the plasma gas
was shut off, from 30 ms to 60 ms, the arc constricted rapidly with the L and D decreased to 0 mm.
From 60 ms to 80 ms, the core region of the arc almost disappeared because there was no plasma
gas supply. When the plasma gas was turned on, from 80 ms to 100 ms, the core region of the arc
significantly increased with L and D increased to 3.18 mm and 1.27 mm, respectively. Then, the L had
a decrease to 2.07 mm at 110 ms and increased again to 6 mm in 140 ms. After that, the L gradually
decreased to 4.09 mm from 140 ms to 170 ms and then maintained in a stable state. In this period, the D
only had a slight change due to the restriction of the torch orifice. The above results show that the
arc core length had a short decrease during the general rising trend after plasma gas was turned on.
These two peaks of arc core length were due to the initial overshoot phenomenon. Once the plasma
gas is turned on, the overshoot velocity is higher than the setting value, which causes the subsequent
plasma gas to not keep up, leading the L to decrease.

Figure 7b shows the variation of arc profile in a complete plasma gas cycle of PPG-VPPAW with
the 20 Hz plasma gas pulse frequency in the EN phase. The corresponding L and D are shown in
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Figure 8b. It can be seen that the change of PPG-VPPAW arc profile with 4 Hz and 20 Hz plasma gas
pulse frequencies have the same tendency. As mentioned before, due to the increase of plasma gas
pulse frequency, there is not enough shut-off time of plasma gas to affect the arc profile fully, the L
cannot decrease to 0 mm from 8 ms to 18 ms, and the first peak value is also less than that in 4 Hz.
In the whole cycle with 20 Hz plasma gas pulse frequency, the core region of the arc always exists,
and the D keeps balanced at 1.02 + 0.17 mm.

130ms

(b)

Figure 7. Comparison of arc images at negative polarity stage. (a) PPG-VPPAW (4 Hz); (b) PPG-VPPAW
(20 Hz). (The color bar of this figure is same as Figure 6).
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Figure 8. Arc core region size of PPG-VPPAW. (a) PPG-VPPAW (4 Hz); (b) PPG-VPPAW (20 Hz).
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Figure 9 displays the arc profile of EP phase in different VPPAW processes and stages. Figure 9a
shows the arc profile in the VPPAW process. Figure 9b,c show shutting-off and turning-on stages,
respectively, with 4Hz PPG-VPPAW. Figure 9d,e show shutting-off and turning-on stages, respectively,
with 20 Hz PPG-VPPAW. Compared with these arc profiles, it is easy to find that only in the shut-off
stage with 4 Hz PPG-VPPAW process, the arc core length L significantly decreased. This phenomenon
cannot be found when the plasma gas pulse frequency increased to 20 Hz. That means the influence of
plasma gas shutting off in the EP phase of the VPPAW process is much smaller than in the EN phase,
especially in a high plasma gas pulse frequency. This is because the arc core region is directly related to
the temperature field, which has such a great inertia that the temperature change could not quickly
respond to the disturbance. When the plasma gas frequency increases, the effect of pulsed plasma gas
on the EP phase is harder to observe.

a) = (b) c>/ d) —

Figure 9. Comparison of arc images at positive polarity stage. (The color bar of this figure is same as
Figure 6).

3.3. Variation in Welding Formation

Figure 10 shows the front and back of the PPG-VPPA (20 Hz) weld joint. It can be clearly seen that
the keyhole is completely penetrated at the end of the weld joint. The weld joint formed as shown
in Figure 10 is due to the lack of metal filling and the molten pool flow toward the front of the weld.
Figure 11 shows the appearance of the weld surface with different welding methods. A smooth weld
joint profile of VPPAW is shown in Figure 11a. As shown in Figure 11b—d, both DP-VPPAW and
PPG-VPPAW form a fish-scale pattern on the surface of the weld joint due to the stirring action on
the welding pool caused by the periodical oscillation of the arc pressure. The ripples formed on the
weld joint surface show that the fluidity of the welding pool has been enhanced, and benefits the
welding quality. Compared with Figure 11b,c, it is clearly demonstrated that the plasma gas frequency
has a stronger effect acting on the welding formation than current frequency under the premise of
acceptable welding formation. Compared with Figure 11c,d, the denseness of ripple profile on the
weld joint surface is directly proportional to the frequency of the plasma gas.

Figure 10. The front and back of the PPG-VPPA (20 Hz) weld joint.
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drmim

Figure 11. Morphology of weld surface. (a) VPPAW; (b) DP-VPPAW; (c) PPG-VPPAW (20 Hz);
(d) PPG-VPPAW (40 Hz).

The preparation method of the sample is shown in Figure 12. Three samples were selected in
every weld joint. We observed that the characteristics of the three samples of the same weld joint
were basically the same. Therefore, a sample of each weld joint was randomly selected for further
analysis. The cross-sections of the weld joint with different welding methods are exhibited in Figure 13a.
The average weld reinforcement and width are measured as shown in Table 4. The VPPAW process
and PPG-VPPAW process have nearly the same current wave, so the weld width from these two
processes are similar. For the DP-VPPAW process, due to the decrease of current in the low frequency,
the weld width also decreases. The distribution of porosity in the weld fusion line region with different
welding methods is shown in Figure 13b, where WZ is weld zone, FZ is fusion zone, and HAZ is
heat-affected zone. It shows clearly that the porosity has appeared both in fusion zone and weld zone
from the VPPAW process, and the porosity could be observed in the fusion zone from the DP-VPPAW
process. In contrast, there is no observable porosity in the cross-section from the PPG-VPPAW process.
The results of arc electrical characteristics and arc profile show that PPG-VPPA periodically fluctuates
due to the periodic variation of plasma gas flow rate. The molten pool oscillates periodically under the
oscillating arc. Therefore, the pulsed plasma gas has a stronger effect than the pulsed current wave
which enhances the fluidity of the molten pool and the spillover probability of the porosity from the
molten pool increases [20,21].

20mm

Sample-1 Sample-2 ‘ Sample-3

Figure 12. The preparation method of the sample.
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VPPAW The front of

The back of weld joint

(a) (b)

Figure 13. Macrographs of cross-section and the distribution of pores in weld fusion line region.
(a) Macrographs of cross-section; (b) the distribution of pores in weld fusion line region.

Table 4. The weld reinforcement and width.

Welding Methods Weld Width (mm) Weld Reinforcement (mm)
VPPAW 10.18 0.64
DP-VPPAW 9.64 0.82
PPG-VPPAW 10.01 0.73

4. Conclusions

This study proposed a novel plasma arc welding process, named pulsed plasma gas variable
polarity plasma arc welding process, and investigated the effect of pulsed plasma gas on the arc
electrical signal, arc profile, and welding formation. The results can be summarized as follows:

(1)  The shut-off time is the key factor affecting arc behavior under the pulsed plasma gas, and this
effect is stronger in the EP phase of the variable polarity plasma arc process.

(2) Inthe EN phase, the length of arc core region is also affected by the shut-off time of plasma gas.
Due to the overshoot, two peak values of arc core length appear in the return of plasma gas.
The pulsed plasma gas has less effect on arc profile in the EP phase.

(3) Compared with pulsed current wave, the pulsed plasma gas could better enhance the fluidity of
the molten pool to reduce porosity during aluminum keyhole welding.
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Abstract: The intermetallic layer, which forms at the bonding interface in dissimilar welding of
aluminum alloys to steel, is the most important characteristic feature influencing the mechanical
properties of the joint. In this work, horizontal butt-welding of thin sheets of aluminum alloy EN
AW-6014 T4 and galvanized mild steel DC04 was investigated. In order to predict the thickness of the
intermetallic layer based on the main welding process parameters, a numerical model was created
using the software package Visual-Environment. This model was validated with cold metal transfer
(CMT) welding experiments. Based on the calculated temperature field inside the joint, the evolution
of the intermetallic layer was numerically estimated using the software Matlab. The results of these
calculations were confirmed by metallographic investigations using an optical microscope, which
revealed spatial thickness variations of the intermetallic layer along the bonding interface.

Keywords: aluminum-steel blanks; intermetallic layer; cold metal transfer; welding simulation;
dissimilar welding; multimaterial car body

1. Introduction

Dissimilar joining of aluminum alloy sheets to steel sheets is an indispensable key process for
producing multimaterial car bodies, offering both high crash safety and low vehicle weight. Fusion
welding processes in particular have marked advantages regarding the efficient joining of hybrid
parts of complex shapes. However, thermal joining of aluminum- (Al) to iron- (Fe) based materials
is known to be associated with the formation of intermetallic (IM) Al Fe, phases at the bonding
interface [1-3]. The formation of these phases is mandatory for bonding of the dissimilar materials,
however, excessive formation results in brittleness and therefore in poor mechanical properties of the
joints. Thus, controlling the thermodynamically unavoidable interfacial reaction between iron and
aluminum is a critical issue regarding the performance of dissimilar joints.

Laboratory experiments have identified that in most cases two main IM phases form at the
interface between solid iron or steel and liquid aluminum or its alloys: AlsFe, as the major
n-phase [4-8], together with AlzFe (also referred as Alj3Fes) as the minor 6-phase [9-34]. Some
researchers have found additional Al;Fey phases, e.g., AlFe; or AlFe [7,14-16]. Dybkov [12] reported
‘paralinear’ growth of the IM phases, meaning that with increasing time the thickness of the AlsFe;
phase tends to grow towards a certain limit, while the thickness of the Al;Fe phase grows almost
linearly after a non-linear initial period. Bouayad et al. [17] also observed that growth of the AlsFe;
phase follows a parabolic relationship, but the growth of the Al;Fe phase follows a linear relationship.
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However, according to Bouché et al. [18], both the AlsFe, phase as well as the AlzFe phase exhibit
parabolic growth after an initial non-parabolic transient period. The AlsFe; crystals are assumed to
have a much higher growth rate than the AlzFe crystals, since the tongue-like AlsFe, sub-layer is
generally observed to be markedly thicker than the serrated AlsFe sub-layer.

At least one, or even both, of these two phases was also found to form in dissimilar cold metal
transfer (CMT) welding/brazing of aluminum alloys to steel [35-48]. In comparison to conventional
gas metal arc (GMA) welding processes, the CMT process is operated with significantly reduced heat
input [47,48], which restricts the growth of the AlyFey phases and therefore limits the thickness of
the IM layer [42,43]. The process temperature is high enough to melt the aluminum base material
and the aluminum-based filler, but the steel base material remains solid. Thus, dissimilar joining is
achieved by a combination of aluminum welding and steel brazing. The single-sided CMT process
in particular offers high potential regarding flexible and efficient butt-welding of aluminum alloy
sheets to zinc-coated steel sheets, which is of utmost interest in the automotive industry. However,
note that the steel sheet can be used in the as-cut condition, i.e., the cutting edge of the steel sheet is
uncoated [49].

The growth of the thickness of the IM layer, x); (m), can be expressed as a function of time, f (s).
Diffusion-controlled layer growth, which is assumed as dominant in low temperature and solid state
welding processes (e.g., CMT), is commonly expressed using a power-law function:

XIM = (kt)” (1)

For parabolic growth, n = 0.5. The temperature-dependent growth rate coefficient k (m?/s) is
expected to follow an Arrhenius relationship, where kg (m?/s) is the growth constant, Q (J/mol) is the
activation energy, T (K) is the absolute temperature, and R = 8.314 ] /molK is the gas constant:

k=ko exp(—%) 2)

Table 1 contains values of Q and ko as reported in the literature for calculation of the time-
dependent parabolic growth of the major n-phase or of the IM layer, respectively. Both of these
constants are usually determined by fitting experimental data captured at different temperatures.
Obviously, considerable variations exist between the reported values, which can be attributed to
differences in the materials investigated, the experimental conditions, and in formulating the growth
equation. Note that most of the experiments have been conducted at laboratory conditions within
comparatively narrow temperature ranges. Therefore, the influence of transient or non-uniform
temperature fields—as occur, for instance, in most industrial welding processes—on the formation of
the IM layer is not considered. Furthermore, if iron or aluminum of technical pureness are used for
experiments, the growth constants do not consider the influence of alloying elements, which are known
to influence the growth of the IM layer and which are normally present in industrial processes. In
particular, increasing the silicon content of aluminum alloys retards IM layer growth [4,10,27-33,50,51],
but increasing the zinc content promotes IM layer growth [4,34,51]. Increasing the carbon content
of steels also retards the growth [52,53]. Note that the constants given in References [54-59] were
determined in experiments where both iron and aluminum were solid (s).

During recent years, different methods have been applied by researchers to model the IM layer,
since this layer represents a critical feature influencing the mechanical properties of aluminum-steel
joints. Rong et al. [60] conducted thermophysical simulations to clarify reaction mechanisms and
growth kinetics at the interface between solid steel and liquid aluminum, and to predict the average
thickness of the IM layer. Das et al. [61] proposed a combined theoretical-experimental method,
including a numerical model and a set of measured results, to estimate the thickness of the IM layer as
a function of key process parameters in a lap joint configuration. Zhang et al. [62] used the Monte Carlo
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(MC) method to model the growth of IM compounds, and validated their results with bead-on-plate

welding of aluminum alloy onto galvanized mild steel.

Table 1. Activation energies and growth constants, as reported in the literature.

ef. esearcher aterial Combination 'mo 0 (m?/s
Ref. R hy T (°Q) Material Combinati Q (kJ/mol) ko (m?/s)
5] Heumann and Dittrich 700-960 pure Fe (s) 55 -
pure Al (1)
0.05 wt % C steel (s) ~
pure Al (1) 170
[8] Denner and Jones 673-826 0.17 wt % C steel (s) 105 ]
pure Al (1)
low C steel (s) 134 * ~
pure Al (1) 155 **
Eggeler, Auer
(1 and Kaesche 670-800 low C steel (s) 87*
Fe-saturated Al (1) 104 ** -
Bouayad, Gerometta, pure Fe (s) 73*
(171 Belkebir and Ambari 700-900 pure Al (1) 74 B
0.08 wt % C steel (s) ~
Springer, Kostka, Payton, pure Al (s,]) 190
[30] Raabea,ana}ésseerl-i’ryzalla 600-675 0.08 wt % C steel (s) . .
88 Al+5 wt % Si (s])
0.08 wt % C steel (s) 190 ~
Springer, S_zczepaniak pure Al (s1)
[34] and Faabal?;lid;;]data 400-750 0.08 wt % C steel (s) 165 i
rom [2,50,0% Al+2.5wt % Zn (s)1)
0.01 wt % C steel (s)
pure Al (1) 224 -
o
Lemmens, Springer, De 02} Y{ :Zg/ftseieh;s) 142 -
[32] Graeve, De Strycker, 670-725
Raabe and Verbeken 0.01 wt % C steel (s) 149 R
Al+3wt % Si(l)
0.01 wt % C steel (s) 7 ~
Al +10 wt % Si (1)
[23] Tanaka and Kajihara 780-820 pure Fe (s) 248 1.26 x 102
pure Al (1)
gz:: i‘“i Ef)) 207 1.10
pure Fe (s) 169 3.68 x 1073
[29] Yin, Zhac.c,1 I;u, Han 700-800 Al+1wt%Si(l)
and L1 pure Fe (s) 3
Al+2wt%Si (1) 167 146> 10
pure Fe (s) 3
AL+ 3wt %S (1) 172 1.38 > 10
y Shibata, Morozumi pure Fe (s)
(54] and Koda 605-655 pure Al (s) 226 -
Jindal, Srivastava, Das 9 IF steel (s) g
[55] and Ghosh 500-600 pure Al (s) 85 3.82 x 10
51 ji F
fsel Kajihara 550-640 e Al 8 281 1.32 x 102
[57] Naoi and Kajihara p
Zhe, Dezellus, Gardiola, 0.03 wt % C steel (s) 4
58] Braccini and Viala 535 Al +7 wt % Si (s) 153 437 x 10
400-480 116 -
Xu, Robson, Wang 0.08 wt % C steel (s)
(591 and Prangnell 480-570 Al + 0.8 wt % Si (s) 248 -
400-570 160 -

* maximum thickness of the IM layer, ** mean thickness of the IM layer, (s) solid, (1) liquid.
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This work presents a numerical method, which allows fast estimation and three-dimensional
(8D) visualization of the IM layer, because the highly irregular microscopic interface between the IM
layer and the weld seam is approximated as a smooth surface. 3D visualization of the layer enables
the identification of critical weld seam regions where comparatively thin (possibility of insufficient
bonding) or thick (brittleness of the joint) IM layers occur. The presented method, which includes
(i) calculation of the temperature at the bonding interface between the steel sheet and the aluminum
weld by means of finite element (FE) simulation, (ii) validation of the obtained numerical results
with temperature curves measured in CMT welding, (iii) prediction of the thickness of the IM layer
based on the calculated temperature field, and finally (iv) validation of the predicted thickness with
micrographs of weld cross-sections, has already been presented by the authors of this article [63]. This
method was also successfully applied by Borrisutthekul et al. [64] for estimating the effect of different
heat flow control measures on the thickness of the IM layer in laser welding, and by Mezrag et al. [65]
for the indirect determination of the process efficiency in CMT welding.

2. Experimental Methods

In this study, sheets of aluminum alloy EN AW-6014 T4 were joined with sheets of galvanized
mild steel DC04 by means of the single-sided cold metal transfer [47,48] process. The metal sheets
were clamped gap-free in horizontal butt-joint position, as schematically illustrated in Figure 1. The
dimensions were 250 mm x 150 mm x 0.80 mm for the steel sheet, and 250 mm x 150 mm x 1.15 mm
for the aluminum alloy sheet.

aluminum sheet
EN AW 6014 T4

clamp i zinc coating clamp
| 7.5 pm thick
0
150 150
(a) |

Figure 1. Schematic illustrations of the welding configuration (dimensions in mm): (a) front view of
the weld butt [46], (b) top view showing the positions and the numbering of six thermocouples.

The welding equipment included a Fronius CMT Advanced 4000 power source and a Fronius
CMT Braze + torch (Pettenbach, Austria), mounted to the arm of a KUKA KR 30-2 robot (Augsburg,
Germany). A filler wire of non-commercial aluminum alloy Al-0.3Mg-0.5Sc-0.4Zr was used. Both
feeding of the filler wire and supply of the shielding gas were achieved through the welding torch.
The main process parameters applied in the welding experiments are summarized in Table 2, and the
nominal compositions (Wt %) of the materials are listed in Table 3.

Table 2. Parameters of the welding process.

Parameter Symbol Value
Welding current (mean value) I 71 A
Welding voltage (mean value) u 81V
Welding speed v 0.4 m/min
Feeding rate of the filler wire w 3.9 m/min
Diameter of the filler wire dy 1.2mm
Distance between the torch and the workpiece d 6 mm
Angle between the torch and the workpiece 5 90°
Flow rate of the argon shielding gas v Ar 121/min
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Table 3. Nominal compositions (wt %) of the materials used in the experiments [46].

Material Al Fe Mg Mn Si Cu Zn Ti Cr v C P S Zr Sc
Mild steel sheet _ bal. ~ max. _ _ _ _ _ ~ max. max. max.
DC04 (1.0338) | 04 008 003 003
Aluminum alloy max. max. ~max. ~max. max.
sheet EN AW-6014 bal. 035 0.4-08 0.05-0.2 0.3-0.6 0.25 01 01 02 0.05-0.2
Aluminum filler wire 1 .00 0,04 02-03 0.03-0.050.03-005 - - - - - - - - 0305 0406

Al-0.3Mg-0.55¢-0.4Zr

3. Numerical Methods

The numerical model for calculating the temperature field was created using the ESI Welding
Simulation Suite (R 13.5, ESI Group, Paris, France). This software package is based on the Visual-
Environment platform, which includes the pre-processing module Visual-Mesh for generating the
three-dimensional geometry and the mesh of the model, the module Visual-Weld for defining the
welding process, and the post-processing module Visual-Viewer for visualizing the results. The
numerical calculation was performed with the finite element (FE) software SYSWELD (R 2017.5, ESI
Group, Paris, France).

3.1. Geometry and Mesh

As shown in Figure 2, the model included three parts: the aluminum sheet, the steel sheet, and
the weld seam, with dimensions according to the experimental welding configuration. The complete
model consisted of approximately 504,000 nodes and 425,000 elements. The interface between the
weld seam and the steel sheet was meshed with comparatively fine elements, since the temperature at
this interface was of primary interest for calculating the thickness of the IM layer. Figure 2 also shows
that the mesh was coarser with increasing distance to the weld seam, in order to limit the required
calculation time. A cross-section of the meshed model is shown in Figure 3.

e T
B ‘/ P >

Figure 2. Meshed three-dimensional finite element model.

aluminum 1.15 mm thick steel 0.8 mm thicl

Figure 3. Cross-section of the meshed model based on (a) the micrograph of sample 63 and on (b) the
joint surface reconstruction of sample 62.

According to the results of the welding experiments, the maximum thickness of the weld seam
was about 3.8 mm, and the width between the base corners of the weld seam was about 8 mm.
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These dimensions were estimated from micrographs of the weld cross-section, as exemplarily shown
in Figure 3a. The micrographs were captured using a Zeiss Axio Observer.Z1lm (Jena, Germany)
optical microscope equipped with a Zeiss Axio-Cam MRc5 camera. The dimensions of the weld seam
were validated with a three-dimensional reconstruction of the joint surface as shown in Figure 3b,
which was captured using the optical 3D scanning system GOM ATOS III Triple Scan (Braunschweig,
Germany). Neither small variations of the actual weld seam geometry nor thermal distortion of the
sheets were considered in the model, since their effects on the growth and on the thickness of the IM
layer are negligible.

3.2. Material Properties

As shown in Figure 4, temperature-dependent thermal conductivity, specific heat capacity, and
density were considered for both sheets and for the weld seam. These thermo-physical properties
were obtained by adapting predefined material data of the available Visual-Weld database (R 13.5, ESI
Group, Paris, France).
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Figure 4. Thermo-physical material properties of the steel sheet, the aluminum alloy sheet and the
weld seam: (a) thermal conductivity, (b) specific heat capacity, and (c) density.

3.3. Process Definition and Boundary Conditions

The main process parameters applied in the welding experiments are summarized in Table 2.
Based on the mean welding voltage, U (V), the mean welding current, I (A), and the welding speed, v
(m/min), the nominal energy input, E (J/mm), was calculated:

E= 0.06% 3)

The efficiency of the welding process, 7, is in the range of about 0.8-0.9 for energy-reduced
GMA welding processes with controlled dip transfer [65-67]. However, ;7 tends to increase with
decreasing arc power [67]. Since the modelled welding process was operated with comparatively
low energy input or arc power, 7 was approximated as unity in the present model. The heat density
distribution, g (W/mm3), describes the time-dependent movement of the heat source along the pre-
defined welding trajectory. It was calculated according to the double-ellipsoidal heat source model of
Goldak et al. [68,69]:

2 2 _ 2
Ay,2 ) = SV2 10 e"p<*%> eXP<73bl2> P <3(Zc2vtw)> ¥

/T abc

In Equation (4), x, y and z (mm) are the coordinates of the fixed coordinate system of the model,
and ty, (s) is the welding time. The linear welding trajectory is oriented in z-direction. The heat source
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moves with constant welding speed, v (mm/s), along the welding trajectory. The heat source center is
located at the initial coordinates xq = yp = zgp = 0 when welding starts at ¢,,0 = 0. In order to calculate g I
and g, the ellipsoidal heat density distributions at the front and rear sections of the weld pool, the
factor f is replaced by f or by f;, and the length c is replaced by cf or by ¢, respectively. The heat
fractions fr and f; are deposited at the front and rear sections of the weld pool, with ff + f; = 2. The
lengths of the front and rear sections are cy and c,. Accordingly, the total length of the weld pool is
cf + cr, with ¢y = 1:2. The total width of the weld pool is 22 and the penetration depth is b.

The radiative heat transfer coefficient at the surfaces of the weld and of the sheets, i, (W/ mZK),
was calculated based on the Stefan-Boltzmann constant, ¢, the thermal emission coefficient, ¢, the
predefined ambient temperature, Te, (K), and the local surface temperature, T (K):

hy=oe(T+ Tm)(TerTfo) ®)

In order to quantify the total thermal losses the total heat transfer coefficient, # (W / m?2K), was then
calculated by adding both the radiative heat transfer coefficient, 1, and the convective or conductive
heat transfer coefficients, h:

h = hy + he (6)

The basic input parameters used for the simulation of the welding process are summarized
in Table 4. They basically correspond to the conditions of the welding experiments conducted for
validating the results of the simulations. However, in order to model the heat losses it was necessary
to make some feasible assumptions. Since the temperature dependence of e was actually unknown,
¢ = ¢(T) was approximated as unity. This is particularly suitable for elevated temperatures, because € of
metals is known to increase markedly with rising temperature, and at elevated temperatures radiative
thermal losses become also dominant. The convective and the conductive heat transfer coefficients, h.
(W/m?K), were assumed to be constant over the entire temperature range. Since the metal sheets were
clamped with massive metal bars on both sides of the weld butt, the conductive heat transfer between
the sheets and the clamps was certainly higher than the convective heat transfer between the weld
seam region and the ambient air.

Table 4. Input parameters used for the simulation of the welding process.

Parameter Symbol Value
Nominal energy input E 86.3 J/mm
Efficiency of the welding process 7 1
Width of the weld pool 2a 2.0 mm
Penetration depth of the weld pool b 1.5 mm
Length of the weld pool cr+er 3.0 mm
Duration of the welding process Aty 375s
Duration of the post-welding cooling period At 225s
Time increment at time step i At; 0.25s
Ambient temperature (= initial sheet temperature) Teo 20°C
Stefan-Boltzmann constant I 5.67 x 1078 W/m?2K*
Thermal emission coefficient € 1
Convective heat transfer coefficient at the weld seam he 10 W/m2K
Conductive heat transfer coefficient at the metal sheets he 200 W/m2K

The dimensions of the weld pool, 4, b, c f and ¢;, were calibrated based on micrographs of the joint,
as exemplarily shown in Figure 10. Note that in the present work, only the narrow region with the
locally molten aluminum sheet was considered for calibration, because the steel sheet remains solid in
dissimilar CMT welding/brazing of aluminum alloys to steel. This reasonable simplification allowed
the utilization of Goldak’s symmetric heat source model according to Equation (4), even though the
aluminum-steel joint had an asymmetric shape.
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3.4. Calculation of the IM Layer Thickness

The thickness of the IM layer was calculated using the software Matlab (R 2013, MathWorks,
Natick, MA, USA). During the non-isothermal welding process, the temperature inside the weld seam
and inside the heat affected zone varied strongly with time, T = T(t). Accordingly, the growth rate
coefficient varied with time too, k = k(t). Thus, the simple power law function of Equation (1), which
is valid for isothermal conditions, cannot describe the growth of the IM layer over the entire welding
cycle. However, since assuming T and therefore k as constant is feasible within small time increments,
dt, the corresponding growth increment, dxjy;, can be calculated based on the first derivation of
Equation (1):

dxpp = n KM dt @)

For discrete steps, and if parabolic growth (1 = 0.5) of the IM layer is assumed, Equation (7) can
be transformed into Equation (8). For each of these steps, i =1, 2, 3...m, one can calculate the growth
increment, Axjy i, based on the actual time of growth, t;, the time increment, At;, and the growth rate
coefficient, k;, as follows:

ki

T At; 8

Axppm,i =

Figure 5 illustrates schematically the relationships between the thickness of the IM layer, x5, and
the time of growth, t, as well as between the growth increment, Axjy; ;, and the time increment, At;, as

expressed by Equation (8).
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Figure 5. Schematic illustration of the relationship between IM layer thickness and growth time.

Using Equation (9), k; was calculated with the constants Q = 190 kJ/mol and ko = 1.5 m? /s, which
lay within the range of the values given in Table 1 for the combination of liquid technically pure (i.e.,
particularly silicon-free) aluminum and solid low-carbon steel:

k,' = ko exp(—%) (9)

Keep in mind that kg is the general growth constant, which is not related to to = 0. By contrast, the
growth rate coefficient k; is certainly related to the time ¢;. The temperature T; was obtained from the
finite element simulation, utilizing the constant time increment At;. Note that ¢y # ., because f;,0 =0
when the welding process starts, but ¢y = 0 when the local temperature exceeds the limit of Ty = 400 °C
for the growth of the IM layer. At temperatures below this limit diffusion is quite slow and therefore
reactions between aluminum and steel are more or less negligible [5]. According to Equation (10) the
total thickness of the IM layer, x1p1, can be finally calculated by adding all growth increments, Axyp ;:

m
XM=Y Axpm (10
i=1
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4. Results and Discussion

4.1. Temperature Field

The numerical simulation provided the time-dependent temperature field inside the metal sheets
and inside the weld seam during the welding process, as well as during the post-welding cooling
period. In particular, the evolution of the temperature field next to the weld butt at the top surfaces of
the weld seam and of the two metal sheets is illustrated in Figure 6. Though the cooling conditions were
equal for both sheets, the non-symmetric temperature field reveals that the majority of the welding heat
flowed into the aluminum sheet. This is confirmed by the temperature curves illustrated in Figure 7,
which show that the peak temperatures captured at equal distances from the weld butt were almost
twice as high in the aluminum sheet as in the steel sheet. Obviously, comparing the temperature curves
at particular positions reveals good qualitative and quantitative agreements between the welding
experiments (Figure 7a,b) and the welding simulation, (Figure 7c).
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Figure 6. Temperature field at the top surfaces of the aluminum sheet (Al), the steel sheet (St) and the
weld seam at 55, 155,25 s, and 35 s after starting the welding process.
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Figure 7. Comparison between temperatures measured using thermocouples during CMT welding of
(a) sample 62 and (b) sample 63, and (c) temperatures calculated in the finite element simulation.

The experimentally validated simulation model was used to calculate the temperature not only
at the surface, but also at the interface between the weld seam and the steel sheet, which was not
accessible for direct temperature measurements. Figure 10a shows that the weld seam contacted the
steel sheet at three sections: (i) at the top section, (ii) at the side section, and (iii) at the bottom section.
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The idealized dimensions of both the top and the bottom sections were 250 mm X 5 mm (i.e., length
of the weld seam x mean width of the weld seam contacting the steel sheet), but the dimensions of
the side section were 250 mm x 0.8 mm (i.e., length of the weld seam X thickness of the steel sheet).
Detailed information regarding the time-dependent temperature field occurring at the three sections of
the bonding interface was required to calculate the time-dependent thickness of the IM layer formed
during the welding process.

4.2. Thickness of the Intermetallic Layer

Figure 8 shows the calculated temperature, T, (left column) and the corresponding thickness of
the IM layer, xjp, (right column) at the top section of the bonding interface between the steel sheet
and the weld seam at the welding times t,, =10s,20s, 30 s, and 40 s.
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Figure 8. Temperature and thickness of the IM layer, calculated at the top section of the bonding
interface between the steel sheet and the weld seam at (a) 10 s, (b) 20 s, (¢) 30 s, and (d) 40 s after
starting the welding process.
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As illustrated in Figure 8, the temperature wave related to the movement of the welding torch
propagated in welding direction. The peak of this wave was located close to the actual position of the
torch. The growth of the IM layer was initiated when the temperature at the wave front exceeded 400
°C, and it proceeded as long as the temperature stayed above this limit. The thickness of the IM layer in
welding direction was constant from z ~ 50 mm to z ~ 230 mm, but it varied distinctly perpendicular
to the welding direction. Obviously, the thickness did not decrease when the weld cooled down.
However, note that the thickness of the IM layer was overestimated at the end of the weld line, since
the thermal weld penetration observed in the experiment (i.e., excessive melting of the sheets due to
overheating at the end of the weld line) was not considered in the numerical model. Figure 9 illustrates
the time-dependent evolution of both temperature and IM layer thickness at ten different positions
(z-coordinates) along the welding direction, and at three different distances (x-coordinates) from the
weld butt at the top section of the bonding interface.

900 —_— 900, e 900, e —
o I o o
< \ < | -
~ 600 [\ {1 Feoof 0\ {  Feoo}
o o \ ® A
2 AN 3 \ E
© (B QUAVAVAVAVAVAY AR o o
& 300 NN\ & 300 8 300
£ NN £ £
e N o s
S
% 10 20 30 40 50 60 % %
20 — — 20 20

— x=0.0mm — —_
3 - 3 3 —ilw
S 18k ‘ S 15 S 18k —z= 80
> | o e —z=120
- ‘ - - —2=160
2 | 2 3 —z=200
2 1o 2 10 2 10p —2z=240
5 S ] z=280
= £ = z=320
5 5r 5 5 5 5 —2 =360
= ~ o By in mm
- - -

o . I . . o A Y P W " o\ = e L

0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
(a) Welding time £, (s) (b) Welding time £ (s) (c) Welding time £ (s)

Figure 9. Time-dependent evolution of temperature and IM layer thickness at the top section of the
bonding interface (a) directly at the weld butt, (b) at the center of the interface, and (c) at the base
corner of the weld seam.

The grey horizontal line shown in the diagrams of the upper row marks the temperature Ty
at which the growth of the IM layer was assumed to start in the present numerical model. The
diagrams show (a) peak temperatures of approximately 800 °C directly at the weld butt, and (b)
peak temperatures of approximately 600 °C at the base corner of the weld seam. Nevertheless, at all
positions the temperature decreased about 90% within 60 s. However, the peak temperature strongly
influenced the thickness of the IM layer, as shown in the diagrams of the lower row. The calculated
thickness was about 17 um directly at the weld butt, but it was less than 2 um at the base corner of the
weld seam.

4.3. Experimental Validation

In order to validate the results of the calculations, a sample was extracted from the center of
the welded blanks at z ~ 125 mm. This sample was embedded, ground, polished, and prepared for
metallographic investigations by means of an optical microscope. The merged micrograph of the
entire weld cross-section (both unetched and etched using Barker’s reagent) is shown in Figure 10.
As marked in Figure 10a, three sections of the bonding interface between the weld seam and the steel
sheet can be distinguished: (i) the top section, (ii) the side section, and (iii) the bottom section. The
surrounding micrographs illustrate the varying thickness of the IM layer (dark grey seam between the
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light grey aluminum weld and the medium grey steel sheet) at different positions on the three sections
of the bonding interface.

Te

, top section ‘

side
section <
bottom section* ‘ -
1mm =% 1mm
[pr—
: aluminum weld 50 ym
> [r—

1

Figure 10. Weld seam cross-section of sample 63, (a) unetched and (b) etched with Barker’s reagent.
The surrounding micrographs illustrate the thickness variations of the IM layer.

According to the micrographs shown in Figure 10, the mean thickness of the intermetallic layer
was 10.9 pm (SD = 4.2 pm) at the top section, 4.8 pum (SD = 2.1 pum) at the side section, and 7.8 pm
(SD = 2.2 um) at the bottom section. The maximum thickness of approximately 20 um was found close
to the weld butt, at the position where the peak temperatures occurred and where the majority of
the filler was deposited. From this point, the thickness of the IM layer decreased bidirectionally: just
slightly toward the cutting edge of the steel sheet, but markedly toward the base corner of the weld
seam. This was also predicted by the numerical model, as visualized in Figures 8 and 9. However, lack
of fusion—which was not included in the present numerical model—occurred at the base corners of
the weld seam. The etched micrograph shown in Figure 10b allowed identification of the width of the
fusion zone (i.e., the width of the weld pool) between the aluminum sheet and the steel sheet. This
width was about 2 mm.

5. Conclusions

This work presents a numerical method for predicting the thickness of the intermetallic (IM)
layer formed at the bonding interface in dissimilar welding of aluminum alloy EN AW-6014 T4
sheets to galvanized steel DC04 sheets. The method allows fast estimation of the layer thickness and
visualization of the layer growth, because the highly irregular microscopic interface between the IM
layer and the weld seam is approximated as a smooth surface. Based on the numerical results, which
were also validated with single-sided cold metal transfer (CMT) welding experiments, the following
conclusions can be drawn:

(1) Due to the steep temperature gradient perpendicular to the welding direction, the thickness of
the IM layer varies distinctly. A thickness of about 17 pm was calculated directly at the weld butt,
where the peak temperature was about 800 °C, but a thickness of less than 2 pm was calculated
at the base corner of the weld seam, where the peak temperature was about 600 °C. These results
corresponded well with experimental microstructure investigations.

(2)  Excessive formation of the layer was observed at the end zone of the weld seam, where a thermal
hot spot occurred. Hence, this region of the weld seam was identified to be critical regarding
brittleness of the joint. In comparison, suppressed formation of the layer was observed at the
start zone of the weld seam, where the molten filler alloy is deposited onto the initially cold metal
sheets. Hence, this weld seam region was identified to be critical regarding insufficient bonding.
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(3) Inorder to obtain a more constant layer thickness, increasing the heat input at the start position of
the welding trajectory and decreasing the heat input at the end position of the welding trajectory
is advisable. For this reason, automated in-line control of main process parameters, in particular
of welding current and welding voltage, is required.

(4) The presented numerical method is based on the temperature field occurring directly at
the aluminum-steel interface where the IM layer forms. Thus, the exact experimental or
numerical determination of this temperature field is crucial for the subsequent calculation of the
layer thickness.

(5) This method represents an engineering approach which is of practical interest for designing
dissimilar aluminum-steel weldments, because it enables estimation and/or validation of the
basic growth parameters (i.e., Q and ko) required for calculating the thickness of the IM layer
even for weldments with complex shapes.
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Abstract: Autogenous laser welding of 5A90 Al-Li alloy sheets in a butt-joint configuration was
carried out in this study. The microstructure characteristics of the weld metal and base metal in
the horizontal surface and the transverse section of the welded joints were examined quantitatively
using electron back scattered diffraction (EBSD) technique. The results show that the weld metal in
the horizontal surface and the transverse section exhibits similar grain structural features including
the grain orientations, grain shapes, and grain sizes, whereas distinct differences in the texture
intensity and misorientation distributions are observed. However, the base metal in the horizontal
surface and the transverse section of the joints reveals the obvious different texture characteristics
in terms of the grain orientation, grain morphology, predominate texture ingredients, distribution
intensities of textures, and grain boundary misorientation distribution, resulting in the diversity of
the microhardness in the base metal and the softening of the weld metal. However, the degree of
the drop in the hardness of the weld metal is highly correlated to the microtexture developed in the
base metal.

Keywords: Al-Li alloys; laser welding; weld metal; base metal; grain orientation; texture

1. Introduction

Lithium (Li) addition to aluminum alloys causes substantial reduction in the density accompanied
by large increase in elastic modulus, appreciable improvement of specific strength and specific
stiffness of the alloys, making Al-Li based alloys strong candidates used in high-performance
lightweight aerospace structures [1,2]. These alloys in the welded form could be further lightening
the structures with weight savings. Therefore, welding of Al-Li based alloys is a significant challenge
to provide both weight superiorities and cost benefits. Until now many studies have been made
on conventional arc welding of Al-Li based alloys using a wide variety of welding processes [3-8].
Serious mechanical property degradation and high deformation in arc welding of Al-Li based alloys
have been reported [1,3-8]. The use of laser welding is particularly attractive for Al-Li based alloys due
to the tight focus ability and high power density of the laser beam [1,9,10]. Due to the low heat input
and the rapid cooling rate resulting from high travel speeds, the laser welded joint was characterized
by a fine grained weld and a narrow heat affected zone (HAZ) [9,10] which makes the softening in
HAZ negligible to the tensile strength of the joints [9]. Thus, they make the mechanical properties of
the joints superior to those of the other arc welding processes with a lower power density [1,3,9-11].

5A90 Al-Li alloy provided by Southwest Aluminum Co., Ltd., Chongqing, China, has the
advantages of excellent corrosion resistance and weldability [12]. In order to further understand
5A90 Al-Li alloys and expand its usage, laser welding of 5A90 Al-Li thin sheets has been developed
to meet the needs of the medium strength applications in the aircraft and aerospace structures,
including the vapor and plasmas characteristics, welding parameters, welding defects prevention,
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microstructures, and mechanical properties of the welded joints [13-16]. It has been shown that some
distinct differences in the microstructures between the base metal and the weld metal [9,14-16] was
found, and it is still important to further clarify the microstructural characteristics of the weld metal of
5A90 Al-Li alloys.

The microstructures of the materials are relative routinely characterized by the morphology and
distribution of constituent phases. However, an elaborate and complete description of microstructure
of a crystalline material must also include the knowledge about crystallographic orientation features
and textures of the constituent grains [17]. Currently, there are increasing reports concerning the
considerable deformation textures in the Al-Li based alloys, and crystallographic textures in the Al-Li
alloys are quite significant to the properties via rendering them anisotropic [17,18]. Given that texture
often causes anisotropic mechanical properties, its presence in the weld zones of the Al-Li alloys could
be quite significant [19]. The information available on weld metal texture of 5A90 Al-Li alloys is,
however, relatively scanty.

In general, the most common description of the texture for materials can be given in terms
of various graphical plots via the grain orientation image mappings (OIM), pole figures (PF),
misorientation angles and orientation distribution function (ODF) [17,20,21]. Although these
approaches provide a useful description of the textures, the extracted texture information is insufficient.
It is often desirable to determine the volume fractions of different texture components. Moreover, the
difference in texture along the different directions (for example, sample directions including the rolling
direction (RD), the transverse direction (TD), and the normal direction (ND)), which is quite essential
to controlling of the welded joint performance, is still not very clear. Therefore, the major attempts in
the current study are as follows: (1) to investigate the orientation bias of the weld metal grains along
different sample directions; (2) to compare the orientation bias of the base metal grains along different
sample directions. Summarizing the results of the above researches will provide quite beneficial
information about the relationship between local orientation bias (of both grains and boundary planes)
and local performance parameters, and will have broad meanings to the joining technique of the
similar Al-Li alloys.

2. Materials and Methods

5A90 Al-Li alloy sheets of 3.0 mm thickness were used in this study. The chemical composition
(wt%) of the 5A90 Al-Li alloy is shown in Table 1. Before welding, the specimens were chemically
removed 0.2 mm thickness from each side using 10~20% NaOH solution (Beijing Chemical Works
Co., Ltd., Beijing, China), and immersed in 20% nitric acid solution (Beijing Chemical Works Co.,
Ltd., Beijing, China), prior to polishing to minimize the presence of porosity. Full penetration I-butt
joints were made using a Nd:YAG laser (GSI (Shanghai) Co., Ltd., Shanghai, United Kondom), with
the nominal maximum laser power of 4.5 kW. The laser fixed to a six-axial welding robot with an
emission wave length of 1.07 um can deliver in continuous wave mode through an output fiber core
diameter of 600 um. A focusing lens with a focal length of 200 mm was used and the beam parameter
product (BPP) of the laser beam at the focal point was 25 mm. The laser head was operated 15° leaning
to the normal direction of the horizontal surface of the weld joint to prevent the fiber being burned.
A 200 mm focal length lens was employed to focus the beam on the specimen surface. The laser power
was 1.8 kW and the travel speed was 45 mm/s. An argon shielding gas at a flow rate of 20 L/min
was used to shield the welding pool from the atmosphere and the back shielding gas was supplied by
ultrahigh purity argon at a flow rate of 15 L/min during welding. Schematic diagram of laser welded
joints of 5A90 Al-Li alloys was shown in Figure 1, where the h