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Preface to ”Advances in Welding Metal Alloys,

Dissimilar Metals and Additively 
Manufactured Parts”

This book is dedicated to recent developments in welding technologies. The aim of this edition is 
to make you aware of the main subjects discussed in the scientific community and the procedures 
employed to address those subjects by specialists and scientists of welding. In 17 chapters, important 
aspects of recent welding technologies and materials weldability are addressed, including modeling 
and simulation; the evolution of microstructure and properties in welds; the prediction of residual 
stress, distortion, fatigue, and corrosion; weld quality and qualification; and destructive and non-

destructive control.

Several important metal alloy weldments made of Ni-Base, titanium, HSLA, MART, Q&P and 
TRIP steels, Inconel, cast iron, and aluminum alloys are studied. The welding technologies include 
laser, arc, friction, resistance, and hybrid source. All the contributions outline problems and give 
solutions to achieve further progress in welding. Before I let you into the book, I would like to take 
this opportunity to thank all the authors for their contributions, and the reviewers for their expert 
review comments. I would also like to commend the Managing Editor, Natalie Sun, and the entire 
staff of the Metals Editorial Office on their advice and support during the preparation of this book.

Finally, I hope you enjoy reading ”Advances in Welding Metal Alloys, Dissimilar Metals and 
Additively Manufactured Parts”, and I hope you, too, will become a contributor to the development 
of welding as a leading technology in manufacturing.

Giuseppe Casalino

Special Issue Editor
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Nowadays, strong, light-weight, multi-functional, high performing products are key for achieving
success in the worldwide markets. Meeting those requirements calls for enabling technologies that
lead to innovative and sustainable manufacturing [1].

A joint technique is one or a combination of the available mechanical, chemical, thermal processes
to create a bond between materials with a number of combinations and geometries. Welding processes
of metal alloys use a thermal energy source that can either melt materials of similar compositions and
melting points or produce coalescence at temperatures essentially below the melting point of the base
materials being joined. Such well-known welding processes include thermal fusion joining processes
and solid-state joining processes; the latter are gaining renewed interest.

Among the thermal fusion joining processes, the most common process is electric arc welding.
Several methods use the electric arc approach for fusion welding of steel [2], aluminum [3], titanium [4]
and magnesium alloys [5]. The selection of filler material is critical for the quality of the dissimilar
metal welds [6].

Laser beam and electron beam welding are high-energy beam welding methods that can operate
in either melt-in/conduction or keyhole mode. In the latter mode, the laser beam is highly effective at
welding metals. Similar and dissimilar weld can be produced for appliance, automotive, and aerospace
applications [7–9].

Brazing and soldering involve a filler material, heated to its melting temperature, and applied
between the mating parts, which do not melt. Recently, laser autogenous brazing has enabled the
selective use of the unique properties exhibited by biocompatible materials such as stainless steel and
shape memory materials, such as NiTi, to tailor the properties of implantable medical devices [10].
Important mid-temperature thermoelectric materials such as Pb Te-based alloys can be successfully
brazed to form a thermoelectric module [11].

Resistance spot welding, which dominates the steel body-in-white production, involves a strong
current through the metal combination that heats up and finally melts the metals at localized points.
A force is applied before, during and after the application of the current to confine the contact area at
the weld interfaces and, in some applications, to forge the workpieces. Similar [12] and dissimilar [13]
weld can be easily produced.

Within the solid-state joining process, friction stir welding has gained a prominent position.
Invented in 1991, it uses a non-consumable tool to join two facing workpieces without melting
the workpiece material. Heat is generated by friction between the rotating tool and the workpiece
material. This welding method has great capability at welding lightweight [14] and dissimilar weld [15].
Otherwise, friction welding is a process where the two pieces are moved relatively by means of
an upsetting force. The relative motion heats the two pieces to a plastic-state. Two friction welding
processes are available: linear friction welding and rotary friction welding [16].

Ultrasonic welding uses high frequency ultrasonic vibration for joining materials, such as in
lithium-ion battery manufacturing, carbon fiber reinforced polymer–aluminum weld and dissimilar
joining of aluminum to copper [17].

Metals 2017, 7, 32; doi:10.3390/met7020032 www.mdpi.com/journal/metals1
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In solid-state welding by plastic deformation, a metallurgical bond can be obtained by large plastic
deformation. The use of plastic deformation for joining parts potentially offers improved accuracy,
reliability and environmental safety as well as creating opportunities to design new products through
joining dissimilar materials [18].

Finally, hybrid welding is a joining process that simultaneously combines two welding processes
in the same weld pool. The hybrid process has the individual advantages of both welding processes.
The laser can be coupled with the arc for the well-established laser–arc hybrid welding of similar and
dissimilar metals [19–21]. Moreover, the laser beam can assist the friction stir welding process via pre-
and post-welding heating [22,23].

The Present Issue

This Special Issue is dedicated to welding technologies: modeling and simulation; evolution of
microstructure and properties in welds; prediction of residual stress, distortion, fatigue, and corrosion;
weld quality and qualification; and destructive and non-destructive control. Various important aspects
have been addressed in the 17 papers that were published.

Park et al. have evaluated the fracture toughness of several different weldments for 7% nickel
alloy steels. The weldment of 7% nickel alloy steel was fabricated by tungsten inert gas (TIG), flux cored
arc welding (FCAW), and gas metal arc welding (GMAW) [24].

Cárcel-Carrasco et al. have examined the weldability of ductile cast iron when the root weld
is applied with a tungsten inert gas (TIG) welding process employing an Inconel 625 source rod,
and when the filler welds are applied with electrodes coated with 97.6% Ni [25].

Fall et al. have investigated the tool wear and its wear rate during friction stir welding (FSW) of
Ti-6Al-4V alloy. A conical tungsten carbide tool was used to produce butt-type friction stir welded
joints in two-millimeter thick Ti-6Al-4V sheets [26].

Russo Spena et al. have studied the spot weldability of a new advanced Quenching and
Partitioning (Q & P) steel and a Transformation Induced Plasticity (TRIP) steel for automotive
applications by evaluating the effects of the main welding parameters on the mechanical performance
of dissimilar spot welds [27].

Song et al. have characterized the interfacial microstructures of 316L stainless steel (Fe–18Cr–11Ni)
and a Kovar (Fe–29Ni–17Co or 4J29) diffusion, bonded via vacuum hot-pressing in a temperature range
of 850–950 ◦C with an interval at 50 ◦C for 120 min and at 900 ◦C for 180 and 240 min, under a pressure
of 34.66 MPa [28].

Gangwar et al. have presented the microstructural and mechanical properties of the joints for
ATI-425 and TIMET-54M friction stir welding. The evolution of microstructure and concomitant
mechanical properties were characterized by optical microscopy, microhardness, and tensile
properties [29].

Sun et al. have presented a metallurgical and mechanical characterization of 2 mm thick 6061-T6
Al alloy plates [30].

Yuce et al. have achieved the process parameters’ optimization procedure of fiber laser welding
of dissimilar high strength low alloy (HSLA) and martensitic steel (MART) using a Taguchi approach.
The influence of laser power, welding speed and focal position on the mechanical and microstructural
properties of the joints was determined [31].

Yi et al. have demonstrated the effectiveness of using tungsten inert gas (TIG) dressing to
remove weld pores, and changes in the mechanical properties due to the TIG dressing of Ti-3Al-2.5V
weldments [32].

Ahmad et al. have performed multi-pass dissimilar material welding between Alloy 617 and 12Cr
steel, performed under optimum welding conditions. The mechanical properties indicated that the
yield strength and tensile strength of the dissimilar metal welded joint were higher than those of the
Alloy 617 base metal [33].
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Chai et al. have realized Hastelloy C-276 thin sheet—0.5 mm in thickness—weld, with filler wire
using a pulsed laser. The results indicated that the weld pool geometry and microstructure were
significantly affected by the duty ratio, which was determined by the pulse duration and repetition
rate under a certain heat input [34].

Chang et al. have studied the effects of laser power on the remanence (Br), experimentally
investigated in laser spot welding of a NdFeB magnet (N48H). Results show that the Br decreased with
the increase of laser power. For the same welding parameters, the Br of magnets, that were magnetized
before welding, were much lower than that of magnets that were magnetized after welding [35].

Oh et al., assuming non-uniform part-to-part gaps, have examined the effects of welding direction
on the quality of the joint of galvanized steel sheets SGARC440 (lower part) and SGAFC590DP
(upper part), examined using 2-kW fiber and 6.6-kW disk laser welding systems [36].

Kang et al. have studied CaO-added Mg alloy weld. Mechanical and metallurgical aspects of the
weldments were analyzed after welding, and welding behaviors such as fume generation and droplet
transfer were observed during welding [37].

Chen et al. have examined the effects of reflow time on the interfacial microstructure and shear
strength of the SAC/FeNi-Cu connections. It was found that the amount of Cu6Sn5 within the solder
did not have a noticeable increase after a long time period of reflowing [38].

Ji et al. have studied dissimilar joints with Ti-6Al-4V and Ti-5Al-2Sn-2Zr-4Mo-4Cr alloys via
optical microscopy and scanning electron microscopy (SEM). The welds were obtained by linear
friction welding [39].

Dewa et al. have comparatively investigated the low cycle fatigue behavior of Alloy 617
(INCONEL 617) weldments by the gas tungsten arc welding process at room temperature and 800 ◦C
in the air to support the qualification, in high temperature applications, of the Next Generation-IV
Nuclear Plant [40].

All the contributions have outlined problems and given solutions in order to achieve further
progress in welding. The overall information provides a good foundation for future developments in
welding processes and materials in manufacturing industries.

Finally, I would like to take this opportunity to thank all the authors for their contributions to
this Special Issue, and the reviewers for their expert review comments. I would also like to thank the
managing editor Natalie Sun and the entire staff of the Metals Editorial Office for their advice and
support during the preparation of this Special Issue.
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Abstract: During the last decade, the demand for natural gas has steadily increased for the prevention
of environmental pollution. For this reason, many liquefied natural gas (LNG) carriers have been
manufactured. Since one of the most important issues in the design of LNG carriers is to guarantee
structural safety, the use of low-temperature materials is increasing. Among commonly employed
low-temperature materials, nickel steel has many benefits such as good strength and outstanding
corrosion resistance. Accordingly, nickel steels are one of the most commonly used low-temperature
steels for LNG storage tanks. However, the study of fracture toughness with various welding
consumables of 7% nickel alloy steel is insufficient for ensuring the structural safety of LNG storage
tanks. Therefore, the aim of this study was to evaluate fracture toughness of several different
weldments for 7% nickel alloy steels. The weldment of 7% nickel alloy steel was fabricated by
tungsten inert gas (TIG), flux cored arc welding (FCAW), and gas metal arc welding (GMAW).
In order to assess the material performance of the weldments at low temperature, fracture toughness
such as crack tip opening displacement (CTOD) and the absorbed impact energy of weldments were
compared with those of 9% nickel steel weldments.

Keywords: liquefied natural gas; nickel steel; weldments; crack tip opening displacement

1. Introduction

Recently, the demand for liquefied natural gas (LNG) is constantly increasing for the prevention
of environmental pollution. In this trend, various types of LNG carriers have been developed and are
operating worldwide. As shown in Figure 1, LNG carriers are divided into two categories—membrane
and independent types, according to the classification of International Maritime Organization (IMO).
The membrane-type tanks have a very thin primary barrier of Invar alloy or SUS 304L inside the
cargo tank. The most common types of membrane-type tank are GTT Mark III and No. 96 types.
Mark III consists of two layers of R-PUF (reinforced polyurethane foam) separated by triplex in
order to configure an insulation system [1]. On the other hand, the No. 96 type composes a grillage
structure made of plywood and filled with perlite in order to maintain tightness and insulation [2].
Independent-type tanks are perfectly self-supporting and do not come under a vessel’s hull structure.
The most common types of independent-type tank are Moss and SPB types. The Moss-type tank system
is formed in such a way that a self-supporting spherical tank of an aluminum alloy is fixed to the hull by
a cylindrical support structure (skirt) [3]. The SPB type, which is an IMO independent Type B tank, is
designed using an aluminum alloy or 9% nickel steel [4]. One of the most important issues in the design
of various types of vessel is the structural integrity of storage tanks under cryogenic temperature.
Therefore, LNG storage tanks are typically manufactured using low-temperature materials considering
the operation temperature of LNG.

Metals 2016, 6, 285; doi:10.3390/met6110285 www.mdpi.com/journal/metals6
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Figure 1. Detailed information of liquefied natural gas (LNG) storage tanks [4].

In particular, 9% nickel steel has been the most common material for LNG storage tanks over
the last 50 years. Fatigue and fracture characteristic studies of 9% nickel steel have been consistently
conducted by many researchers. Saitho et al. studied the mechanical properties of 9% nickel steel
considering various welding consumables and processes [5]. Yoon et al. estimated fatigue crack
growth characteristics of a 9% nickel steel welded joint [6]. Khourshid et al. investigated the influence
of welding parameters on the brittle fracture of 9% nickel steel [7]. Despite the advantages at low
temperature, the price of 9% nickel steel fluctuates substantially according to the price of nickel.
In particular, the price of welding consumables is also greatly influenced by the price of nickel.
Therefore, shipyards have a considerable interest in employing 7% nickel alloy steel instead of 9%
nickel steel in order to reduce the cost of the material. However, research on the weldment of 7% nickel
alloy steel is not sufficient compared with the weldment of 9% nickel steel.

In this regard, the major objective of this study was to evaluate the mechanical properties of 7%
nickel alloy steel weldments considering several different welding consumables. Based on the results
of tensile, Charpy-V impact, and crack tip opening displacement (CTOD) tests performed in this
study, the most suitable weldment for 7% nickel alloy steel was determined. In addition, fracture
performances of a weldment for 7% nickel alloy steel were compared with those of 9% nickel steel for
applications at cryogenic temperature, e.g., −163 ◦C.

2. Materials and Methods

Nickel steel has many benefits, such as good strength, outstanding corrosion resistance, and
applicability in a wide range of temperatures. As shown in Table 1, the International Gas Code (IGC)
provides the proper amount of nickel according to low-temperature applications [8].

Table 1. Various temperature application of nickel steels [8].

Minimum Design
Temperature (◦C)

Chemical Composition and Heat Treatment Application

−60 1.5% nickel steel—normalizded Liquefied Propane Gas−65 2.25% nickel steel—normalized or normalized and tempered

−90 3.5% nickel steel—normalized or normalized and tempered Liquefied Ethane Gas−105 5% nickel steel—normalized or normalized and tempered

−165 9% nickel steel—double nomalized and
tempered or quenched and temperd Liquefied Natural Gas

In this study, 7% nickel alloy steel was considered for replacing the conventional 9% nickel steel
for LNG storage tanks. The chemical composition of 7% nickel alloy steel, considered in this study,
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is summarized in Table 2. The 7% nickel alloy steel in this study was treated with a thermo-mechanical
control process (TMCP), as shown in Figure 2. The TMCP applied to direct quenching, lamerallizing,
and tempering (DQ-L-T), in which lamerallizing was inserted between direct quenching and tempering,
was utilized to form a more stable retained austenite, making it finely dispersed and increasing the
content [9].

Table 2. The chemical composition of 7% nickel alloy steel.

Material C Si Mn P S Cr Ni Mo

7% nickel alloy steel 0.04 0.06 0.78 0.002 0.004 0.46 7.13 0.09

Figure 2. Schematic illustration of the manufacturing processes [9].

In Figure 3, the mixture of tempered-martensite, bainite, and retained austenite was observed
in the microstructure of 7% nickel alloy steel. The weldments of 7% nickel alloy steel were produced
by using three different welding procedures—flux cored arc welding (FCAW), gas metal arc welding
(GMAW), and tungsten inert gas (TIG). The welding consumable employed for FCAW and GMAW was
ERNiCrMo-3 in the AWS 5.14 code. On the other hand, a high manganese welding consumable was
used for the TIG welding. The chemical compositions of the welding consumables are summarized
in Table 3.

 

Figure 3. Microstructure of 7% nickel alloy steel.
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Table 3. The chemical composition of welding consumables [13].

Welding Consumable C Si S Mn Ni Cr Mo Co Nb N

High manganese 0.01 - 0.41 7.25 15.77 20.59 2.9 0.13 0.06 0.16
ERNiCrMo-3 0.018 0.47 0.001 0.36 62.91 22.51 9.01 - 3.65 -

The tensile test was conducted in accordance with ASTM E8 [10]. In addition, the fracture
toughness tests, i.e., the CTOD and Charpy-V impact tests, were carried out according to BS 7448
Part 2 and ASTM E23, respectively [11,12]. As shown in Figure 4, compact tension specimens 12 mm
in thickness, 48 mm in width, and 57.6 mm in height were used for fracture toughness tests. CTOD
test specimens for the heat affected zone (HAZ) were fabricated 1 mm from the weld fusion line (F.L.).

Figure 4. Compact tension specimen of crack tip opening displacement (CTOD) test.

Before the CTOD test, a fatigue pre-crack of 3 mm was inserted into the notch tip of each specimen.
The fatigue pre-crack can simulate a natural crack well enough to provide a satisfactory CTOD test
result [11]. The conditions of the fatigue pre-crack were a sinusoidal wave, a stress ratio of 0.1, and
a frequency at 10 Hz. The CTOD test was conducted at room (25 ◦C), low (−100 ◦C), and cryogenic
(−163 ◦C) temperatures to assess the applicability of each material for LNG storage tanks.

The test equipment used for the CTOD test was a servo hydraulic testing machine (Instron 8800,
INSTRON, High Wycombe, UK) with a maximum load capacity of ±500 kN. In addition, low and
cryogenic temperatures were controlled by the cryogenic chamber (ILWON FREEZER, Namyangju-si,
Korea). Test temperatures were maintained by a liquid nitrogen gas inlet-outlet control system.
The total equipment for the CTOD test are shown in Figure 5.

 
(a) 

 
(b) 

Figure 5. Test equipment: (a) servo hydraulic testing machine; (b) temperature control system.
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3. Test Results

3.1. Mechanical Properties

Table 4 summarizes the tensile test results of the three weldments. The weldments of ERNiCrMo-3
with FCAW and GMAW exhibit a similar tendency in yield and tensile strengths as expected.

Table 4. The mechanical properties of the weldments [13–15].

Classification YS (Mpa) TS (Mpa) E.L. (%)

High manganese & TIG 473 614 36
ERNiCrMo-3 & FCAW 509 781 68.7
ERNiCrMo-3 & GMAW 506 753 75.0

BV requirement [14] 480 670 22
DNV requirement [15] 490 640 25

On the other hand, the weldment of high manganese with TIG has the lowest mechanical
properties. In addition, it does not satisfy the requirements of mechanical properties from Bureau
Veritas (BV) and Det Norske Veritas (DNV) [14,15]. It has been well known since the 1980s that
high manganese welding consumables have several problems, such as weldability and strength [16].
Therefore, the weldment of high manganese with TIG was determined to be unsuitable for 7% nickel
alloy steel. Accordingly, ERNiCrMo-3 with FCAW and GMAW are considered in the latter part of
this study.

3.2. Charpy-V Impact Test

Table 5 shows the Charpy-V impact test results of the three weldments. The Charpy-V impact
tests were carried out at −196 ◦C. As a result, all weldments satisfied the requirements of BV and
DNV [14,15]. However, the weldments of ERNiCrMo-3 and FCAW were about 55% and 58% lower
than that of the high manganese with TIG and ERNiCrMo-3 with GMAW, respectively. Therefore,
ERNiCrMo-3 and GMAW were more applicable to the 7% nickel alloy steel weldment than were
ERNiCrMo-3 and FCAW.

Table 5. Charpy-V impact test results of the weldments [13–15].

Classification Test Temp. (◦C)
Charpy-V Impact Test (J)

1 2 3 Average

High manganese & TIG

−196

91 105 89 95
ERNiCrMo-3 & FCAW 47 39 41 42
ERNiCrMo-3 & GMAW 104 100 96 100

BV requirement [14] - - -
34DNV requirement [15] - - -

Figure 6 presents the Charpy-V impact test results for various locations of the HAZ. In the case
of FCAW, F.L. exhibited the lowest impact absorbed energy, while GMAW had the lowest value at
F.L. + 1 mm. This result is attributed to the difference in heat input from each welding process. For all
locations, absorbed energies of GMAW were about 12% (the maximum) higher than those of FCAW
except F.L. + 1 mm. Therefore, it appears that GMAW is slightly better than FCAW in terms of impact
absorbed energy.
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Figure 6. Charpy-V impact test results for various locations of the HAZ [13].

3.3. The CTOD Test

Based on the above results, the CTOD tests were performed on the weldment of ERNiCrMo-3 and
GMAW as an optimal candidate for 7% nickel alloy steel. Figure 6 shows the CTOD values of weld
metal. As shown in Figure 7, the CTOD values at cryogenic temperature satisfies the DNV requirement.
It is estimated that the fracture resistance of the weldments of 7% nickel alloy steel decrease with
decreasing temperature from room to cryogenic temperatures. Figure 8 shows the CTOD values of
GMAW being compared with other welding processes such as shielded metal arc welding (SMAW)
and gas tungsten arc welding (GTAW) [17]. In addition, chemical compositions of other welding
consumables are summarized in Table 6. As the nickel content of the welding consumable increases,
CTOD values also tend to increase. In addition, welding consumables of the 70% Ni type with GTAW
has the highest CTOD value at cryogenic temperatures. As is well known, higher heat input results
in a greater possibility of brittle fracture [18]. Therefore, it appears that SMAW has higher heat input
than GTAW.

 

Figure 7. CTOD values of the weldment at various temperatures.

Table 6. The chemical composition of other welding consumables [13,17].

Welding Consumable C Si S Mn Ni Cr Mo

ERNiCrMo-3 0.018 0.47 0.001 0.36 62.91 22.51 9.01
70% Ni type - - - - 70 - -
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Figure 8. Comparison of the CTOD values of the weldments for other welding processes [17].

Figure 9 shows CTOD values at the HAZ. The CTOD values at the HAZ are more sensitive to the
temperature decrease than those of the weldment. At a cryogenic temperature, the CTOD value at
the HAZ satisfies the requirement of DNV. As shown in Figure 10, the CTOD values at the HAZ by
SMAW and GTAW has a similar tendency. On the other hand, the CTOD value at the HAZ by GMAW
is about 50% lower than those by GTAW [17].

 

Figure 9. The CTOD values of the HAZ from room to cryogenic temperatures.

 

Figure 10. Comparison of the CTOD values of the HAZ for other welding process [17].
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4. Discussion

The CTOD values of the weldment of 7% nickel alloy steel were compared with those for 9%
nickel steel considering welding processes, as indicated in Figure 11 [5].

 
Figure 11. CTOD values of the weldment for 9% nickel steel and 7% TMCP nickel steel [5].

The chemical compositions of welding consumables for 9% nickel and 7% nickel alloy steel are
summarized in Table 7 [5]. The welding consumable with TIG welding has the highest nickel content
among welding consumables. It is known that a high nickel content has been used extensively to
improve fracture toughness [19]. Therefore, the weldment of TIG has the highest CTOD value at
cryogenic temperature. In addition, the weldment of 7% nickel alloy steel exhibits similar CTOD
values compared to that of 9% nickel steel with SMAW. In this regard, the welding consumable affects
the fracture toughness more than the welding process. Therefore, the weld metal of 7% nickel alloy
steel is considered to replace 9% nickel steel in terms of fracture toughness.

Table 7. Chemical composition of welding consumables for 9% and 7% TMCP nickel steels [5].

Welding Consumable C Si Mn Ni Cr Mo W Nb Fe

NITTETSU FILLER 196
(9% Ni & TIG) 0.04 0.40 0.45 72.5 - 19.0 2.91 - 3.5

YAWATA WELD B(M)
(9% Ni & SMAW) 0.09 0.20 3.22 65.1 15.8 3.35 - 1.60 10.2

ERNiCrMo-3 (7% TMCP
Ni & GMAW) 0.018 0.47 0.36 62.91 22.51 9.01 - 3.65 -

5. Conclusions

In this study, the mechanical characteristics of 7% nickel alloy steel weldments were evaluated
based on tensile, Charpy-V impact, and CTOD test results. In addition, the fracture performances
of 7% nickel alloy steel weldments were compared with those of 9% nickel steel for LNG storage tank
applications. The conclusions from this study are summarized as follows:

• In the 7% nickel alloy steel, the weldment of ERNiCrMo-3 with FCAW had the highest yield
and tensile strengths among other weldments. The mechanical properties of high manganese
weldment with TIG did not satisfy the minimum requirements of BV and DNV. Therefore, the
weldment of high manganese with TIG was determined to be unsuitable for 7% nickel alloy steel
in terms of mechanical properties.
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• The weldment of ERNiCrMo-3 with GMAW is about 2.3 and 1.05 times higher than that of
ERNiCrMo-3 with FCAW and high manganese with TIG in terms of the absorbed energy
at −196 ◦C, respectively. Based on the tensile and Charpy-V impact test results, the weldment of
ERNiCrMo-3 with GMAW is the most appropriate for 7% nickel alloy steel.

• The weldment of ERNiCrMo-3 with GMAW exhibited the lowest CTOD values compared with
other conventional weldments of 7% nickel alloy steel. It is estimated that the CTOD value of the
weldment was affected by the nickel content of the welding consumables.

• Compared with the CTOD value of 9% nickel steel weldment, 7% nickel alloy steel weldment
exhibits comparable CTOD values except the TIG welding process. Therefore, the weld metal
of 7% nickel alloy steel is considered to be a viable alternative to 9% nickel steel from a
cost-effective perspective.
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Abstract: This article examines the weldability of ductile cast iron when the root weld is applied
with a tungsten inert gas (TIG) welding process employing an Inconel 625 source rod, and when the
filler welds are applied with electrodes coated with 97.6% Ni. The welds were performed on ductile
cast iron specimen test plates sized 300 mm × 90 mm × 10 mm with edges tapered at angles of 60◦.
The plates were subjected to two heat treatments. This article analyzes the influence on weldability
of the various types of electrodes and the effect of preheat treatments. Finally, a microstructure
analysis is made of the material next to the weld in the metal-weld interface and in the weld itself.
The microstructure produced is correlated with the strength of the welds. We treat an alloy with
97.6% Ni, which prevents the formation of carbides. With a heat treatment at 900 ◦C and 97.6% Ni,
there is a dissolution of all carbides, forming nodules in ferritic matrix graphite.

Keywords: weldability; pre-heating; ductile cast iron; microstructure; root pass

1. Introduction

Castings such as steel are basically alloys of iron, carbon, and silicon that favor the formation
of graphite, and carbon content may vary between 2% and 6.67%. Carbon percentages of up to
about 4% are often used commercially because a large percentage of carbon may affect brittleness.
Alloys obtained in casting processes are generally neither ductile nor malleable. The EN 1563 normative
defines ductile cast iron as a “casted material based on iron, carbon and silicon, and in which carbon is
primarily in the form of spheroidal particles”.

Classification depends on the metallographic structure and the percentages of carbon, alloy
elements, and impurities. The poor mechanical properties of some castings are due to the presence
of graphite flakes [1] that produce discontinuities in the matrix and so lead to the presence of
stress concentrators.

These alloys have a high carbon content that makes them difficult to weld because of the formation
of martensite and brittle iron carbides during the cooling of the joining process [1,2]. Due to this,
welding on cast iron generally involves repair operations and not joining casting between them,
although this last operation can be performed following some precautions [3]. These precautions are
mainly oriented to the selection of the filler metal [3–5] and the reduction of the cooling rate of the
weld in order to reduce martensitic transformations and carbide precipitations, which would with ease
lead to the cracking of the joint.

Metals 2016, 6, 283; doi:10.3390/met6110283 www.mdpi.com/journal/metals16
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Adding pure magnesium, magnesium ferrosilicon, or magnesium-nickel to an alloy encourages
the formation of graphite nodules that improve the characteristics of the casting by combining the
mechanical strength, toughness, and ductility of steel with themoldability of gray iron.

The process of welding the filler partially determines its mechanical properties. The result is
also influenced by preheating treatments and cooling rates. A subsequent normalization process also
improves the properties.

This study examined the weldability of ductile cast iron (in two circumstances: before and after
an annealing post-treatment to dissolve any hard precipitates and restore the microstructure of the
heat affected zone) when the root weld is applied with a tungsten inert gas (TIG) welding process
employing an Inconel 625 source rod, and when the filler welds are applied with electrodes coated
with 97.6% Ni.

2. Materials and Methods

2.1. Composition and Mechanical Characteristics of the Castings Used

Graphite appears as nodules in ductile cast iron because of the presence of small
amounts of magnesium [1] retained by the iron and distributed evenly throughout the matrix.
Magnesium eliminates the discontinuity caused by the graphite grain in gray cast iron and produces
significant improvements in the mechanical characteristics in comparison with gray iron. The chemical
composition of ductile cast iron expressed in percentagescan be seen in Table 1. The mechanical
properties of the castings considered in this study are shown in Table 2.

Table 1. Alloying elements of ductile cast iron.

Cast %C %Si %Mn %S %P %Ni %Cu %Cr %Mo %Mg

Ductile 3.71 2.54 0.04 <0.01 0.02 0.02 0.026 0.03 <0.01 0.03

Table 2. Mechanical properties of ductile cast iron.

Mechanical Characteristics Values

Tensile strength (MPa) 370
Yield strength (MPa) 320

Elongation (%) 6
Elastic modulus (MPa) 160,000

Brinell hardness 190
Fatigue limit (MPa) 280

EN 1563 specifies the characteristics for ductile iron, while EN 1561 specifies the characteristics
for gray cast iron.The process of welding the specimens of ductile iron was made using the following
techniques:tungsten inert gas (TIG) welding and manual arc welding with coated electrodes (SMAW).

TIG welding is one of the most common techniques for welding elements whose thickness is less
than 8 mm. The process is recommended for root welding pieces of even greater thickness to ensure
sufficient penetration in the bonding processes, and for welding ductile iron castings that require prior
preparation. The welds were made on ductile cast iron plates described in Table 2 using ER Inconel
625 source rods after preheating the test specimens. Various largely irrelevant distortions may have
been present in the test plates.

Arc welding is one of the techniques most used for welding ductile cast iron, and filler material
was added with two SMAW passes over the TIG root weld [6]. The test plates may have revealed
largely irrelevant distortions after being preheated.The filler weld was made using 97.6% Ni electrodes
in order to minimize carbide formation as well as improving the service conditions.The weld was
carried out on a series of test plates that were pre-heated to 350 ◦C. Once the welds were finished, some
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of the plates were air-cooled, while others were immediately annealed at 900 ◦C in order to observe
the different metallurgical behavior produced by these treatments [7].

The specimen test plates were produced in a sand casting process and originally measured
300 mm × 95 mm × 11 mm. They were subsequently milled to 300 mm × 95 mm × 10 mm (coupon).
The edges were prepared for electric welding with a covered electrode by cutting a 30◦ chamfer so
that with proper spacing a perfect union could be achieved along the entire thickness of both plates.
This preparation was made using an adjustable band saw [6].

The electrodes used for the welding were selected to obtain optimum results [8] in terms of the
mechanical properties in the process of joining the castings. Compositions are shown below in Table 3.

Table 3. Electrodes used for ductile iron welds.

Electrode
Composition

Element %

Inconel 625

Si 0.5
Mn 0.5
Ni 58
Cr 20–25
Nb 3.5
Ta 4.5
Mo 8–10
Fe Other

Ni 97.6%

C <0.1
Si <0.4

Mn 0.20
Ni 97.61
Fe Other

2.2. Welding Processes

TIG root welding using Inconel 625 source material (1.5 mm in diameter) was carried out using a
continuous welding current of between 120 and 130 A, straight polarity, and an argon flow of 12 L/min.
The welding seam was performed in a single circular pass in a horizontal right to left motion and
an inclination angle of the tungsten electrode of between 70◦ and 80◦ when moving forward, and
an angle of about 20◦ above horizontal for the source rod. The plate was preheated to 350 ◦C before
welding.Shielded metal arc welding (SMAW) was performed with direct current and reverse polarity
(due to the basic character of the coating) and using 140 A and a 3.2 mm electrode diameter that was
previously heated at 90◦ for 24 h at 100 ◦C (to improve fluidity and hydrogen inclusion and thereby
prevent cracking). The weld was carried out with two filler passes from left to right horizontally with
an electrode angle of inclination of approximately 60◦.

Because of the difficulty in welding the castings and to avoid fractures due to the stresses generated
during cooling, we preheated the castings to 350 ◦C before welding, lightened the bead in sections
separated by more than 40 mm, and hammered the plates vigorously. Various problems arose due to
the breakdown of the electrodes, excessive intensity as the weld progressed, difficulties in removing
the coating, and a lack of fluidity.

To solve these problems, a suitable preparation was made that left a separation adequate to
prevent sticker breaks [5] and ensure good penetration. It was also decided to change the electrodes
when one-half was consumed and thus avoid deterioration by decomposition (thereby preventing the
formation of porosities or internal inclusions). The electrodes were reused once cold.

Due to the heating of the material, a decreasing amount of intensity was required; however,
if intensity was reduced too much, then sticker breaks may have formed. Changing the electrode
before it was consumed provided sufficient cooling time for the material without having to reduce
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intensity. Moreover, it was possible to vary the speed of the welding movement to prevent filler
source burning.

The test plates were initially root welded using Inconel and then welded with coated electrodes
for the filler. The plates (once adequately prepared) were welded after a preheat at 350 ◦C in order to
reduce the tensions, slow the cooling, increase the fluidity of the welds (preventing pores forming and
cracks in the bead), and thus facilitate a reduction in intensity to about 120–130 A. Some of the test
plates were annealed at 900 ◦C after welding and cooled in the furnace.

The corrosive liquid used to make the microstructure of ferrite, white iron, and martensite clearer
and to improve the quality of photographs was called “Nital 3”.

3. Results

We measured the Vickers micro hardness (HV), yield strength, tensile strength, and elongation as
the average of tests using five different sizes.

The HV micro hardness was measured with 300 g loads for 10 s with a diamond point at 136◦.
Measurements were taken in the zone adjacent to the weld, in the metal-weld interface, and the weld
zone (a total of nine measurements) in accordance with UNE-EN 876. The mechanical properties are
shown in Table 4 (the micro hardness was made in areas close to Figures 3 and 6). The tensile tests to
determine the mechanical properties were carried out in accordance with UNE-EN 10002-1for tensile
tests at room temperature with a universal testing machine and a maximum force of 10 t. The results
are shown in Table 4.

Table 4. Mechanical properties of the ductile iron welds.

Welding Rod
S

(MPa)
YS

(MPa)
A%

HV

Interface
HV

Welding
HV

HAZ

Pre-heating 350 ◦C and
air cooling

Inconel 625 root
320 310 5.5

730 510
295Ni 97.6% filler 490 191

Pre-heating 350 ◦C and
annealed at 900 ◦C

Inconel 625 root
300 285 7

610 400
210Ni 97.6% filler 230 160

Figures 1–8 show the microstructures produced by the different types of welds. Figure 9 shows
the different types of fractures that occurred during standard testing [9,10].

4. Analysis of Results and Discussion

Micrographs of TIG root welds (made with Inconel 625) of the ductile iron test plate following
a preheat treatment at 350 ◦C (but without subsequent annealing treatment) (Figure 1) reveal in the
interface structures formed by traces of white iron in which most of the graphite has combined to
form cementite. Very small and uniformly distributed spherulites can also be seen. The rate of cooling
also produced martensite precipitates, a partial consequence of the effect of Ni on the dissolution of
the carbides being counterbalanced by the effect of Cr as a stabilizer. The Vickers hardness was 460,
mostly in areas where the carbides precipitated. The consequence was the beginnings and expansion
of a brittle fracture in the zone of the interface. The structure can be defined as a martensite white
iron matrix.

The micrograph shows the manual weld of ductile cast iron using an electrode coated with 97.6%
Ni (Figure 2) made on top of an Inconel root weld. The image reveals a structure in which traces of
white iron have significantly diminished, resulting in a higher concentration of nodules of uniformly
distributed graphite that are larger than those shown in the previous micrograph. This is largely due to
the Ni content of the coated filler electrode, largely preventing the formation of carbides in the dilution
zone; however, it is also possible to see martensite precipitate in the austenitic matrix (in which the
Vickers hardness is 700 as a result of the rapid cooling of the weld). The fracture has extended in the
interface zone, which has become brittle because of the cooling rate.
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Figure 1. Micrograph of the ductile iron tungsten inert gas (TIG) root weld using Inconel 625 and
without subsequent annealing.

 

Figure 2. Micrograph of ductile iron weld using 97.6% Ni coated electrode on an Inconel root weld
without heat treatment.
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In a micrograph of a filler weld made with a 97.6% Ni electrode with a maximum dilution of
the base material and preheating to 350 ◦C followed by air cooling (Figure 3), three zones can be
distinguished: weld, base material, and interface [11,12].

 

Figure 3. Micrograph of a weld performed with a 97.6% Ni electrode on a ductile iron casting with
heat treatment at 350 ◦C and air cooling.

Ferritic-pearlitic ductile iron can be seen in the vicinity of the base material near the weld.
This material does not provide high levels of hardness (360 HV) and becomes more similar to the base
material in hardness as we move away from the area affected by heat. At the interface of the weld, we
can see martensite precipitates tempered in a ferrite matrix (as a result of the Ni content in the filler
metal) with slight traces of cementite and graphite nodules (smaller than those in the casting) that are
uniformly distributed over the entire zone. The hardness produced at this stage is greater than the
base metal. In the region of the weld, the graphite appears as nodules that are smaller than those in
the interface and evenly distributed across the weld. The hardness is lesser than that obtained in the
interface, and fractures occur in the weld zone near the brittle interface.

In the micrograph of the base material (Figure 4), structural formations of material near the weld
and at the boundary of the heat affected zone can be seen. These ferriticpearlitic structures contain
uniform nodules that are larger than those visible in the micrographs of the interface between the filler
material and the ductile iron. These structures are uniformly distributed and similar to the structures
of the material from which the test plates are made albeit generally harder.

The micrograph (Figure 5) shows the formation of nodules in the weld made with filler material
applied with a 97.6% Ni electrode where a uniform distribution of ferritic material and traces of retained
austenite can be found with sizes smaller than those found on the base material. A distribution similar
to that shown above can be found in the structure on the Inconel 625 filler material used in the
root weld.
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Figure 4. Micrograph of the structure produced on the base material at the edge of the heat affected zone.

 
Figure 5. Micrograph of the material deposited on the ductile iron weld.
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A transformation of the ferrite structure in the interface near the metal base can be seen in the
micrograph of the weld obtained with a 97.6% Ni coated electrode on ductile iron in the filler zone
on the second pass—and with subsequent heat treatment at 900 ◦C (Figure 6). The transformation
is a consequence of thermal annealing and the increased Ni in the filler. This implies a considerable
reduction in the strength of the material and an increase in the elongation at fracture with respect to
the filler metal (in which nodules that are smaller than those in the interface are precipitated) [13,14]
and the base metal where the hardness is lesser than samples made without preheating. The fracture is
more ductile than in the previous cases and usually occurs in the cast zone near the interface [15].

 
Figure 6. Micrograph of the filler zone in a ductile iron weld using a 97.6% Ni coated electrode with
subsequent thermal annealing at 900 ◦C.

In the micrograph of the interface of the ductile iron TIG root weld made with an Inconel
625 electrode and preheating to 350 ◦C and with subsequent annealing treatment at 900 ◦C (Figure 7),
it can be seen that, despite the heat treatment, small traces of white iron in a martensitic matrix remain
undissolved. Vickers hardness levels of 600 are produced—this being below the levels obtained using
air cooling because the Cr content in the Inconel has retained part of the carbides formed in the weld.
The illustration shows a higher amount of graphite nodules that are smaller than those found in the
air-cooled base material. The fracture was brittle in this zone and started at the interface.

The emergence of iron carbide (cementite) is influenced by the speed of cooling metastable,
while Ni (nickel) is an gammageno element, which prevents the formation of carbides, given the
amount of carbon present in the composition smelting, and added to the fast cooling of the welding
speed, resulting in the precipitation of carbides of iron that can later be dissolved with annealing
heat treatments.
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Figure 7. Micrograph of a root weld in ductile iron made with Inconel 625 and subsequent heat
treatment at 900 ◦C.

The left part of the micrograph (Figure 8) shows that, after the annealing step, the ductile
iron passed from ferritic-pearlitic ductile iron to ferritic iron with slightly larger and uniformly
distributed nodules. The hardness is less than the original casting but with greater elongation at
fracture. The micrograph on the right shows a uniform distribution of spherulites in the weld filler
metal, and these are smaller in the ferrite matrix as a consequence of the Ni content and the furnace
cooling rate.

 

Figure 8. Micrographs of ductile iron showing the distribution of the nodules on the weld after
annealing at 900 ◦C.
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Manual arc welding with an electrode of 97.6% Ni is straightforward, the weld not being
excessively fluid and high levels of carbide formation not occurring. Hardness is considerably
less than that obtained in the root weld made with an Inconel source rod, although mechanical
properties are acceptable and there is greater elongation at fracture. Micrographs show that an
annealing treatment caused the martensitic structures to disappear and dissolved the traces of white
iron producing a structure of nodular graphite on top of the ferrite matrix with an increased level of
deformability [16–18].

Fractures according to the type of weld are shown in Figure 9.

Figure 9. Zones of metallographic observation: (A) weld base metal base interface, (B) weld bead,
(C) base metal.

The scanning electron microscopy (SEM) in Figure 10 shows the interface zone in the root weld
applied with Inconel 625 but without heat treatment. Figure 11 shows the filler weld made with two
passes of a 97.6% Ni coated electrode without treatment and the corresponding spectra.The spectrum
in Figure 10 shows a high amount of chromium in the weld interface and the root weld where an
Inconel 625 electrode was used—which influenced the formation of carbide precipitates that give rise
to traces of white iron. The effect was to increase hardness and counteract the effect of Ni, as can
be observed in the micrograph obtained for this zone in Figure 1. Another effect is the production
of the beginnings of brittle fractures and a progressive growth of fractures in response to traction
and bending.
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Figure 10. A SEM image and micrograph of the interface zone in a root weld without heat treatment
and where a high amount of Cr can be observed in zones welded with Inconel.

Figure 11. SEM and micrograph of the weld interface with filler applied using a 97% Ni electrode
without subsequent heat treatment. Note the low Cr content.

The spectrum shown in Figure 11 corresponds to the interface of the first filler pass (97.6% Ni
electrode) on the root pass weld (made using an Inconel 625 electrode). A remarkable decrease in
the Cr content can be observed in the spectrum, causing a substantial decrease in traces of white iron
and a greater influence of Ni on the structure (causing a decrease in hardness). A fracture initiated by
bending and traction expands through the interface zone—as can be seen in the corresponding optical
micrograph shown in Figure 2.

The SEM images in Figure 12 basically show the interface zone of the weld applied in the second
filler pass with a 97.6% Ni electrode over the weld applied in the first pass (97.6% Ni) with subsequent
annealing. Figure 13 shows the root weld on the same plate applied with Iconel 625 and annealed at
900 ◦C and the corresponding spectra.

The spectrum shown in Figure 12 corresponds to the second pass of the filler electrode (97.6% Ni)
and annealing treatment at 900 ◦C with furnace cooling. We can observe a virtual absence of Cr, which
directly influences the structure of the welding interface: dissolving the carbides and producing an
absence of white cast iron and a substantial decrease in hardness. The result is a greater elongation at
fracture. The graphite is precipitated in a fully nodular form, and the ferriticmatrix can be seen in the
optic micrograph in Figure 6. Tensile and bending fracture occurs in this zone near to the base material.
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Figure 12. This figure shows micrographic and spectrum images of the filler weld interface of the
top pass (electrode 97.6% Ni) and with a heat treatment at 900 ◦C. A higher content of free carbon is
observed due to the dissolution of the white iron traces, while Cr is barely detectable (meaning greater
ductility and less hardness).

The spectrum shown in Figure 13 corresponds to the interface of the root weld applied with an
Inconel 625 rod and an annealing treatment at 900 ◦C and furnace cooling. The spectrum shows a
decrease in Cr that is less pronounced than in the specimen with no heat treatment. The result is
a partial reduction in carbides as a consequence of incomplete dissolution through heating and the
speed of furnace cooling. As a consequence, there is a reduction in hardness at the interface although
it remains very hard (as can be seen in the optical micrograph in Figure 7). The result is a substantial
increase in strain capacity, although the fracture is brittle and starts in the root zone.

Figure 13. Micrograph and SEM taken at the root weld interface (Inconel 625) with annealing at 900 ◦C
that shows a continuing high Cr level. The hardness level is high but lower than without heat treatment
although the structure remains brittle.

5. Conclusions

- Before welding ductile cast iron test plates using an Inconel 625 electrode for the root weld in
a single pass and a 97.6% Ni-based electrode for two subsequent filler passes, we preheated
the test plates to improve weld fluidity and discourage the formation of brittle structures by
favoring penetration and thus preventing fractures from starting. We welded short sections that
had been strongly beaten to release residual stress (a process that proved beneficial) and obtained
significant mechanical values for resistance and hardness. However, because of the cooling rate,
significant values were not obtained for elongation at fracture. By applying a 900 ◦C annealing
treatment and cooling some of the welded test pieces in the furnace, a considerable improvement
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was obtained in terms of elongation at fracture, the mechanical values being smaller for breaking
strength and elasticity.

- Manual arc welding with an electrode of 97.6% Ni is straightforward, the weld not being
excessively fluid and high levels of carbide formation not occurring. Hardness is considerably
less than that obtained in the root weld made with an Inconel source rod, although mechanical
properties are acceptable and there is greater elongation at fracture.

In the root weld made with an Inconel electrode, the subsequent application of an annealing treatment
did not significantly change the initial conditions, and part of the white iron structures and traces of
martensitic matrix remained with only small variations in the decrease in hardness and elongation.
When the preheat treatment at 350 ◦C was employed, the fluidity in the pool increased and the
mechanical characteristics were higher, and elongation at fracture increased.

Scanning electron microscopy verified the chemical compositions of the structural elements
produced and confirmed that annealing treatment after both types of welding produced a greater
working capacity in which hardness and tension diminished to enable more ductile fracturing and
larger strains. The result is an improvement in the characteristics of the welded unions.

We treated an alloy with 97.6% Ni, which prevented the formation of carbides.
With heat treatment at 900 ◦C and 97.6% Ni, there is a dissolution of all carbides, forming nodules

in ferritic matrix graphite.
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Abstract: In the present paper, tool wear and the rate of wear during friction stir welding (FSW)
of Ti-6Al-4V alloy are investigated. A conical tungsten carbide tool was used to produce butt-type
friction stir welded joints in two-millimeter thick Ti-6Al-4V sheets. An original design of a movable
pin allowed for the examination of the tool damage for each process condition. The influence of tool
degradation on the quality of the welded joints and the damage brought to the microstructure are
examined and discussed. For this purpose, optical and scanning electron microscopies as well as EDX
analyses were used to examine the tool wear and the resulting macrostructures and microstructures.
The type and nature of the defects are also analyzed as a function of FSW processing parameters.
Important geometry and weight variations were observed on the pin and shoulder for all welding
conditions, in particular when low tool rotation and travel speeds were used. Experimental results
also show that the radial wear of the pin is not uniform, indicating the presence of important frictional
temperature gradients through the thickness of the joint. The maximum wear was measured at a
location of about one millimeter from the pin root center. Finally, tool rotation was determined as the
most significant process parameter influencing both tool wear and microstructure of the joints.

Keywords: friction stir welding; titanium; tool wear; microstructure

1. Introduction

Manufacturing of structural components made of welded Ti-alloy sheets or thin plates is
continuously increasing in the transportation and energy industries mainly because these alloys
possess an excellent combination of low-density, superior mechanical properties along with high
corrosion and erosion resistance. Fusion welding techniques such as tungsten inert gas (TIG) or laser
are extensively used to join titanium alloys. However, the formation of a brittle cast structure, residual
stresses, and undesirable deformation limits their applications to critical structural components [1,2].
Friction stir welding (FSW) as a solid state welding process is one of the most promising techniques
for joining sheets and thin plates made of titanium alloys, avoiding a large number of difficulties
arising from the use of fusion welding processes, and could be used for the manufacturing of large
size components for aerospace applications [3–6]. Moreover, FSW could also be used as an alternative
manufacturing technology for the fabrication of hollow components made of Ti alloys which are
traditionally produced by a combination of diffusion bonding and superplastic forming [7,8]. Details
regarding the principles of the FSW process are well discussed in other publications [6,7].
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While FSW has been extensively used for joining light alloys such as Al and Mg, very few reports
are available on the application of the technique to titanium alloys. The main difficulty arises from the
challenges related to FSW tool material. The high mechanical strength and low thermal conductivity
of titanium results in very high frictional forces and heat generation at the tool-workpiece interface,
thereby limiting possible tool materials compared with Al or Mg alloys [8]. In the case of Al and
Mg alloys, due to their low strength and melting points, the welding tool is commonly made of tool
steel [9–11]. In contrast, the situation is different for high strength materials such as titanium alloys
as their high strength and high melting point do not allow use of tool steels for FSW. Specifically, the
tool material should maintain enough strength, to deform and stir the alloy, be resistant to fatigue,
fracture and mechanical wear, as well as inert to chemical reactions with both the weld material
and the atmosphere at temperatures higher than 1000 ◦C, which is not the case for any tool steel.
Tungsten-based alloys have been used as tool and pin materials for FSW of nickel-aluminum alloys
and titanium alloys. Sanders et al. [5] and Farias et al. [12] recommended four tungsten alloys as
tool materials: WC, W-25%Re, Densimet and W-1%LaO2, while others have recommended TiC or
polycrystalline boron nitride (pcBN) [13,14].

Indeed, even with such refractory materials, tool wear is still a major issue and its influence
on microstructure damage, and hence, weld quality, is of prime importance. However, few data is
available on tool wear during FSW with most of the publications being focused on steel and aluminum
alloys [15,16]. For example, Park et al. and Yutaka et al. [17,18] conducted a detailed study on the tool
wear in FSW stainless and ferritic steel welds using pcBN and Co tools, respectively. They reported
that Cr-rich borides were formed at the interface between the workpiece and the pcBN tool, resulting in
significant mechanical/chemical wear. Also, Weinberger et al. [16] reported that tools made of Rhenium
(Re) and W-based Rhenium alloys (e.g., 25% Re + W) show very similar performance characteristics
to that of pcBN. Zhang et al. [19] reported wear of pcBN tool during FSW of pure Ti and indicated
that pcBN might have reacted with Ti. However, no details were provided on the influence of the FSW
parameters on tool wear and the nature of the wear products.

Among the above tool materials, WC is the most cost effective with relatively good machinability
and chemical stability. However, the influence of processing parameters during FSW of Ti-alloys
on WC tool damage and its impact on microstructural changes and defect generation have not been
quantified. In the present work, two-millimeter thick Ti-6Al-4V sheets were friction stir welded using a
WC tool. The tool wear characteristics and its evolution are analyzed and discussed in relation to FSW
process parameters (tool rotational and travel speeds), temperature gradients and different frictional
conditions in the joint. Microstructural damages and changes in relation to the evolution of tool wear
are also analyzed and discussed. The impact of each process parameter on wear rate is quantified and
the most influential process parameters are identified. On the basis of the obtained results, the process
conditions leading to optimum weld quality are determined.

2. Experimental Materials and Methods

Commercially Ti-6Al-4V alloy was used in this investigation with the following chemical
composition: (wt. %) of Al 6.09, V 4.02, C 0.011, Fe 0.14, N 0.008, H 0.0023 and balance Ti. The material
was received in annealed state and its mechanical properties are provided in Table 1.

Table 1. Mechanical properties of the as received base material Ti-6Al-4V.

Property T.S. (MPa) Y.S. (MPa) El. (%) Hardness (VHN)

Value 994 910 17.2 344

The dimensions of the samples were 100 mm in length, 50 mm in width and 2 mm in thickness
and they were FSWed in butt configuration with the different investigated processing conditions listed
in Table 2.
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Table 2. Friction stir welding (FSW) parameter used on the samples.

Weld Number Rotational Speed (rpm) Travel Speed (mm/min)

1 500 100
2 600 100
3 700 100
4 1000 100
5 1250 100
6 1500 100

Edwards and Ramulu [20] reported that a cylindrical pin tool is not indicated for FSW of Ti
because the heat generated in the shoulder is not able to flow to the root of the joint. On this basis,
a conical shape pin with a flat shoulder made of commercial grade WC tool, with the characteristics
shown in Table 3, was used. Details regarding tool design and pin geometry are provided in Figure 1a,b.

Table 3. Original size of the welding tool (mm) Shoulder height is considered to be the same as the
pin length.

Tool Material Shoulder Diameter Shoulder Height Pin Diameter Pin Length

WC 15 8 6 1.8

 

(a) (b) 

Figure 1. Geometry and dimensions of the shoulder and pin tool (a) shoulder and pin tool schematics
in (mm) (b).

The original design of a “movable” pin allowed for the removal and examination of pin’s wear
at different stages of the process and therefore, better quantification of the impact of pin damage on
the microstructure. Continuous protection of the joint area from oxidation was achieved by argon
gas protection over the entire joint area. Further details regarding the experimental setup have been
published elsewhere [21] and, to avoid repetition, will not be provided here.

In order to examine the effect of process parameters on tool wear and its rate, the weight of the
device (pin and tool) were measured before and after FSW using a micro balance with an accuracy of
1 mgr. The wear is measured for all process conditions after 10 cm weld length. Also, specimens for
optical microscopy (OM, Olympus DSX-500, Montreal, QC, Canada) and scanning electron microscopy
(FEG-SEM, Hitachi SU8230, Toronto, ON, Canada) analyses were cut perpendicular to the welding
direction in the mid weld location© for all processing conditions and mechanically polished with
6, 3 and 1 μm diamond paste. The final polishing was accomplished using colloidal silica of about
40 nm in diameter, followed by etching in Kroll’s reagent (2 vol. % HF and 4 vol. % HNO3 in water).
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Finally, grain size measurements and particle size were made according to ASTM E112 and ASTM
D422 standards, respectively using Image analysis software MIP4 (Nahamin Pardaz, Tehran, Iran) [22].

3. Results and Discussion

3.1. Effect of Wear on Microstructures

Figure 2 illustrates several micrographs of FSWed cross-sections at essentially the same initial
travel speed of 100 mm/min, for several rotational speeds. Examination of weld cross-sections
shows the presence of three distinct zones for all process conditions: Base Metal (BM), Heat Affected
Zone (HAZ), and Stirred Zone (SZ). The advancing and retreating sides of the joint are identified in
Figure 2a–g. Also, the HAZ, represented here by the dark area, and the SZ, revealed in white color, are
also visible. It is worth noting that, the presence of a Thermomechanically Affected Zone (TMAZ),
which has been reported in linear friction welded [23] as well as friction stir processed Ti-6Al-4V
alloy [24] was not observed in the present investigation.

 

Figure 2. Macrostructures of the weld joint under cold weld parameters ((a) 600, (b) 700 and (c) 800 rpm)
and hot weld condition ((d) 100, (e) 1250 and (f) 1500 rpm) for 100 mm·min−1 tool travel speed.
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Measurement of the SZ volume for the cold and hot weld conditions revealed a two percent
increase from one 600 rpm to 1500 rpm rotational speed. A similar trend was also observed for the size
of the HAZ, which increased by about one percent when passing from the lowest rotational speed to the
highest one. The error in volume calculation is equal to 0.15%. The observed difference has been related
to the heat generated, due to a combination of frictional heating and plastic deformation heating,
during the FSW process. Using a computational model for FSW of 7075 Al alloy, Bastier et al. [25]
reported that the overall magnitude of the heat generated due to plastic deformation accounts only for
4.4% of the total heat generation whereas frictional heat generation provides 95.6%. Therefore, the low
or high tool rotational speeds influence the frictional conditions and hence the heat distribution in the
joint, resulting in different sizes for the SZ and the HAZ.

The influence of the tool rotational speed on the weld quality and the macrostructure of the joint
is also reported in Figure 2. Two main processing conditions can be observed: from 600 to 800 rpm,
called hereafter cold weld, and from 1000 to 1500 rpm, called hereafter hot weld. Volumetric defects
were mainly observed in the cold weld conditions, with the presence of cavity in the joint visible at
600, 700 and 800 rpm, respectively as shown in Figure 3.

Detailed examination of the joints revealed also the presence of particles of various sizes,
which were analyzed by OM, SEM, and EDX and were determined to be WC, as will be discussed in
more detail in the following paragraphs.

Figure 3 illustrates the morphology and size of the particles. It can be seen that under hot welding
conditions the particles are finer and more homogeneously distributed in the top surface of the joint,
just below the pin. In contrast, for cold weld conditions, they are much larger and located close to the
SZ-HAZ interface. For instance, for the coldest welding conditions (i.e., 600 rpm) their size is in the
range of 500 μm to 800 μm; while at 1000 and 1500 rpm they are between 2 and 10 μm, as shown in
Figure 3c. The SEM micrographs shown in Figure 4 show that WC particles are distributed all over the
titanium matrix. The EDX analyses in locations far from the top surface and at the top surface of the
weld joint, presented in Figure 4, confirm the presence of tool material in the microstructure of the
weld joint.

The above observations may be analyzed in terms of the intensity of the vertical material flow
during FSW. Prado et al. [26] used threaded and unthreaded tool to study the influence of processing
conditions on material flow during FSW of metal matrix aluminum composites. While they did not
identify explicitly cold or hot weld conditions; however, an analysis of their results (Figure 2 in [26])
indicate that under hot weld conditions, material flow in the vertical direction is significantly higher
than under cold weld conditions. The high temperatures generated under hot weld conditions provide
a vigorous material stirring in the SZ, including stronger vertical flow, which break down the WC
particles into smaller ones and distribute them more uniformly in the matrix. In contrast, under cold
weld conditions, lower stirring combined with lower temperatures do not allow easy movement of the
WC particles resulting in limited vertical flow and their agglomeration near the SZ-HAZ boundary.

A comprehensive thermomechanical analysis is required to provide an accurate evaluation and
prediction of the size, location, and distribution of the particles and their relation to wear conditions.
The development of such analysis was not in the framework of this study; however, based on the
published literature [27,28], it could be said that under cold weld conditions, due to the stronger
thermal gradient and weaker vertical flow, more intense wear is expected.
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Figure 3. Effect of tool wear on the microstructure of the cold weld joints: (a) 600 rpm, (b) 800 rpm and
(c) 1500 rpm.
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Figure 4. Tool wear effect on the microstructure of the hot weld joint (1000 rpm) and EDX analysis.

The evolution in the grain size and morphology from the BM to HAZ and then SZ is shown in
Figure 5, where backscattered SEM images of the weld joint microstructure are reported. The grain
size measurements were made in the in upper SZ and closest SZ in the HAZ. The results indicate
that, for all the investigated processing conditions, a fully lamellar structure was developed in the
BM and HAZ. The presence of a fully transformed β grain structure indicates that the temperature
in the FSW was above the β-transus temperature of the alloy, which is estimated to be 980 ◦C. Grain
size analysis revealed that the BM is characterized by elongated primary α and transformed β grains
with an average grain size of 20 μm (Figure 5a,d). For instance, the average grain size changes from
20 μm in the BM to about 15 μm at the start of the HAZ and then further reduces to 5 μm in the SZ.
The influence of tool rotational speed on the evolution of the microstructure from BM to HAZ is shown
in Figure 5b,e. Also, a comparison between Figure 5a,c shows that the grain size in the BM (Figure 5a)
is much larger than in the SZ (Figure 5c).
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Figure 5. Optical and SEM images showing the microstructure flow through forwarding sides of the
different weld region identified in Figure 5 at 1000 rpm (a–c) and 1500 rpm (d–f).
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The above results indicate that the high temperatures and strains reached in the SZ during FSW
of the Ti-6Al-4V alloy have been above the critical levels for the initiation of dynamic recrystallization.
The occurrence of dynamic recrystallization during FSW of aluminum has been reported by Mishra
et al. and Sanders et al. [5,7]. Several mechanisms, based on dynamic recrystallization, have been
proposed to explain grain refinement in the SZ of various aluminum alloys. Dynamic recrystallization
in Ti alloys has been reported by other authors at much lower strain and strain rates than the ones
encountered in FSW [29,30]. It is therefore reasonable to assume that this phenomenon also takes place
during FSW of the Ti-6Al-4V investigated alloy and is responsible for the observed significant grain
refinement in the SZ. Specifically, the average grain size measured in the SZ was about one micrometer
for the highest tool rotational speed and about seven micrometers for the lowest one. Finally, it must
be noted that, considering the size of the WC particles (between 3 and 200 μm), it is not expected that
they would affect the kinetics of dynamic recrystallization of the matrix during the FSW process.

3.2. Quantification of the Tool Wear

Figure 6 illustrates some typical sequences of tool/pin photographs illustrating apparent wear
under selected processing conditions. It can be seen that all the tools suffered different degrees of wear.
Some oxidations were also observed around the edge of some pins, which is attributed to the presence
of tungsten oxide, as also reported by other authors [31]. The most severe wear was observed in the
area between the pin center and pin edge, with the pin center being the least worn region. This is an
interesting result as it could be used for optimum selection of tool materials. Analysis of the worn tool
shape also showed that maximum wear took place under cold weld conditions (Figure 2).

 

Figure 6. Photographs of tungsten-based alloy tool after welding at different process conditions.

The difference in the tool weight measured with the micro balance before and after processing
is illustrated in Table 4. Using the data in Table 4, the percentage of weight variation was calculated
and correlated with the tool rotational speed as illustrated in Figure 7a. It can be seen in this figure
that the effective tool weight is considerably affected by the rotational speed during the process.
A decrease is noticed for all processing conditions; however, it is significantly higher for the lowest tool
rotational speed. The pin length variation was also evaluated for the different processing conditions
and is represented in Figure 7b,c. It can be seen that the length is also affected and some geometrical
changes can be seen in the pin under certain processing conditions and mainly for low rotational
speeds. This implies that a consumption of tool material, as indicated by some authors in aluminum
alloys [32,33] also occurs during FSW of titanium. However, as mentioned by Casalino et al. [33],
tool consumption could be reduced during FSW of aluminum alloys by using coated tools. Finally, tool
wear (measured as percentage of weight change) decreases for increased rotational speeds. The above
data were used to evaluate tool height variation and wear rate as shown in Figure 7c,d.
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Table 4. Tungsten based alloy tool weight variation after welding at different process conditions.

rpm/min−1 W1 (gr) W2 (gr) ΔW (gr) F (%)

500/100 23.760 23.55 0.210 0.99
1000/100 23.742 23.661 0.081 0.34
1250/100 23.967 23.898 0.069 0.29
1500/100 23.752 23.693 0.059 0.25

  
(a) (b) 

  
(c) (d) 

Figure 7. Wear measurement after 10 cm welding: (a) Weight loss data as function of rational speed;
(b) Pin length evolution as function of processing parameter; (c) Pin length variation with rotational
speed; (d) Wear rate as function of rotational speed.

Figure 7d shows the wear rate evolution with rotational speed. The initial wear rate (in % wear) is
represented by the initial slope of the corresponding curves. It can be seen that the wear rate decreases
with increasing the rotational speed in the range of process parameter studied in the present work.
These findings are in agreement with those reported by Prado et al. [26] and Alidokht et al. [34] in
FSW of aluminum alloys, where a decrease of wear rate was noted with sliding distance and rotational
speed. The results suggest that a high wear rate is expected during the initial stages of welding, after
which it decreases significantly. This finding is also important and could be used in the optimum
material selection for FSW of Ti alloys or similar high strength and low thermal conductivity materials.
Furthermore, pins used under high rotational speeds display slightly higher wear resistance compared
with those used at lower rotational speeds. This may be related to the higher temperatures and
therefore better material workability reached under high rotational speed welding conditions.

SEM analyses of the surface microstructure of the worn tools suggested two possible tool
wear mechanisms during FSW. In presumed order of importance, these are oxidative wear of
WC (Figures 4 and 6), and the increased brittleness due to the transformation of the WC binder.
Lofaj et al. [35] and Casas et al. [36] reported that when WC reacts with oxygen, its volume expands
by about 300% via an oxidation process that generates CO gas in the solid. The pressure of this gas
is greater than the fracture strength of the WC and therefore leads to crack formation. Furthermore,
oxide layers are easily fractured, due to residual tensile stresses associated with different coefficients
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of thermal expansion between the substrate and the carbide particle. The second mechanism is the
increased brittleness due to the transformation of the WC binder [5,20]. The WC binder phase is
continuously exposed to severe repetitive conditions due to its contact with the workpiece during FSW.
It has been shown that WC exposed to fatigue loading exhibits reduced fracture toughness, erosion
resistance and thermal shock resistance [35]. The repetitive cycles of contacts between the tool and
material creates fatigue like conditions, resulting in particle fracture in the affected regions. However,
it was difficult to determine the contribution of each mechanism as both processes occur almost at the
same time.

4. Conclusions

Tool wear during friction stir welding of titanium alloy Ti-6Al-4V was investigated under several
processing conditions. The following main conclusions can be drawn from the present study:

1. Tool wear is strongly affected by the tool rotational speed. The highest tool wear was obtained
under low rotational speeds.

2. The radial wear of the pin is very different at different locations of the pin, and the maximum
wear is produced at about two millimeters from the pin root center under cold weld conditions.
The welding speed has a decisive effect on the radial wear rate of the pin, and the maximum
wear rate was measured for the lowest rotational speed.

3. Microscopic analysis of the welded joints showed that sound FSW joints of Ti-6Al4V were
obtained under the following processing conditions: conical WC pin, WC shoulder, tool rotational
speed between 1000 and 1500 rpm.
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Abstract: This work aims at investigating the spot weldability of a new advanced Quenching
and Partitioning (Q&P) steel and a Transformation Induced Plasticity (TRIP) steel for automotive
applications by evaluating the effects of the main welding parameters on the mechanical performance
of their dissimilar spot welds. The welding current, the electrode tip voltage and the electrical
resistance of sheet stack were monitored in order to detect any metal expulsion and to evaluate its
severity, as well as to clarify its effect on spot strength. The joint strength was assessed by means of
shear and cross tension tests. The corresponding fracture modes were determined through optical
microscopy. The welding current is the main process parameter that affects the weld strength,
followed by the clamping force and welding time. Metal expulsion can occur through a single large
expulsion or multiple expulsions, whose effects on the shear and cross tension strength have been
assessed. Longer welding times can limit the negative effect of an expulsion if it occurs in the first part
of the joining process. The spot welds exhibit different fracture modes according to their strengths.
Overall, a proper weldability window for the selected process parameters has been determined to
obtain sound joints.

Keywords: dissimilar resistance spot welding; quenching and partitioning steel; transformation
induced plasticity steel; welding parameters; welding monitoring; mechanical strength; microstructures;
fracture modes

1. Introduction

Advanced high strength steels (AHSSs) are used extensively in the automotive industry for the
fabrication of more resistant and lighter components with the main aim of reducing fuel consumption
and gas emissions, and of improving passenger safety. Dual Phase (DP), Transformation Induced
Plasticity (TRIP), martensitic, complex phase and hot stamping boron steels are the most commonly
used AHSS grades for such applications. New AHSSs are currently under research and development to
achieve better combinations of ductility (e.g., crashworthiness and sheet formability) and mechanical
strength (e.g., impact resistance). In this context, Quenching and Partitioning (Q&P) steels appear to
be one of the most innovative and promising solutions. They are characterized by a microstructure
that consists of retained austenite and martensite: the former phase provides ductility and toughness,
the latter mechanical strength. On the basis of carbon content and volume fraction of austenite and
martensite, tensile strength can usually vary from 700 to 1300 MPa, while elongation at fracture can
vary from 10% to 25% [1,2]. At present, only car body prototypes are made of Q&P steels.
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The AHSSs used in the automotive industry are often welded together in dissimilar (different
steel grades joined together) configurations in order to assemble car body parts and body frames.
Dissimilar welding usually requires more precautions than conventional similar welding since the
steels to be joined may have different melting points, thermal conductivities, thicknesses, or need
different filler metals or pre-heats. Therefore, optimal welding parameters are often a compromise
based on the properties of steels. Generally, the reduction in heat input can limit some harmful effects
that occur during a joining process, such as cracks, thermal distortions, chemical segregations in the
fusion zone, wide heat affected zones, thereby promoting more sound dissimilar joints [3]. In other
cases, hybrid welding technologies (i.e., different welding techniques used simultaneously) are helpful
solutions to join steels that have very different chemical and physical properties [4]. Resistance spot
welding (RSW) is known to be the leading joining technique in the automotive industry due to its
suitability for automation and high operating speeds. Thousands of spot welds are usually performed
to join doors, body-in-white and other components in a vehicle. The quality and the mechanical
performances of RSW joints are crucial for the safety and durability design of a vehicle. In fact, many
of these joints are used in structural assemblies that are involved in transferring loads through the
body frame during a crash event, and may act as fold initiation sites to manage impact energy [5].
Moreover, the integrity and mechanical properties of spot welds also affect their fatigue and fracture
resistance and, in turn, the overall performance of a car body frame in terms of vibrations, noise and
harshness [6]. The main issues of an RSW process are ascribable to the complexity of the chemical (e.g.,
composition in the fusion zone) and physical phenomena (e.g., heat input) that are involved during
sheet joining. AHSS spot welds generally exhibit lower mechanical performances than those of the
base materials: the peculiar complex microstructures of AHSSs, which are obtained by means of strictly
controlled industrial thermo-mechanical processes, are destroyed completely in the fusion zone and
altered in the heat affected zone, where they are replaced by more brittle metallurgical constituents.

Therefore, the weldability of Q&P steels is one of the most important key factors in controlling
the possible usage of this steel grade in the automotive industry. Only a few preliminary studies about
the weldability of Q&P steels in similar and dissimilar configurations have been carried out so far.
Wang et al. [7] found that the fatigue performances of RSW joints of Q&P980 steels are similar to those
of DP steels with the same tensile strength during cross and shear tension tests. Russo Spena et al.
studied dissimilar RSW between a Q&P980 steel, a Twinning Induced Plasticity (TWIP1000) [8] and a
TRIP800 steel [9], and mainly assessed the welding parameters effects on the shear tension strength of
spot welds. In both cases, the welding parameters had to be carefully controlled in order to obtain
spot welds with an adequate shear tension strength for the automotive industry (with reference to
American Welding Society (AWS) and International Organization for Standardization (ISO) standards),
as well as to limit defects, such as metal expulsion and voids.

The spot welding of Q&P steels requires a rigorous control of the joining parameters in order
to achieve a suitable mechanical strength, fatigue resistance and energy absorption capability for the
automotive industry. For all of these reasons, the monitoring of RSW can be considered a useful
tool to collect information about the joining process and to help in determining proper weldability
windows. It is common practice to monitor the welding current and electrode tip voltage to detect
metal expulsion. The loss of molten metal from the nugget normally induces the formation of cracks,
voids and metal splashes. These defects reduce the mechanical performance of spot welds, in particular
under dynamic loads [10]. Moreover, metal expulsion has a harmful effect on weld bonding (spot
welding in conjunction with adhesive bonding) as it damages the adhesive layer [11]. As a result, it is
necessary to limit metal expulsion as much as possible since it may lead to nonconforming spot welds,
in terms of strength and defects, for the assembling of car body parts.

The aim of this study was to investigate the weldability of dissimilar Q&P/TRIP spot welds by
evaluating the effects of the welding current, clamping force and welding time on their microstructure
and mechanical strength. The current and electrode tip voltage were monitored during the welding
process in order to detect any metal expulsion and to evaluate its severity and effect on the load-carrying
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and absorption capability of the Q&P/TRIP joints. A design of experiment was adopted to realize
dissimilar welded lap- and cross-joint samples with different welding parameters. These specimens
were then subjected to shear and cross tension tests, respectively, in order to measure the maximum load
and the corresponding absorbed energy and displacement (an index of ductility) on the load-crosshead
displacement curves. The fracture modes of the welded shear- and cross-joint samples were assessed
from a macroscopic and microscopic standpoint. Optical and SEM microscopy, as well as Vickers
measurements, were used to determine the microstructures and hardness throughout the dissimilar
spot welds.

2. Materials and Methods

2.1. Q&P and TRIP Steels

A Q&P (grade Q&P980) sheet steel and a TRIP (ISO 1.0948) sheet steel were selected for the
dissimilar spot welding tests. These sheets were fabricated by means of industrial thermo-mechanical
rolling processes and provided in an annealed condition. The Q&P steel had a thickness of
1.1 ± 0.05 mm and was uncoated, while the TRIP steel was 1.5 ± 0.05 mm thick and was hot-dipped
zinc coated. The Q&P steel microstructure consists of a mixture of retained austenite and martensite,
whose volume fractions are about 60% and 40%, respectively (Figure 1a). TRIP steel exhibits a
more complex microstructure that is made up of a mixture of ferrite, retained austenite and bainite
(although the presence of a small amount of martensite cannot be excluded) (Figure 1b). In these steels,
ferrite and austenite contribute to formability and toughness, whereas martensite and bainite ensure
mechanical strength.

  
(a) (b) 

Figure 1. SEM micrographs of the (a) Quenching and Partitioning (Q&P) and (b) Transformation
Induced Plasticity (TRIP) steels in as-received conditions.

The chemical compositions and the main mechanical properties of Q&P and TRIP steels are listed
in Tables 1 and 2, respectively.

Table 1. Chemical composition (wt. %) of the Quenching and Partitioning (Q&P) and Transformation
Induced Plasticity (TRIP) steels as measured by means of optical emission spectroscopy.

Steel C (%) Si (%) Mn (%) P + S (%) Al (%) Nb (%)

Q&P 0.22 1.41 1.88 <0.02 0.04 <0.001
TRIP 0.20 0.31 2.23 <0.02 1.05 0.022

Table 2. Main mechanical properties of the Q&P and TRIP steels. UTS: ultimate tensile strength;
YS: yield strength; ef: elongation at fracture.

Steel YS (MPa) UTS (MPa) ef (%) Hardness (HV0.5)

Q&P 655 1000 22 260
TRIP 525 890 27 225
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2.2. RSW Welding and Monitoring

Q&P and TRIP sheets were cut from large industrial sheets into coupons of 105 mm × 45 mm
and 150 mm × 50 mm, which were then tested by means of shear and cross tension tests, as discussed
hereafter. Both types of coupons were cut with the largest length along the rolling direction. Spot
welding tests were performed using an industrial medium frequency direct current machine (MFDC)
(Matuschek Messtechnik GmbH, Alsdorf, Germany) with an alternating current of 1 kHz. The smaller
coupons were welded together in a lap-joint configuration, Figure 2a, whereas the larger coupons
where welded in a cross configuration (Figure 2b). In both cases, spot welds were realized in the
middle of the overlapped area by means of two copper-chromium electrodes, each with a face diameter
of 6 mm, according to the AWS D8.9M standard [12].

  
(a) (b) 

Figure 2. Geometrical size of the welded (a) shear tension and (b) cross tension specimens. Drawings
not to scale.

The sheet coupons were welded at varying currents, clamping forces and welding times, based
on the design of experiment, L-9(33) orthogonal array, shown in Table 3. The welding parameters
range was defined after a preliminary pilot experimentation, following the recommendation of the
ISO 18278-2 standard [13] and the industrial practice: the minimum current intensity was set to ensure
the occurrence of a minimal nugget size that allowed the formation of a complete button pull fracture
during a peel test (e.g., an incomplete pull out could be obtained for lower currents than 6 kA), whereas
the maximum current intensity was determined as a significant metal expulsion occurred. In order
to achieve consistent results, at least three samples were welded in a lap-joint configuration and two
samples in a cross-joint configuration for each welding combination.

Table 3. L-9(33) orthogonal array for the welding tests, both for the shear and cross tension
configurations. Iweld: welding current; Fclamp: clamping force; tweld: welding time.

Run Iweld (kA) Fclamp (kN) tweld (ms)

1 6 2 200
2 6 3 325
3 6 4 450
4 7.5 2 325
5 7.5 3 450
6 7.5 4 200
7 9 2 450
8 9 3 200
9 9 4 325
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The electrode tip voltage was measured with two electrical wires directly clipped to the electrode
tips. Twist pairs were used to reduce the induced voltage noise of the alternating welding current.
The current was measured with an electrical transducer that consisted of a Rogowski coil and an
integrator circuit (Figure 3). The transducer provided an output voltage that was proportional to the
welding current, in mV/A. The Rogowski coil was looped around the bottom electrode arm as close as
possible to the electrode tips to obtain signals related directly to the joining process.

 

Figure 3. The electrical transducer (Rogowski coil and integrator device) used in the welding tests [14].

The high alternating current (Iweld) through the electrode arms induced a variable magnetic
field in the surrounding environment and, in turn, an induced voltage (Vcoil) in the Rogowski coil,
as follows:

Vcoil = H (dIweld/dt) (1)

where H is the coil sensitivity (in Vs/A), which is a characteristic feature of the coil itself. Vcoil had to
be integrated to reproduce the welding current waveform, so that

Vout = S
∫

Vcoildt = SH Iweld (2)

where S is a characteristic factor of the integrator circuit and SH is the overall transducer sensitivity
(in mV/A). As a result, it was possible to calculate the welding current by measuring the output
voltage of the integrator and multiplying it by the transducer sensitivity (0.22 mV/A). The electrode tip
voltage and welding current signals were collected simultaneously, each at a rate of 100,000 samples
per second, by means of an NI USB-6216 acquisition system (National Instruments, Austin, TX, USA).

2.3. Microstructural and Mechanical Characterization of Spot Welds

The lap- and the cross-joint samples were tested by using an axial testing machine (Easydur
Italiana, Induno Olona, Italy), according to the AWS D8.9M standard [12]. All the tests were conducted
with a crosshead speed set at 10 mm/min. Based on the AWS standard, the maximum load reached
during each test, the energy absorbed and the displacement up to the peak load were collected from
each test. The fracture modes of all the welded samples, an index of the fracture resistance capability,
were visually assessed and classified in accordance with the AWS D8.1M standard [15].

Some welded specimens were cut along the middle section, polished, etched with chemical
solutions (2% nital and/or picral reagents) and then examined by means of optical (Optika srl,
Ponteranica, Italy) and SEM (Phenom-World, Eindhoven, The Netherlands) microscopy to detect the
microstructures of the parent metals, the heat affected zones (HAZs), and the weld nugget. The spot
weld geometry was characterized for each welding condition by evaluating the nugget diameter and
spot thickness. A metallographic examination was also performed on the fractured shear and cross
tension specimens to determine the regions where cracks propagated.
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Vickers microhardness measurements were performed to characterize the hardness of the
microstructures throughout the spot welds from the Q&P side, through the fusion zone and HAZ,
to the TRIP side. Hardness indentations were made using a 200 g load (HV0.2). The distance between
two successive indentations was either 0.2 or 0.4 mm.

2.4. Statistical Analysis

A multifactor analysis of variance (ANOVA) of the shear and cross strength values was carried
out to determine which welding parameters had a statistically significant effect on the spot weld
strength and their contributions. A multiple range test was used to determine how each factor affected
the mechanical strength of the Q&P/TRIP spot welds.

3. Results

3.1. Spot Weld Microstructural and Hardness Characterization

Dissimilar spot welds are usually characterized by chemical heterogeneity in the fusion zone, due
to the different chemical compositions of joined steels, and by nugget asymmetry, because of their
different thicknesses, melting points, thermal and electrical conductivities [8]. Figure 4 displays a
typical nugget obtained from the Q&P/TRIP welds, as well as the average nugget diameter and spot
thickness for the different welding runs. It can be seen that the nugget is slightly asymmetric with
respect to the faying surface (Figure 4a). This can mainly be attributed to the different thicknesses
of the welded sheets. As already known from the literature, the Q&P/TRIP nuggets widen as the
welding current is increased. The clamping force exhibits the opposite behavior instead: a larger force
reduces the shear strength of spot welds. This is coherent with the effect of the clamping force on a
microscopic scale: the area and the number of regions where the sheets and the electrode tips are in
direct contact increase as the clamping force increases. As a result, the total electrical contact resistance
and, hence, the current density decrease, and, in turn, the heat input also decreases. Therefore, the
spot welds tend to exhibit the smallest nuggets for the same current level when the highest clamping
force is used. The joint thickness is mainly reduced for increased clamping forces (Figure 4b).

Figure 5 shows the microstructural changes of the Q&P and TRIP steels in the HAZ regions (from
near the fusion zone to near the base metal), whereas two representative spot weld microhardness
profiles (welding configurations No. 3 and 7) are displayed in Figure 6. Overall, the microstructures of
the fusion zone and the HAZ of the Q&P and TRIP steels are similar in all the welding configurations;
however, their size changes at varying welding parameters. The heat input involved in the joining
process has a notable effect on the microstructures and, in turn, on the hardness of the joints and
steels. The high cooling rate in the fusion zone (between the two water-cooled electrode tips) induces
the formation of a full martensite microstructure, as also pointed out by the corresponding high
hardness values. The scattering in the hardness of the fusion zone can mainly be attributed to a
local inhomogeneous chemical composition (e.g., segregations). The regions close to the fusion zone
on both steel sides fully austenitized, thereby inducing the formation of a full martensitic structure.
The hardness of the martensitic structures in the HAZs of the Q&P and TRIP steels is quite similar, with
the former steel having a slightly higher hardness in some cases (consistently with the carbon content
of the two steels) (Figure 6a). Moving toward the parent steels, the thermal cycle promoted intercritical
transformations or tempering of the microstructures. On the Q&P side, martensite formed by cooling
from the intercritical regions. Far away, the previous martensite tempered, showing a decrease in
hardness with the presence of local minimum values, whereas the retained austenite transformed
into bainite, with a corresponding increase in hardness close to the base metal. On the TRIP side, the
previous bainite tempered, the retained austenite transformed into bainite, whereas the ferrite grains
slightly enlarged. Overall, a continuous decrease in hardness occurred from the martensitic region,
close to the nugget, to the base metal.
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(a) 

 
(b) 

Figure 4. Q&P/TRIP spot weld: (a) typical cross section appearance and (b) average nugget diameter
and joint thickness obtained for the different welding conditions. The numbers from 1 to 6 define the
locations of the microstructures displayed in Figure 5.

 
(a) 

 
(b) 

Figure 5. SEM micrographs of the microstructure in the heat affected zones (HAZs) on the (a) Q&P and
(b) TRIP sides: from close to the fusion zone (left-hand images) to the base metals (right-hand images).
The numbers from 1 to 6 refer to the locations pointed out in Figure 4.
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(a) (b) 

Figure 6. Typical microhardness profiles of the Q&P/TRIP welds. Welding configurations: (a) run
No. 3 (6 kA, 4 kN, 450 ms); and (b) run No. 7 (9 kA, 2 kN, 450 ms).

3.2. Monitoring of the Welding Parameters

Figure 7 shows the types of signals that were obtained from the monitoring of the welding current
and electrode tip voltage. As metal expulsion did not occur, Figure 7a, the current increased at the
beginning of the joining process until it reached the set value (root mean square, RMS). Then, the current
was held constant by the electric inverter of the welding machine. Consequently, the electrode tip
voltage and electrical resistance modified based on the changes in the growth of the nugget.

  
(a) (b) 

  
(c) (d) 

Figure 7. Typical results of the monitoring of the welding current and electrode tip voltage, as well as
of the calculated electrical resistance: (a) run No. 2 without metal expulsion; (b) run No. 4; (c) No. 7;
and (d) No. 9 with metal expulsion. I: welding current; R: electrical resistance; V: electrode tip voltage.

The presence of a metal expulsion abruptly reduced the electrical resistance of the sheet stack,
inducing a local drop in the welding current and electrode tip voltage (Figure 7b–d). This drop in
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electrical resistance is amenable to the collapse around the nugget that reduces the sheet stack thickness
through which any additional current must flow along with the widened effective contact area due
to the expelled molten metal entrapped on the faying surface [16]. The resistance drop can be used
to quantify the severity of a metal expulsion: the larger the loss of material in an expulsion event,
the larger the reduction in dynamic resistance (in mΩ) [17]. Metal expulsion could happen through
a single large expulsion, Figure 7d, or through multiple expulsions (Figure 7b,c). The former type
occurred for run No. 9 and for some samples No. 8, whereas the latter occurred for runs No. 4 and
7 and for some samples No. 8. The appearance of a single expulsion is probably due to the largest
clamping force that was used (4 kN) in the welding configuration No. 9. Metal expulsion occurred
as soon as molten metal temporarily exceeded the compressive force of the surrounding solid, but
the high clamping force was then able to prevent further metal losses. In all the samples of No. 9,
the resistance drops occurred in the 140–170 ms range along with a reduction of 0.04–0.05 mΩ. The
number of expulsions increased as the clamping force was reduced since the molten metal was able
to reach a critical pressure several times during the joining process. Two or even fewer expulsions
were observed in the samples No. 8 (3 kN), but they were more numerous in the samples No. 4 and 7,
which were welded with the lowest clamping force (2 kN). It can be observed from Figure 7b,c that a
larger metal expulsion occurred at the beginning of the joining process, in the 40–60 ms range, and this
was then followed by other less severe expulsions. These expulsions took place over shorter times for
the samples No. 7, whereas they were distributed over longer times for the samples No. 4. The largest
expulsions were similar to those detected for the samples No. 9, which underwent a resistance drop of
0.04–0.05 mΩ. The successive expulsions, instead, exhibited a decrease in resistance of 0.01–0.015 mΩ.

3.3. Shear and Cross Tension Tests

The results of the shear and cross tension tests for the nine welding configurations are listed
in Table 4, whereas Table 5 shows the results obtained from the multifactor ANOVA carried out on
the strength values. The ANOVA results point out that all the welding parameters are statistically
significant, at the 95% confidence level, in affecting the shear strength of welded samples. The welding
current is the most important parameter influencing strength (55.9%), followed by the clamping force
(22.4%) and the welding time (5.6%). Owing to the lack of more experimental combinations, the possible
interactions among the welding parameters cannot be calculated, although their contribution is below
16.1% (residual contribution). The ANOVA performed on the cross tension values shows that the
welding parameters are not statistically significant at the 95% confidence level. This is due to the slight
changes in the strength values at varying welding combinations. However, some considerations can
be made if the cross strength is normalized to the spot weld size, as discussed hereafter.

Table 4. Results of the shear and cross tension tests for the different welding configurations. Displ.:
displacement; α: cross tension strength normalized to the spot weld size.

Run

Shear Tension Cross Tension
α

(kN/mm2)Strength
(kN)

Energy
(J)

Displ.
(mm)

Strength
(kN)

Energy
(J)

Displ.
(mm)

1 15.8 ± 0.9 21.9 ± 3.1 2.7 ± 0.3 4.96 30.4 10.9 0.95
2 16.1 ± 0.5 23.5 ± 1.3 3.0 ± 0.3 4.68 39.4 12.3 0.81
3 14.6 ± 0.1 18.8 ± 2.0 2.5 ± 0.3 4.65 25.6 9.3 1.00
4. 19.1 ± 1.0 30.8 ± 3.8 3.0 ± 0.2 4.83 50.7 14.5 0.78
5 19.9 ± 0.8 35.8 ± 2.9 3.5 ± 0.1 5.33 67.3 17.0 0.71
6 17.2 ± 0.7 25.3 ± 2.6 2.8 ± 0.1 4.49 44.8 14.2 0.74
7 21.4 ± 0.8 37.8 ± 5.8 3.4 ± 0.4 5.03 68.4 16.9 0.70
8 19.1 ± 0.6 33.1 ± 1.8 3.3 ± 0.1 5.05 49.8 14.0 0.78
9 17.2 ± 0.6 23.9 ± 2.7 2.7 ± 0.2 4.69 52.5 15.6 0.72
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Table 5. ANOVA analysis of the shear tension strength values of the spot welds. SS: sum of squares;
DoF: degree of freedom; MS: mean square; Fischer (F)-ratio; probability (p)-value.

Parameter SS DoF MS F-Ratio p-Value Contribution (%)

Current 75.06 2 37.53 46.1 <10−5 55.9
Force 31.12 2 15.56 19.1 <10−5 22.4
Time 9.01 2 4.50 5.5 0.012 5.6

Residual 16.28 20 0.81 16.1
Total 131.46 26

The influences of the welding parameters on the shear strength are summarized in the interval
plots of Figure 8. It can be seen that the welding current increases the shear strength of the spot welds
from 6 to 9 kA. However, the increase in strength is limited when the current passes from 7.5 to 9 kA.
This may be attributed to the occurrence of metal expulsions, which limit the improvement in strength
that could be obtained with a higher welding current. The effect of the clamping force on the shear
strength is similar at 2 and 3 kN, whereas it significantly reduces the shear strength at 4 kN. Two
main factors are responsible for the reduction in the spot strength as the clamping force is increased:
(i) higher clamping forces reduce the heat input and, in turn, the nugget size (as previously mentioned);
(ii) the indentation of the electrode tips on the sheet surfaces induces high stress concentrations in the
regions around the weld nugget [18,19]. The welding time has the same effect on the shear strength up
to 325 ms, whereas it increases the strength for 450 ms. However, its contribution is not important,
as can be deduced from the ANOVA table.

  
(a) (b) (c) 

Figure 8. Mean shear tension strength and standard error (95% confidence intervals) for each level of
the welding parameters: (a) welding current; (b) clamping force; and (c) welding time.

Figures 9 and 10 display the shear and cross tension strength as functions of the nugget diameter.
Since the displacement values have the same trend as the absorbed energy values, they have not
been plotted so as to avoid redundant data. As expected, the shear tension strength and absorbed
energy increase as the nugget size increases. Test run No. 7 (9 kA, 2 kN, 450 ms) gives the maximum
strength and absorbed energy coherently with the maximum current and welding time used for this
configuration. In this regard, even though metal expulsion occurred during run No. 7, due to the high
current, it only happened at the beginning of the joining process and not for most of the time (for about
300 ms), as shown in Figure 7c. This promoted the formation of large nuggets and, in turn, the highest
strengths. The metal expulsion had a more negative effect on the samples No. 8 and 9 for the same
current level. In fact, these samples exhibited similar shear strengths to those of the samples No. 4
and 6, which were welded with a lower current. Since they were welded with a shorter time, and large
expulsions occurred in the middle of the joining process, the capability of the nugget to growth was
probably reduced.
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(a) (b) 

Figure 9. (a) Shear tension strength and (b) absorbed energy of the spot welds for the different welding
conditions. The numbers in the graph refer to the experimental runs.

  
(a) (b) 

Figure 10. (a) cross tension strength and (b) absorbed energy of the spot welds for the different welding
conditions. The numbers in the graph refer to the experimental runs.

As can be seen from Figure 9, although the samples No. 5 exhibit a slightly larger nugget
and they did not experience any expulsion, they exhibit lower strength values than samples No. 7.
Considering that the welding time has a low contribution to the shear strength (see the ANOVA table),
this discrepancy may be attributed to the stronger electrode indentation caused by the higher clamping
force. This would also justify the higher strength values of the samples No. 4 than those of the samples
No. 6, which have a similar nugget but were subjected to a higher clamping force, as well as the lower
strength values obtained for the samples (welded with the same current level) that were clamped
with the highest force. Absorbed energy shows the same trend as the shear strength. Therefore, metal
expulsion also reduces the energy absorbing attitude of the spot welds during mechanical loading,
and also presumably their tendency to withstand impulsive loads in the case of vehicle accidents.

A common way of assessing the mechanical response of cross-welded samples is to make use of
the α ratio normalized to the spot weld size, in kN/mm2, as follows [20]:

α = CTS/(dn × ths), (3)

where CTS is the cross tension strength, dn is the nugget diameter and ths is the sheet thickness.
Since the experimental welding tests involved steels with different thicknesses, α has been computed
considering the minimum thickness, based on the ISO standard [13], where the thinnest sheet also
guides welding parameters. On the basis of the α values, three different groups can be defined from
Figure 10a, where the typical linearity between stress and nugget size is held. The first group includes
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runs No. 1 and 3, where α is about 1. The second group consists of samples welded with different
welding currents, with the cross tension strength increasing as the current is increased, where α is
about 0.8. In the third group, α is about 0.7. The graph shows roughly that the capability of spot
welds to withstand cross tension stresses, in terms of strength per unit of area, reduces as the nugget
increases and metal expulsion occurs. Samples with large nuggets that experienced metal expulsions
at high currents (runs No. 7–9) exhibit similar cross tension strengths to those of the samples welded
with lower currents. These results are coherent with those of a previous work by Huin et al. about the
dissimilar welding of DP and hot stamping boron steels [21].

3.4. Spot Weld Fracture

During the shear tension tests, the Q&P/TRIP spot welds could fail either by interfacial fracture
or by button pull (Figure 11). Interfacial fractures occurred in all of the samples welded during the run
No. 1 and in some samples obtained with runs No. 2 and 3. This fracture mode is due to the small size
of the nuggets, which were not able to sustain large shear stresses. It can be noted that the tendency of
interfacial to button pull fracture from low to high current is coherent with the increase in the size of
the nugget.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 11. Modes of fractures of the spot welds obtained after the shear tension tests: (a,b) interfacial
fracture; (c,d) button pull with the fracture path mainly along the nugget border; and (e,f) button pull
with the fracture path through the steel sheet.

The button pull fractures could appear in two different modes, depending on the crack
propagation path. In one case, a fracture grew along the lateral border of the nugget (with respect to
the cross section in Figure 4a) and through the sheet in the samples with an intermediate shear tension
strength, as occurred for the runs No. 6 and 9, and partially for runs No. 2–5. In other cases, cracks
spread in the HAZ of the Q&P steels, particularly in the region where the original microstructures
tempered due to the heat input, as occurred for runs No. 7 and 8 and partially for runs No. 4 and 5.
In both of the button pull fractures, failure mainly occurred on the Q&P side, due to its reduced
thickness compared to the TRIP steel. The transition from the two types of failures is induced by the
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bending moment caused by the rotation of the welded joint during the mechanical test. In fact, if the
weld nugget is sufficiently large, it can rotate during the test. Therefore, the stress condition, which
is initially shear, primarily becomes tensile along the sheets [19]. At this state of stress, the region
with the lowest tensile strength breaks, thus leading to the final fracture. This explanation justifies
the fracture in the HAZ of Q&P steels where the martensite tempered, this being the region with the
minimum hardness (see Figure 6) and, in turn, the minimum strength.

The fracture modes that have been obtained from the cross tension tests are summarized in
Figure 12. The spot welds exhibit two different modes of fracture: interfacial fracture with button
pull and button pull by partial dome fracture. Coherently with the thinner thickness, the Q&P sheet
deformed more than the TRIP sheet, and the fractures mainly propagated on the Q&P side. The former
fracture only occurred for the samples welded during run No. 1, Figure 12a,b, due to the small size
of the nuggets generated by the low heat input. The cracks nucleated at the notch tip of the faying
surface, which is a site of stress concentration, and then propagated in an interfacial mode; at a given
distance, the bending moment involved in the nugget changed the crack path from the faying surface
to through the Q&P sheet, due to the cross load and the presence of the crack itself, up to the final
failure. The partial dome fractures could be characterized either by a crack propagation along the
border of the nugget and then through the Q&P sheet (Figure 12d) or by a fracture that could also
involve the HAZ regions of the two steels (Figure 12f). The transition between the two types of button
pull failures is attributable to the nugget size and to the angle between the faying surface and the
border of the nugget close to the notch tip. The lower the angle, the greater the tendency of a fracture
to spread along the nugget border [21]. Moreover, the presence of metal splashes at the notch tip,
referring to the left-hand notch tip in Figure 7f, could promote crack propagation in the HAZ regions,
but not along the nugget border. This fracture mode was in fact observed in almost all of the samples
that underwent metal expulsion.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 12. Modes of fractures of spot welds obtained after the cross tension tests, macroscopic and
microscopic views. Typical fracture: (a,b) interfacial fracture with button pull; (c,d) partial dome
fracture; and (e,f) button pull along nugget border and through HAZ steel sheet.
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4. Conclusions

This work has investigated the spot weldability of a Q&P steel with a TRIP steel for assembly
applications for the automotive industry and the severity and effect of metal expulsion on load-carrying
capability of Q&P/TRIP joints. The main results are summarized as follows:

• Based on the monitored signals, expulsion can appear as a single event or multiple events during
the joining process, its severity being assessed by the extent of the dynamic resistance drop.

• The welding current is the most important parameter that affects the shear strength, followed
by the clamping force and welding time. No statistical significant parameters have been found
for the cross tension strength; however, the cross tension strength normalized by to spot size (α)
points out the detrimental effect of a metal expulsion.

• If the expulsion occurs at the beginning of the joining process and for a short time, its harmful
effect on shear strength is more limited for the longest welding time (sample No. 7, 450 ms).

• The shear-welded samples failed by interfacial and button pull fractures. Button pull fractures
could occur by crack propagation along the nugget border or in the Q&P HAZ where previous
martensite tempered.

• Cross-welded samples failed by interfacial and button pull, and button pull by partial dome
fracture. Metal splashes promoted the crack propagation through the HAZ regions in partial
dome fractures.

• Run No. 5 (7.5 kA, 3 kN, 450 ms) represents the best welding combination since it ensures spot
welds with high shear and cross tension strengths and the absence of metal expulsion.
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Abstract: 316L stainless steel (Fe–18Cr–11Ni) and a Kovar (Fe–29Ni–17Co or 4J29) alloy were
diffusion-bonded via vacuum hot-pressing in a temperature range of 850–950 ◦C with an interval
of 50 ◦C for 120 min and at 900 ◦C for 180 and 240 min, under a pressure of 34.66 MPa. Interfacial
microstructures of diffusion-bonded joints were characterized by optical microscopy (OM), scanning
electron microscopy (SEM), X-ray diffraction (XRD), and energy dispersive spectroscopy (EDS).
The inter-diffusion of the elements across the diffusion interface was revealed via electron probe
microanalysis (EPMA). The mechanical properties of the joints were investigated via micro Vickers
hardness and tensile strength. The results show that an Ni interlayer can serve as an effective diffusion
barrier for the bonding of 316L stainless steel and the 4J29 Kovar alloy. The composition of the joints
was 316L/Ni s.s (Fe–Cr–Ni)/remnant Ni/Ni s.s (Fe–Co–Ni)/4J29. The highest tensile strength of
504.91 MPa with an elongation of 38.75% was obtained at 900 ◦C for 240 min. After the width of
nickel solid solution (Fe–Co–Ni) sufficiently increased, failure located at the 4J29 side and the fracture
surface indicated a ductile nature.

Keywords: 316 stainless steel; 4J29 Kovar alloy; nickel; diffusion bonding

1. Introduction

316L stainless steel (Fe–18Cr–11Ni) is widely used for its low corrosion rate, which is attributed to
its inner chromium oxide region and outer mixed iron–nickel oxide region [1,2]. Kovar (Fe–29Ni–17Co)
alloys possess the advantages of low-temperature constant expansion, and thermal expansion
properties and a good thermal matching performance similar to Si, Ge, and glass, thus obtaining wide
application in the electronics industry [3–5]. Joining stainless steel and Kovar alloys has been widely
done in aerospace, nuclear, and electronic industries for technical and economic reasons [6–8]. However,
due to the differences in thermo-mechanical and metallurgical properties, many obstacles to achieving
good dissimilar joints have been confronted, such as precipitates, intermetallics, and distortions of the
weld interface, which is detrimental to joint properties [1,6–9].

Baghjari et al. [6] investigated the laser welding of AISI 420 stainless steel to a Kovar alloy, and the
result showed that sulfur and phosphor were segregated at the austenitic boundary, which led to
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cracks formed in the weld and chromium carbide precipitation formed in the ferrite grain boundary.
Mai et al. [10] reported on the welding of a Kovar alloy and steel via laser welding and confirmed
that elliptically shaped pores formed during the welding process, and the number and size of these
pores could be controlled by the welding speed. Inconel 718 and 316 stainless steel were joined via
electron beam melting additive manufacturing technology, and the results showed that precipitates
of niobium carbide, and the Laves phase formed in the fusion zone, generally led to solidification
cracking [1]. Nekouie et al. [11] reported that the microstructure of dissimilar joints could be controlled
by adjusting the specific point energy and beam offset when low carbon steel and austenitic stainless
steel were welded via laser welding. Wu et al. [12] conducted laser welding between ferritic stainless
steel and carbon steel. Lath martensite, upper bainite and widmanstatten structure ferrite were formed
in the weld bead. A tensile strength similar to a base metal was achieved, and the fracture position
located at the carbon steel base metal were far from the weld bead. Verena et al. [13] investigated
the microstructure and the properties of dissimilar joints between high temperature steels PM91 and
PM2000 welded via electron beam. Precipitation of an Al phase and the formation of a soft dendritic
microstructure in the fusion were attributed to a worse performance. In order to further obtain a high
strength and high stability dissimilar joints, a filler material that usually possessed good plasticity
or an intermediary coefficient of thermal expansion between parent materials was adopted [14–16].
In this context, nickel was considered a suitable intermediate material because the thermal expansion
coefficient of nickel was situated between 316 stainless steel and the 4J29 Kovar alloy, and other suitable
properties, such as density, melting point, and crystal type, were similar to them. Wang et al. [17]
employed a nickel–phosphorus alloy as an interlayer and achieved a good connection between the
Kovar alloy and low-carbon low-alloy steel by using parallel seam welding. Sathiskumar et al. [18]
studied a dissimilar joint between pulse-plated nickel and Inconel 718 manufactured via electron beam
welding. The grain structure, sizes, orientation, and grain boundary characteristic distribution of the weld
seam were investigated to reveal the influence of hydrogen induced cold cracking. Precipitated secondary
carbides were observed on the intergranular and intragranular γ matrix. Madhusudhan et al. [19] applied
nickel as an interlayer to connect maraging steel and low alloy steel via friction welding and revealed
that nickel could be an effective barrier for the diffusion of elements such as carbon and manganese,
and ductile fracture, higher tensile strength, and higher elongation was obtained. Compared with
fusion welding, diffusion welding is a near net shape forming process and more suitable for joining
dissimilar materials. It is a kind of welding method where the contact surface achieves porosity closure
via creep and diffusion under high temperature and certain pressure [20–22].

In this work, efforts were made to accomplish the solid state diffusion bonding of 316 stainless
steel and the 4J29 Kovar alloy using pure nickel as an interlayer. The effect of a nickel interlayer at
different temperatures and bonding times was investigated. The research focused on the evolution of
the interface microstructure, element diffusion, and the bond strength of joints.

2. Materials and Methods

2.1. Materials and Processing Parameters

The chemical compositions and physical properties of 316 stainless steel and the 4J29 Kovar
alloy are presented in Tables 1 and 2, respectively. Cylindrical specimens with a 30 mm diameter
and a 25 mm length were machined from the base metals. A pure nickel (99.9 wt. %) interlayer with
a thickness of 70 μm was used as an intermediate material. Prior to bonding, the grinding surfaces
were cleaned in an ultrasonic bath containing acetone, cleaned by ethyl alcohol, and dried in air.
The experiments were conducted in a temperature range of 850–950 ◦C with an interval of 50 ◦C,
a bonding time of 120 min, and at 900 ◦C with a bonding time of 120 min, 180 min, and 240 min in
(1–6) × 10−1 Pa vacuum. 2.5 T (34.66 MPa) uniaxial pressure was applied via hot pressing. During
processing, heating was started at a constant rate of 10 ◦C/min; after the joining operation, the furnace
was cooled at a rate of 5 ◦C/min to 600 ◦C and then naturally cooled to room temperature.
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Table 1. Chemical composition of base metals (wt. %).

Mn Si C Fe Co Ni Cr S P Mo Alloy

2.00 1.00 0.03 Bal. - 11.05 18.17 0.03 0.04 2.00 316L
0.4 0.2 0.02 Bal. 17.17 28.67 - 0.02 0.02 - 4J29

Table 2. Physical properties of base metals (wt. %).

Alloy Density (g/cm3) Melting Point (◦C)
Expansion Coefficient

(10−6 K−1)
Ultimate Tensile Strength

(MPa)

316L 8.9 1375 16 573
4J29 8.1 1460 4.7 580

2.2. Interface Microstructure Characterization

The bonded joints were cut longitudinally, grounded, polished, and etched with a separate reagent
for metallographic observations. Stainless steel sides were etched by aqua regia. Kovar alloy sides
were etched by a mixture of 2.5 g of CuCl2, 50 mL of ethyl alcohol, and 50 mL of HCl. The change in
microstructure owing to diffusion was revealed via light microscopy (AxioCam MRc 5, ZEISS, Wetzlar,
Germany). Line scanning of the interface was carried out with a scanning electron microscope (SEM,
JEOL Ltd., Tokyo, Japan JSM-7001F at 15 kV) equipped with an X-ray energy-dispersive spectrometer
(EDS, JEOL Ltd., Tokyo, Japan) and an electron probe microanalyzer (EPMA, JEOL Ltd., Tokyo, Japan
JXA-8530F field-emission hyperprobe at 15 kV) for elemental mapping using a wavelength-dispersive
spectrometer (WDS, JEOL Ltd., Tokyo, Japan) to evaluate the diffusion of elements at the interface.

2.3. Evaluation of Mechanical Properties

Tensile properties of the transition joints were evaluated using a microcomputer-controlled
electronic universal testing machine (WDW-3100, Rui Machinery, Changchong, China) at a loading
rate of 0.5 mm/min at room temperature. The hardness measurements were carried out using
a micro-Vickers hardness tester (HXD-100TM/LCD, TaiMing, Shanghai, China). The test load was
200 gf, and the dwell time was 15 s.

3. Result and Discussion

3.1. Optical Microstructure

Figure 1 shows an optical micrograph of the diffusion-bonded joints between the 316 stainless steel
and the 4J29 Kovar alloy with Ni as an interlayer for 120 min at different temperatures. Sound diffusion
interfaces were achieved, and interface lines were clearly visible. The microstructure of 316L stainless
steel is equiaxed grain, and the grain size remains unchanged. However, the grain size of the
4J29 side with equiaxed austenitic grains and some twins gradually increased. Via the quantitative
metallography method, the average grain size of the Kovar alloy bonded at 850 ◦C, 900 ◦C, and 950 ◦C
was about 24 μm, 37 μm, and 69 μm, respectively. It has been illustrated that the thickness of the
diffusion layer between the 316L stainless steel and the Ni interlayer (Ni–316L) was apparently
extended, with a temperature varying from 850 to 950 ◦C. According to Figure 2, it was about 4–8 μm
at 850 ◦C, 6–9 μm at 900 ◦C, and 8–14 μm at 950 ◦C, but that of the 4J29 Kovar alloy and the Ni
interlayer side (Ni–4J29) cannot be seen obviously, as shown in Figure 3. The influence of the diffusion
time on the microstructure of the joints is shown in Figure 2; as bonding time increases, the width of the
diffusion layer at the joint interface of 316L stainless steel and the Ni interlayer simultaneously extends.
From Figures 1 and 2, it can be seen that the diffusion layer was not uniformly and smoothly distributed,
which is attributed to some untight contact between the surface of the base metals, and a zigzagged
interface was formed.
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Figure 1. Optical micrograph of diffusion-bonded joints for 120 min at (a) 850 ◦C, (b) 900 ◦C,
and (c) 950 ◦C.

 

Figure 2. Optical micrograph of diffusion-bonded joints at 900 ◦C for (a) 180 min and (b) 240 min.
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Figure 3. Concentration profiles of elements at the interface of Ni interlayer and the 316L side bonded
at (a) 850 ◦C, (b) 900 ◦C, and (c) 950 ◦C for 120 min.

3.2. Element Distribution

The concentration profiles of the elements, namely, Fe, Cr, and Ni, at the interface of the Ni
interlayer and the 316L side bonded at different temperatures were measured with EDS line scans,
as shown in Figure 3a–c. It can be clearly seen that, as bonding temperature varied from 850 to
950 ◦C, the width of the diffusion area had a tendency to increase, as shown between the dotted lines.
Moreover, the element concentration gradually decreased, and no apparent element aggregation was
found at the interface of the Ni–316L side, which means that the intermetallic compounds did not form
in the interface. The diffusion bonding of joints mainly depends on the formation of the nickel solid
solution of Fe–Cr–Ni, and this is confirmed by the XRD measurements.

Figure 4a–c presents the concentration profiles of the elements at the interface of the Ni interlayer
and the 4J29 side bonded at 850 ◦C, 900 ◦C, and 950 ◦C for 120 min. The concentration of Fe, Co, and Ni
at the interface markedly declined. By comparison, the width of the diffusion layers did not evidently
change as temperature increased, in accordance with metallurgical research. The different widths of
the diffusion layers between the Ni–316L side and the Ni–4J29 side is partly attributed to the different
grain sizes of the parent materials. The fine grains of the 316L stainless steel side possessed more grain
boundary than the coarse grains of the 4J29 Kovar alloy side, which benefits the diffusion of atoms [23].
Thus, wider diffusion layers were obtained at the Ni–316L side.
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Figure 4. Concentration profiles of elements at the interface of the Ni interlayer and the 4J29 side
bonded at (a) 850 ◦C, (b) 900 ◦C, and (c) 950 ◦C for 120 min.

Figure 5 shows the EPMA analysis of the 316L stainless steel and 4J29 joint interface bonded
at 950 ◦C, which displays the diffusion of elements at the interface via elemental maps. Different
areas in Figure 5a were detected. It can be seen in Figure 5b that the Ni of the interlayer diffused into
both 4J29 and 316L sides. However, the extent of Ni into the 316L side was greater than that into the
4J29 side, which was due to a greater difference in the concentration of Ni between the Ni interlayer
and the 316L stainless steel. The Co element of the 4J29 did not present evident diffusion into the Ni
interlayer, as shown in Figure 5c, which may be attributed to a higher activation energy for diffusion.
The diffusion extent of Fe at the 4J29 and 316L side into the Ni interlayer is revealed in Figure 5d.
By comparison, Fe of the 316L side diffused further into the Ni interlayer than that of the 4J29 side
due to a higher concentration. Moreover, Cr diffused into the Ni interlayer is further than that of Co,
and both Fe and Cr promoted a wider diffusion layer of the 316L side than the 4J29 side. Figure 5e–f
shows the concentration of Cr and C in the same position, which shows the phase of chromium carbide
at the 316L side, as shown in [6]. According to the element composition of the Ni interlayer and the
4J29 side, the microstructure of the interface was a nickel solid solution of Fe–Co–Ni.
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Figure 5. Concentration profiles from electron probe microanalysis (EPMA) analysis of
(a) back-scattered electron (BSE) image and elements (b) Ni, (c) Co, (d) Fe, (e) Cr, and (f) C.

3.3. Diffusion Coefficient

According to Fick’s second law, in infinite length diffusion, the relationship between elemental
concentration and distance from the interface can be written as follows:

∂C
∂t

= D
∂2C
∂x2 (1)

When the boundary conditions are conformed, the solution of Equation (1) can be written
as follows:

C (x, t) =
C1 + C2

2
+

C1 − C2

2
erf(

x
2
√

Dt
) (2)

where C1 and C2 are initial concentrations of the element in both materials, x is the distance from the
interface, t is diffusion time, and D is diffusion coefficient [24]. Based on the element concentration of
a certain distance from the interface, the diffusion coefficient can be calculated by Equation (2).

Table 3 exhibits the diffusion coefficients of Ni on both sides of Ni–316L and Ni–4J29 at
temperatures varying from 850 ◦C to 950 ◦C. The diffusion coefficients of Ni into both sides gradually
increased as temperature increased, which conforms to the regulation of Arrhenius Equation (3),
but the increase of the 316L side was more obvious. The calculated diffusion coefficients of Ni into
the 316L and 4J29 sides were smaller than the reported literature value, 1.15 × 10−15 m2/s at 850 ◦C
into pure iron [23]. The lower values in the current work are attributed to a higher concentration of
Ni in the 316L stainless steel and the 4J29 Kovar alloy compared with that of pure iron. In addition,
the presence of greater amounts of alloying elements such as Cr, Si, Mo and Mn in 316L stainless steel
and Co, Si, and Mn in the 4J29 Kovar alloy may cause a low diffusion of nickel due to the change in
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crystal structure. This result also confirms that the concentration gradient oriented is more obvious
than the chemical activation on the diffusion of Ni across the interface. The Arrhenius equation can be
written as Equation (4):

D = D0exp(− Q
RT

) (3)

lnD = lnD0 − Q
RT

(4)

where D0 is the diffusion constant (m2/s), Q is the activation energy for diffusion (kJ/mol), R is the real
gas constant (8.314 J/mol), and T is the bonding temperature (K). Based on Equation (4), the activation
energy for the diffusion of Ni can be calculated for the guidance of the parameter controlling the
extent of diffusion. Curves of the diffusion coefficient vs. the temperature are exhibited in Figure 6.
According to the slope of the plot in Figure 6a,b, the activation energy for the diffusion of Ni into 316L
and 4J29 is 173.68 kJ/mol and 133.27 kJ/mol, respectively.

Table 3. Diffusion coefficients of Ni into the 316L and 4J29 sides.

Sample (◦C, min)
Diffusion of Ni into 316L Diffusion of Ni into 4J29

(×10−16 m2/s) (×10−16 m2/s)

850, 120 2.03 2.37
900, 120 6.62 5.60
950, 120 9.23 7.58

Figure 6. Curves of diffusion coefficient vs. temperature: (a) Ni into 316L side; (b) Ni into 4J29 side.

3.4. XRD Analysis

X-ray diffraction patterns of the parent materials and the diffusion layer on both sides of the
bonded joints at 950 ◦C are shown in Figure 7. The microstructure of 4J29 consists of the austenite
phase (γ-Fe) and the ferrite phase (α-Fe). It was found that, compared with the parent material of
4J29, more γ-Fe was formed owing to the existence of more γ-stabilizing Ni in the Ni–4J29 diffusion
layer. Moreover, a solid solution of nickel (Ni s.s) was observed on the 4J29 and Ni interlayer sides,
which was due to the high concentration of Ni and the sufficient solid solubility of Ni, Fe, and Co.
On the other hand, a Ni s.s was also formed on the 316L and Ni interlayer sides, which promoted
a good bond between the 316L stainless steel and the Ni interlayer. Compared with other literature
reports [1,6,12], there has been no formation of the detrimental phase and segregation of sulfur and
phosphor to result in hot cracks at interfaces. It is concluded here that a Ni interlayer can serve as an
effective diffusion barrier for the bonding of 316L and 4J29. The composition of the joints was 316L/Ni
s.s (Fe–Cr–Ni)/remnant Ni/Ni s.s (Fe–Co–Ni)/4J29.

64



Metals 2016, 6, 263

Figure 7. X-ray diffraction patterns of the parent materials and the diffusion layer on both sides of the
bonded joints at 950 ◦C.

3.5. Hardness

Figure 8 shows the variation in micro-hardness of the bonded joint at different parameters.
The hardness of the interface distinctly decreased on both sides of the 316L stainless steel and the
4J29 Kovar alloy, and the lowest hardness appeared at the Ni interlayer because of its excellent
plasticity, which is a benefit for releasing the stress derived from the significant difference of expansion
coefficients between parent metals. By comparison, the hardness distribution and the tendency of the
bonded interface did not apparently change with parameters. It was observed that the hardness of
the 316L side was a small reduction, which may be due to the aging and tempering treatment of the
austenitic stainless steel at 900 ◦C for 240 min.

Figure 8. Micro-hardness of 316L stainless steel and the 4J29 Kovar alloy, diffusion-bonded with nickel
as an interlayer at different parameters.

3.6. Tensile Strength and Fracture Analysis

Variation in the mechanical properties of the bonded joints processed at different parameters is
shown in Table 4 and Figure 9. At 850 ◦C and 900 ◦C for 120 min, some joints were fractured at the
interface on account of the insufficient creep deformation to form a compact diffusion layer. When the
joints were bonded for 120 min, tensile strength gradually increased as temperature increased. At the
same time, the stability of the joints significantly improved, as shown in Figure 9a, which was due to
a more sufficient diffusion and bonding between the parent metals and the Ni interlayer. When the
joints were processed at 900 ◦C, the mechanical properties rarely changed after heat preservation
beyond 180 min, which means that the width of the diffusion layer was enough to form an excellent
joint. Moreover, the highest tensile strength of 504.91 MPa with an elongation of 38.75% was obtained
at 900 ◦C for 240 min.
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Table 4. Mechanical properties of 316L stainless steel and the 4J29 Kovar alloy with Ni as an interlayer
bonded at different conditions.

Sample (◦C, min) Ultimate Tensile Strength (MPa) Elongation (%) Failure Location

850, 120 215.86 6 Interface
900, 120 451.99 25.55 Interface/4J29 side
950, 120 490.62 31.25 4J29 side
900, 180 501.84 38.75 4J29 side
900, 240 504.91 38.75 4J29 side

 

Figure 9. Mechanical properties of diffusion-bonded joints processed at different temperatures (a) and
times (b).

Fracture morphologies on the 4J29 Kovar alloy side of the diffusion-bonded joints at different
temperatures are shown in Figure 10. At a lower bonding temperature of 850 ◦C, a large amount of the
terrace area was presented on the fracture surface, as shown in Figure 10a. According to EDS analysis,
these areas were mainly not well bonded to the Kovar alloy, which demonstrates insufficient bonding
between the Ni interlayer and the 4J29 Kovar alloy. Apart from the terrace, some dimples were formed
at the bonded area, which was a nickel solid solution with a composition of 10.78 wt. % Fe, 16.17 wt.
% Co, and 73.05 wt. % Ni. Figure 10b shows that, when temperature increased to 900 ◦C, the area of
the terrace sharply decreased, and dimples increased, which significantly promoted the increase in
tensile strength. Figure 10c shows a typically ductile fracture of the joint failed at the 4J29 side, which
means an excellent bond was achieved at the interface. On applying axial force on the samples, the
deformation of the remnant Ni interlayer was restricted by a mechanical constraint formed by the
relatively non-deforming 316L and 4J29, which caused a state of triaxial stresses that decreased the
effective stress on the remnant Ni interlayer [16]. This resulted in the joint failure at the 4J29 side.

Figure 10. Cont.
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Figure 10. Fracture morphology analysis of diffusion-bonded joints at (a) 850 ◦C, (b) 900 ◦C,
and (c) 950 ◦C for 120 min.

4. Conclusions

The diffusion bonding of 316L stainless steel and 4J29 Kovar alloys with nickel as an interlayer
was carried out in vacuum in a temperature range of 850–950 ◦C for 120 min and at 900 ◦C with
a bonding time of 120 min, 180 min, and 240 min under 2.5 T (34.66 MPa) uniaxial pressure, which was
applied along the longitudinal direction of the specimen.

1. The Ni interlayer can serve as an effective diffusion barrier for the bonding of stainless steel (316L)
and the Kovar alloy (4J29). The composition of the joints was 316L/Ni s.s (Fe–Cr–Ni)/remnant
Ni/Ni s.s (Fe–Co–Ni)/4J29.

2. Growth of the diffusion layer was determined with the diffusion coefficient and activation
energy, and the activation energy for the diffusion of Ni into 316L and 4J29 is 173.68 kJ/mol and
133.27 kJ/mol, respectively.

3. At lower bonding temperatures and times, fracture takes place at the interface of the Ni–4J29 side
due to insufficient bonding. After the width of the nickel solid solution (Fe–Co–Ni) increased,
failure located at the 4J29 side and the fracture surface indicated a ductile nature. The highest
tensile strength of 504.91 MPa with an elongation of 38.75% was obtained at 900 ◦C for 240 min.
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Abstract: Weight reduction in automobiles and in aerospace industries can profoundly register
for the behemoth change in the consumption of the fossil fuels and, in turn, CO2 emission.
With a promising hope in hindsight for weight reduction, we have successfully produced butt
joints of friction stir welded (FSWed) dissimilar, and rather novice, α-β titanium alloys—ATI-425 and
TIMET-54M. The study presented in this article encompasses the microstructural and mechanical
properties of the joints for two cases, (1) ATI-425 on the advancing side; and (2) TIMET-54M on
the advancing side. The evolution of microstructure and concomitant mechanical properties are
characterized by optical microscopy, microhardness, and tensile properties. A detailed description
of the microstructural evolution and its correlation with the mechanical properties have been
presented in this study. Our investigations suggest that mixing patterns are dependent on the
location (advancing, or retreating) of the alloying sheet. However, the microstructure in the weld
nugget (WN) is quite similar (grain boundary α, and basket weave morphology consisting of α + β

lamellae) in both cases with traces of untransformed β. The thermo-mechanically affected zone
(TMAZ) on the either side of the weld is primarily affected by the microstructure of the base material
(BM). A noticeable increase in the hardness values in the WN is accompanied by significant deflection
on the advancing and retreating sides. The tensile properties extracted from the global stress strain
curves are comparable with minimal difference for both cases. In both cases, the fracture occurred on
the retreating side of the weld.

Keywords: dissimilar α-β titanium alloys; FSW; microstructure; mechanical properties

1. Introduction

By tradition and technique, fusion welding is well suited for the joining of similar and dissimilar
alloys. The widespread span of this method encircles combinations of metallic alloys ranging from
lower melting temperatures (of aluminum) to high meting temperatures (steel and titanium). However,
the formation of intermetallics in the weld pool, and an inevitable porosity as the molten metal
solidifies, are the potential threats for the failure of the metallic structure. In industries, such as
aerospace and automotive, where even a slightest leeway of error is blasphemous, discovery of
an alternate joining method with a distinct focus on weight reduction is essential to not only strengthen
the joint but also to recover from the additional weight that filler materials add during fusion welding.
Progressing through intense research, and variations in its kind as it emerged over the decades since
1991 [1], friction stir welding (FSW), as shown in the Figure 1, has clinched its spot in the territory
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of joining methods around almost all the metallic alloys, of magnesium, aluminum, and even steel
and titanium.

Figure 1. FSW and tool schematics. (a) Top; (b) side; (c) front; (d) tool designs. Images not to scale.

The means of FSW are a rotating and traversing tool, with a specified geometry and element
composition, and the frictional heat that is being generated between the tool and the worksheets. As the
tool comes in contact with the worksheets, the frictional heat aids in the temperature rise, the material
underneath softens, and whirs fervently. The rotation of the tool helps in mixing of the plasticized
material and, as a result of the traverse speed, the softened material gets deposited from the retreating
(RET) side to the advancing (ADV) side, in the wake of the tool. Figure 1 shows the schematic of the
process and the emergence of the different zones. While the presence of the thermo-mechanically
affected zone (TMAZ) or heat affected zone (HAZ) remains a questionable pursuit in titanium alloys;
magnesium, and aluminum alloys lead the path with three different welding zones, as are shown the
Figure 1c.

Aerospace industries, whether involved in commercial aircraft or supersonic ones nearing Mach 2,
are determined to reduce weight in their current and upcoming fleet of airplanes. On one hand metal
matrix composites provides solution for larger structure, such as the fuselage, the present and future
of the jet engines solely depends on high-temperature titanium alloys [2–4]. Although the ninth most
abundant element, the efficient use of titanium is often endangered by the difficulty in machining,
constantly pondered under the shadow of the buy-to-fly ratio. Titanium sheets, typically available
in limited sizes, need to be joined, and subsequently formed, in order to produce a larger structure.
Once the defect-free joint is achieved, the path to glorification of the final product is hurdled by its
superplastic forming ability, the anisotropic nature of the weld, and the deformation mechanism
(either grain boundary sliding (GBS) or phase boundary sliding (PBS)) [5].

The potential of FSW has been realized for aluminum, magnesium, and copper since its inception
in 1991. With precocious tool design, and well-sought welding processing parameters, even steel
and titanium alloys have savored the fruition of this novice joining process. Commercially pure
(CP)-titanium, and alloys of titanium, Ti6Al4V, Ti-5111, and β-21S have been studied extensively for
the microstructural and mechanical properties of the weld [6–14]. Fonda et al. have studied the effect
of deformation corresponding with the traverse speed in near-α titanium alloy, Ti-5111. The presence
of hcp P(1) and bcc D(1) texture is dependent on the welding speed [6]. Reynolds et al. have studied
the formation of torsion texture during welding in β-21S [9].
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An encyclopedia of FSW α + β titanium alloy, Ti6Al4V, is well versed in terms of the
microstructural properties [12,13], mechanical properties, texture formation [10,14], and even
superplastic forming. In a study of identification of the welding parameters, Edwards et al. have
predicted the optimum welding parameters along with referencing several other parameters adopted
by the researchers corresponding to different thicknesses of Ti6Al4V sheets [15]. The similar study [15]
by Edwards et al. and by Rai et al. [16] have summarized the nature and the properties of the tools
used in welding of titanium alloys. Ti6Al4V, commonly known as the workhorse of the industry,
presents a variety of challenges for the research and development of new near-α, α + β, or β alloys
that could potentially match, or surpass, the properties of Ti6Al4V. Material flow in and around the
WN for FSW of Ti6Al4V has been studied by Edwards et al. [17] by computerized tomography using
a tracer technique. The microstructure and texture development in FSW of investment cast Ti6Al4V
has been studied by Pilchak et al. [18]. A series of different microstructure in and around the WN
has been observed for the temperature profiles in WN (however, not measured accurately) fluctuate
significantly. The fatigue and crack propagation rates in the FSWed Ti6Al4V have been studied for
different thicknesses [19–23]. Not only has it been found that the weld has an excellent fatigue crack
propagation rate, but welded joints in various shapes (L, and T shape) are far more superior when
stress (S) - number of cycles (N) to failure or S-N curves are examined [20]. Although an example
of the fusion welding technique, electron beam welding (EBW) processed joints for 24 mm thick
Ti6Al4V sheets were comparable with FSWed sheets of same material, and of the same thickness [22].
The microstructure and hardness values of the FSWed titanium sheets of Ti6Al4V with varying rotation
or traverse speed have also been studied extensively, demonstrating higher values of hardness in the
WN. However, as the rotation speed increases, a drop in the hardness values has been recorded due to
coarsening of the prior β grains, in addition to the increase in the width of α lamella (Widmanstätten
structure) [11–13].

Steps have been taken in order to FS weld dissimilar alloys. Titanium and steel [24–27], aluminum
and magnesium [28,29], and titanium and aluminum, [30–33] have been successfully welded with
appropriate welding parameters for their surface and subsurface properties analysis. However,
the FSW of dissimilar titanium alloys remain untouched, with the exception of a few studies of the laser
welding of Ti6Al4V and Ti6Al6V2Sn by Hsieh et al. [34]. Although, Jata et al. have successfully joined
2 mm thick sheets of Ti17, and Ti6Al4V by FSW and presented the microstructural and mechanical
properties [35], the detailed analysis of the material flow, study of migration of elements, effect
of interchanging of alloying sheets, and corresponding mechanical properties have not yet been
investigated so far. This article presents the detailed description of the FSW of dissimilar, rather
novice α + β titanium alloys—ATI-425 and TIMET-54M—for their mechanical and microstructural
properties and their correlation with the evolving microstructure with the material flow. The evolving
microstructure and the material flow observed and analyzed in this study show dependence on the
initial microstructure and the β transus temperature (for ATI-425, 1780 ◦F ± 25 ◦F (971 ◦C ± 14 ◦C) [36]
and for TIMET-54M, 1720 ◦F–1770 ◦F (938 ◦C–966 ◦C) [37]).

2. Materials and Methods

The test plates of α + β titanium alloys used in this study were fabricated from standard, 4 mm
thick, ATI-425 and TIMET-54M sheets. The chemical composition of the alloying sheets is given in
Table 1.

Table 1. Mass fraction (wt. %) composition of the alloys.

Alloys wt. % Al Mo V Fe O C N H Ti

ATI-425
Min 3.5 2 1.2 0.2

Bal.Max 4.5 3 1.8 0.3 0.08 0.03 0.015

TIMET-54M
Min 4.5 0.4 3 0.2 0.015

Bal.Max 5.5 1 5 0.8 0.2 0.1
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2.1. Processing

Prior to welding, the longer edges that would be the abutting faces of the square groove butt joint
were machined and chemically etched to achieve adequate fit up and to remove any contaminates
(e.g., oil, grease, etc.) in the resulting weld. All welds were made at 300 rpm and 75–100 mm/min.
These parameters were selected based on a previous study focused on the identification of optimal
process parameters for FSW in various thicknesses of Ti6Al4V [15]. The FSW welding tool used was
a tungsten lanthanum (W-La) alloy with a small shoulder and a large tapered pin, more details of
which can be found in [38]. All welds were made on a W-La backing anvil. Thermal management via
water-cooling of the pin tool and anvil was also utilized. Welding parameters are shown in the Table 2.

Table 2. Friction stir welding Process parameters adopted in this study.

Parameters Values

Spindle Speed 300 rpm
Tool Traverse Speed ~75–100 mm/min

Forging Load ~15.6 kN
Tool Plunging Depth ~1.6 mm

Tool Tilt 3◦ from direction of traverse
Tool Material W-La

Tool Pin Length ~1.4 mm
Tool Pin Diameter ~8.6 mm

Tool Shoulder Diameter ~15.9 mm

Welds produced in this study were a square groove butt joint configuration as shown in Figure 1c.
Two sheets of ATI-425 and TIMET-54M of 4 mm thickness, 600 mm length, and 100 mm width were
butt joined by FSW. The welding direction and the pre-milled rolling direction of the base materials are
parallel to each other. Sections for metallurgical analysis and tensile coupons were extracted from the
welded sheets by water-jet machining. Micrographs in this study are from the transverse cross-section
of the weld, Figure 2. The tensile coupons were perpendicular to the welding direction with a gauge
length encompassing the base materials on both sides of the WN.

Figure 2. Typical schematic diagram appearance of the sectioned friction stir welded specimen.

2.2. Mettalurgical Characterization

For metallurgical characterization, the FSWed sheets were water-jetted perpendicular to the
welding direction. The cut section was then mounted and polished, first on silicon carbide (SiC)
paper (grit size from 240–1200), and secondly on 6 μm, 3 μm, 1 μm, and finally 0.3 μm alumina-oxide
polishing wheels. To reveal the optical microstructure the polished specimens were etched using
using Kroll’s reagent (distilled water, 92 mL; HNO3, 6 mL; HF, 2 mL). The macrographs with were
captured with a stereomicroscope (Nikon SMZ1000, Nikon Corporation, Tokyo, Japan) and analyzed
using NIS element software, to observe the quality of the weld produced with the adopted set of
welding parameters.

2.3. Microhardness

The specimens were re-polished after microstructural analysis for microhardness evaluation.
Each microhardness (as per ASTM E384-06) profile consisted of a grid pattern covering the entire weld
with indents spaced at 254 μm in each row and column (matrix of 12 rows and 105 columns for ATI-425
on the advancing side, and of 11 rows and 90 columns for TIMET-54M on the advancing side); please
refer to Figure 3. All of the microhardness indentations were conducted on a LECO AMH43 Automatic
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Hardness Testing System (LECO Corporation, St. Joseph, MI, USA) using a Vickers indenter with
a 500-g load applied for 13 s.

Figure 3. (a) Indention pattern on the transverse cross-section of the weld; and (b) distance between
two indent at 700× magnification.

2.4. Tensile Specimens

Four tensile coupons were extracted from the as-welded condition. The dimensions of the
specimens were in accordance with ASTM E8 (Figure 4). For all specimens, the welds were oriented
transversely to the loading direction and the WN was centered in the specimen gage length. All tests
were conducted under displacement control at a constant cross-head extension speed of 1.27 mm/min.
Every sample was tested to failure. The load data was monitored by a load cell built into the load
frame. The axial strain data was monitored by a clip-on extensometer (Model number: 2650-562,
Instron Industrial Products, Grove City, PA, USA), which was removed at the onset of yielding to
prevent damage at failure and the test was allowed to run to failure with elongations in the plastic
portion of the stress strain curve measured by the cross-head of the load frame. In each test, the yield
and ultimate strengths were recorded in addition to the elongation at failure and failure location.

 
Figure 4. Schematic diagram of tensile specimens.

3. Results

3.1. Metalography

Figure 5 shows the typical appearance of the FSWed butt weld. The macrographs of dissimilar FS
welds of ATI-425 and TIMET-54M are shown in the Figure 5. It can be observed that that there are no
inclusions or voids present in the WN. Both welds were produced with identical process parameters.
For the case of P4, when TIMET-54M is on the advancing side, a prominent mixing pattern has been
observed in the WN in comparison to P1, where ATI-425 is on the advancing side.
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Figure 5. Typical macrographs of butt welds, (P1) ATI-425 on the advancing side, and (P4) TIMET-54M
on the advancing side. RET: Retreating; and ADV: Advancing side.

The microstructures were taken at the locations as prescribed in Figure 6. Position a, and g
correspond to the base material. Locations b, and f correspond with the TMAZ/HAZ on the retreating
and the advancing side, respectively. Location g corresponds with the center of the WN. Locations c,
and e are in the vicinity of the boundary inside the WN on the retreating and the advancing side,
respectively. Subscripts 1 and 4 in the microstructures corresponds with the specimen P1 and
P4, respectively.

Figure 6. Prescribed locations for the microstructure taken for comparison. a, and g represent base
material; b, and f represent TMAZ on RET, and ADV side; c, and e represent locations inside the weld
nugget, however, closer to TMAZ on RET, and ADV side; d, represents locations in WN.

Please refer to Figure 7 for micrographs. The microstructure of the base material of TIMET-54M
(a1 and g4) is a bi-modal microstructure, containing both equiaxed α grains and an acicular, or plate-like,
α phase. The microstructure of the base material ATI-425, (a4 and g1), consists primarily of an α

phase with infused intergranular β. The boundaries on the advancing sides, f1 and f4, consist of
refined equiaxed α grains in a matrix of β; and prior β grains with grain boundary α, respectively.
The boundaries on the retreating sides, b1 and b4, comprises of, b1: equiaxed α (bottom left),
untransformed α (streak in the middle), and β grains surrounded by grain boundary α (top right);
and b4: refined equiaxed α, and needle-like α surrounded by grain boundary α. The observed
microstructure in the vicinity of the boundary inside the WN on the advancing side (e1 and e4)
comprises of a basket-weave morphology with plate-like α surrounded by grain boundary α.
No visible differences in the grain size has been observed, however, e1 appears to be richer in α

phase. Furthermore, in the case of e4, some traces of untransformed β have been observed; see the
bottom left of e4. For c1 and c4, in the vicinity of the boundary inside the WN on the retreating
side, the microstructure is comprised of the following: c1: prior β grains delineated with grain
boundary α (bottom left), and acicular plate-like α surrounded by grain boundary α; c4: β grains
surrounded by grain boundary α (bottom left), untransformed α, and acicular plate-like α surrounded
by grain boundary α with an uneven distribution of the β phase. In the center of the weld, d1,
the microstructure consists of a basket-weave morphology with flakes of untransformed β. For the case
of d4, the microstructure is quite similar to d1; nonetheless, a rather high amount of untransformed β

with grain boundary α has been observed.
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Figure 7. Optical microstructure of the specimens, P1 (marked a1 to g1), and P4 (marked a4 to g4).
With a1,4 being on the retreating side; and g1,4 being on the advancing side. The reader is recommended
to the web version for enhanced clarity of the text. Scale: 20 μm for all the micrographs except c4.
For c4, the scale is 10 μm.

3.2. Microhardness

The microhardness contours on the traverse cross section of the weld are shown in the Figure 8.
The approximate location of the weld boundaries are identified, however, the width of the TMAZ
cannot be determined from the hardness maps. The hardness profiles in the center of each specimen
are also plotted in Figure 9. The approximate center line, marked by the dotted line, is the reference
line for hardness variations (Figure 9) in the center of the transverse cross-section of the weld.
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(a) 

 
(b) 

Figure 8. Color-coded microhardness profiles on the transverse cross-sections of the weld. (a) P1;
and (b) P4.
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Figure 9. Hardness profile in the center of the weld.

From the hardness profiles and the maps it can be observed that the hardness values are higher in
the WN. A discernible boundary between WN and base material can be observed on either side of the
WN. Furthermore, the hardness values in the center of the weld are higher for P4, in comparison with
P1. The hardness for TIMET-54M is slightly lower than ATI-425. When plotted on the center of the
weld (as shown in the Figure 9), a significant amount of deflection is observed in the hardness values
on either side of the WN. A rather uniform hardness profile is observed for P4 in the center of the WN.
In both cases the hardness appears to be slightly higher on the retreating side.
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3.3. Tensile Specimens

The average yield strength (YS), ultimate tensile strength (UTS), and percent elongation (% Elong.)
to failure for four tensile coupons were tested and are shown in Figure 10. From the typical global
stress strain data collected for dissimilar FS welds, it can be observed that the values of YS, UTS,
and % Elong. for P4 are slightly higher in comparison to P1. The average values of the YS, UTS,
and % Elong. are presented in Table 3.
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Figure 10. Tensile test results.

Table 3. Average tensile test values. Yield strength (YS); Ultimate tensile strength (UTS); percent
elongation (% Elong.) and standard deviation (St. Dev.).

Specimen
YS

(in MPa)
St. Dev.

in YS (MPa)
UTS

(MPa)
St. Dev.

in UTS (MPa)
% Elong.

St. Dev.
in % Elong.

P1 966.48 15.87 995.64 18.29 6.37 0.62
P4 989 12.33 1019.07 16.1 6.57 0.48

4. Discussion

4.1. Morphology of the Welds

From the macrographs it can be observed that the defect-free welds were made under the
adopted processing conditions. A clear distinction of BM, TMAZ (not easily discernible at this
level of resolution), and WN can be seen in all of the welds. Based on the macrographs it can be
observed that mixing of the material is quite different in the bottom of the weld when TIMET-54M
is kept on the advancing side (P4). For the case when ATI-425 is kept on the advancing side (P1),
a rather more uniform pattern can been observed. Based on the macrographs it can be deduced that
the material flow is primarily dependent on the location of the material; either on the advancing side
or on the retreating side.

4.2. Microstructural Evolution

The microstructures evolved in the TMAZ and in the WN are addressed in terms of the
grain morphology, phase fractions, and distribution and presence of adiabatic shear bands (ASB).
The microstructure in the TMAZ and in the WN are dependent on the total strain, strain rate, stacking
fault energy of α (hcp), and β (bcc) phases, and temperature evolving during FSW. During severe
plastic deformation imposed by the tapered and tilted tool, a large fraction of the plastic work is
converted into heat, and due to low thermal conductivity of the titanium, the heating rate at higher
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strain rate could be dominating over the heat loss by conduction, resulting in a localized zone of higher
temperature, hence, the formation of adiabatic shear bands [39]. The formation of these adiabatic shear
bands running across the weld boundary (Figure 7, P1-b1 and P4-c4) is quite distinct in both cases
(P1 and P4).

4.2.1. P1: TIMET-54M on the Retreating Side

ImageJ analysis, shown in Figure 11, of the BM of TIMET-54M and ATI-425, has shown that
TIMET-54M has slightly higher β content (43%–45%) and, hence, a lower α content, in comparison
with ATI-425 (38%–39%). For the case of P1 (see Figure 7a1–g1) when TIMET-54M is present on the
retreating side, a severe plastic deformation, along with slightly lower temperature in comparison with
the advancing side is experienced. Due to this, a significant amount of α (without being transformed
into β) is sheared and migrating from the retreating side in the form of untransformed band of α along
the WN, Figure 7b1. As we approach closer to the weld center, c1, a significant amount of the grain
boundary α with a rather coarser acicular α has been observed adjacent to the prior β grain boundaries
containing a fine acicular α. At the center of the weld d1, and at e1 where temperatures are rather
uniform, the cooling rate also appears to be quite adequate in the proximity of the center resulting in
a basket-weave morphology, with a grain boundary α with coarser acicular α in the prior β grains.
The region which is closer to the advancing side, e1, is significantly deformed, however, unlike the
retreating side, no crescent-like structure has been formed on the advancing side. The microstructure at
e1 is quite similar to that observed at d1, due to nearly similar temperature profiles. The microstructure
at f1, which is closer to ATI-425, and on the advancing side, results in refined α grains in a matrix
of β, suggesting that, even on the advancing side, the temperature are not par β transus of ATI-425
(β transus temperature of ATI-425 is 1780 ◦F).

 

Figure 11. ImageJ analysis of TIMET-54M and ATI-425, for P1. TIMET-54M and ATI-425 have β

percentages of 45.3099% and 41.5035%, respectively.

Briefly, for this case it can be summarized that the region which appears darker in the macrographs
in the WN contains prior β grains and fine acicular α. The lighter region, on the other hand, consists
of grain boundary α with coarser acicular α in β. Based on the observation it can be concluded that
heating rates at high strain rate and cooling rate (by conduction, and by constant argon gas flow) are
sufficient enough to avoid formation of any localized heatsink in the WN, hence, resulting in a rather
uniform microstructure (grain boundary α with acicular α in β). However, on the retreating side, some
regions of α remain untransformed suggesting a sub-β transus temperature profile in that region.

4.2.2. P4: ATI-425 on the Retreating Side

For this case, Figure 7a4–g4, as can be observed that due to the higher β transus temperature
of the ATI-425 (1780 ◦F ± 25 ◦F (971 ◦C ± 14 ◦C)) in comparison with TIMET-54M (1720 ◦F–1770 ◦F
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(938 ◦C–966 ◦C)), the crescent-like structure is not formed in the proximity of the weld boundary on
the retreating side. The microstructural observation suggests that only refined α grains in β matrix
have been observed, at b4. As we move closer to WN inside the weld, at c4, most of the α that is being
migrated from the retreating side (ATI-425), due to the higher β transus, is untransformed and appears
as a wider streak. In the center of the weld, d4, a chaotic mixing pattern is observed, due to which the
top section of weld microstructure (d4) results in the formation of coarser acicular α in β grains that
are delineated with grain boundary α. The bottom section of the of the WN microstructure results in
the formation of prior β grains with fine acicular α. The microstructure inside the WN close to the
weld boundary on the advancing side, at e4, results in coarser acicular α in β. This can be attributed to
the fact that although the temperature profiles are nearly similar, due to differences in the β transus
temperature and the cooling rates (faster cooling rates at the bottom) the bottom of the weld has finer
acicular α and, at e4, rather coarser acicular α has been observed. It can be said that d4, and e4 are
mainly made of TIMET-54M. The boundary on the advancing side is severely deformed and due to
temperatures reaching on par with the β transus, refined and sheared equiaxed α grains have been
observed along with β grains delineated with grain boundary α.

As a general observation, by looking at the microstructures of both cases, it can be said that
temperatures on the retreating side are slightly lower due to the tangential vector of the tool rotation
and the axial vector of the traverse direction being in the opposite directions. As a result of rather
slightly lower temperatures on the retreating side, the material with lower β transus temperature
(TIMET-54M) has resulted in the evolution of a Widmanstätten microstructure with fine acicular α in
the transformed β grains at the weld boundary. Although, material with higher β transus temperature
(ATI-425) resulted in the deformation of α grain at the boundary, yet, as we approach closer to the WN,
a similar microstructure (untransformed α, and grain boundary α with acicular α) has been observed.
For the combination of alloys considered in this study it is safe to assume that although temperatures
on the retreating side are lower than the advancing side, they are still sufficient enough for reaching
above the β transus for TIMET-54M and not for ATI-425.

4.3. Microhardness

From Figure 8, it can be seen that TIMET-54M has shown relatively higher hardness in comparison
with ATI-425 for BM; the reason being, the base material microstructure of the TIMET-54M contains
equiaxed α grain presenting a higher flow stress in comparison with the ATI-425, where α is infused
with primary β. Hardness in the WN increases for both cases. The hardness values are significantly
fluctuating inside, and around, the WN. In the case of P1, when TIMET-54M, with a lower β transus
temperature, was kept on the retreating side, the increase in the hardness on the boundary of the
retreating side is a result of finer acicular α in refined prior β grains in comparison with refined α

grains on the advancing side of P1. The higher values of hardness on the retreating side for P1 are in
correspondence with the microstructure observed (Figure 7b1). Upon close inspection one can observe
a very distinctive fine streak in the center of the weld in the macrograph of P1 (Figure 5). The higher
values of hardness in that region are also observed in Figure 8a.

For the case of P4, when ATI-425 was kept on the retreating side, the increase in the hardness at
the boundary on the retreating side is marked by the grain refinement indicating that temperatures
produced on the retreating side have not crossed the β transus of ATI-425; rather, the microstructure
is severely deformed into refined equiaxed α grains. As we move closer to the weld center, the
temperatures increase, and an increase in the hardness values is registered by the evolution of the finer
acicular α in the β grains. At the bottom of the specimen there appears a significant variation in the
hardness values owing to the prominent mixing of the two alloys and the formation of refined β grains
with finer acicular α in it (Figure 7d4). Based on the hardness pattern the following can be concluded:

(1) If a material with lower β transus is kept on the retreating side, this results in the formation of
a Widmanstätten microstructure with coarser α lamellae for most of the WN and slightly lower
hardness values.
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(2) If a material with higher β transus is kept on the retreating side, an increase in the hardness
values on the retreating side is marked by the deformation of the α phase. In the weld center
the microstructure mostly consists of a basket-weave morphology with finer α lamellae. As we
approach the boundary on the advancing side, the hardness increase is a result of both grain
refinement and of acicular α in prior β grains.

(3) As such, no uniformity can be conformed based on the evolution of the microstructure but, for the
case of P4, higher values of hardness have been observed on the retreating side suggesting that
grain refinement is more dominant in comparison with the finer acicular α formation.

4.4. Mechanical and Microstructural Relationship

From tensile data, as plotted in Figure 10, extracted from global stress strain curves for four
specimens of each case, it can be observed that P4, when ATI-425 is on the retreating side, showed
higher values of YS and UTS in comparison to P1, when TIMET-54M is on the retreating side. In all of
the cases, out of four specimens tested for the analysis, the fracture always occurred on the retreating
side. For the case of P4, where the hardness in the WN is slightly higher in comparison with that of
P1, it can be said that residual stresses are slightly more compressive [40] giving rise to higher values
of YS and UTS. The residual stresses are not measured, however, due to migration of the elements,
Al, V, and Fe, the titanium atoms in the bcc (β) and hcp (α) phases are replaced by these elements
causing the shrinkage or expansion of the lattice spacing. Further research with transmission electron
microscopy (TEM) needs to be done in order to confirm the results as presented during our findings in
order to verify the detailed phase transformation and the true nature of deformation. As it appears
from the microstructure, it can also be said that if a titanium alloy of lower β transus is kept on the
advancing side (P4, in our case, with TIMET-54M on the advancing side) it results in the formation
of a basket-weave morphology (refined β grains with finer acicular α) inside the WN that, as a part
of entire gage length (if measured in a transverse tensile test for global stress strain curve), assists in
achieving superior values of mechanical properties.

5. Conclusions

In the present study, we have successfully joined two dissimilar titanium alloys, ATI-425 and
TIMET-54M, with FSW at 300 rpm and 75–100 mm/min traverse speed by using W-La tool with
a specified geometry. Weld joints with no visible defects (as shown in Figure 5) were obtained by
exchanging the locations (advancing or retreating) of the sheets. The following conclusions were drawn:

(1) The typical microstructure as it evolved inside, and around, the WN, is dependent on the initial
BM microstructure. If a material with a lower β transus temperature (TIMET-54M) is kept on
the advancing side(P4), the majority of the microstructure inside the WN is characterized by the
refined prior β grains and finer acicular α. On the other hand, if same material with a lower
transus temperature (TIMET-54M) is kept on the retreating side (P1), the microstructure in the
WN is characterized by coarser α lamellae with grain boundary α.

(2) Higher values of hardness have been observed for the case when TIMET-54M was kept on the
advancing side (P4).

(3) The global stress strain curve showed an increase in the mechanical properties when TIMET-54M
was kept on the advancing side.

A trivial conclusion that can be drawn from this study is that when a titanium alloy with a lower β
transus temperature is kept on the advancing side it results in better mechanical properties. However,
further study needs to be conducted in order to confirm the concluding remarks.
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Abstract: The ultrafine grained (UFGed) 1050 Al plates with a thickness of 2 mm, which were
produced by the accumulative roll bonding technique after five cycles, were friction stir butt welded
to 2 mm thick 6061-T6 Al alloy plates at a different revolutionary pitch that varied from 0.5 to
1.25 mm/rev. In the stir zone, the initial nano-sized lamellar structure of the UFGed 1050 Al alloy
plate transformed into an equiaxial grain structure with a larger average grain size due to the dynamic
recrystallization and subsequent grain growth. However, an equiaxial grain structure with a much
smaller grain size was simultaneously formed in the 6061 Al alloy plates, together with coarsening
of the precipitates. Tensile tests of the welds obtained at different welding speeds revealed that
two kinds of fracture modes occurred for the specimens depending on their revolutionary pitches.
The maximum tensile strength was about 110 MPa and the fractures were all located in the stir zone
close to the 1050 Al side.

Keywords: ultrafine grained structure; dissimilar friction stir welding; dynamic recrystallization;
aluminum alloy

1. Introduction

As a solid state joining process, friction stir welding (FSW) was invented by the welding insitute
TWI in the UK with the original purpose to weld light metals such as aluminum and magnesium
alloys, which has been demonstrated to be very difficult by traditional fusion welding methods [1,2].
Since FSW is performed at a temperature lower than the melting point of the materials to be welded,
FSW can produce joints with fewer defects or porosity, low residual stresses, etc., compared with other
fusion welding methods [3,4]. The FSW technique has developed very rapidly since its emergence
and it has now been expanded to many high melting point metallic materials, including Cu, Ti, Fe,
stainless steels, and even high carbon steels, which were considered to be unweldable materials by
fusion welding methods because of the formation of the brittle martensite phase [5–8]. Therefore,
with the increasing effort to improve fuel efficiency in industry, the use of the FSW technique must
be in strong demand in the near future for the welding of light materials, especially aluminum and
magnesium alloys.

Recently, the FSW of certain types of ultrafine grained (UFGed) materials has been investigated.
UFGed materials are those that generally have an average grain size of less than 1 μm. UFGed
materials have an increased length of grain boundaries acting as obstacles for moving dislocation
and therefore exhibit superior properties at ambient temperature to their coarse grained counterparts,
which also makes them attractive candidates for a range of potential applications in the automotive,
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aerospace and biomedical industries. There are many severe plastic deformation (SPD) techniques
like accumulative roll bonding (ARB), equal channel angular pressing (ECAP), and high pressure
torsion (HPT) to produce UFGed metallic materials, among which the ARB technique can be used
to produce UFGed materials in bulk plate form [9]. The welding or joining of UFGed materials is
therefore becoming more and more important. Obviously, the UFGed materials cannot be welded by
the general fusion welding methods, since the molten pool generated during the welding process will
inevitably destroy the UFGed structure and result in a much coarser grain size in the solidified butt.
The UFGed alloys like the 1050, 1100, 6016 Al alloys and IF steel prepared by the ARB technique have
also been successfully subjected to the FSW process [10–15]. It was revealed that a hardness reduction
did take place in the FSW processed materials with the UFGed structure due to the coarsening of the
grain size. Although the initial UFGed structure is still very difficult to be retained in the stir zone,
the degradation of the mechanical properties was significantly reduced.

However, the dissimilar FSW involved with UFGed materials has never been reported according
to the best of our knowledge. The FSW of dissimilar alloys has been significantly studied including
dissimilar aluminum alloys, Al/Mg alloys, Al/Steel pairs, etc. The main salient feature of FSW of
dissimilar metals and alloys is thought to be the variation in asymmetry or the degree of symmetry
with reference to the weld centerline [16]. For example, Lee et al. evaluated the joint microstructure
of the dissimilar welds between cast A356 and wrought 6051 aluminum alloys produced at various
welding speeds [17]. Palanivel et al. [18] studied the effect of the tool rotational speed and pin profile on
the microstructure and tensile strength of dissimilar FSW between the AA5083-H111 and AA6351-T6
aluminum alloys. They found that joint strength was affected due to the variations in the materials
behavior. It is evident that an important aspect in the FSW of dissimilar materials is the selection of the
appropriate alloys for the advancing and the retreating sides to obtain the optimum mixing and weld
properties due to the asymmetric material flow in the joints. It was found that the maximum tensile
strength was achieved for the dissimilar FSW AA2024/AA7075 aluminum alloy joints only when
the 2024 Al alloy was located on the advancing side [19]. Kwon et al. successfully obtained Al/Mg
dissimilar FSW joints when the AZ31 alloy and Al alloy were located on the RS and AS, respectively.
However, the reason of the work-piece configuration was not explained in detail [20]. According to
the investigation of dissimilar FSW between Al and Cu alloys, the suitable configuration and even
the amount of offset of the tool from the joint centerline were considered to play an important role in
obtaining high joints properties [21–23]. More recently, Sun et al. conducted the dissimilar spot FSW
between the UFGed 1050Al and 6061-T6 aluminum alloys [24]. However, the UFGed materials have
not been reported to be dissimilar FSW processed with other materials.

In this study, the dissimilar friction stir butt welding was carried out between the UFGed 1050 Al
and 6061-T6 aluminum alloys in order to expand the application of UFGed materials. After welding,
the microstructure and mechanical properties of the joints were characterized and discussed.

2. Materials and Methods

In this study, the dissimilar FSW was performed between 2 mm thick UFGed 1050 Al and
commercial 6061-T6 Al alloy plates. The UFGed 1050 Al alloy plates were fabricated by the ARB
process after 5 cycles. The 6061-T6 Al alloy has a yielding strength of about 266 MPa and the UFGed
1050 Al has a yielding strength of about 200 MPa, much higher than the 75 MPa of coarse grained
1050 Al alloys. Prior to the dissimilar FSW, the two kinds of Al plates were cleaned with acetone
to remove any impurities on the surface such as dirt and oil. To optimize the welding conditions,
the UFGed Al plates were separately placed on the advancing side (AS) and retreating side (RS).
The rotating tools were made of tool steel, which had a concave-shaped shoulder geometry with a
diameter of 12 mm and a threaded probe with a diameter of 4 mm and a length of 1.8 mm. The tool
axis was tilted by 3◦ with respect to the normal direction of the sample surface. During welding,
the rotating tool exactly penetrated into the butt interface between the two dissimilar materials at a
speed of 0.5 mm/s. After the shoulder of the tool touched the plate surface, the tool started to travel

84



Metals 2016, 6, 249

along the butt interface and left a weld seam behind. The welding was carried out at a constant load
of 8000 kN and a constant rotation speed of 800 rpm, while the welding speed was varied at 400,
600, 800 and 1000 mm/min, corresponding to the revolutionary pitch (welding speed/rotation speed)
of 0.5, 0.75, 1 and 1.25 mm/rev, respectively.

After welding, optical microscopy (OM, Olympus Microscopy, Tokyo, Japan, BX51M) and
scanning electronic microscopy (SEM, JEOL Microscopy, Osaka, Japan, JEOL-7001FA) with an electron
backscattered diffraction (EBSD, TSL Solutions, Tokyo, Japan) system were used to characterize the
microstructure of the joints. For the OM observations, the specimens were first mechanically polished
and then chemically etched with Keller’s reagent. The specimens for the EBSD measurement were
electro-polished using a solution of HNO3:CH4O = 3:7 at 15 V and −30 ◦C. The Vickers micro-hardness
tests on the cross-sectional plane of the joints were carried out at an interval of 0.5 mm using a testing
machine (AAV500, Akashi, Tokyo, Japan). The tensile tests of the joints were carried out using a testing
machine (5500, Instron, Norwood, MA, USA) with a cross-head speed of 1 mm/min.

3. Results and Discussion

Figure 1 shows the microstructure of the two types of base metals. The UFGed 1050 aluminum
alloys have a lamellar structure with an average lamellar width of about 300 nm as shown in Figure 1a,
which is the typical microstructure of the ARB processed materials. These lamellar shaped grains
normally have a boundary spacing or grain width much smaller than 1 μm. In addition, the elongated
grains in the ARB processed materials are generally surrounded by high angle boundaries, a grain
misorientation angle larger than 15◦, and high fraction of high angle boundaries of more than 70%.
The 6061-T6 aluminum alloys have a coarse equiaxial grain structure with an average grain size of
about 18 μm as shown in Figure 1b. As a typical precipitate hardened aluminum alloy, the mechanical
properties of the 6061 Al alloy slightly depend on the grain size of the alloy, but are strongly dominated
by the volume fraction, size and distribution of the strengthening precipitates. The 6061 alloy under
T6 heat treatment consists of a high density of needle-shape precipitates and a low density of β-Mg2Si
precipitates [25].

 
Figure 1. The microstructure of the base metal of (a) ultrafine grained (UFGed) 1050 aluminum
and (b) 6061-T6 aluminum alloys.

Figure 2 is the photos of the samples produced by FSW at different revolutionary pitches, in which
the UFGed 1050 and 6061-T6 aluminum plates were placed on the AS and RS side, respectively. It was
found that the dissimilar FSW between these two materials could never been successful. During every
welding process, a large defect was formed in the UFGed 1050 aluminum plates and the defect became
larger when decreasing the welding speed, as shown in the figures. It was noted that the dissimilar
FSW between two aluminum alloys might be difficult since they have quite different deformation
characteristics at high temperature. Because the rotating tool on the AS shows the same direction
of self-rotation and traveling along the butt interface, the material in the AS generally experiences a
higher strain rate and higher temperature than that in the RS [26,27]. Therefore, the materials with a
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low melting point are usually placed on the RS during the dissimilar welding process between two
materials with quite different melting points, for example, dissimilar FSW between aluminum and
steel alloys [28,29]. Sometimes the rotating tool also needs to be offset from the butt interface toward
the lower melting temperature materials in order to prevent tool wear or overheating of the lower
melting materials. In this study, although the 1050 and 6061 aluminum alloys had very similar melting
points, the UFGed 1050 aluminum had a very unstable microstructure, which easily resulted in the
dynamic recrystallization and subsequent grain growth at elevated temperature during the welding
process. When the UFGed 1050 Al plate was placed on the AS, the materials became very soft and
would flow into the RS with the rotation of the tool. However, the 6061 Al on the RS was still hard to
be plasticized due to the relatively lower temperature and strain rate. The softened 1050 Al could not
be stirred into the 6061 Al on the RS and finally was extruded outside stir zone. As a result, a defect
was formed on the AS due to the insufficient amount of the materials. Therefore, placing the UFGed
materials on the AS was not suitable for the dissimilar FSW in this study.

 
Figure 2. Photo showing the appearance of the dissimilar friction stir welding (FSW) joints with UFGed
1050Al on the advancing side (AS) and 6061-T6 on the retreating side (RS) produced at a revolutionary
pitch of (a) 0.75 mm/rev; and (b) 1 mm/rev.

Figure 3 shows photos of the samples produced at different welding speeds, in which the UFGed
1050 Al and 6061-T6 Al alloys were placed on the RS and AS, respectively. The welding was successfully
done at the wide revolutionary pitches from 0.5 to 1.25 mm/rev and no obvious defects could be
observed based on the appearance of the joints as shown in Figure 3a,b. However, it was found that
at a larger revolutionary pitch of speed of 1 or 1.25 mm/rev, the width of the welding seam became
smaller and smaller with the increasing welding distance. It was proposed that the heat input was
not sufficient at the higher welding speed during welding process, and the rotating tool could not
penetrate deep enough to make the tool shoulder touch the sample surface completely. As a result, a
lack of contact between the tool shoulder and the surface of the work-piece was formed, as shown by
the arrow in Figure 3d. Due to the very different material flow of the two materials, the interface could
still be observed on the surface of the joint centerline. At the lower revolutionary pitch of less than
0.75 mm/rev, the welding process became very stable and a homogeneous welding seam was obtained,
except that a slightly more flash formed on the retreating side of the joint welded at a revolutionary
pitch of 0.5 mm/rev. It was revealed that the FSW of dissimilar aluminum alloys should be conducted
with suitable locations and in this study the UFGed aluminum plates should be put on the RS.
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Figure 3. Photo showing the appearance of the dissimilar FSW joints with UFGed 1050Al on
the RS side and 6061-T6 on the AS produced at a revolutionary pitch of (a) 0.5; (b) 0.75; (c) 1;
and (d) 1.25 mm/rev.

Figure 4 shows the cross-sectional macrostructure of the dissimilar FSW joints between the
UFGed 1050 Al and 6061-T6 Al alloy plates, which were obtained at different revolutionary pitches
ranging from 0.5 to 1.25 mm/rev. Since the 6061-T6 Al alloy was etched black using Keller’s
reagent, the interface and mixing status of the two materials could be readily discerned in the joints.
The entire stir zone of the FSW joint consists of the shoulder-affected zone and probe-affected zone.
The shoulder affected zone becomes larger at higher rotation speed or lower welding speed, while the
probe affected zone shows less sensitive to the welding condition. This has been recently confirmed by
the investigation with an adjustable rotating tool [30]. As a result, a crown-like stir zone is generally
formed along the transverse direction, especially for thin plates like in this study. It can be found that
the area of the stir zone became larger with the decreasing welding speed for all the samples. At higher
revolutionary pitch of 1 and 1.25 mm/rev, the bending of the interface between the alternative layers
of the aluminum sheets was observed in the UFGed 1050 Al side near the stir zone as shown by the
arrow in Figure 4c. Generally, a well chemically etched cross-section of the friction stir weld reveals an
onion-ring structure in the stir zone with a round flow pattern formed by bright and dark lamellae
in the dissimilar aluminum joints [31,32]. However, in this study the round flow pattern containing
bright and dark lamellae was not observed in the stir zone, probably due to the relatively smaller
thickness of the plates. In contrast, roughly two kinds of mixing types could be classified. One was the
mixing of dissimilar materials caused by the lower heat input at the high revolutionary pitches of 1 and
1.25 mm/rev. In this case, the size of the stir zone was small and only several prismatic blocks of
the 6061 alloy were found in the stir zone. Most of the stir zone was composed of the 1050 Al alloys
probably due to its lower viscosity than 6061 alloy at high temperature. In addition, the TMAZ/SZ
boundary close to the 6061 Al side was very sharp and nearly vertical, which indicated that the
probe-affected zone was very limited due to the fast traveling speed. The other kind of mixing was
caused by the higher heat input at the lower revolutionary pitches of 0.75 and 0.5 mm/rev. The shoulder
affected zone became much larger and expand downward to the probe affect zone. The material flow
of the two materials in the stir zone was stronger and the boundary between the TMAZ/SZ near the
6061-T6 Al side declined more to the base metal. As a result, more material of the 6061-T6 Al alloy
was plastically deformed and pushed into the stir zone. Especially, at the low revolutionary pitch
of 0.5 m/rev, the two materials could not be easily discerned any more in the stir zone due to the
severe mechanical mixing by the rotating tool.
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Figure 4. Optical microscopy (OM) images showing the cross-sectional macrostructure of the UFGed
1050/6061-T6 Al alloys dissimilar FSW joints produced at the different revolutionary pitches of (a) 0.5;
(b) 0.75; (c) 1; and (d) 1.25 mm/rev.

Figure 5 shows the enlarged OM images of the stir zone of the dissimilar FSW joints produced at
the different welding speeds. In all the figures except for Figure 5d, the white and black areas indicated
the 1050 Al and the 6061 Al alloys, respectively. As shown in Figure 4, only several large blocks of the
6061 Al alloys were mixed in the stir zone at the high welding speed. Figure 5a,b show the boundary
between the 6061 Al blocks and the surrounding 1050 Al produced at the revolutionary pitches of
1.25 and 1 mm/rev, respectively. A couple of small welding defects could be distinguished at the
corner of the 6061-T6 region. The formation of the defects might be caused by the insufficient plastic
deformation at the lower heat input. In addition, it is interesting to note that deformed UFGed 1050 Al
layers were observed to be mixed in the region of the 6061-T6 aluminum alloy. In most of the large
6061-T6 blocks, a large number of small segments of white color, which corresponded to the 1050 Al
alloy were observed. However, the 6061-T6 aluminum materials were never found to be distributed
inside the 1050 Al area. When the revolutionary pitch decreased to 0.75 mm/rev, the mixing of the two
materials became much stronger. However, large stripe-like areas of the two different materials were
still alternatively distributed together as shown in Figure 5c. When the revolutionary pitch further
decreased to 0.5 mm/rev, the mixing became quite complete and the two different materials could not
be easily discerned under by OM observation, as shown in Figure 5d.

 

Figure 5. OM images showing the microstructure of the stir zone of the dissimilar FSW joints obtained
at the different revolutionary pitches of (a) 1.25; (b) 1; (c) 0.75; and (d) 0.5 mm/rev.
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To reveal how the two materials were mixed in the stir zone, SEM observations of the
cross-sectional microstructure of the joints were carried out. As a typical example, Figure 6 shows the
microstructure of the joints produced at a revolutionary pitch of 0.75 mm/rev. In most parts of the
area it showed a very high density of white particles, while in the other parts particles were hardly
observed. From the element mapping by Energy Dispersive X-ray Spectroscopy EDS measurement as
shown in Figure 7, the particles were confirmed to be the Mg2Si phase. The coarsening of the Mg2Si
particles in the 6061 Al alloy area due to the quite high heat input generated during the FSW process,
was also observed in the FSW of similar 6xxx aluminum alloys [33]. The distribution of particles in the
6061-T6 Al alloy made it easy to be distinguished from the area of the 1050 Al, which contained no
particles. The 1050 Al part was like a long stripe with a width of about 10 μm in the mixture of the
two materials, which was very likely caused by the flow stress during welding. Figure 6b shows the
boundary between the 6061 and 1050 Al alloys. The Mg2Si particles were found distributed on the
boundary, which played a role in pinning of the migration of the grain boundary during the welding
process. In addition, sub-grains with the average size of several nanometers were formed inside the
6061 Al grains, which were also found in the dissimilar friction stir spot welding between UFGed 1050
and 6061-T6 Al alloys [24].

 
Figure 6. SEM (scanning electronic microscopy) images showing the mixing of the two kinds of
aluminum alloys in the stir zone. (a) Alternative layered structure of the two materials; (b) interfacial
microstructure between the UFGed 1050/6061-T6 aluminum alloys.

 
Figure 7. The EDS mapping showing the Mg2Si particles distributed in the area of the 6061 Al alloy.
(a) SEM image and corresponding distribution of (b) Mg; (c) Al; and (d) Si elements.
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Figure 8 shows the EBSD maps measured in the mixed area of the stir zone, in which only the
high angle boundary larger than 15◦ was plotted. The black area in the maps indicated the distribution
of the coarsened Mg2Si precipitates due to the generated Kikuchi pattern with a low confidence index
(CI) value. Figure 8a shows the EBSD-IPF map of the mixed area in the stir zone of the joint produced
at a revolutionary pitch of 0.75 mm/rev. An obvious bimodal structure containing two types of grains
with quite different grain size could be observed. One type of grain structure had a larger average
grain size of about 2.6 μm, while the other type of grain structure had a smaller average grain size of
about 1.1 μm. Figure 8b shows the corresponding image quality (IQ) map, in which the matrix of the
6061 Al alloy contains additional elements like Mg and Cu and therefore its crystalline lattice deviated
from that of the pure Al. Another reason for the low IQ value of the 6061 Al region might be caused
by the formation of a high density of subgrain, in which the density of dislocation might be higher.
Therefore, the area with the larger grain size corresponded to the 1050 Al alloys, while the area with
the smaller grain size corresponded to the 6061 Al alloys. Figure 8c,d shows the IPF and IQ map of
the joint produced at a revolutionary pitch of 0.5 mm/rev, when a higher heat was generated during
welding. The mixing of the two materials became stronger; however, it still can be distinguished due
to their quite different grain size and IQ value. In this case, the average grain size of the 1050 Al
and 6061 Al were 4.5 and 1.5 μm, respectively. With the increase in the heat input during welding,
the grain growth of the 1050 Al increases faster than that of the 6061 Al alloys.

 

Figure 8. Electron backscattered diffraction (EBSD) map showing the microstructure of the stir zone
of the dissimilar FSW joint produced at the revolutionary pitches of (a) and (b) 0.75 mm/rev; (c) and
(d) 0.5 mm/rev.

It is interesting to note that in the stir zone the 1050 Al showed an average grain size quite larger
than 300 nm of the BM, while the 6061 Al showed a fairly refined microstructure compared with
that 18 μm of the BM. In addition, both 1050 Al and 6061Al had equiaxial grain structure and large
fraction of high angle grain boundary, indicating the occurrence of dynamic recrystallization. Because
FSW is a kind of high strain rate plastic deformation at high temperature, the evolution of the grain
structure in the stir zone during the FSW strongly depends on the initial microstructure such as the
grain boundary structure, grain size, dislocation density, etc., of the base metal [34]. Usually, when
the FSW process is applied to the conventional metals or alloys, a very refined microstructure will be
formed in the stir zone of the joints. The grain refinement process is generally believed to be driven
by the grain subdivision or the continuous dynamic recrystallization, termed geometric dynamic
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recrystallization which was first recognized by Humphreys and McQeen [35–37]. The continuous
dynamic recrystallization is characterized by a strain-induced progressive rotation of the subgrains
with little boundary migration during the FSW process and is prone to occur at grain boundary in
aluminum alloys with a high level of solute like Mg and Zn, by progressive lattice rotation.

The pure Al alloy has a high stacking fault energy and the UFGed 1050 Al produced by the SPD
process generally showed a fairly unstable microstructure upon heat treatment. That is because unlike
conventional metals or alloys, the as-ARB processed materials contain a large quantity of vacancies
and dislocations generated by the severe plastic deformation. Therefore, the UFGed alloys are very
likely to be structurally recovered at a relatively low temperature to decrease the defect density within
the grains. At the same time, continuous grain growth took place and the mean grain size increased.
Similarly, during the dissimilar FSW process in this study, the area of the 1050 Al showed a fairly
coarse grain structure, which resulted in an obvious hardness reduction in the stir zone.

Figure 9 shows the microhardness profile for the dissimilar FSW joints produced at different
welding speeds. The variation in the hardness value corresponded to the typical microstructural zones.
For all the specimens, the base metal of both the UFGed 1050 and 6061-T6 Al alloys showed the highest
value. From the BM to HAZ, a gradual decrease in microhardness was observed for both materials.
For the 6061-T6 alloy, the decrease was due to the accelerated solid solution of precipitates and the
simultaneous occurrence of coarsening of particles caused by the weld thermal cycles. However, the
stir zone also showed some regions with a high hardness value similar to that of the base metal, which
was caused by the significantly refined grain size, while in the UFG 1050 Al side, the decrease in the
hardness was mainly caused by the grain growth and the dislocation density.

Figure 9. Hardness profile along center line of the cross-sectional plane of the dissimilar FSW joints
produced at various welding speeds.

Figure 10 shows the tensile strain-stress curves of the specimens produced at different welding
speed. For the specimens produced at the revolutionary pitches of 1.25 and 1 mm/rev, both the tensile
strength and elongation were lower than the other specimens produced at the smaller revolutionary
pitches. It is proposed that the mixing of the two materials was not sufficient and several large blocks
of different materials were formed in the stir zone. In addition, a couple of defects with several
micrometers in size were found at the corner of the 6061-T6 aluminum block that may more or less
decrease the strength of the joints. When the revolutionary pitch decreased to 0.75 or 0.5 mm/rev,
the high heat input enhanced the plastic deformation and therefore led to further mixing of the two
materials in the stir zone. The microstructure of the stir zone also became more homogeneous. As a
result, the tensile strength and elongation increased to about 110 MPa and 13% for the sample welded
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at 0.75 mm/rev and 110 MPa and 22.5% for the sample welded at 0.5 mm/rev. The largest joint efficient
was therefore about 55% with respect to the UFG 1050 Al base metal. However, the joints strength
was still much larger than the ultimate strength of the commercial coarse grain structured 1050 Al
alloy. However, too much heat input in the joints produced at 0.5 mm/rev resulted in serious grain
growth of both materials, especially the 1050 Al alloy parts. The tensile strength slightly decreased
again, however, with compensation of a much increased elongation.

  

Figure 10. (a) Tensile strain-stress curves of the dissimilar FSW joints produced at different welding
speeds; and (b) photo of the fractured specimens after the tensile tests.

From the photos showing the appearance of the fractured tensile specimen, the joints produced at
high welding speeds showed a brittle fracture, and even some irregular zigzag edges near the fracture
plane could be found. In contrast, the joints produced at a revolutionary pitch of 0.5 mm/rev showed
obvious necking near the fractured plane, indicative of ductile failure of the specimen.

Figure 11 shows the morphologies of the fracture plane after tensile testing of the dissimilar FSW
joints produced at 1 and 0.5 mm/rev, corresponding to the brittle and ductile kinds of fracture mode.
For the specimen produced at 1 mm/rev, several irregular fractured planes were observed as shown in
Figure 11a. Some dimple patterns could be found in some of the fracture planes, while some other
planes showed tearing of the specimens. For the specimen produced at a welding speed of 0.5 mm/rev,
the fracture plane had typical dimple patterns as shown in Figure 11b, indicating ductile failure of
the specimen.

 

Figure 11. SEM images showing the morphologies of the fractured surfaces of the joints produced at a
revolutionary pitch of (a) 1; and (b) 0.5 mm/rev.

4. Conclusions

The dissimilar FSW the UFGed 1050 Al to 6061-T6 alloy was successfully performed at the wide
revolutionary pitches from 0.5 to 1.25 mm/min; however, this took place only when the 6061-T6 Al
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alloy was put on the AS. Otherwise, sound welds could not be obtained due to the large defects formed
in the softened 1050 Al side.

The size of the stir zone became larger with the decrease in the revolutionary pitch and the mixing
between the two dissimilar Al alloys became much more homogeneous. However, in the entire stir
zone of the dissimilar FSW, it was found that the 1050 Al was mixed into the 6061 side. However,
no 6061 Al was mixed into the 1050 Al area.

In the stir zone, the two dissimilar Al alloys could still be distinguished. The nano-sized lamellar
structure of the UFGed 1050 Al alloy could not be distinguished any more. Finally, the 1050 Al showed
dynamic recrystallization and had an average grain size larger than that of the 6061 Al alloy.

All the dissimilar joints fractured in the stir zone during the tensile tests. For the joints produced at
1.25 and 1 mm/rev, the fracture strength was low and showed the brittle fracture mode. In contrast, the
joints produced at 0.75 and 0.5 mm/rev showed a higher tensile strength and large plastic elongation.
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Abstract: Nowadays, environmental impact, safety and fuel efficiency are fundamental issues for
the automotive industry. These objectives are met by using a combination of different types of
steels in the auto bodies. Therefore, it is important to have an understanding of how dissimilar
materials behave when they are welded. This paper presents the process parameters’ optimization
procedure of fiber laser welded dissimilar high strength low alloy (HSLA) and martensitic steel
(MART) steel using a Taguchi approach. The influence of laser power, welding speed and focal
position on the mechanical and microstructural properties of the joints was determined. The optimum
parameters for the maximum tensile load-minimum heat input were predicted, and the individual
significance of parameters on the response was evaluated by ANOVA results. The optimum levels of
the process parameters were defined. Furthermore, microstructural examination and microhardness
measurements of the selected welds were conducted. The samples of the dissimilar joints showed a
remarkable microstructural change from nearly fully martensitic in the weld bead to the unchanged
microstructure in the base metals. The heat affected zone (HAZ) region of joints was divided into
five subzones. The fusion zone resulted in an important hardness increase, but the formation of a soft
zone in the HAZ region.

Keywords: laser welding; dissimilar weld; parameter optimization; microstructural examination

1. Introduction

The automotive sector is focused on developing and manufacturing fuel saving, higher safety
vehicles with cost efficient methods. This will be achieved through proper design and using lighter and
stronger materials on the auto body parts. Therefore the utilization of advanced high-strength steels
(AHSS) is widespread. Due to the higher strength and good formability properties, AHSS can replace
conventional thicker materials used in vehicle bodies without comprising crashworthiness. Dual phase
(DP), complex phase (CP), martensitic steel (MART) and transformation-induced plasticity (TRIP)
steels are the most common types of the AHSS [1]. Among these AHSS types, MART steel is one of the
strongest cold-rolled AHSS on the market and has become the preferred material for automotive body
applications, such as side impact beams, bumpers and structural components. Although using AHSS
steels in the automobile structure is increasing, due to specific mechanical properties, high strength
low alloy (HSLA) steel is still mainly used for structural parts, such as cross members, longitudinal
beams, chassis components, etc. [2].

Welding is one of the most used and essential joining technique in the fabrication of the auto body
and plays a significant role in assessing the final mechanical and metallurgical properties of the joined
parts [3]. Due to much superiority over conventional welding methods, such as non-contact and single
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side access welding, low process cost and suitability of automation, laser welding is becoming an
attractive and economically advantageous joining technique in the automotive industry [4]. Joints
of dissimilar steel combinations in auto body structures are widely utilized for several applications
requiring a special combination of properties besides cost saving and weight reduction. However,
due to different metallurgical, thermal and physical properties of the materials, dissimilar material
welding is more challenging than similar materials welding. Due to low and concentrated heat input
and high speed properties, laser welding has also advantages on joining dissimilar materials over
other conventional methods [5]. Thus, reduced distortion and a narrower heat affected zone (HAZ)
with limited microstructural changes can be obtained.

There are several studies in the literature concerning the laser welding of similar or dissimilar
DP and HSLA steels. Saha et al. [2] examined the mechanical and microstructural properties of laser
welded DP980 and HSLA steel sheets. They stated that the tensile strength of the dissimilar welds
was lower than DP welds. Xu et al. [6] investigated microstructural and mechanical properties, and
Parkes et al. [7] reported the fatigue properties of laser welded DP and HSLA joints with varying weld
geometries. Parkes et al. [8] evaluated the tensile properties of laser welded HSLA and DP steels at
cryogenic, room and elevated temperatures. They reported that with the temperature increase, the
tensile properties were decreased. In addition, several research works investigated laser welding
of higher degree DP steels and AHSS. Wang et al. [9,10] investigated the effect of energy input and
softening mechanism on the laser butt welded DP1000 steel. They found that the weld bead width and
softening zone width become narrowed at lower energy input levels. Additionally, the mechanical
properties were increased. The study of Rossini et al. [11], concerned with laser welding of dissimilar
AHSS types, has shown that a fully martensitic microstructure was present in the 22MnB5, DP and
TRIP steels close to the fusion zone (FZ), while mainly tempered martensite and ferrite zones were
close to the base metal.

Although there are many research works about laser welding of DP and HSLA steels, only limited
work has been reported on the laser welding of MART steels. Nemecek et al. [12] compared the
microstructural and mechanical properties of MART steel joints made by laser and metal active gas
(MAG) welding. They stated that the strength of the laser welded joints was higher than arc welding,
and the HAZ width and grain coarsening in the HAZ were minimal. Zhao et al. [13] investigated the
effect of welding speed on weld bead geometry and the tensile properties of the laser welded MART
steel. They observed that, due to the fast cooling rate, the FZ of the joints contained predominantly
martensite. Furthermore, the tensile load gradually increased with decreasing welding speed.

Due to welding process parameters directly affecting the quality of the weld joints, it is necessary
to work in the suitable range. However, defining the suitable parameters to obtain the required quality
welded joints is a time-consuming process. Several optimization methods are utilized in order to solve
this problem. The Taguchi method is one of the most common design of experiment (DOE) techniques
that allows the analysis of experiments with the minimum number [14,15]. In the literature, several
researchers have used DOE methods to optimize quality characteristics in laser welding parameters.
Benyounis and Olabi [16] have presented a review of the application of optimization techniques
in several welding processes. Anawa and Olabi [17] used the Taguchi method for the purpose of
increasing the productivity and decreasing the operation cost of laser welding ferritic-austenitic steel
sheets. Another study of the authors [18] analyzed the optimized shape of dissimilar laser welded
joints and fusion zone area depending the process parameters. Sathiya et al. [19] carried out the Taguchi
method and desirability analysis to relate the parameters to the weld bead dimension and the tensile
strength of the joints with various shielding gasses. Fiber laser welding has demonstrated its capability
of welding dissimilar steel joint with and without the help of a synergic power source like the arc [20].
Acherjee et al. [21] used Taguchi, response surface methodology (RSM) and desirability function
analyses in laser transmission welding, and they investigated the optimal parameter combination for
the joint quality.
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In addition to these studies, several researchers used other DOE methods to investigate the
effect of laser parameters on the mechanical properties and bead geometries of laser welded joints.
Benyounis et al. [22] examined the influence of process parameters on the weld bead geometry.
They stated that weld bead dimensions were affected by the level of heat input. Ruggiero et al. [23] and
Olabi et al. [24] showed the effects of the process parameters on the weld geometry and operating cost
for austenitic steel and low carbon steel. The authors developed models and stated that, in terms of
weld bead dimensions, the most influential parameter was welding speed. Reisgen et al. [25] optimized
the parameters of the laser welded DP and TRIP steels to obtain the highest mechanical strength and
minimum operation costs. Zhao et al. [26] investigated the effects of prescribed gap and laser welding
parameters on the weld bead profile of galvanized steel sheets in a lap joint format and developed
regression models. Benyounis et al. [27] reported the multi-response optimization of laser welded
austenitic stainless steel. They developed mathematical models and established relationships between
process parameters and responses, such as cost, tensile and impact strength.

As a result of the literature review, laser power, welding speed and focal position were found to be
the most important welding parameters for welded joints’ quality and mechanical performance. Due to
the mechanical properties, especially tensile strength, being dependent on the weld bead geometry,
heat input comes to the fore [19]. Although various studies examined the influence of laser parameters
on the weld quality of dissimilar HSLA and DP steel joints, the information on fiber laser welding of
dissimilar HSLA and MART steel sheets is still not quite clear. Whereas, resolving the issue of reducing
vehicle mass while improving crash safety, the use of AHSS and HSLA is increasing. It is essential
to investigate the effect of laser welding process parameters on the mechanical performance and
quality of these steel types. Therefore, the aim of this work was to evaluate the effects of laser welding
parameters of laser power, welding speed and focal position on the response, which was a proportional
combination of tensile load (TL) and heat input (HI) using the Taguchi method. In this way, we will be
able to find the optimal welding parameters that would maximize TL, while minimizing the HI of the
fiber laser welded dissimilar HSLA and MART steel joints. In addition, for the selected samples, the
microstructural and microhardness examinations were discussed.

2. Experimental Details

In this study, all experiments were carried out on 1.5 mm-thick cold rolled MART and HSLA steel
sheets. The mechanical and chemical properties of the materials are shown in Table 1 [28]. The steel
sheets were sheared into 250 mm × 80 mm coupons, which had the sheared edges placed together for
running welds in butt joint configuration to make 250 mm × 160 mm, as shown in Figure 1a.

Table 1. Mechanical properties and chemical composition of the steels.

Material C Si Mn P S Al
Nb +

Ti
Yield Strength

(MPa)
Ultimate

Strength (MPa)
Elongation

(min %)

Docol
1200M 0.14 0.4 2.0 0.02 0.01 0.015 0.1 950 1200–1400 3

HSLA * 0.1 0.5 1.8 0.025 0.025 0.015 0.15 500 570–710 14

* HSLA: high strength low alloy.

The IPG ytterbium fiber laser attached to a Kuka robotic arm was used for welding experiments.
The maximum power of the laser was 3 kW, and the wavelength was 1070 nm. The laser transmitted
through the fiber optic cables and then came to a welding head. The fiber laser had a fiber core diameter
of 0.2 mm with a laser beam spot diameter of 0.6 mm. The focal length was 300 mm. During the fiber
laser welding process, no shielding gas was used.
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Figure 1. (a) Schematic illustration of the fiber laser welded steel sheets; (b) dimensions of the tensile
test specimens. MART, martensitic steel.

In this study, for optimizing the process parameters, the Taguchi method was used. The parameter
design is the key step in this method to achieving high quality without increasing cost. Firstly, a suitable
orthogonal array should be selected depending on the total degree of freedom (DOF), which can be
calculated by summing the individual DOF of each process parameter. The DOF for each parameter is
the number of parameter levels minus 1. Then, the experiments were run based on the orthogonal
array, analyzing the data and identifying the optimum parameters and, finally, if necessary, conducting
confirmation trials with the optimal levels of the parameters. In this study, experiments were designed
using an L25 orthogonal array, which means 25 rows and three columns. Five levels were considered
for each of the three process parameters, which were laser power, welding speed and focal position.
The levels of the parameters were chosen based on previous works in the literature and considering
the laser system capabilities. Furthermore, trial experiments were applied to determine the operating
range of each process parameter in order to produce an acceptable quality welding. The levels of the
process parameters are shown in Table 2. A negative defocus is obtained when the focal point position
is below the specimen surface.

Table 2. Laser welding process parameters and levels.

Variables Unit Symbol Level 1 Level 2 Level 3 Level 4 Level 5

Laser Power W P 1000 1250 1500 1750 2000
Welding Speed mm/s S 5 15 25 35 45
Focal Position mm F 0 −0.2 −0.4 −0.6 −0.8

In the data analysis, in order to evaluate the effect of the selected parameters on the response, the
signal-to-noise (S/N) ratios are calculated. In addition, S/N ratios are used to reduce the response
variability. In this work, the larger-the-better S/N ratio was chosen in order to maximize the responses.
The S/N ratio for the larger-the-better for the responses was calculated as follows:

S/N = −10log

(
1
n

n

∑
i=1

1
y2

i

)
(1)

where yi is the response data from the experiment for the i-th parameter and n is the number
of experiments. A higher S/N ratio indicates superior consideration for the optimal parameter
combination, since the major signal dominates the noise. Equation (2) is used to calculate the
parameter effects:

S/Ni,j =
1
n

n

∑
k=1

S/Nk (2)

where S/Ni,j is the average S/N value of the j-th level of the i-th parameter and n is the number of the
experiment, which includes the j-th level of the i-th parameter. Additionally, the S/Nk is the value of
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the k-th experiment S/N. Finally, a statistical analysis of variance (ANOVA) was used to indicate the
relative effect of each process parameter on the responses.

At the metallographic examination stage of the study, the samples were cut from the weld
cross-section using an electrical discharge cutting machine, then mounted in Bakelite, ground and
polished up to 0.25-μm diamond paste. Two different etching procedures were conducted to reveal the
grain boundaries and weld zone microstructure. In the first stage of the etching, 3% Nital solution
was used. Then, to reveal some microstructures, subsequently, tint etched using 10% Na2S2O5 was
performed. Then, samples were analyzed for microstructural changes and possible defects using an
optic microscope (OM, Nikon DIC, Tokyo, Japan) with the Clemex image analysis system and the
scanning electron microscope (SEM, Zeiss EVO 40 XVP, Oberkochen, Germany). Vickers microhardness
measurements (DUROLINE-M microhardness tester, Metkon, Turkey) were performed with a 200-g
load, and 10-s dwell time. Tensile samples were machined from the perpendicular to the welding
direction in accordance with ASTM, E8/E8M (Figure 1b). Tensile tests were performed using a
computerized tensile testing machine (UTEST-7014, Ankara, Turkey) using a constant crosshead speed
of 5 mm/min.

3. Results and Discussion

3.1. Optimization of the Process Parameters via the Taguchi Method

In this study, a Taguchi orthogonal array, which can handle five levels of the parameters with
three columns and 25 rows, was used. The parameter optimization procedure was done in order
to get a welded joint that has the maximum TL by minimizing the HI. HI plays a crucial role in the
quality of the joint and indirectly the operation cost. The weld joint quality can be defined as weld
bead geometry, mechanical properties and distortions [25]. Weld bead geometry, which means the
bead width and penetration depth, is an important physical characteristic of a weldment, especially
for dissimilar laser welding processes [19]. The appropriate weld bead geometry depends on the HI
rate [22]. A shallower and inadequate penetration depth is related to an insufficient HI rate. Thence,
the TL of the welded joint will decrease. However, a higher HI gives a slower cooling rate, and so,
in the HAZ, large grain sizes can have poor toughness and decrease in TL. Hence, HI and, consequently,
weld bead geometry affect the tensile strength of the joints [16,18]. Therefore, in this study, TL and HI
were evaluated together as a response variable. Due to the tensile strength being the most important
quality indicator of the welded joint, the effect ratio of the TL was determined to be higher, 60%.
In determining the effect ratio of the HI, operational cost and weld bead geometry were considered.
Namely, this ratio should not be too low because of the insufficient penetration, and also, it should not
be too high in terms of cost and decreased strength of the joint. Therefore, it was determined to be 40%.
In determining these effect ratios, they have also benefited from operational experience.

The TL of the laser welded joints was experimentally determined using tensile tests. At least three
different specimens’ tensile test results’ average were taken. Additionally, HI was calculated by the
laser power divided by the welding speed. Due to the scale of the values of TL and HI being different,
a normalization process was applied to these values. Equation (3) was used for the normalization of
the TL values.

Xn =
Xi

Xmax
(3)

where Xn is the normalized value, Xi is the value of the relevant row and Xmax is the maximum value.
Since the objective function was a combination of the TL and HI, it is necessary to express it in the
same form. Therefore, before applying Equation (3), the reciprocals of the HI values were taken using
Equation (4) to convert the values to the larger the better form.

Xp =
1
Xi

(4)
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where Xp is a pre-normalized value, which was used in Equation (1), and Xi is the HI value of the
relevant row.

The experimental layout for the process parameters, average TL, standard deviations (SD),
HI values and normalized values are shown in Table 3. The S/N ratios for the response were calculated.
The response column represents the sum of 60% normalized TL and 40% normalized HI. The S/N
ratios of the process parameters were calculated by using Equation (2), and the effect of each parameter
level was determined. As can be seen in Table 4, welding speed was the most important parameter for
the response. Laser power and focal position followed this parameter, respectively.

Table 3. Design matrix with experimental results. TL, tensile load; HI, heat input.

Exp.
No.

Parameters Outputs and Calculations

Response S/N
Ratio

Power
(W)

Speed
(mm/s)

Focal
(mm)

TL
(kN)

SD
Normalized

TL
HI

(J/mm)
Normalized

HI

1 1000 5 0 5.92 0.04 0.995 200.000 0.111 0.642 −3.849
2 1000 15 −0.2 5.49 0.05 0.923 66.667 0.333 0.687 −3.260
3 1000 25 −0.4 4.61 0.22 0.775 40.000 0.556 0.687 −3.260
4 1000 35 −0.6 3.43 0.11 0.578 28.571 0.778 0.658 −3.635
5 1000 45 −0.8 3.18 0.20 0.534 22.222 1.000 0.720 −2.853
6 1250 5 −0.2 5.88 0.02 0.990 250.000 0.089 0.629 −4.026
7 1250 15 −0.4 5.82 0.06 0.978 83.333 0.267 0.694 −3.172
8 1250 25 −0.6 5.32 0.08 0.894 50.000 0.444 0.714 −2.926
9 1250 35 −0.8 4.44 0.08 0.746 35.714 0.622 0.697 −3.135
10 1250 45 0 3.71 0.14 0.625 27.778 0.800 0.695 −3.160
11 1500 5 −0.4 5.73 0.04 0.964 300.000 0.074 0.608 −4.321
12 1500 15 −0.6 5.93 0.05 0.997 100.000 0.222 0.687 −3.260
13 1500 25 −0.8 5.93 0.06 0.997 60.000 0.370 0.746 −2.545
14 1500 35 0 5.82 0.00 0.979 42.857 0.519 0.795 −1.992
15 1500 45 −0.2 4.30 0.10 0.723 33.333 0.667 0.701 −3.085
16 1750 5 −0.6 5.52 0.06 0.929 350.000 0.063 0.583 −4.686
17 1750 15 −0.8 5.90 0.02 0.992 116.667 0.190 0.671 −3.465
18 1750 25 0 5.79 0.10 0.974 70.000 0.317 0.712 −2.950
19 1750 35 −0.2 5.87 0.02 0.987 50.000 0.444 0.770 −2.270
20 1750 45 −0.4 5.95 0.01 1.000 38.889 0.571 0.829 −1.628
21 2000 5 −0.8 5.52 0.07 0.929 400.000 0.056 0.579 −4.746
22 2000 15 0 5.87 0.10 0.987 133.333 0.167 0.659 −3.622
23 2000 25 −0.2 5.58 0.08 0.938 80.000 0.278 0.674 −3.426
24 2000 35 −0.4 5.62 0.04 0.946 57.143 0.389 0.723 −2.817
25 2000 45 −0.6 5.67 0.05 0.953 44.444 0.500 0.772 −2.247

Table 4. Response table for the S/N ratios for the objective.

Level Laser Power Welding Speed Focal Position

1 −3.372 −4.326 −3.349
2 −3.284 −3.356 −3.351
3 −3.041 −3.022 −3.040
4 −3.000 −2.770 −3.214
5 −3.372 −2.595 −3.115

Delta 0.372 1.731 0.311
Rank 2 1 3

The S/N ratios’ main effect plot showed how each process parameter affects the response
characteristic. The means of the S/N ratios exhibit a good correlation with the main effects of the mean
of means (Figure 2). This result indicates that process parameters show higher mean values resulting
in higher variability. The response seems to be mainly affected by the process parameters, as shown in
Figure 2. It can be seen that the welding speed was the most important process parameter that affected
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the response. There was a small difference between laser power and focal position; while the focal
position plots showed the lowest effect on the response to those parameters.

 
(a) 

(b) 

Figure 2. Effects plots of (a) S/N ratios; and (b) mean of means for the response.

In this study, the optimal parameter combination was found to be 1750 W for laser power, 45 mm/s
for welding speed and −0.4 mm for the focal position. This parameter combination was Sample 20 in
the orthogonal array in Table 3; thus, no additional confirmation experiments were required.

3.2. Analysis of Variance

The order of importance of the parameters on the response was determined using ANOVA.
By comparing the estimation of the experimental errors against the mean square, ANOVA tests
the importance of all main factors and their interactions. In this study, The ANOVA shows that
for the response (maximum TL and minimum HI), welding speed has the greatest effect with a
contribution of 64.01 percent. Laser power and focal position effects were 5.60% and 2.82%, respectively
(Table 5). This result is compatible with Table 4, which is the response table for the S/N ratios. Due to
the interactions between the processes parameters not being defined, the residual error was large
in ANOVA.
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Table 5. Analyses of variance table for means.

Source
Degrees of

Freedom (DF)
Sum of Squares

(Seq SS)
Adjusted Mean

Squares (Adj MS)
F p Contribution

(%)

Laser Power 4 0.004975 0.001244 0.61 0.663 5.60
Welding Speed 4 0.056813 0.014203 6.97 0.004 64.01
Focal Position 4 0.002506 0.000627 0.31 0.867 2.82
Residual Error 12 0.024450 0.002038 27.55

Total 24 0.088745

3.3. Effects of Process Parameters on the Response

In this study, it was observed that welding speed was a significant parameter that affects the
response, which is maximum TL and minimum HI. Although the effect of laser power may seem quite
small in ANOVA results, it is an important process parameter due to the associated HI. The increase of
laser power causes more heat input. Under the high laser power, if the welding speed were not chosen
properly, the weld bead would be broadened and the surface quality of the weld decreased. Therefore,
the laser power and welding speed should be considered together to get good weld profiles and TL.
When the laser power was kept constant, with increasing welding speed, HI decreased. Due to weld
bead geometry related to the HI, weld bead width was increased with increasing HI. In all laser power
levels, when the speed was 5 mm/s, the beads were larger due to the excessive heat input (Figure 3a).
On the other side, when the speed was 45 mm/s, the beads were found to be narrower (Figure 3b).

 
(a) 

 
(b) 

Figure 3. Transverse sections of the joints using different heat inputs: (a) 300 J/mm, Sample 11;
(b) 44 J/mm, Sample 25.

As known weld bead dimensions directly affect the TL of the joints [25], at insufficient HI at
the low laser power levels or high welding speeds, adequate penetration did not occur, and the
TL of the joints was decreased. Besides, at excessive HI levels, the HAZ would be wider, and that
causes a decrease in TL. According to the tensile test results, the welding speed in the range between
35 mm/s and 45 mm/s would lead to minimum HI and acceptable TL for the joints. The focal position
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determines the laser spot size and consequently the power density on the surface, depending on the
optical path. In this study, the focal position has the lowest effect on the response. It is believed that
the level range of this parameter caused this situation due to the range of the spot diameters being
quite small.

3.4. Microstructure and Microhardness Evolution

The microstructural examination and microhardness evolution of the selected welds that have
the highest (Sample 20) and lowest (Sample 21) response values were discussed. Three different
zones, including FZ, HAZ and base metal (BM), were revealed by examining the selected sample’s
cross-sections. The BM of the HSLA consisted of a ferrite matrix with carbides dispersed in the grains
and at the grain boundaries (Figure 4a). As shown in Figure 4b, MART steels were comprised of
martensitic microstructures and a small proportion of ferritic and bainitic grains.

  
(a) 

  
(b) 

Figure 4. Optical micrograph and SEM views of the: (a) HSLA base metal (BM); (b) MART BM.

In the welding process, final microstructures are affected by peak temperature and the cooling rate
of the relevant zones, and carbon equivalent (CE) value resulted from the chemistry of the steels [29–32].
Although there are numerous formulae for calculating CE, Yurioka’s formula was used in this study
because of its suitability for C-Mn steels [33]. The CE values of steels were calculated using Yurioka’s
formula given by Equation (5) and shown in Table 6 [34,35]. The Ti element was considered as the Nb
element because of their similar effect on the steels’ hardenability.
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CE = C + f (C)
[

Si
24

+
Mn

6
+

Cu
15

+
Ni
20

+
(Cr + Mo + Nb + V)

5

]
(5)

where f (C) is the accommodation factor and is calculated as;

f (C) = 0.75 + 0.25tanh [20 (C − 0.12)] (6)

Table 6. The carbon equivalent (CE) values of the HSLA and MART steels. FZ, fusion zone.

Calculated Zone HSLA MART FZ

CE 0.330 0.453 0.391

The microstructure of the FZ of Sample 20, with a 0.391 CE value (average of MART and HSLA
steels), is predominantly martensite with a bainitic structure (Figure 5). With the effect of the heat
exchange gradient, in the vicinity of the fusion boundary, grains were elongated towards the weld
center. However, in the center of the FZ, equiaxed grains were observed (Figure 5a). Furthermore,
due to the lack of shielding gas, as a possible result of the diffusion of some elements, i.e., oxygen and
nitrogen from the air, it is thought to be some inclusions in the FZ, which were marked with yellow
arrows in Figure 5b.

  
(a) (b) 

Figure 5. (a) Optical micrograph; and (b) SEM micrograph showing the FZ of the Sample 20.

Weld zone microstructures of Sample 21, which have the highest heat input and, of course, slowest
cooling rate, are completely different from Sample 20 and not associated with the CE values due to
the slow cooling conditions. The FZ of Sample 21 consisted of ferritic microstructures with multiple
morphologies, e.g., grain boundary, acicular and Widmanstatten (Figure 6a). Due to the oriented
solidification and slow cooling rate, elongated and extremely coarse grains were revealed. In Figure 6b,
grain boundaries were dashed with yellow, which contain different ferritic structures. Acicular ferritic
microstructures can also be seen in Figure 6. The yellow arrows show the inclusions where acicular
ferrites nucleated (Figure 6c).
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(a) 

  
(b) (c) 

Figure 6. Detailed different magnifications of FZ microstructures of Sample 21: (a) FZ at ×100
magnification; (b) extremely coarse grains in FZ; and (c) inclusions in FZ.

The HAZ of Sample 20 can be divided into five subzones, namely partially molten zone (PMZ),
coarse-grained HAZ (CGHAZ), fine-grained (FGHAZ), inter-critical HAZ (ICHAZ) and sub-critical
HAZ (SCHAZ). Optical micrographs of these different subzones can be seen in Figures 7 and 8. In the
microstructural examinations, PMZ could not be observed. Both MART and HSLA steel, in CGHAZ,
consisted of martensitic-bainitic microstructure as a result of the transformation of coarsened austenite
grains (Figures 7a and 8a). While the CGHAZ of MART steel shows a higher proportion of martensitic
and lower proportion of bainitic microstructures, HSLA steel shows a higher proportion of bainitic
and lower proportion of martensitic microstructures. This can be attributed to the CE values of the
steels. A higher CE value promoted the formation of martensite, whereas a lower CE value promoted
bainitic structures. Although the FGHAZ of MART steel’s microstructure is similar to CGHAZ, but
consisted of finer grains, this zone could not be observed in HSLA steel. In the ICHAZ, where the
peak temperature is between A3 and A1, the partial transformation of ferrite to a mixture of ferrite and
austenite resulted in martensite islands between the fine-grained ferrite matrix and carbides in HSLA
steel (Figure 7b) [2]. Figure 7b shows a transition zone towards SCHAZ.
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(a) (b) (c) 

Figure 7. Detailed heat affected zone (HAZ) microstructures and subzones of the HSLA side of
Sample 20: (a) coarse-grained HAZ (CGHAZ); (b) inter-critical HAZ (ICHAZ); and (c) sub-critical
HAZ (SCHAZ).

 

  
(a) (b) 

  
(c) (d) 

Figure 8. Detailed HAZ microstructures and subzones of the MART side of Sample 20: (a) CGHAZ;
(b) fine-grained (FGHAZ); (c) ICHAZ; and (d) SCHAZ.
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The ICHAZ of MART steel exhibited a dual phase microstructure containing ferrite with fine and
well-dispersed martensite. In addition, some portion of the acicular ferritic microstructures can be
seen in Figure 8c. Since shielding gas was not used, nitrogen and oxygen absorption could promote
titanium base nitrides, carbo-nitrides and oxide inclusions where acicular ferrites can nucleate [2,36–38].
Furthermore, the slow cooling rate of this zone could induce ferritic structures to be formed. Figure 8d
shows the SCHAZ of MART steel. In this zone, tempered martensite and bainite formed due to
the lower peak temperature than A1. However, it is expected that the coarsening of the carbides
occurs in the HSLA side, and there is no difference identified metallographically. This can be related
to the thermal stability of the HSLA, which is greater than MART and, therefore, does not have a
microstructure that is distinct from its BM [2].

For Sample 21, the whole weld zone was roughly 11 mm, so only the micrographs of specific
zones are presented here. The CGHAZ of HSLA side of Sample 21 consisted of ferritic and bainitic
structures and it is shown with dashed lines. The FGHAZ of the HSLA side contains similar, but finer
grains with respect to CGHAZ (Figure 9b). Beside the FGHAZ, coarsening of the carbides occurred in
the HSLA side.

 
(a) 

 
(b) 

Figure 9. Microstructures of the HAZ zone for HSLA side of Sample 21: (a) CGHAZ and (b) FGHAZ.

In the CGHAZ and FGHAZ of the MART side of Sample 21, as a result of the higher CE,
coarse baiting, ferritic and martensitic microstructures were identified (Figure 10a,b). The ICHAZ,
in accordance with the Fe-Fe3C equilibrium diagram, consisted of fine ferritic structures with small
portions of pearlitic structures (Figure 10c). As expected, under the influence of a relatively high
temperature, which is in the range of martensite tempering temperatures, tempered martensite formed
in SCHAZ of the MART side (Figure 10d).

Microhardness measurements were conducted in the various zones of Samples 20 and 21.
The microhardness of the BM of the HSLA and MART steels was measured as 213 and 404 Vickers,
respectively. The hardness profile of the welded joint section varies significantly because of the phase
transformations during the thermal cycle of the welding process. Figure 11 shows the microhardness
map of Sample 20. Figure 11 also presents the microhardness profile across the mid-section of
the sample. Due to the rapid cooling of FZ, each material showed an increase in hardness of FZ
relative to BM. The average microhardness value in the FZ is 480 Vickers and varies across the section.
This fluctuation is attributed to the mixed microstructure of the FZ. Different hardness of the martensitic
and bainitic microstructures could cause the fluctuation of the hardness profile. In addition, various
morphologies (i.e., columnar and equiaxed) in FZ could be a reason for the various hardness. However,
some researchers have focused to determine an empirical formula for FZ hardness using CE values;
in the present study, the measured hardness of FZ is higher than the calculated values using the
mentioned formulas [31,36]. The calculated hardness values using the formulas given in the literature
are 434 HV and 365 HV. In all compared zones, MART steel exhibited higher hardness values due to
the higher CE value, which has a significant influence on the hardenability. While the hardness of the

107



Metals 2016, 6, 245

HSLA side exhibits a sharp increase through the HAZ up to the FZ, the MART side shows a softening
zone in HAZ. The continuous increase trend in the HSLA side was due to the ferritic microstructure of
HSLA steel. The tempering zone and ferritic/martensitic dual phase structures in MART steel caused
a decrease in hardness.

  
(a) (b) 

  
(c) (d) 

Figure 10. Detailed HAZ microstructures and subzones of the MART side of Sample 21: (a) CGHAZ;
(b) FGHAZ; (c) ICHAZ; and (d) SCHAZ.

Figure 11. Microhardness map and profile of Sample 20.
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The microhardness map and profile of Sample 21 can be seen in Figure 12. The highest and the
lowest microhardness values were measured in the BM of MART and HSLA, respectively. The highest
value is related to the predominantly martensitic microstructure of the BM of MART steel. Among
the weld zone of the MART steel, the ICHAZ showed the lowest microhardness corresponding with
the ferritic-pearlitic microstructure. The measured microhardness values through the FZ showed a
fluctuation, which can be a result of multiple morphologies of ferritic structures. In the HSLA side,
microhardness values showed a decreasing trend up to the BM.

Figure 12. Microhardness map and profile of Sample 21.

4. Conclusions

In this study, fiber laser welded dissimilar MART and HSLA steels have been evaluated with
respect to tensile properties, microstructure and hardness profile. As the first step of this study, the
process parameters of laser welded dissimilar steel joints have been optimized to maximize the TL and
minimize the HI of the welded joints using the Taguchi method. The order of importance of the process
parameters on the response was welding speed, laser power and focal position. The welding speed
was found to be the most effective process parameter, and its interaction with the laser power should
be monitored for the HI and TL of the joints. It was observed that, if the HI was not sufficient due to
high speed or low laser power, the weld bead geometry was not formed appropriately. In addition,
when applying excessive HI, the HAZ would be wider, and that causes a decrease in TL. The optimum
combination of laser welding process parameters was a welding speed of 45 mm/s, a laser power of
1750 W and the focal position of −0.4 mm.

In the second step, the microstructural examination and microhardness evolution of the selected
welds that have the highest and lowest response values were discussed. Weld zone microstructures of
selected samples were completely distinct due to the different HI and consequently not associated with
CE values due to slow cooling rates. The HAZ of the samples was divided into five subzones, namely
PMZ, CGHAZ, FGHAZ, ICHAZ and SCHAZ, due to the grain transformations. Due to the phase
transformations during the thermal cycle of the process, the hardness profile of the welded sections
varies significantly. Due to the rapid cooling of FZ, each sample showed an increase in hardness of FZ
relative to BM. While the hardness of the HSLA side exhibits a sharp increase through the HAZ up to
the FZ, the MART side shows a softening zone in HAZ.
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Abstract: Weld pores redistribution, the effectiveness of using tungsten inert gas (TIG) dressing to
remove weld pores, and changes in the mechanical properties due to the TIG dressing of Ti-3Al-2.5V
weldments were studied. Moreover, weld cracks due to pores were investigated. The results show
that weld pores less than 300 μm in size are redistributed or removed via remelting due to TIG
dressing. Regardless of the temperature condition, TIG dressing welding showed ductility, and there
was a loss of 7% tensile strength of the weldments. Additionally, it was considered that porosity
redistribution by TIG dressing was due to fluid flow during the remelting of the weld pool. Weld
cracks in titanium weldment create branch cracks around pores that propagate via the intragranular
fracture, and oxygen is dispersed around the pores. It is suggested that the pore locations around the
LBZ (local brittle zone) and stress concentration due to the pores have significant effects on crack
initiation and propagation.

Keywords: titanium welding; weld pores; cracks; TIG dressing; ductility

1. Introduction

High strength, low density, and excellent corrosion resistance are the main properties of titanium
that make it attractive for a variety of applications. A variety of welding methods have been used for
titanium alloys, and several studies of high-energy welding using lasers and new welding methods,
such as friction stir welding, have been conducted. The welding method most widely used in
industrial applications is the tungsten inert gas (TIG) welding process. The main advantages of
TIG, in comparison with other welding methods, are its cost-effectiveness, workability, and ease of use.
When a titanium alloy is welded using a fusion welding method such as TIG, the titanium alloy bonds
easily with oxygen, nitrogen, and carbon at temperatures over 500 ◦C, which results in a high degree of
brittleness. Therefore, the weldment needs to be protected or shielded from ambient air. The primary
precaution taken is shielding the metal from any contact with air, hydrogen, carbon compounds, or
other contaminants during the melting, solidification, and solid-state cooling processes associated with
fusion welding. To prevent contamination, the weld joint and weld electrode must be clean, and the
shielding gas (usually argon, but sometimes helium or a mixture of the two) must be free of moisture
and other impurities. The torch used in the TIG process is designed to permit an inert gas to flow
through it, surrounding the electrode and molten metal pool with a protective atmosphere. In addition,
a trailing shield of inert gas should be used to protect the weldment while it is solidifying.

Apart from the problem of oxidation at high temperatures, the most frequently occurring problem
in the welding of titanium alloys is porosity and its effects, which are the main subjects of this
study [1–3]. Weld metal porosity in a titanium alloy is known to originate at the trailing edge of the
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weld pool, where interstitial elements (oxygen or hydrogen) are partitioned between dendrites during
solidification. Partitioning occurs because of the large decrease in oxygen (or hydrogen) solubility that
occurs in the transformation from liquid to solid. There are several gaseous species that could become
trapped during the welding of titanium. The most likely of these is hydrogen, but other possible agents
include oxygen, nitrogen, and carbon dioxide, as well as the inert shielding gases. These gases could be
present as a result of any of the following: (a) desorption of the gases’ elemental constituents from the
parent material or welding consumables; (b) absorption into the weld pool due to inadequate shielding
(through either entrapment of air in the shielding gases or a high moisture level in the shielding gases)
during welding; (c) entrapment of the shielding gases; or (d) surface contamination [4–9].

Various methods, including variation of the process parameters and attention to cleanliness, have
been employed to attempt to minimize porosity in titanium weldments. Removal of the hydrated
layers prior to welding is critical to minimizing the potential hydrogen content of the melt pool.
Consequently, the effectiveness of the method used to remove the hydrated layer and other surface
contaminants may have a large influence on the weld metal porosity. In addition to the above methods
for ensuring cleanliness of the titanium material prior to welding, relatively low heat input conditions
and a high welding speed have been recommended to reduce the porosity of weldments for TIG and
EBW (electron beam welding) [10–13]. Additionally, a new welding process was studied [14].

The effects of dispersed pores in weldments vary. Although an allowable level of porosity is
specified in welding structure designs, depending on the importance of the structure, the aviation
and power generation facility sectors, in which titanium alloys are widely used, regulate porosity in
weldments strictly. Although the effects of porosity in weldments vary, porosity in titanium weldments
is reported to result in pore cracking that initiates at the pores in the weldments. Pore cracking in
titanium welds is known to occur mainly in restrained sections. Recent studies have found that
alloys with hydrogen contents greater than 200 wt ppm are more prone to pore cracking and that the
probability of cracking increases with increased porosity. Previous studies have attempted to explain
pore cracking in Ti-6211 welds in terms of oxygen embrittlement. Therefore, the current thinking
tends to associate pore cracking in titanium welds with interstitial (oxygen, hydrogen, and so forth)
embrittlement [15–19].

The soundness of weldments and the presence of pores can be verified using nondestructive
test methods, such as X-ray testing, after titanium alloy welding. If pores are detected in weldments,
the portion of the weld in which the pores are present can be removed mechanically. This is followed by
repair welding, i.e., re-welding, as required. However, this process is known to degrade the mechanical
strength of weldments. In addition, complex processes, such as the complete removal of surface oxides
using the chemical pickling method, must be performed prior to welding to remove the cause of the
formation of pores completely. This not only reduces weld joint efficiency but also has a number
of adverse effects on productivity. In this study, TIG dressing was used to remove welding pores
generated in weldments more simply and effectively than has been accomplished previously using
other methods. Pores in Ti-3Al-2.5V titanium alloy weldments used in power generation facilities were
examined in this study, and the causes of the pore cracking phenomenon that occurs as a result of the
presence of pores were analyzed. In addition, the effects of the redistribution and removal of pores
formed in Ti-3Al-2.5V titanium alloy weldments via TIG dressing and the effects of TIG dressing on the
strength and toughness of titanium alloy weldments at a high temperature condition were examined.

2. Materials and Methods

2.1. The Effect of TIG Dressing

To examine the effectiveness of TIG dressing in removing weld porosity in titanium alloy
weldments and the effects of TIG dressing on the mechanical properties of the weldments, a specimen
was manufactured using a 2.0-mm-thick Ti-3Al-2.5V alloy, as shown in Figure 1. Normally, the objective
of TIG dressing is to remove welding geometrical imperfections, such as undercut by remelting the
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weld toe, thereby leaving the weld practically free of geometric defects. The treatment also significantly
reduces the stress concentration factor of the weld toe by introducing a smooth transition. Therefore,
the TIG dressing is used to improve the fatigue life of welded structures [20–22]. In this study,
standard TIG welding equipment was used, without the addition of any filler material. The chemical
composition of the base metal and filler metal are given in Table 1. The TIG welding was performed
with 99.9% argon gas used as the shielding and purging gas. A fully equipped out-of-chamber purging
device and an automatic welding machine were used to protect against oxidation during welding as
shown in Figure 2. Table 2 gives the parameters of the welding and TIG dressing.

Figure 1. Illustration of welding test of Ti-3Al-2.5V and tungsten inert gas (TIG) dressing.

Figure 2. Illustration of out-of-chamber welding test equipment.

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

Identification C Fe Al V N O H Ti

Base metal 0.03 0.25 3.02 2.49 0.02 0.12 0.005 Bal.

Filler metal 0.02 0.01 2.98 2.48 0.01 0.10 0.001 Bal.
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Table 2. Welding and TIG dressing parameters.

Identification
Ampere Voltage

Welding
Speed

Welding
Feeding Speed Remark

(A) (V) (cm/min) (cm/min)

Specimen A WO 58 9.2 25 34 Original weldment
R01 68 9.8 25 - 1st TIG dressing

Specimen B
WO 58 9.2 25 34 Original weldment
R01 68 9.8 25 - 1st TIG dressing
R02 68 9.8 25 - 2nd TIG dressing

Specimen C

WO 58 9.2 25 34 Original weldment
R01 68 9.8 25 - 1st TIG dressing
R02 68 9.8 25 - 2nd TIG dressing
R03 68 9.8 25 - 3rd TIG dressing

To assess the effectiveness of the TIG dressing, a specimen was manufactured from which oxide
films of the titanium alloy were not removed. After 48 h had elapsed since welding, X-ray testing was
done to verify the presence of pores in the weldment and to determine pore distribution. After the first
X-ray test on the specimen, the TIG dressing was conducted at a location at which a back bead in the
weldment had formed, as shown in Figure 1. After the first TIG dressing was completed, X-ray testing
was conducted at three times. At the time of the TIG dressing welding, the oxide film on the titanium
alloy surface was not removed using a mechanical or chemical method. After the original welding and
TIG dressing, X-ray inspection was performed to check for the existence of pores and to determine
the pore distribution. For the X-ray test equipment, both the X-ray generator and tube used MG452
YXLON (YXLON, Hudson, NY, USA) to ensure that the required resolution was obtained. The scale
bar on the radiographic film was used to confirm the pore sizes.

To assess the changes in the mechanical properties of the weldment due to the TIG dressing,
tensile tests and notched tensile tests were conducted. Tensile and notch tensile specimens were
prepared as per the ASTM E8M-05 standard test method as shown in Figure 3. The tensile tests were
carried out in a 100 kN universal testing machine (Instron 8501, INSTRON, Norwood, MA, USA).
The specimens were loaded at a rate of 1.5 kN/min, as per the ASTM standard. The tensile tests were
performed at 25 ◦C, 300 ◦C, and 500 ◦C. At each conditions, three tensile and notch tensile specimens
were used.

(a) (b)

Figure 3. Illustration of tensile and notched tensile specimen: (a) tensile test; (b) notch tensile test.

2.2. Pore Craking Problems

Figure 4 shows cracks occurred Ti-3Al-2.5V (2.0-mm-thick) pipes used to move sea water in a
power generation facility. Cracks also occurred in the weldments of brackets used to assemble the
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pipes. The cracks were observed approximately one week after the welding. The mechanical properties
and chemical composition of the material used are shown in Table 1. The welding was done with the
TIG welding and welding parameters are summarized in Table 3. The oxide film on the surfaces of the
weldments was removed using a stainless steel brush prior to welding.

To observe the cracks in the weldments, cracked parts were removed from the structure, and the
fractured cross section and microstructure of each weldment were examined using optical microscopy
(OLYMPUS, Tokyo, Japan) and scanning electron microscopy (SEM, SERON, Uiwang-si, Korea).
To determine the probable cause of the cracks, cross sections of cracked specimens were first observed
with an optical microscope and then intentionally fractured using a tensile and bending test apparatus
(Instron 8501, INSTRON, Norwood, MA, USA). The fracture surfaces were investigated with SEM to
determine the fracture mode.

Figure 4. Illustration of cracks occurred Ti-3Al-2.5V pipe weldment.

Table 3. Welding parameters of Ti-3Al-2.5V pipe.

Ampere Voltage Welding Speed
Remark

(A) (V) (cm/min)

75.0 10.5 25

3. Results

3.1. Weld Porosity Redistribution Due to the TIG Dressing

Table 4 and Figure 5 show the X-ray test results and weld porosity redistribution results. The weld
pore sizes were mostly within the range of 100 to 250 μm, with a few pores exceeding 250 μm in size.
When the TIG dressing was conducted on the first WO weldment, the number of weld pores decreased.
The change in the number of pores was detected after the first TIG dressing; the second and third TIG
dressings produced no change in the number of pores or in the pore sizes. Furthermore, pores greater
than 300 μm in size were not removed, nor were their sizes redistributed or reduced, by the remelting
that resulted from the TIG dressing. Figure 6 shows the SEM images of the pore distribution of the
WO. Large-scale SEM microscopy indicated that the inner surfaces of the pores were smooth, as shown
in Figure 7. The round shapes and smooth inner surfaces suggest that the pores were formed as a
result of gas evolution during the welding.
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Table 4. Results of X-ray inspection, quantity, and size of pores (d).

Identification d ≤ 150 μm 150 μm< d ≤ 250 μm 250 μm< d ≤ 500 μm

Specimen A WO 10 19 2
R01 3 8 2

Specimen B
WO 12 28 2
R01 3 12 2
R02 3 12 2

Specimen C

WO 2 10 5
R01 1 4 5
R02 1 4 5
R03 1 4 5

(a) (b)

(c)

Figure 5. Effect of TIG dressing on porosity removing and distribution: (a) specimen A; (b) specimen B;
(c) specimen C.

(a) (b)

Figure 6. SEM image of pores in weld metal: Yellow arrows indicate pores: (a) WO; (b) R03.
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Figure 7. SEM image of pores (≥100 μm) in weld metal (WO).

3.2. Effect of the TIG Dressing on Mechanical Properties of the Weldment

The tensile test results for the WO and TIG dressings for ambient- and high-temperature conditions
are shown in Figure 8. At every temperature, the ultimate tensile strength was decreased in comparison
to the pretreatment strength, but not much change was observed between the first treatment and
the second and third treatments. The notch toughness properties (NSR, notch strength ratio = notch
tension strength/tension strength) for ambient- and high-temperature conditions are shown in Figure 9.
Regardless of the temperature condition and the number of TIG dressing applications, all of the
weldments have ductile properties.

Figure 8. Results of the tensile strength test.

Figure 9. Results of the NSR (notch tension strength ratio).
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3.3. Observation of the Microstructure of the Cracked Specimen

Metallographic examinations were conducted on the cracked specimens. Figure 10 shows the
microstructure of the weldment and the heat-affected part, in which an acicular α, α’, and a prior
β grain boundary generated in the Ti-3Al-2.5V weldment were observed. The SEM results showed
that weldment porosity was distributed over areas where cracks were formed, as shown in Figure 11.
After the metallographic examinations were completed, the cracked specimens were opened and
examined via SEM as shown in Figure 12. Observation of the cracks’ fracture shapes revealed that
cracking progressed as intragranular fracture and that small branch cracks were created during the
crack propagation. That is, the propagation of the cracks formed in the Ti-3Al-2.5V alloy weldment
progressed along the columnar grain boundaries through the intragranular fracture and that small
branch cracks were formed as the propagation progressed.

To identify the causes of the pore formation, the chemical composition of the weld material around
the pores was determined using energy dispersive spectroscopy (EDS). The results are shown in Table 5
and Figure 13. The EDS results show that the pores and the surrounding areas had higher oxygen
contents than other areas, which confirms that the main cause of the porosity was oxidation. The oxide
films formed in the titanium alloy surface during welding reacted with carbon in the atmosphere to
form CO and CO2, which are known to be the main cause of pore formation.

(a) (b)

Figure 10. Optical image of Ti-3Al-2.5V pipe weldment: (a) weld metal; (b) heat affected zone.

Figure 11. SEM image of cracked Ti-3Al-2.5V pipe weldment: yellow arrows indicate pores.
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Figure 12. SEM image of fracture surface.

Figure 13. Energy dispersive spectroscopy (EDS) test results and SEM image of pores.

Table 5. Results of EDS test of porosity.

Identification Weight (%)

C 7.33
O 10.77
Al 9.56
Ti 70.26
V 2.08

4. Discussion

4.1. The TIG Dressing Reheating Effects on Weld Pore Redistribution

The driving forces for fluid flow in the weld pool include the buoyancy force, the Lorentz force,
the surface tension force, and the arc shear stress. In the case of the TIG welding, especially below
200 A welding parameters, the effect of arc shear stress on fluid flow is small, and the maximum
velocity of buoyancy convection is far less than the forced convection driven by the Lorentz force.
Therefore, the effects of arc shear stress and the buoyancy force on the pore removal mechanism by the
TIG dressing can be ignored [23].

In this study, the TIG dressing was applied to a back bead region, which is different from a welded
surface. As a result, weld pores that formed along the fusion line and the edge region of the weldment
moved along the fluid flow of the molten pool, which moves from the center of the weldment to the
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edge because of the Lorentz force, as shown in Figure 14. Because of this reason, it was to be considered
that the pores located near the surface area were to be removed. It was not able to verify the effect
of the TIG dressing on pores size greater than 300 μm. Such a verification would require in-depth
research on whether fluid flow due to the Lorentz force can influence the movement of pores greater
than a certain size and whether energy exceeding the surface tension of the weld pool can be acquired
when pores greater than a certain size are removed.

Figure 14. Schematic diagram of porosity escape.

4.2. Porosity Nucleation and Crack Mechanism

It is believed that bubble nucleation in a weld pool is heterogeneous nucleation that occurs at the
boundary between the solid state and liquid state when dissolved gas exceeds its solubility. When a
molten weld pool passes along the weld seam, dissolved gases from absorbed gas-forming substances
act as nucleation sites for gas bubbles. The higher amount of oxygen in the pores is evidence of
this mechanism. Previous studies have suggested that local embrittlement around the pores caused
pore cracking. However, these previous studies did not identify any microstructural or hardness
changes that could be associated with or attributed to the presence of pores. It has been suggested that
embrittlement may be caused by gases present within the pores. Interstitial elements, such as oxygen,
may cause local embrittlement. However, there is no metallurgical or experimental evidence of this
local embrittlement around pores.

Pores that form in a titanium alloy weldment are formed at the edge of the weldment. In the
weldment, the LBZ (local brittle zone) is formed along the fusion line where the parent material and
welding consumables meet. The LBZ is highly brittle and is a starting point for weld fracture. In a
titanium alloy weldment, weld pores form around the LBZ. Weld cracks are generated around the
pores in titanium alloy weldments by complex processes that result from residual stress after welding,
as pores are formed in the LBZ, which has relatively low toughness (high hardness) in comparison
to the surrounding region as shown in Figure 15. The explanation for the initiation of fracture from
the lowest-toughness region via the formation of a crack tip under loading is known as fracture
theory. Pores are believed to act as crack tips for fracture initiation in the local brittle zone, and stress
concentration due to pores geometrical effects under loading is believed to be the driving force of
crack propagation.
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Figure 15. Hardness distribution of titanium weldment (WO).

5. Conclusions

In this study, Weld porosity redistribution due to TIG dressing and the effects of TIG dressing on
the mechanical properties of titanium alloy weldments were analyzed. Additionally, the weld porosity
in Ti-3Al-2.5V pipe weldments and the phenomenon of cracks due to weld porosity were observed
and studied. Our findings are as follows:

1 Weld pores less than 300 μm in size were redistributed or removed via TIG dressing remelting.
2 Regardless of the tensile test temperature, the NSR rate recorded was greater than 1.0. There was

a loss of 7% in the ambient- and high-temperature tensile strength of the weldments after one,
two, and three TIG dressing applications, compared with the original weldment.

3 Examination of weldments in which cracking occurred showed that weld porosity was generated
along the crack propagation path, that cracks were propagated through intragranular fracture,
and that branch cracks were created.

4 With respect to the pore cracking mechanism, it is suggested that local features (pores forming
in local brittle zones) and geometric features (stress concentration) of the pore have significant
effects on crack initiation and propagation under loading conditions.
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Abstract: The most effective method to reduce CO2 gas emission from the steam power plant is
to improve its performance by elevating the steam temperature to more than 700 ◦C. For this, it is
necessary to develop applicable materials at high temperatures. Ni-based Alloy 617 and 12Cr steel
are used in steam power plants, due to their remarkable mechanical properties, high corrosion
resistance, and creep strength. However, since Alloy 617 and 12Cr steel have different chemical
compositions and thermal and mechanical properties, it is necessary to develop dissimilar material
welding technologies. Moreover, in order to guarantee the reliability of dissimilar material welded
structures, the assessment of mechanical and metallurgical properties, fatigue strength, fracture
mechanical analysis, and welding residual stress analysis should be conducted on dissimilar material
welded joints. In this study, first, multi-pass dissimilar material welding between Alloy 617 and
12Cr steel was performed under optimum welding conditions. Next, mechanical properties were
assessed, including the static tensile strength, hardness distribution, and microstructural analysis of a
dissimilar material welded joint. The results indicated that the yield strength and tensile strength of
the dissimilar metal welded joint were higher than those of the Alloy 617 base metal, and lower than
those of the 12Cr steel base metal. The hardness distribution of the 12Cr steel side was higher than that
of Alloy 617 and the dissimilar material weld metal zone. It was observed that the microstructure of
Alloy 617 HAZ was irregular austenite grain, while that of 12Cr steel HAZ was collapsed martensite
grain, due to repeatable heat input during multi-pass welding.

Keywords: dissimilar material welding; Ni-based Alloy 617; 12Cr steel; mechanical properties;
microstructural characterization

1. Introduction

Environmental pollution from energy generation is a topical issue worldwide. There are four ways
to improve this problem: the first is to generate energy from renewable energy resources, the second is
to use nuclear energy, the third is to use carbon capture and storage before pollutants are released to
the atmosphere, and the fourth is to increase energy efficiency by using A-USC (advanced-ultra super
critical) thermal power plants that are capable of generating energy at temperatures above 700 ◦C [1].
A-USC thermal power plants have improved thermal efficiency, and reduced CO2 emissions [2,3].
However, at this elevated temperature, it is very difficult to find applicable materials that can withstand
extreme environments. Ni-based super alloys and high chromium steel are suitable candidates for
such extreme environments in the power generation industry due to their exceptional metallurgical
stability at high temperatures, and excellent mechanical properties, such as high creep rupture strength,
and good oxidation and corrosion resistance [4,5].
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Alloy 617 is a nickel-chromium-cobalt-molybdenum based alloy that is most commonly used
in gas turbines for combustion cans and ducts, as well as for industrial furnace components and
applications. Alloy 617 is primarily known for its remarkable metallurgical stability [6]. It brings a
wide variety of other outstanding properties, e.g., high temperature oxidation resistance due to added
aluminum, and solid solution strengthening due to cobalt and molybdenum content [7]. It is easy to
fabricate and can be easily joined through conventional welding techniques [8].

12Cr steel with the addition of Mo, Nb, N, W, and other elements possesses improved toughness,
good oxidation and corrosion resistance at elevated temperatures, high tensile strength and ductility,
and promising creep rupture strength. 12Cr steel is currently used for components in gas turbines,
boilers, and steam power plant turbines [9,10].

A typical steam turbine rotor has three major stages: the high temperature and pressure stage,
the middle temperature and pressure stage, and the low temperature and pressure stage. Since
Ni-based super Alloy 617 is a very difficult material to work on, it is partially applicable to the
high and low pressure stages. Use of Ni-based super Alloy 617 in lower pressure stage requires its
joining with 12Cr steel, which is currently used in the low pressure stage [11]. In order to guarantee
the mechanical reliability of dissimilar material weld between Ni-based Alloy 617 and 12Cr steel,
it is necessary to develop welding technology between dissimilar materials and perform welding
stress analysis, strength assessment, and the assessment of corrosion characteristics at the dissimilar
material weld.

A significant amount of research has been carried out on Ni-based alloys as well as Cr steel alloys
in recent decades [4,10,12–15]. However, it is difficult to find a systematic study on the dissimilar
material welding and welded joint of Alloy 617 and 12Cr steel. In this work, a dissimilar material
welding between Alloy 617 and 12Cr steel was carried out using Direct Current Straight Polarity
(DCSP) tungsten inert gas (TIG) welding technology, and an assessment of the mechanical properties
and a microstructural analysis of the dissimilar material weld were performed.

2. Dissimilar Material Welding between Ni-Based Alloy 617 and 12Cr Steel

2.1. Materials and Welding Procedure

In this work, DCSP TIG welding technology was used for the dissimilar material welding process.
Tables 1 and 2 illustrate the chemical composition and mechanical properties of Alloy 617, 12Cr steel,
and Thyssen 617, which is filler metal of a wire 1 mm in diameter. The welding conditions, such as
the electrode shape, arc length, welding wave mode (CW or pulse), and welding heat input, were
controlled using a real time monitoring system. The optimum welding conditions were determined by
repeatedly performing preliminary welding with a variety of welding conditions at different shield
gas composition and flow rates. Optimized dissimilar material welding conditions are summarized
in Table 3.

Table 1. Chemical compositions of Alloy 617, Thyssen 617, and 12Cr steel.

Base/Filler Metal
Chemical Composition (% Weight)

Ni Cr Co Mo Al C Fe Si Ti Cu Mn S

Alloy 617 44.3 22 12.5 9.0 1.2 0.07 1.5 0.5 0.3 0.2 0.5 0.008
Thyssen 617 45.7 21.5 11.0 9.0 1.0 0.05 1.0 0.1 1 - - -

12Cr 0.43 11.6 - 0.04 - 0.13 Bal. 0.4 - 0.1 0.58 -

Table 2. Mechanical properties of Alloy 617 and 12Cr steel.

Base Material Y.S. (MPa) T.S. (MPA) Elongation R.A. (%) M.P. (◦C)

Alloy 617 322 732 62 56 1330
12Cr 551 758 18 50 1375
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Table 3. Multi-pass dissimilar material welding conditions between Alloy 617 and 12Cr steel.

Pass Shield Gas Current (A) Voltage (V) Welding Speed (cm/min) Freq. (Hz)

1 Ar-2.5% H2 150 10 10 0.5
2 Ar-2.5% H2 150 13 10 0.5
3 Ar-2.5% H2 150 16 10 0.5
4 Ar-2.5% H2 150 16 10 0.5
5 Ar-2.5% H2 150 16 10 0.5
6 Ar-2.5% H2 150 16 10 0.5
7 Ar-2.5% H2 150 16 10 0.5

In order to prevent thermal distortion, which is formidably caused by welding heat input during
the welding process, both ends of the base metal were fixed with welding jigs. Figure 1 shows that the
welding direction was made parallel to the rolling direction of the base metals. The groove shape of
Figure 2 was machined in a U-groove to narrow the gap welding [16,17]. Thyssen 617 was used as a
filler metal and its chemical composition is shown in Table 1. When welding was completed for each
pass, the surface condition of the weld bead was carefully observed, and the welding condition was
confirmed. After finishing each pass, for the next pass, the surface of the weld bead was brushed using
a copper brush, and the temperature checked was to allow it to cool sufficiently below 70 ◦C. After
welding, the multi-pass welds were inspected by using the ultrasonic testing method.

Figure 1. Welding direction for dissimilar material welding between Alloy 617 and 12Cr steel.

Figure 2. U-groove with narrow gap.

2.2. Results of the Dissimilar Welding

Figure 3 shows the top view and cross section of the dissimilar material weld between Alloy 617
plate and the 12Cr steel plate. Figure 4 illustrates the weld bead appearance for each pass. These
figures show that there were no weld defects or oxidation phenomenon on the weld surfaces.
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Even though it was assumed that out-of-plane thermal distortion would be generated by
repeatable welding heat input during the multi-pass welding processes, it was prevented by the
constraint of the welding jigs.

  

Figure 3. Dissimilar weld: top view (left) and cross section (right).

 

Figure 4. Weld bead appearance for each pass.

3. Assessing Mechanical Properties of Dissimilar Material Welded Joint

Specimen and Procedure

The specimen dimensions and tensile test procedure, to assess the mechanical properties of
dissimilar material welded joint between Alloy 617 and 12Cr steel, was followed as recommended in
the ASTM E8M standard [18]. Figure 5 shows that the weld metal, the heat affected zone (HAZ), and
both base metals of Alloy 617 and 12Cr steel are included within the range of the gauge length of the
specimens. Before assessing the mechanical properties of the dissimilar material welded joint, tensile
tests for base metals (Alloy 617 and 12Cr steel) were performed to measure their mechanical properties.
Mechanical properties of the base metals and dissimilar material welded joint were assessed using
a material testing system (INSTRON 8801, Instron Korea, LLC., Seoul, Korea) as shown in Figure 6
at room temperature. In the tensile test, the loading speed was controlled by the displacement
of 1 mm/min.

Figure 5. Configuration of tensile test specimen (ASTM E8M).
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Figure 6. Test equipment (10 tons, Instron 8801).

The hardness distribution on the section, including base metal, HAZ, and the weld metal of
dissimilar material welded joint, were measured to analyze the effect of multi-pass dissimilar material
welding on metallurgical hardness change. Figure 7 shows that hardness tests were performed to
compare the hardness distribution for the three positions: top, middle, and bottom of the cross section.
The hydraulic micro Vickers hardness tester (Mitutoyo MVK-H2, Mitutoyo Korea Corporation, Gunpo,
Korea) was used as hardness test equipment. Hardness distribution of the multi-pass dissimilar
material welded joint was measured at a 200 g press-fit load for 5 s.

Figure 7. Three positions across the cross section of dissimilar material welded joint for hardness
distribution measurements.

Optical microscopic observation, using Olympus PME 3 (Olympus Korea Co. LTD., Seoul,
Korea), was carried out in order to analyze the microstructure of the dissimilar material welded joint
between Alloy 617 and 12Cr steel. Specimen was fabricated from the cross section of the dissimilar
material welded joint. In order to analyze the microstructures of dissimilar material welded plate, five
position—(a) Alloy 617 base metal; (b) Alloy 617 HAZ; (c) weld metal; (d) 12Cr steel HAZ; and (e) 12Cr
steel base metal—were optically observed as shown in Figure 8. Before analyzing the microstructures,
the surface of specimen was etched according to ASTM E407 [19]. Three positions—(a), (b), and
(c)—were etched for 20 s by using etchant 88 (10 mL of HCl + 20 mL of HNO3 + 30 mL of distilled
water). The other positions—(d) and (e)—were etched for 10 s by using etchant 91 (5 mL of HCl + 5 mL
of HNO3 + 1 g pf picric acid + 200 mL of ethanol). In addition, composition analysis for the five
positions of the dissimilar welded joint was performed using energy dispersive X-ray spectroscopy
(EDS, EDAX Inc., Mahwah, NJ, USA).
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Figure 8. Positions of microstructure analysis for the dissimilar material welded joint.

4. Results and Discussion

4.1. Tensile Test Results

Figure 9a compares the tensile test results of the base metals and the dissimilar material welded
joint between Alloy 617 and 12Cr steel. The magnitudes of yield and tensile strength of the dissimilar
material welded joint were assessed as 490 MPa and 767 MPa, respectively. These magnitudes are
higher than Alloy 617, which has a 443 MPa yield strength and a 675 MPa ultimate tensile strength,
and lower than 12Cr steel, which has a 700 MPa and 817 MPa yield and tensile strength, respectively.
Failure of dissimilar welded joints occurred mostly at the HAZ of 12Cr steel. Figure 9b shows one of
the fractured specimens that has failed at the HAZ of 12Cr steel.

 

 

(a) (b) 

Figure 9. (a) σ-ε curves of dissimilar weld; (b) dissimilar weld fractured specimen.

Although tensile strength of 12Cr steel is higher than that of Alloy 617, but the failure of the
dissimilar material weld occurred at the HAZ of 12Cr steel because the heat input during the dissimilar
material welding process introduced sufficient metallurgical changes in 12Cr steel HAZ [20]. On the
other hand, Ni-based Alloy 617 experienced lesser metallurgical changes compared with 12Cr steel due
to heat input during the dissimilar material welding process. In fact, Ni-based Alloy 617 is primarily
known for its remarkable metallurgical stability at high temperatures [6].

4.2. Hardness Distribution

Figure 10 compares the hardness distribution on the bottom, middle, and top positions of the
cross section of the dissimilar material welded joint between Alloy 617 and 12Cr steel. The hardness
distribution at the HAZ of 12Cr steel is higher than that of both the weld metal zone and the Alloy
617 base metal. The magnitude of the peak values were assessed as 460–490 Hv at the HAZ of 12Cr
steel, and about 220–260 Hv at both the weld metal and the Alloy 617 base metal. It is notable that
the hardness distribution of the weld metal zone and the Alloy 617 base metal is almost similar, and
the peak values, too, do not show a major difference at the bottom, middle, or top positions in either
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zones. The reason for this behavior is the use of Thyssen 617 as filler material, which has a chemical
composition similar to that of Alloy 617, as shown in Table 1. Another important observation is that
the hardness distribution is nearly uniform on the right side of Figure 10 (weld zone and Alloy 617
zone), while irregular behavior of the hardness distribution is observed on the left side of the figure
(HAZ and base metal of 12Cr steel). This behavior is a result of the fact that the microstructure and
metallurgical changes in 12Cr steel and Alloy 617 are significantly different when they are affected by
the welding heat input during the multi-pass welding process. In fact, it is known that the mechanical
properties of Ni-based Alloy 617 are not sensitively influenced by heat [14,21]. As the bottom side
experienced more heat cycles during the welding process, the hardness distribution at the bottom side
was higher than the top side across the dissimilar material welded joint.

 
Figure 10. Micro hardness profile across the dissimilar metal welded joint.

4.3. Microstructure and Composition Analysis

Figure 11 shows the microstructures of each position of the dissimilar material welded joint.
The microstructure of Alloy 617 base metal in Figure 11a shows typical austenite grain. However,
HAZ of Alloy 617 in Figure 11b shows irregular austenite grain size from the effect of the welding heat
input during the multi-pass welding processes. The microstructure of the weld metal in Figure 11c
made by the solidification of fusion metal from the dilution of Alloy 617, Thyssen 617 filler metal, and
12Cr steel, shows dendrite grain. The HAZ of 12Cr steel in Figure 11d shows collapsed martensite
grain by the effect of the welding heat input during the multi-pass welding processes, while the
microstructure of the 12Cr base metal in Figure 11e shows typical martensite grain.

The composition analysis observed by energy dispersive analysis of X-rays (EDAX) for the five
parts of the dissimilar material welded plate is illustrated in Table 4. The effect of the multi-pass
welding process of the dissimilar materials is reflected as a slight change in composition of specimen
when compared with Table 1. The major composition of the dissimilar metal weld is very similar to
the Alloy 617 composition, except for Fe. Table 4 provides information about the composition change
at the HAZ and the weld metal.
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Figure 11. Microstructure observation results of dissimilar metal weld: (a) Alloy 617; (b) Alloy 617
HAZ; (c) Dissimilar material weld; (d) 12Cr steel HAZ; (e) 12Cr steel.

Table 4. Composition analysis of dissimilar material welded joint (wt. %).

Elements Alloy 617 Base Metal Alloy 617 HAZ Weld Metal 12Cr HAZ 12Cr Base Metal

Mo 10.29 10.70 9.57 - -
Cr 22.09 21.50 21.11 13.00 10.28
Fe - - 12.03 87.00 89.72
Co 13.29 13.76 10.32 - -
Ni 54.33 54.05 46.97 - -

Figure 12 shows the fractured tensile test specimen and microscopic observation using a scanning
electron microscope (SEM) on the fractured surface of the weld, which occurred on the HAZ of 12Cr
steel. As mentioned above, the microstructure of the HAZ of 12Cr steel showed collapsed martensite
grain by the effect of welding heat input during the multi-pass welding processes. Additionally, as
illustrated in Table 4, the major compositions (Cr and Fe) were slightly changed in the HAZ of 12Cr
steel. Even though the microstructure in the HAZ of 12Cr steel shows both collapsed martensite
grain and the complicate grain size, as shown in Figure 12b,c, some dimples were observed by the
fractography on the fractured surface of the HAZ. Therefore, it was supposed that the failure mode in
the HAZ of 12Cr steel was a brittle fracture combined ductile characteristics.
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Figure 12. Fractography of the dissimilar metal weld at the 12Cr steel side: (a) at 1 mm resolution;
(b) at 50 μm resolution; (c) at 2 μm resolution.

5. Conclusions

This paper performed and analyzed a dissimilar material welding between Ni-based Alloy 617
and 12Cr steel by DCSP TIG welding technology. In order to guarantee the mechanical reliability of
the dissimilar material weld, the mechanical properties, including the tensile strength, the hardness
distribution, and changes in microstructure were assessed. The conclusions are as follows:

1. Dissimilar material welding technology using DCSP TIG welding between Ni-based Alloy 617
and 12Cr steel was developed. Optimized major conditions for the DCSP TIG welding were
determined as shield gas (Ar-2.5% H2 mixed gas), 150 Amp, and 10–16 V.

2. The magnitudes of yield strength and tensile strength of the multi-pass dissimilar material welded
joint were assessed as 490 MPa and 767 MPa, respectively. Dissimilar material welded joints
mostly failed at the HAZ of 12Cr steel. The mechanical properties of the dissimilar material weld,
including yield and tensile strength, were higher than those of the Alloy 617 base metal, and less
than those of the 12Cr base metal.

3. The hardness distribution at the HAZ of 12Cr steel is higher than that of the weld metal zone and
the Alloy 617 base metal. The magnitudes of the peak values were assessed as 460–490 Hv for the
HAZ of 12Cr steel, and about 220–260 Hv for both the weld metal and the Alloy 617 base metal.
The hardness distributions for the weld metal zone and Alloy 617 HAZ and the base metal did
not show a significant difference.

4. The microstructures of the dissimilar material welded joint, including the Alloy 617 base metal
and the HAZ, the weld metal, and the 12Cr steel HAZ and 12Cr base metal, were metallurgically
changed via welding heat input during the multi-pass welding process. The microstructures of
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Ni-based Alloy 617 base plate and the HAZ of Alloy 617 were analyzed as a typical austenite
grain and an irregular austenite grain. However, 12Cr steel HAZ and the 12Cr base metal were
analyzed as collapsed martensite and martensite grain, respectively. The microstructure of the
weld metal was analyzed as dendrite grain.
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Abstract: Due to its excellent resistance to corrosive environments and its superior mechanical
properties, the Ni-based Hastelloy C-276 alloy was chosen as the material of the stator and rotor cans
of a nuclear main pump. In the present work, the Hastelloy C-276 thin sheet 0.5 mm in thickness
was welded with filler wire by a pulsed laser. The results indicated that the weld pool geometry
and microstructure were significantly affected by the duty ratio, which was determined by the
pulse duration and repetition rate under a certain heat input. The fusion zone area was mainly
affected by the duty ratio, and the relationship was given by a quadratic polynomial equation.
The increase in the duty ratio coarsened the grain size, but did not obviously affect microhardness.
The weld geometry and base metal dilution rate was manipulated by controlling pulsed parameters
without causing significant change to the performance of the weld. However, it should be noted that,
with a larger duty ratio, the partial molten zone is a potential weakness of the weld.

Keywords: pulsed laser welding; filler wire; Hastelloy C-276 thin sheet; weld geometry; microstructure

1. Introduction

The Ni-based Hastelloy C-276 alloy is widely used in chemical processing and the nuclear industry,
and as marine engineering components such as pumps, valve parts, and spray nozzles, due to its
excellent resistance to corrosive environments and its superior mechanical properties [1,2]. The stator
and rotor cans of a nuclear main pump in a third-generation nuclear power plant are made of Hastelloy
C-276 thin sheets via welding. The unique service conditions of the stator and rotor cans demand high
quality of the weld of Hastelloy C-276 thin sheets.

Arc welding, the most common welding method, has been used to weld Hastelloy C-276 by
many researchers. Cleslak et al. [3] indicated that intermetallic secondary solidification constituents,
a combination of p and μ phases, were found to be associated with weld metal hot cracks in Hastelloy
C-276. Li et al. [4] investigated the effects of plate thickness and the annealing process on the
microstructure and properties of the Hastelloy C-276 welding line by GTAW, and the grain coarsened
with the increase in plate thickness. When filler metal was used, many secondary phase particles
were observed after the welding process. The grain size increased in both fusion and the heat affected
zone (HAZ), and the tensile strength of the weld decreased. The corrosive resistance was better
than that of the autogenous weld bead. The 0.4-mm-thick Hastelloy C-276 thin sheet was welded
by GTAW without filler metal, and both the heat affected zone (HAZ) and a secondary phase were
detected. Manikandan et al. [5–7] reported that, by current pulsing, the microstructure and mechanical
behavior of GTAW of Hastelloy C-276 could be improved. Pulsed Current Gas Tungsten Arc (PCGTA)
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weldments were found to be the best in terms of (i) freedom from microsegregation, (ii) strength,
and (iii) freedom from unwanted secondary phases.

Ahmad et al. [8] studied the microstructure and hardness of the electron beam welded zone
of 3-mm-thick Hastelloy C-276. The molten zone (MZ) was found to be of a fine lamellar type, and the
hardness was 35% higher compared to as-received alloy, while a hardness reduction of about 5%–8%
was observed in the HAZ. Van der Eijk et al. [9] welded NiTi to Hastelloy C-276 with and without filler
wire. It was found that the mixed zone of the weld contained a number of brittle phases, and there
was a tendency of the NiTi to absorb elements from the Hastelloy C-276.

Compared with conventional fusion welding methods, laser welding has advantages such as a
low heat input, a narrow HAZ, low distortion, and ease of automation [10]. Wu and Ma et al. [11–13]
performed a series of studies about the laser welding of 0.5-mm-thick Hastelloy C-276 thin sheets
without filler wire, and the MZ was found to be of much finer grains, and the element segregation was
found. However, the trend of the brittle phase's formation was weakened, no HAZ was found, and the
mechanical properties were comparable to the as-received alloy. Ventrella et al. [14] welded Hastelloy
C-276 thin foil with a 100-micron thickness. The results indicated that, by using a precise control of the
pulse energy and the dilution rate, sound welds could be obtained.

Reports about arc welding Hastelloy C-276 thin sheets with thicknesses of 0.5 mm or less are
rare. Studies have proved that pulsed laser welding is an appropriate technique for welding such thin
sheets. Laser welding without filler wire has high demands for preparation and clamping. The defect
of weld sag is a serious problem when the gap width is larger than 10% of the workpiece thickness [15].
In the present work, a 0.5-mm-thick Hastelloy C-276 thin sheet was welded by a pulsed Nd:YAG laser
with 0.5-mm filler wire. In order to highlight the characteristics of the effects of the pulsed parameters,
a fixed total heat input was used. The influence of pulsed parameters on weld bead geometry and
microstructure was investigated.

2. Experimental Setup

The experimental setup is shown in Figure 1. A millisecond pulsed Nd:YAG laser system
(GSI LUMONICS, JK701H, Rugby, UK) with a 1064-nm wavelength and multimode beam was
used. The collimated beam diameter was 23.5 mm. The focal length was 80 mm, and focal beam
diameter was approximately 0.6 mm. The incident direction of pulsed laser was perpendicular to the
substrate surface. The argon shroud gas was delivered through a nozzle with a flowrate of 12 L/min,
and the nozzle had a diameter of 6 mm and was set 30 mm away from the weld pool. The experiment
was conducted on a commercially available with dimensions of 100 mm × 40 mm × 0.5 mm.
The yield strength and the ultimate tensile strength of the as received Hastelloy C-276 thin
sheet (Haynes International, Kokomo, IN, USA) are 391 MPa and 857 MPa at room temperature,
respectively [16]. The filler metal was 0.5-mm-diameter ERNiCrMo-4 filler wire. The chemical
compositions are shown in Table 1.

Figure 1. Experiment setup.
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Table 1. Chemical composition of Hastelloy C-276 and ERNiCrMo-4 (wt. %).

Sample Ni Fe Cr Mo W Co Mn C Si P S V

Hastelloy
C-276 Bal. 5.14 16.00 15.58 3.45 1.26 0.53 0.001 0.02 0.006 0.003 0.01

ERNiCrMo-4 Bal. 5.30 16.00 15.20 3.30 0.11 0.41 0.009 0.03 0.003 0.001 0.01

The bead-on-plate tests were used to analyze the weld shapes. The welding direction was vertical
to the rolling direction. The substrate surfaces were grinded with 600 grit silicon carbide paper and
then cleaned by ethanol to remove the oxide and oil. The weld parameters are shown in Table 2.

Table 2. Weld parameters.

Average Power
(P: W)

Welding
Speed

(mm/min)

Feeding Speed
(mm/min)

Focus (mm)
Pulse

Duration (τ:
ms)

Pulse
Frequency (f :

Hz)

75 350 350 −1
3, 4, 5, 6, 7, 8, 9 60

6 40, 50, 60, 70,
80, 90, 100

The average laser power (P) and the peak power (Pp) are defined as follows:

P = Ep·f ; (1)

Pp = Ep/τ, (2)

where Ep (J) is the pulse energy, f (Hz) is the pulse frequency, and τ (ms) is the pulse duration.
The pulse duration and pulse frequency, as two independent variables, are chosen to analyze the
effects of the pulsed laser on the welding process. The average laser power is fixed in the experiments.
The pulse energy decreases with the increase in the pulse frequency, causing a decrease in the peak
power when the pulse duration is kept constant. The pulse energy and frequency are kept constant
when the pulse duration is increased, so the peak power drops with the increase in the pulse duration.

The pulse duty ratio (α) is defined as the ratio of pulse duration to pulse period and can be
expressed as

α = f ·τ/1000 (3)

The pulse duty ratio represents the ratio of the heating time in one pulse cycle. A larger pulse
duty ratio means a longer heating time and a shorter cooling time in the welding process.

Figure 2 shows the typical cross-section of the weld. The weld width (Lu, Ll), the fusion zone area
(A (A = Au + As + Al), As), the reinforcement height (Hu, Hl), and the reinforcement height-to-width
ratio (ru, rl) were used to evaluate the weld shape. A smaller reinforcement height-to-width ratio
means a better spreadability of the filler metal [17].
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Figure 2. Cross-section of weld bead of pulsed laser welding with filler wire.

3. Results and Discussion

When the pulse duration was shorter than 4 ms or the frequency was lower than 50 Hz, the welds
showed lack of penetration defects, as shown in Figure 3a,c. When the pulse duration was longer than
8 ms or the frequency was higher than 90 Hz, a very irregular outline and even undercut sometimes
occurred on the upper surface of the weld, as shown in Figure 3b,d. The irregular upper surfaces
indicate that the weld pool was unstable during the welding process. These welds are not included in
further discussion.

Figure 3. Defects of the welds: (a) τ = 3 ms; (b) τ = 9 ms; (c) f = 40 Hz; (d) f = 100 Hz.

3.1. Weld Bead Geometry

Figure 4 shows the cross-sections of the weld with different pulse duration. The laser power
was 75 W, the welding speed and the wire feeding speed were both 350 mm/min, and the pulse
frequency was 60 Hz. The weld beads showed a smooth outline, except when pulse duration = 4 ms.
Most of the filler metal was distributed on the upper side. The weld width was too small for the spread
of the filler metal, and an unsmooth surface was generated, as shown in Figure 4a.
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Figure 4. Cross-sections of weld bead under different pulse duration: (a) τ = 4 ms; (b) τ = 5 ms;
(c) τ = 6 ms; (d) τ = 7 ms; (e) τ = 8 ms.

Figure 5 shows the cross-sections of the welds with different pulse frequencies. The laser power
was 75 W, the welding speed and wire feeding speed were both 350 mm/min, and the pulse duration
was 6 ms. The welds showed smooth outline and were free from defects. Different from the case
when τ = 4 ms, the unsmooth upper surface appeared when the weld was quite wide, as shown in
Figure 5e. This phenomenon may be related to surface tension effects in a relatively wide weld pool to
the thickness of the substrate [18].
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Figure 5. Cross-section of weld bead under different pulse frequency: (a) f = 50 Hz; (b) f = 60 Hz;
(c) f = 70 Hz; (d) f = 80 Hz; (e) f = 90 Hz.

Figures 6a and 7a show the variations of the weld fusion zone area with pulse duration and
pulse frequency, respectively. The fusion area of the weld increased linearly with the increase in the
pulse duration or the pulse frequency. The welding speed and the wire feeding speed were constants,
so the increase in the fusion area led to an increase in the fusion quantity of the base metal.

Figure 6. Cont.
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Figure 6. Variations of weld bead parameters with pulse duration: (a) fusion zone area; (b) weld width;
(c) reinforcement height; (d) reinforcement height-to-width ratio.

Figure 7. Variations of weld bead parameters with pulse frequency: (a) fusion zone area; (b) weld
width; (c) reinforcement height; (d) reinforcement height-to-width ratio.

Figures 6b and 7b show the variations of the weld width with pulse duration and frequency.
The width of the lower surface was more sensitive to the pulse parameters. The weld width to the
pulse duration or frequency curve of the lower surface had a higher slope than that of the upper
surface. The lower surface was wider than the upper surface when the pulse duration was longer than
5 ms or the frequency was higher than 60 Hz. When the frequency was 50 Hz, most of the filler metal
solidified on the upper surface of the substrate, and the spreadability of the filler metal was good when
the pulse duration was 6 ms, so the width of the upper surface was larger than that of 60 Hz, as shown
in Figure 7b.

The variations in the reinforcement height with pulse duration and frequency are shown in
Figures 6c and 7c. With a longer duration or higher frequency, the molten pool was wider and had
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a longer existence time, which was beneficial to the downward flow and the spreading of the filler
metal. The reinforcement height of the upper surface reduced significantly at first then changed to
linearly with a lower speed. The welding speed and the wire feeding rate were kept constant, meaning
that the fusion area of the reinforcements (Au + Al) was a constant. Therefore, the variation of the
reinforcement height of the lower surface had an opposite trend.

Figures 6d and 7d show that the reinforcement-to-width ratio of the upper surface decreases
with the increase in pulse duration or pulse frequency. The upper reinforcement height
decreased, and the upper surface widened with the increased pulse duration or pulse frequency.
The reinforcement-to-width ratio of root reinforcement increased at first and then reduced slowly
with the increase in the pulse duration or pulse frequency, and the inflection point of the r curve
was near the point where the width of the upper surface was equal to that of the lower surface.
Both the height and width of the root reinforcement increased with the increase in pulse duration and
frequency, but the width increased with higher speed. Therefore, the reinforcement-to-width ratio
decreased. The reinforcement-to-width ratio can be used to describe the spreadability of the filler metal.
Define θ = arctan(2H/L) as the contact angle of the reinforcement. Generally, a lower
reinforcement-to-width ratio means a better spreadability of the filler metal and a lower contact
angle between the reinforcement and the base plate, and it is beneficial for the service time of the
welded joint when being used with alternate load or in an erosion-corrosion environment.

The pulse duty ratio is defined as the ratio of pulse duration-to-pulse period. The higher the
duty ratio, the longer the heating time is in the welding process, compared with the cooling time.
The pulse intensity decreases and the duty ratio increases with the increase in the pulse duration when
the average power and pulse frequency are fixed. The decreased pulse intensity reduces the highest
temperature of the molten pool. However, the increased heating time enhances heat accumulation
and increases the volume of the molten pool. The extended existence time and enlarged volume of the
molten pool enhance the downward flow and the spreading of the filler metal. Thus, the weld widens
and the root reinforcement gets larger with the increase in the pulse duration.

The pulse frequency has similar effects on weld geometry to those of pulse duration. The increase
in the pulse frequency does not change the heating time, and the pulse energy and intensity reduce
with the increase in frequency. However, the cooling time reduces with the increase in the frequency;
thus, the duty ratio is increased.

The duty ratios of the welding parameters in Table 2 were calculated with Equation (3).
The variations in fusion zone area (A) with laser pulse duty ratio (α) are shown in Figure 8.
It shows that, by increasing the pulse duration or the frequency, the variations in the fusion zone area
to duty ratio change in the same way.

Figure 8. Variations of fusion zone area with laser pulse duty ratio.
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According to the analyses above, the least-square polynomial fit was used to build the relation
between the fusion zone area and duty ratio. The relationship between A and α is shown in
Equation (4), and the prediction curve is given in Figure 9.

A = 0.48 − 0.59α + 2.48α2 (0.25 < α < 0.55). (4)

Figure 9. Relationship between fusion zone area and duty ratio.

This indicates that, for the pulsed laser welding of a 0.5 mm Hastelloy C-276 thin sheet with
filler wire at a fixed total heat input, the volume of the molten pool during the welding process is
dominated by the duty ratio. As mentioned above, the variation in the fusion area shows the variation
in the fusion quantity of the base metal. Thus, the dilution of the base metal can be obtained by this
relationship. This will be useful when control of the element composition in the fusion zone is needed.
The geometry of the weld bead, especially the distribution of the filler metal, is closely related to
the duty ratio. Therefore, the weld geometry can be approximately predicted and manipulated by
adjusting the duty ratio.

3.2. Microstructure

When the total heat input is fixed, the pulse parameters determine the weld geometry by
influencing the thermal process in the welding process. The pulse parameters have significant effects
on the microstructure of the weld.

The microstructure of the weld with pulse durations (4, 6, and 8 ms) are shown in Figure 10a–c,
and the microstructure of the weld with the pulse frequency is shown in Figure 10d–f.
The microstructure of the base metal consists of equiaxed grains, and annealing twins are observed.
From the fusion line to the weld joint center, the microstructure of the fusion zone changed from a
small quantity of planar crystal, columnar dendrites to equiaxed dendrites. For the rapid cooling
rate in pulsed laser welding, the growth of the planar crystal was restrained, as shown in Figure 10a.
With the increase in the pulse duration and the pulse frequency, the components of columnar dendrites
were increased, and the microstructure showed a coarsening trend.

Figure 10. Cont.

143



Metals 2016, 6, 237

Figure 10. Variations of microstructure of the weld with pulse duration and frequency: (a) τ = 4 ms;
(b) τ = 6 ms; (c) τ = 8 ms; (d) f = 50 Hz; (e) f = 70 Hz; (f) f = 90 Hz.

With a high duty ratio, although no typical characteristic of the heat affect zone, such as
an increase in the grain size of the base metal near the fusion line, was found, the base metal
near the fusion line showed a tendency of grain boundary liquation. According to the study by
Lippold et al. [19], due to the epitaxial growth of the fusion zone grains, grain boundaries in the base
metal near the fusion line are contiguous with the solidification grain boundaries in the fusion zone.
In the fusion zone metal solidification process, some of the low-melting-point solute may segregate
toward the grain boundary. The solute or impurity elements can be transported down the boundary
pipeline into the base metal grain boundaries near the fusion line. The solute or impurity elements will
decrease the melting point of the grain boundaries, resulting in grain boundary liquation. The grain
boundary liquation area, which has also been called the partially melted zone, can lead to liquation
cracking, loss of ductility, and hydrogen cracking [20]. It may be a weakness of the weld.

Figures 11 and 12 show the morphology of the columnar dendrites and equiaxed dendrites in the
fusion zone with different pulse durations and pulse frequencies. The magnified locations are shown
in Figures 11b and 12b. The primary dendrite arm spacing and second dendrite arm spacing increase
with the pulse duty ratio. The average equiaxed dendrites grain size in the fusion zone center increases
from about 4 μm to 7 μm when the pulse duration increases from 4 ms to 8 ms, and increases from
about 5 μm to 9 μm when the pulse frequency increases from 50 Hz to 90 Hz. The microstructure of
the fusion zone is dominated by temperature gradient G and growth rate R. Generally, the growth rate
R is related to the welding speed V, R·cos(α − β) = V·cosα [19], α is the angle between the welding
direction and the normal of the molten pool boundary, and β is the angle between the welding direction
and the growth direction of the dendrite at that point. The welding speed is kept constant, so there is
no large variation of R when the duty ratio is changed. The peak power reduces with the increase in
the duty ratio, so the temperature of the molten pool center reduces. At the same time, the volume
of the molten pool increases. Thus, the temperature gradient G of the molten pool reduces with the
increase in the duty ratio. The decreasing value of G·R results in the coarsening of the microstructure
of the weld.
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Figure 11. Variations of grain size with pulse duration: (a) τ = 4 ms; (b) τ = 6 ms; (c) τ = 8 ms.

Figure 12. Variations of grain size with pulse frequency: (a) f = 50 Hz; (b) f = 70 Hz; (c) f = 90 Hz.
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In order to reveal the effects of the pulse parameters on the microhardness distributions of
the weld joint, hardness tests were done on the cross-section of the joints, as shown in Figure 13.
The microhardness profiles for the welds with 4, 6, and 8 ms are shown in Figure 13a.
The microhardness profiles for the welds with 50, 70, and 90 Hz are shown in Figure 13b.
No decrease in hardness was found in the weld; the hardness of the fusion zone had the same
value as the base metal. The grain refinement increases the hardness of the weld. At the same time,
the welding process may weaken the solution strengthening of the base metal and result in a tendency
to decrease in hardness. These two effects indicated that no decrease in hardness was found in the
weld. Moreover, no difference was found in the hardness profiles of the welds. The average hardness
of fusion zone and base metal both were approximately 250 HV0.1. These results show that, although
the increase in duty ratio will cause the coarsening of the fusion zone microstructure, there will be no
significant hardness loss in the fusion zone. The grain boundary liquation area is quite narrow, and it
is impossible to distinguish it on a polished surface during hardness tests, so its microhardness data is
not available.

Figure 13. Variations of microhardness of the weld with pulse duration and frequency:
(a) Microhardness profiles for the welds with different pulse durations; (b) Microhardness profiles for
the welds with different pulse frequencies.

4. Conclusions

A 0.5-mm-thick Hastelloy C-276 thin sheet was welded via pulsed laser with filler wire.
The effects of the pulse parameters on the weld bead geometry and microstructure were investigated
when the total heat input was fixed.

The pulse duration and pulse frequency have similar effects on the weld bead geometry.
The duty ratio dominated by pulse duration and frequency can be used to predict and control the weld
bead geometry.

The distribution of the filler metal between the upper and lower surface influences the weld width.
The lower surface is wider than the upper surface when the lower reinforcement is larger than the
upper reinforcement. With the increase in duty ratio, the upper surface reinforcement height-to-width
ratio decreases, while the lower surface reinforcement height-to-width ratio increases at first and then
decreases slowly. The increase in the duty ratio is beneficial for the spreadability of the filler metal and
reduces the contact angle of the reinforcement.

The relationship between the fusion zone area and the duty ratio is given by A = 0.48 − 0.59α +
2.48α2 (0.25 < α < 0.55). The dilution rate of the base metal can be obtained by this equation, and this
will be useful when control of the element composition in the fusion zone is needed.

The results show that, although the increase in duty ratio will cause the coarsening of the fusion
zone microstructure, there is no significant hardness loss in the fusion zone. With a larger duty ratio,
the base metal near the fusion line shows a tendency towards grain boundary liquation, and the grain
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boundary liquation area may reduce the performance of the weld bead, so an overly large duty ratio
needs to be avoided.

The melting state of the molten pool and filler wire between each pulse is unknown. Further
study will focus on direct observation of the molten pool development and the melting mechanism of
the filler wire with different pulse parameters.
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Abstract: Laser welding has been considered as a promising method to join sintered NdFeB
permanent magnets thanks to its high precision and productivity. However, the influences of laser
welding on the magnetic property of NdFeB are still not clear. In the present paper, the effects of laser
power on the remanence (Br) were experimentally investigated in laser spot welding of a NdFeB
magnet (N48H). Results show that the Br decreased with the increase of laser power. For the same
welding parameters, the Br of magnets, that were magnetized before welding, were much lower
than that of magnets that were magnetized after welding. The decrease in Br of magnets after laser
welding resulted from the changes in microstructures and, in turn, the deterioration of magnetic
properties in the nugget and the heat affected zone (HAZ) in a laser weld. It is recommended that the
dimensions of nuggets and HAZ in laser welds of a NdFeB permanent magnet should be as small as
possible, and the magnets should be welded before being magnetized in order to achieve a better
magnetic performance in practical engineering applications.

Keywords: laser welding; NdFeB magnet; magnetic property; process parameters

1. Introduction

NdFeB rare earth permanent magnets have been widely used in many industrial fields, such
as aeronautics, astronautics, automotive, appliance, computers, and communications, thanks to
their excellent magnetic property [1–3]. Sintered NdFeB permanent magnets are brittle and with
poor mechanical properties. Therefore, in practical applications, the magnets are often joined with
other materials using adhesive bonding or mechanical joining methods, which, however, have lower
productivity and are hard to be applied on miniature structures [4–6].

Due to the high quality, high efficiency, and unrelenting repeatability, lasers have been widely
applied in many materials processing processes, such as welding [7–13], cutting [14–16], additive
manufacturing [17–20], and so on, and they have been used to process many types of materials,
including metals, ceramics, glass, and polymers. Owing to the high power density, the laser generally
results in welds with high precision and a small heat affected zone (HAZ) and, therefore, is considered
as a good candidate to join the tiny sintered NdFeB components. However, studies carried out so far
on the laser welding of sintered NdFeB magnet are still very limited. Microstructures and mechanical
behavior have been studied for laser welds of NdFeB magnets [21] and laser welds of dissimilar
materials of a NdFeB magnet and mild steel [22]. Nevertheless, it is still not clear how the laser
welding will affect the magnetic property and how the optimal magnetic performance can be obtained.
As we know, the magnetic property and performance are critical for the NdFeB permanent magnetic
functional material in engineering applications, which makes it stringent to understand the change in
the magnetic response of NdFeB when subject to laser welding processing.
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In this paper, the influences of laser power on the magnetic property in terms of remanence are
studied experimentally in micro-laser spot welding of an NdFeB permanent magnet, and the causes of
the influences have been analyzed.

2. Materials and Methods

Sintered powder NdFeB permanent magnets N48H, without coating on surfaces, were used in
this study. The compositions of the material are listed in Table 1. The Nd-Fe-B alloy particles with
diameters of 3–5 microns were pressed and then sintered at 1060 ◦C for 2 h under vacuum conditions,
followed by two tempering processes, which are 900 ◦C for 2 h, and 500 ◦C for 2 h, respectively.
The microstructures of the magnet are shown in Figure 1, from which it can be seen that the main
magnetic phase (Nd2Fe14B) of the magnet is gray and distributed non-uniformly, the white parts are
the Nd-rich phase existing along grain boundaries or at intersections of grain boundaries of the main
phase, and there exist certain amounts of voids which formed in the powder metallurgy process. The
magnets were cut into specimens with dimensions of 7.5 × 3.5 × 0.7 mm.

Figure 1. Microstructure of a NdFeB permanent magnet.

Table 1. Chemical compositions of the sintered NdFeB permanent magnet N48H (wt %).

Elements Nd Fe B Pr Dy Co Cu Nb

Contents 20.63 66.75 1.00 6.88 2.99 1.50 0.15 0.10

An IPG Photonics YLS-2000 (2 kW) (IPG Photonics, Oxford, MS, USA) type continuous waveform
(cw) fiber laser was used in the welding trials, which had a wavelength of 1064 nm, and maximum
power output of 2 kW. A schematic of welding setup is shown in Figure 2. Laser spot welds were
made on the specimens at different laser powers, with a defocusing distance of +1 mm. The surfaces of
the magnets were ground prior to welding to remove oxide layer, and 99.99% high-purity argon was
used to protect the spot welds from oxidation, with a flow rate of Ar of 10 L/min. After welding, the
spot welds were mounted, ground, polished, and then chemically etched with 4% nitric acid alcohol.
Optical microscopy (Olympus, Tokyo, Japan) was employed to observe the shapes and dimensions of
weld spots, and scanning electronic microscopy (SEM) (Hitachi, Tokyo, Japan) was used to analyze the
microstructures of spot welds.
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Figure 2. Schematic setup of laser spot welding of sintered NdFeB.

The remanence, Br, is one of the main parameters used to characterize the magnetic property of
materials. In this study, the magnetic fluxes generated in coils by magnets were measured using a
TA102E-1 type maxwellmeter (MKY, Beijing, China), in order to quantify the variation in remanence
after laser welding. Two sequences were used in the present study. In the first sequence, the magnets
were firstly magnetized, then spot welded by laser, and finally the remanences were measured;
in the second sequence, the magnets were firstly welded by laser, then magnetized, and finally the
measurements of remanences were carried out.

3. Results

3.1. Effects of Laser Power on Weld Dimensions

During laser welding of the sintered NdFeB, the materials with temperatures higher than the
melting point (1180 ◦C) of the main phase Nd2Fe14B will completely melted and form weld pools, and
upon cooling, will finally form a nugget in a weld. The materials with temperatures ranging between
655 ◦C (melting point of Nd-rich phase) and 1180 ◦C will only partially melted, i.e., the Nd-rich phase
will melt, while the main phase will not. This part of the material forms the heat affected zones (HAZ)
in a weld spot. For materials with temperatures lower than 655 ◦C, melting will not take place, and
the base metal of magnet is not affected as far as the microstructure is concerned. The constitution of
a laser spot weld of the sintered NdFeB is shown in Figure 3a, in which two geometric parameters,
i.e., surface diameter Ds and penetration depth Pn, are defined to characterize the dimensions of
the spot weld. From Figure 3a, two different regions can be noticed in the nugget and, based on
previous study [21], it has been found that they represent the columnar grain zone along fusion line
(the interface between nugget and HAZ), and the equiaxed grain zone in the middle part of the nugget,
respectively. The dashed lines in Figure 3a represent the boundaries between the nugget, HAZ, and
base metal. Figure 3b more clearly shows the three distinct regions in a laser weld. The boundary
between the base metal and the HAZ can be identified by whether the Nd-rich phase is melted or not.
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(a) (b)

Figure 3. Constitution of a laser spot weld of the sintered NdFeB: (a) Definition of characteristic
dimensions; (b) Three typical regions in a laser weld.

Dimensions of the weld spots produced with different laser powers ranging from 80 W to 180 W
are given in Figure 4, from which it can be seen that the penetration depths increase monotonically
for increased laser power, and a full penetration (0.7 mm) spot weld is obtained with a laser power of
180 W. The surface diameters of weld spots increase when increase the laser power from 80 W to 160 W,
while a slight decrease in surface diameter can be noted with a further increase in the laser power from
160 W to 180 W. This can be attributed to the transition from partial penetration to full penetration of
welds, which promotes the heat transfer in depth direction while reducing it in the radial direction.
This phenomenon has also been reported in continuous laser welding trials with aluminum alloys [23].
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Figure 4. Dimensions of spot welds fabricated with different laser powers (weld time: 0.05 s, defocusing
distance: +1 mm).

3.2. Effects of Laser Power on Magnetic Property

Figure 5 presents the effect of laser power on the magnetic flux. It can be seen that for the magnets
welded before being magnetized, the magnetic flux decreased slightly for increased laser power.
The minimum magnetic flux of 142.3 mWb was obtained at a laser power of 180 W, which was 6.5%
lower than that of the magnets not welded, which was 152.2 mWb. For the magnets welded after being
magnetized, the magnetic flux also decreased with the increasing of laser power, and the decrease was
much more significant than the magnets welded before being magnetized. It can be seen that a 45.0%
reduction in magnetic flux was caused by laser welding with a laser power of 180 W, resulting in a
magnetic flux of 83.7 mWb.
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Figure 5. Effect of laser power on magnetic flux.

4. Discussion

4.1. Characteristics of Microstructures of a Laser Spot Weld

The cross-sections of laser spot welds of the magnet were observed by SEM. Similar microstructure
features were found for welds made with different laser powers, despite the different dimensions
of nuggets and heat affected zones, as indicated in the preceding section. As a representative, the
microstructure of a partial penetrated spot weld (shown in Figure 6a) is presented here. Figure 6b
demonstrates the details of section A of the nugget shown in Figure 6a. It can be seen from Figure 6b
that the nugget of a NdFeB spot weld is composed mainly by ultra-fine grains of isotropic Nd2Fe14B,
with disordered orientations. The different grain orientations of different regions are the result of
epitaxial growth of columnar grains from fusion line, in addition to the growth of equiaxed grains in
all directions during solidification [21]. According to the Stoner-Wohlfarth model [3], the remanence
(Br) of isotropic NdFeB permanent magnets with a single easy magnetization axis is one half of the
saturation magnetization (Bs) of the magnet. In contrast, the Br of anisotropic NdFeB permanent
magnets with single easy magnetization axis is approximately equal to Bs. Obviously, the change in
microstructure of nugget region from anisotropic to isotropic due to the melting and solidification
during laser welding will deteriorate the magnetic property of the magnet.

(a)

Figure 6. Cont.
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(b) (c)

Figure 6. The cross-section of laser spot weld (a); and the microstructures of nugget (b) and HAZ (c) in
a laser spot weld.

Figure 6c presents the details of the heat affected zone (section B in Figure 6a). It can be seen
that the melting of Nd-rich phase at grain boundaries will result in micro gaps and consequently
weaken the bonding between grains of main phase Nd2Fe14B. Some main phase grains may be broken
into small pieces, which may rotate when the melted Nd-rich phase flows locally. In this way, the
orientation of the easy magnetization axes of these grains will deviate from their original orientation,
which may result in the decrease in the degree of orientation and, in turn, the deterioration of the
magnetic property.

4.2. Characteristics of Thermal Demagnetization of NdFeB

According to the experimental studies on the magnetic domains and magnetic property of
NdFeB [24,25], the thermal demagnetization behavior of a NdFeB permanent magnet can be described
with the curve shown in Figure 7. The magnetic property is basically unchanged for temperatures
lower than the maximum working temperature (about 120 ◦C); for temperatures of 120 ◦C < T < 240 ◦C,
the magnetic property decreases slightly; for T > 240 ◦C, the magnetic property decreases dramatically,
and when the temperature is greater than about 300 ◦C (Curie temperature of NdFeB), the magnetic
property disappears completely.

Figure 7. Thermal demagnetization curve of NdFeB permanent magnets [24,25].
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4.3. Divisions of Regions in a Laser Spot Weld of NdFeB

Based on the discussion above, a spot weld of the NdFeB magnet can be divided into five regions,
as shown in Figure 8.

Figure 8. Schematic of temperature distribution and different regions in a spot weld of NdFeB
permanent magnet.

The first region is nugget region that experiences temperatures above the melting point of magnet
(1180 ◦C), which has lower magnetic property than the base metal due to its isotropic ultra-fine
solidification structures, and the magnetic property of this region is not recoverable by magnetization.

The second region is heat affected zone, which experiences temperatures from the melting point
of Nd-rich phase (655 ◦C) to that of base metal (1180 ◦C). It has lower magnetic property than base
metal because of the melting of Nd-rich phase and in turn the weakened bonding between main
phase grains. Similar to the nugget region, the magnetic property of this region is also not recoverable
by magnetization.

The third region experiences temperatures ranging from the Curie point of the magnet (about
300 ◦C) to the melting point of the Nd-rich phase (655 ◦C) during the welding process. The magnetic
property of this region will be reduced to zero if the magnet is magnetized, and can be fully recovered
by re-magnetization after welding because the microstructure is not affected by welding.

The fourth region has temperatures ranging from the maximum working temperature (about
120 ◦C) to the Curie point of the magnet (about 300 ◦C) in laser welding. The magnetic property
of this region will be partially reduced if the magnet is magnetized, and can be fully recovered by
re-magnetization after welding.

The last region is the part with temperatures lower than 120 ◦C during welding, both
microstructure and magnetic property of this region are not influenced by welding.

For magnets laser welded after being magnetized, the magnetic property of regions with
temperatures higher than the maximum working temperature 120 ◦C (regions 1–4 as discussed above)
is affected, which lead to a notable decrease in magnetic flux as shown in Figure 5. In contrast, for
those magnets laser welded before being magnetized, although the magnetic properties of regions 1–4
may also be affected by welding, the magnetic properties of region 3 and 4 can be fully recovered.
As a result, the deterioration of magnetic property is much less than those welded after magnetization.
In order to obtain a better magnetic performance, it is recommended that the NdFeB permanent
magnets should be welded before being magnetization in practical engineering applications, while the
dimensions of nuggets and HAZ should be as small as possible.

5. Conclusions

(1) The magnetic property (in terms of Br) of NdFeB decreases with the increase of laser power.
For the same welding parameters, the magnetic property of magnets that were magnetized before
laser welding is much lower than that of magnets that were magnetized after laser welding.
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(2) The decrease in the magnetic property of magnets after laser welding results from the changes in
microstructures and, in turn, the deterioration of magnetic properties in the nugget and the heat
affected zone (HAZ) in a laser weld.

(3) In order to obtain better magnetic performance, it is recommended that the NdFeB permanent
magnets should be welded before being magnetized in practical engineering applications, while
the dimensions of nuggets and HAZ should be as small as possible.
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Abstract: Controlling part-to-part gaps is a crucial task in the laser welding of galvanized steel sheets
for ensuring the quality of the assembly joint. However, part-to-part gaps are frequently non-uniform.
Hence, elevations and depressions from the perspective of the heading direction of the laser beam
always exist throughout the gap, creating ascending, descending, and flat travelling paths for laser
welding. In this study, assuming non-uniform part-to-part gaps, the effects of welding direction
on the quality of the joint of galvanized steel sheets—SGARC440 (lower part) and SGAFC590DP
(upper part)—were examined using 2-kW fiber and 6.6-kW disk laser welding systems.
The experimental analysis of coupon tests confirmed that there is no statistically significant correlation
between the direction of welding and weld pool quality if the gap exceeds the tolerable range.
However, when the gap is controlled within the tolerable range, the welding direction can be
considered as an important process control variable to enhance the quality of the joint.

Keywords: laser welding; part-to-part gap; welding direction; process control

1. Introduction

From the perspective of automotive body-in-white assemblies, laser welding has many desirable
features such as high joining speed, excellent repeatability, and non-contact single-sided access,
resulting in a greater degree of freedom in car body design. Nevertheless, laser welding is yet to be
widely and successfully used, especially for joining of complex galvanized steel parts in lap-joint
configurations [1], for which conventional joining methods such as resistance spot welding are
generally employed.

Important design parameters for laser welding have been investigated in many empirical studies.
For example, Benyounis et al. [2] identified the importance of laser power, focal position, and welding
speed on the assembly joint’s quality such as heat input and weld bead geometry (i.e., penetration
depth, widths of welded zone, and heat-affected zone). Wu et al. [3] also confirmed that there is a
statistically significant correlation between a joint’s quality (i.e., welding penetration and the width of
a weld seam) and laser power and welding speed.

In general, individual part variations caused by the deformation of metal sheets result in
unexpected gaps between the upper (top) and lower (bottom) parts, as shown in Figure 1. Hence,
tight part-to-part gap control is required to ensure the assembly joint quality of the galvanized steel
sheets; these sheets are characterized by the lower evaporation point of Zn (906 ˝C) than the melting
point of Fe (1538 ˝C). The vaporized zinc gas hampers the formation of stabilized keyholes and often
causes serious weld defects such as porosity, spatter, intermetallic brittle phases, and discontinuities
formed by zinc vapor entrapment in the welding joints [4].

Metals 2016, 6, 184; doi:10.3390/met6080184 www.mdpi.com/journal/metals158
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Figure 1. Part-to-part gap variation and angles of elevation and depression in a simplified side-member
part assembly.

Several ad hoc methods have been developed to control part-to-part gaps; these methods include
laser dimpling [5], shim insertion between parts [6], usage of porous powder metal, pre-drilling [7],
and synchronous rolling technique [8]. Laser dimpling allows us to create small dimples on bottom
parts by using a relatively low-powered laser beam prior to the corresponding laser-welding process.
Laser dimpling is a commonly used practical method to realize the minimum required gap because
small dimples are created by the same laser system that is used for laser welding [5]. Table 1
summarizes the recent research efforts to identify the major welding parameters that affect the quality
of laser lap welding of galvanized steel.

Table 1. The major process parameters in the laser lap welding of galvanized steel from literature.

Major Process Parameters Laser Welding Quality References

Laser power, focal position,
welding speed

Heat input and weld bead
geometry

(i.e., penetration depth, widths of
welded zone, and heat-affected

zone)

Benyounis et al. [2], Wu et al. [3]

Part-to-part gap Weld depth, weld width, and
concavity Zhao et al. [9]

Laser power, welding speed,
focal position, and shielding gases Static tensile strength Mei et al. [10]

Shielding gases Tensile strength and widths
of heat-affected zone Chen et al. [11], Yang et al. [12]

Clamp pressure Lap shear strength and weld seam
width

Acherjee et al. [13], Anawa et al.
[14]

What makes laser welding more complex is that part-to-part gaps are very often non-uniform,
as shown in Figure 1. Owing to the non-uniformity, elevation and depression angles always exist
throughout the gap, creating ascending, descending, and flat travelling paths for laser welding from
the perspective of the direction of the laser beam.

This study examined the effect of the non-uniformity of the part-to-part gap on the weldment
quality of a joint during the laser welding of galvanized steel sheets. We conducted an experimental
analysis of 84 coupon tests under the in-tolerance condition of part-to-part gap (0.3 mm) and 66 coupon
tests under the out-of-tolerance condition (0.5 mm). Laser lap joining of two different galvanized
steel sheets, namely, SGARC440 (lower part) and SGAFC590DP (upper part) were performed
by using 2-kW fiber and 6.6-kW disk laser welding systems.

The quality characteristic of a weldment was evaluated based on the top and bottom s-values and
concavities of the weld pool, and their correlation with the weld direction was examined based on the
analysis of variance (ANOVA).

The purpose of the experiment was to examine whether the laser welding direction is as
an important process control variable for non-uniform part-to-part gaps, especially in the case
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of the remote laser welding system with a scanning mirror head used as the end-effector
(e.g., Comau’s Smart Laser™). Note that a robotic remote laser welding system can easily change not
only the welding position, but also the direction of welding, simply by controlling the tilting mirrors
in the scan head, as shown in the Figure 2. This control procedure for repositioning and redirection
does not affect the required cycle time of the weld process.

Figure 2. A schematic illustration of a laser welding scanner head that can easily change the direction
of welding.

2. The Experiments

2.1. Laser Welding Systems

In order to provide reliable empirical evidence, we conducted coupon tests by using two different
laser welding systems, namely, a 2-kW fiber laser welding system and a 6.6-kW disk laser welding
system. The former system is a 2.5 axis gantry-based automated welding system that delivers a laser
beam from IPG YLS-2000-AC fiber laser source (IPG Photonics, Oxford, MA, USA) with a maximum
output discharge of 2 kW in the TEM01 mode of laser radiation. The 6.6-kW disk laser welding system
is a five-axis KUKA robot-based remote laser welding system that delivers a laser beam from TRUMPF
TruDisk 6602 disk laser (TRUMPF, Schramberg, Germany). Table 2 lists the technical parameters of
both systems.

Table 2. Technical parameters of the laser welding systems.

Parameters Unit
Fiber Laser Disk Laser

YLS-2000AC TruDisk6602

Max. laser power kW 2.0 6.6
Beam quality mm ˆ mrad 6.0 8.0

Fiber diameter μm 600 200
Emission wavelength nm 1070 1030

Focal length mm 278 533
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2.2. Experimental Materials

We conducted laser welding experiments using sheets made of galvanized steels SGARC440
(lower part: 1.8 mm thickness) and SGAFC590DP (upper part: 1.4 mm thickness); these materials are
currently used in the side-member parts of a car model. The amount of zinc coating on the lower and
upper parts and their chemical compositions are summarized in Table 3. The mechanical properties of
the tested materials are listed in Table 4.

Table 3. Chemical composition (weight %) of the test materials.

Tested
Materials

Dimension (mm)
(length ˆ width ˆ

thickness)

Zinc Coating
(g/m2)

C
(%)

Si
(%)

Mn
(%)

P (%) S (%)

SGARC440
(Lower part) 130 ˆ 30 ˆ 1.8 45.5 0.12 0.5 1.01 0.021 0.004

SGAFC590DP
(Upper part) 130 ˆ 30 ˆ 1.4 45.4 0.09 0.26 1.79 0.03 0.003

Table 4. Mechanical properties of the test materials.

Tested Material

Tensile Test

Yield Strength (N/m2) Max-Tensile Strength (N/m2) Elongation (%)

SGARC440 (Lower part) 327.5 451.1 38
SGAFC590DP (Upper

part) 413.8 625.7 28

2.3. Non-Uniform Part-to-Part Gap

In general, for the successful laser welding of galvanized steel, it is necessary first to control the
gap usually to be within 10% of the thickness of the upper part on which the laser beam is incident
and additionally to allow for the minimum gap between the parts in order to provide a channel to
vent out the vaporized zinc [13]. In general, in the case of automotive body parts, gaps of a maximum
of 0.3 mm and minimum of 0.05 mm are required for laser welding of galvanized steel sheets.
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Figure 3. Weld joint configuration clamped at the two corners and the three types of travelling paths:
(a) ascending; (b) flat; (c) descending.

As shown in Figure 1, these gaps are very often non-uniform because of individual part variations
in the galvanized steel sheets. In order to simplify these random part-to-part gaps for the experiment,
we linearized the travelling paths of the laser into only three linear types: ascending, descending,
and flat, depending on the angles of elevation and depression from the perspective of the heading
direction of the laser beam. In other words, we created part-to-part gaps and ascending (Type A),
flat (Type B), and descending (Type C) travelling paths of welding by inserting a conventional metal
thickness gauge (thickness: 0.3 mm, 0.5 mm) between the upper and the lower parts that were to
be joined.

Figure 3 shows the schematic representation of experimental setups. Note that all the specimens
and thickness gauges were washed using an alcohol-based cleaner to remove any dust and oil layers,
and the specimen was tightly clamped at two corners to minimize any unexpected part-to-part gaps.

2.4. Experimental Design

The surface appearance and cross sectional macrostructure significantly affects the weld quality,
which is tensile shear strength, as shown in the previous works by Sinha et al. [4] and Wei et al. [15].
Chen et al. [16] also investigated relations between geometry of weld seam and tensile strength using
conventional destructive techniques for measuring the geometry of the weld seam and tensile strength.
Ceglarek et al. [17] used the measures as the key joint quality indicators to monitor laser welding
process and simultaneous joint quality evaluation. Especially on concavity, Westerbaan et al. [18]
observed higher amount of concavity reduced the tensile strengths and fatigue resistance. Based on
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the related works, the concavities as well as the s-value but should be considered as quality measures.
We defined the weld pool quality by considering the top and the bottom s-values and concavities,
as follows:

Weld pool quality “ ptop s ´ value ` bottom s ´ valueq{2 ´ p|top concavity| ` |bottom concavity|q (1)

We performed coupon tests with the 2-kW fiber and the 6.6-kW disk laser welding systems
to investigate statistically whether the type of travelling path is an important process parameter
for determining the joint’s quality, especially in terms of the weld pool quality (see Figure 4).
The weld specimens were cut at the center of the welded seam utilizing wire-cut EDM which is
SODICK’s SL400G. The s-values, top and bottom concavity were measured by using a LEICA DMS300
microscopic system and its embedded software, Leica Application Suite EZ (LAS EZ).

Figure 4. Definition of weld pool quality and an example of the cross sectional view at the middle of
the specimen.

To analyze the result further, we conducted additional experiments considering a new joining
quality measure, namely, the tensile strength of the weld. The tensile tests of welds were conducted
using the testing instruments, INSTRON 5982 (100 kN capacity, INSTRON, Norwood, MA, USA).
The tested specimen and setup was exactly the same with the experiments #1 and #2 (see Table 5).

Table 5. Experimental design.

Experiments
Experimental Factors Part-to-Part Gap

(mm)
Welding Speed

(mm/min)Laser Power
(W)

Type of Travelling
Path

#1-1 1600 Ascending
0.3 (in-tolerance)

800
3 levels ˆ 2 levels with
2 replicates (2 kW fiber)

1800 Descending 1000
2000 1250

#1-2 4000 Ascending
0.3 (in-tolerance)

4000
3 levels ˆ 2 levels with

5 replicates (6.6 kW disk)
5000 Descending 5000
6000 6000

#2-1 2000 Ascending 0.5
(out-of-tolerance)

900
3 levels with

10 replicates (2 kW fiber)
Flat

Descending

#2-2 4000 Ascending 0.5
(out-of-tolerance)

3000
3 levels ˆ 3 levels with

4 replicates (6.6 kW disk)
5000 Flat 4000
6000 Descending 4000
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Through the sufficient trials and pre-experiments, we identified the appropriate magnitude of
laser power and its corresponding welding speed for the experiments in order to minimize noise,
thereby maintaining stable weld quality. The tilting of the laser beam because of the non-uniformity of
the part-to-part gap was assumed to be negligible. Each replicate was blocked in order to eliminate the
effect of nuisance factors.

3. The Effects of Laser Welding Direction

3.1. Weld Pool Quality

The result of experiment #1 is summarized in Tables 6 and 7. Note that the two values below
the photo of each cross section describe the average s-value (mm) and the weld pool quality (mm)
respectively. ANOVA for experiment #1-1 (Table 8) indicated that the travelling path has no statistically
significant effect on the weld pool quality at the 0.05 level of significance under the condition of
in-tolerance part-to-part gap and low laser power. However, it is likely that the descending path
outperforms the ascending path, as illustrated in the main effect plot in Figure 5a. ANOVA for
experiment #1-2 (Table 9) and the main effect plot (Figure 5b) show that changes in the travelling path
during laser welding, i.e., changes in the welding direction do not influence the weld pool quality,
even when a relatively high power laser beam is used under the condition of in-tolerance
part-to-part gap.
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Figure 5. Main effect plots of the average s-value and weld pool quality in terms of the travelling
path for experiment (a) #1-1 (laser power: 1.6, 1.8, and 2 kW, part-to-part gap: 0.3 mm) and (b) #1-2
(laser power: 4, 5, and 6 kW, part-to-part gap: 0.3 mm).
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Table 6. The laser welding experimental data for experiment #1-1.

Laser Power
Average s-Value/Weld Pool Quality (mm)

Ascending Descending

1.6 kW
1.336/1.2191.344/0.979

Average s-value/Weld pool quality
(mm)

1.691/1.3011.506/1.342

1.8 kW

1.134/0.9011.218/1.096 1.845/1.5441.458/1.218

2 kW

1.082/0.8541.292/1.120 1.456/1.1781.519/1.383

Table 7. The laser welding experimental data for experiment #1-2.

Laser Power
Average s-Value/Weld Pool Quality (mm)

Ascending Descending

4 kW

1.541/1.4711.474/1.373

1.542/1.3601.528/1.4291.473/1.411

1.424/1.2431.365/1.127

1.519/1.4111.532/1.3891.445/1.238

5 kW
1.343/1.0991.625/1.5101.621/1.399 1.576/1.3871.701/1.5441.485/1.345

1.492/1.4071.632/1.476 1.567/1.4141.564/1.400

6 kW

1.551/1.3381.433/1.210

1.465/1.3391.449/1.3171.387/1.224

1.510/1.2941.587/1.355

1.487/1.1701.499/1.2691.567/1.312

Dimensional variation caused by the deformation of metal sheets often results in a large
part-to-part gap (larger than 0.3 mm); this impedes the maintenance of laser lap welding quality.
Experiment #2 was conducted to investigate the effect of welding direction under the condition of
out-of-tolerance part-to-part gap, and its result is summarized in Tables 10 and 11.
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Table 8. ANOVA table for experiment #1-1 (2-kW fiber laser welding system).

Source
Degree of
Freedom

Sum of
Squares

Mean Square F-Ratio P-Value

Blocks 1 0.00165 0.00165 0.05 0.828
Laser power 2 0.01256 0.00628 0.2 0.824

Travelling path 1 0.26895 0.26895 8.6 0.033
Laser power ˆ Travelling

path 2 0.01281 0.00641 0.2 0.821

Error 5 0.15628 0.03126
Total 11 0.45224

Table 9. ANOVA table for experiment #1-2 (6.6-kW disk laser welding system).

Source
Degree of
Freedom

Sum of
Squares

Mean Square F-Ratio P-Value

Block 4 0.0479 0.0120 1.34 0.291
Laser power 2 0.0666 0.0333 3.71 0.043

Travelling path 1 0.0072 0.0072 0.81 0.380
Laser Power ˆ Travelling

path 2 0.0373 0.0187 2.08 0.151

Error 20 0.1793 0.0090
Total 29 0.3383

Table 10. The laser welding experimental data of experiment #2-1.

Laser Power
Average s-Value/Weld Pool Quality (mm)

Flat Ascending Descending

2 kW

2.260/1.1952.215/1.136

2.202/1.2482.143/1.272

1.900/1.3732.260/1.732

2.107/1.4222.120/1.179

1.887/1.4091.999/1.373

1.573/1.2191.753/1.388

1.521/1.0751.431/1.047

1.560/1.2172.015/1.567

1.685/1.2651.700/1.329

1.880/1.4051.532/0.976

1.743/1.3871.460/1.209

1.809/1.4792.073/1.173

1.383/1.0591.802/1.290

1.755/1.3101.600/1.324

1.501/1.1071.719/0.943

As in the case of the result of experiment #1, ANOVA for experiment #2-1 (Table 12) also indicates
that the travelling path has no statistically significant effect on the weld pool quality at the 0.05 level of
significance under the condition of out-of-tolerance part-to-part gap and low laser power. However,
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the results of experiment #2-2 (Table 13) show that the travelling path may cause variations in the
weld pool quality when the part-to-part gap is large and the laser power is relatively high. However,
the main effect plot in Figure 6 showed that the root cause of this variation was the quality difference
between the flat travelling path and the other paths, rather than any difference between the ascending
and descending paths.

Table 11. The laser welding experimental data of experiment #2-2.

Laser Power
Average s-Value/Weld Pool Quality (mm)

Flat Ascending Descending

4 kW

1.668/0.9451.697/0.990

1.796/1.0791.731/1.046

g

1.715/1.1361.620/1.144

1.717/1.2211.692/1.158

g

1.692/1.2571.681/1.077

1.847/1.0171.865/1.030

5 kW
1.493/0.5631.517/0.662 1.751/1.3221.806/1.225 1.509/1.1691.701/1.393

1.491/0.7341.545/0.779 1.660/1.2151.869/1.444 1.845/1.4001.720/1.392

6 kW

1.618/0.4231.649/0.776

1.634/0.7151.509/0.584

1.781/1.2031.765/1.285

1.738/1.1821.637/1.151

1.853/1.3131.670/1.298

1.701/1.1101.757/1.220
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Figure 6. Main effect plots of the average s-value and weld pool quality in terms of the travelling path
for experiment (a) #2-1 (laser power: 2 kW, part-to-part gap: 0.5 mm) and (b) #2-2 (laser power: 4, 5,
and 6 kW, part-to-part gap: 0.5 mm).

Table 12. ANOVA table of the s-value for experiment #2-1 (2-kW fiber laser welding system).

Source
Degree of
Freedom

Sum of
Squares

Mean Square F-Ratio p-Value

Travelling
path 2 0.0630 0.0315 1.06 0.361

Error 27 0.8026 0.0297
Total 29 0.8656

Table 13. ANOVA table for experiment #2-2 (6-kW disk laser welding system).

Source Degree of Freedom
Sum of
Squares

Mean Square F-Ratio p-Value

Blocks 3 0.0437 0.0146 1.62 0.212
Laser power 2 0.0507 0.0254 2.81 0.08

Travelling path 2 1.6103 0.8051 89.33 0.00
Laser power ˆ
Travelling path 4 0.4616 0.1154 12.8 0.00

Error 24 0.2163 0.0090
Total 35 2.3826

Note that the weld pool quality of experiment #2-1 significantly differs from that of experiment
#2-2 in the case of the flat travelling path. This is because the welding process is relatively longer
because of the low laser power, and hence, there is sufficient time to create a keyhole through the
top and the bottom parts. Hence, an acceptable s-value is attained despite the large part-to-part gap.
This large gap, however, usually creates large top concavity, which has a negative effect on the weld
pool quality.

3.2. Tensile Strength

We conducted additional experiments and evaluated the welding quality by tensile strength.
The tensile tests of welds were conducted using the testing instruments, INSTRON 5982 (100 kN capacity).
Table 14 shows maximum tensile strengths for different laser powers.
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Table 14. The laser welding experimental data of experiment #3-1 (laser power: 2 kW, part-to-part gap:
0.3 mm) and experiment #3-2 (laser power: 4, 4.5, 5.5, and 6 kW, part-to-part gap: 0.3 mm)

Experiment #3-1 Experiment #3-2

Laser
Power

Maximum Tensile Strength
(MPa)

Laser
Power

Maximum Tensile Strength
(MPa)

Ascending Descending Ascending Descending

2 kW

143.150 138.044
4 kW

130.195 154.848
157.330 161.804 132.497 174.842
157.330 142.091 137.479 141.421

167.639 175.656
4.5 kW

143.150 146.920
125.989 151.240 128.442 139.133
177.610 113.757 126.111 170.180

124.059 155.150
5.5 kW

162.380 133.611
139.451 166.041 138.745 142.645
156.543 167.844 122.292 157.112

6 kW
152.604 145.174
163.173 145.174
163.173 122.911

Results of experiment #3-1 (Table 15) indicated that the travelling path under the condition of
in-tolerance part-to-part gap and low laser power had statistically significant effects on the maximum
tensile shear strength at the 0.05 level of significance. Furthermore, the descending travelling path
yielded better results than the ascending path, as shown in Figure 7a. The results of experiment
#3-2 (Table 16) showed that changes in the travelling path during laser welding did not influence the
tensile strength in the case of a relatively high power laser source under the condition of in-tolerance
part-to-part gap. However, from the main effect plot shown in Figure 7b, we observed the tendency of
joining quality: the descending travelling path outperformed the ascending one. There is a similar
tendency when we are dealing with the weld pool quality. Based on the results, weld pool quality can
be an indirect measure of the tensile shear strength.
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Figure 7. Main effect plots of maximum tensile strength in terms of the travelling paths for experiment
(a) #3-1 (laser power: 2 kW, part-to-part gap: 0.3 mm) and (b) #3-2 (laser power: 4, 4.5, 5.5, and 6 kW,
part-to-part gap: 0.3 mm).

Table 15. ANOVA table of the tensile strength for experiment #3-1 (2-kW fiber laser welding system).

Source Degree of Freedom
Sum of
Squares

Mean Square F-Ratio p-Value

Travelling path 1 1037 1037 5.44 0.033
Error 16 3053 191
Total 17 4090
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Table 16. ANOVA table of the tensile strength for experiment #3-2 (6.6-kW disk laser welding system).

Source Degree of Freedom
Sum of
Square

Mean Square F-Ratio p-Value

Laser power 3 419 139.7 0.62 0.612
Travelling path 1 552.9 552.9 2.45 0.137
Laser power ˆ
Travelling path 3 1200.7 400.2 1.78 0.192

Error 16 3603.5 225.2
Total 23 5776.1

4. Discussion

Table 17 summarizes the results of the four sets of experiments. The results did not provide
a statistically significant evidence to correlate the direction of welding with the weld pool quality.
Nevertheless, we observed that the descending travelling path yields a slightly better joining quality
than the ascending path in the case of the relatively low power laser beam under the condition of
in-tolerance part-to-part gap, as illustrated in the main effect plot shown in Figure 5.

Table 17. Summary of the four experiments.

Experiments Part-to-Part Gap (mm)
Significance of Welding

Direction

#1-1 (2-kW fiber) 3 levels ˆ 2 levels
with 2 replicates 0.3 (in-tolerance) Descending ě Ascending

#1-2 (6.6-kW disk) 3 levels ˆ 2 levels
with 5 replicates 0.3 (in-tolerance) X

#2-1 (2-kW fiber) 3 levels with 10 replicates 0.5 (out-of-tolerance) X
#2-2 (6.6-kW disk) 3 levels ˆ 3 levels

with 4 replicates 0.5 (out-of-tolerance) X

From the experimental results, we inferred that the descending path is usually better than the
ascending path if the peak part-to-part gap does not exceed the tolerable range. In the case of ascending
travelling path, the gap at the starting point of welding is not sufficient to create and sustain a stable
keyhole owing to insufficient degassing. In contrast, in the case of the descending path, the gap at the
starting point is acceptable as in the case of the flat travelling path. This allows vaporized zinc gas to
escape effectively through the gap even before forming a stable cavity or keyhole. Once the keyhole
formed and the full penetration through the top and the bottom parts was realized, the keyhole itself
acted as a channel for venting out the zinc vapor in spite of the small gap at the finishing point of the
descending travelling path. The images of the lateral and the top surfaces of the weld joints shown in
Figure 8 present the result of this phenomenon.
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Figure 8. The lateral images of weld joints in the cases of ascending (top) and descending (bottom)
travelling paths.

In summary, the experimental results provided some evidence that the laser welding direction
can be considered as an important process control variable to enhance the quality of a joint so long as
the part-to-part gap is controlled within the tolerable range. This finding, however, calls for further
study considering other experimental parameters such as different materials and the amount of zinc.
Furthermore, effectively identifying the part deformation that will generate different types of travelling
paths during laser welding is a challenge.

5. Conclusions

The effects of welding direction on the quality of joints were investigated. The main findings are
summarized as follows:

‚ Individual part variation often causes non-uniform part-to-part gaps.
‚ If the part-to-part gap exceeds the tolerable range, the direction of welding does not affect the

weld pool quality significantly.
‚ If the part-to-part gap exceeds the tolerable range, laser power adjustment is more sensitive to the

weld pool quality than welding direction change.
‚ If the part-to-part gap is controlled within the tolerable range, then the direction of welding can

be considered as an important process control variable to enhance the quality of the joint.

These findings motivate further research to determine the status of part-to-part gaps by in-process
weld signal monitoring. By using the status information, the magnitudes of process parameters such
as laser power, welding speed, and the direction of welding can be adjusted for the next welding
operations in the same batch of parts to be joined, where individual part variations tend to have
similar patterns.
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Abstract: Novel “ECO Mg” alloys, i.e., CaO-added Mg alloys, which exhibit oxidation resistance
during melting and casting processes, even without the use of beryllium or toxic protection gases
such as SF6, have recently been introduced. Research on ECO Mg alloys is still continuing, and their
application as welding filler metals was investigated in this study. Mechanical and metallurgical
aspects of the weldments were analysed after welding, and welding behaviours such as fume
generation and droplet transfer were observed during welding. The tensile strength of welds was
slightly increased by adding CaO to the filler metal, which resulted from the decreased grain size in
the weld metal. When welding Mg alloys, fumes have been unavoidable so far because of the low
boiling temperature of Mg. Fume reduction was successfully demonstrated with a wire composed of
the novel ECO Mg filler. In addition, stable droplet transfer was observed and spatter suppression
could be expected by using CaO-added Mg filler wire.

Keywords: magnesium; fusion welding; CaO-added filler; fumes; microstructure

1. Introduction

Weight reduction is becoming an increasingly important issue in the automotive industry, to
adhere to global CO2 emission and fuel consumption regulations. Magnesium alloys are a promising
lightweight alternative to aluminium alloys and high-strength steel in the automotive industry.
Although Mg alloys have many advantages such as high specific strength, low density, and good
casting ability, they are inherently reactive during processing of the molten Mg alloy; therefore,
sulphur hexafluoride (SF6) protection gas must be used or beryllium must be added to the Mg alloy
to prevent ignition. Recently, so-called “ECO Mg” alloys have been invented by introducing CaO to
the conventional Mg alloys. Previous studies have reported that Mg oxidation and ignition could be
controlled and minimized in various ECO Mg alloys during melting [1–4], and improved mechanical
properties and metallurgical characteristics have been reported [5–7].

Welding and joining are essential processes to manufacture automotive parts, and several welding
processes have been proposed for Mg alloys. However, welding Mg alloys is inherently difficult
because of their material characteristics such as low boiling temperatures, a high thermal expansion
coefficient, and high thermal conductivity. Friction stir welding, a solid-state process, has been
suggested to overcome the disadvantages of Mg alloys [8–11]. Also, numerous research studies for
fusion welding processes that are more familiar and flexible have been recently published to optimize
the fusion welding processes. These include gas tungsten arc welding [12,13], gas metal arc welding
(GMAW) [14], and laser welding [15,16]. Recent studies on friction stir welding of ECO Mg alloy
revealed that the mechanical and metallurgical characteristics of friction stir welds were also improved
by the enhanced mechanical properties of ECO Mg alloy [17,18]. Other interesting results come
from the laser welding of ECO Mg alloy. In addition to improved mechanical and metallurgical

Metals 2016, 6, 155; doi:10.3390/met6070155 www.mdpi.com/journal/metals173



Metals 2016, 6, 155

characteristics, laser-induced plasma can be controlled using ECO Mg alloy, which can prevent plasma
interference with laser irradiation and can consequently lead to increased welding speed to realize
fully penetrated welds [19].

In GMAW, the filler metal electrode has two important roles: as an electrode and as the source
of deposited metal in the welds. The filler wire, which is normally employed as the positive pole, is
exposed to the high-temperature welding arc, and electrons are condensed into the filler wire. Thus, the
molten drop hanging on the end of the filler wire is easily overheated. Mg in the filler wire can result
in droplet evaporation due to its low boiling point. However, most previous studies of droplet
evaporation and fume generation have focused on Mg-containing Al filler wires [20–23] and only
spatter generation and porosity in Mg filler wire were discussed [14]. On the other hand, as the source
of deposited metal in welds, ECO Mg filler wire dissolved in the weld metal can improve mechanical
and metallurgical characteristics as confirmed in autogenous laser welding of ECO Mg alloy [19].

In this study, ECO Mg alloy was employed as a filler metal for GMAW, and the weldability was
studied. First, various mechanical and metallurgical characteristics of welds are explained, and then
welding phenomena such as fume generation and droplet transfer monitored during GMAW will
be discussed.

2. Experimental Setup

In this study, the base material was a commercial AZ 31 alloy sheet with a measured tensile
strength of 278 MPa whose measured chemical composition is given in Table 1. The sheet was
150 mm long, 120 mm wide, and 1.5 mm thick. Before welding, the oxide film on the specimen was
removed with a stainless brush in the area intended for welding.

Table 1. Chemical composition of base material (wt. %).

Al Zn Mn Si Fe Cr Mg

3.098 0.981 0.304 0.037 0.013 0.013 Bal.

The filler materials were a commercial AZ 31 alloy (AZ31-A) and CaO-added AZ 31 alloy (AZ31-B).
Both fillers were 1.2 mm in diameter, and their chemical compositions measured by ICP are given
in Table 2.

Table 2. Chemical compositions of filler wires (wt. %).

Filler Wire Al Zn Mn Si Ca Mg

AZ31-A 2.76 0.92 0.40 0.019 - Bal.
AZ31-B 3.10 0.63 0.19 1.18 0.89 Bal.

In the welding experiments, bead-on-plate (BOP) welding was conducted and the fillers were fed
into the weld pool with a lead angle of 20˝ from perpendicular, as shown in Figure 1a. Figure 2 shows
the arc welding system with a six-axis articulate robot, a wire feeding system, and a welding power
source. Argon shielding gas was supplied by a welding torch with a flow rate of 20 L/min. Mg alloys
have a low boiling temperature, and a tremendous amount of spatters are generated when welding
in the standard mode [14]. To avoid spatter generation and minimize heat input during welding,
a Fronius CMT (cold-metal-transfer) 3200 was used as the power source, operating in the CMT mode,
which is a type of short circuit transfer mode welding. The welding current, welding voltage, wire
feed speed, and welding speed selected were 80 A, 10.2 V, 6.4 m/min, and 0.6 m/min, respectively.

After welding, the metallurgical and mechanical characteristics of the welds were examined.
The specimens were polished and etched for 50 s in a solution of 2 mL hydrochloric acid and 100 mL
ethanol in order to observe the microstructure of welds using a light microscope. Static tensile tests
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with a test speed of 5 mm/min were conducted on the specimen shown in Figure 3a according
to ISO 6892-1:2009. The specimens were prepared with and without the weld reinforcements in
Figure 3b,c. Mechanical machining was used to remove the weld reinforcement. The micro-Vickers
hardness was measured at 0.3 mm intervals in the welds under a load of 0.49 N (50 gf) and a holding
time of 10 s.

(a) (b)

Figure 1. Setup for experiments: (a) Gas metal arc welding; (b) Laser melting.

Figure 2. Picture of the arc welding system used.

(a) (b) (c)

Figure 3. Schematic diagrams of prepared tensile test specimen (all dimensions in mm). (a) X-Y plane;
(b) X-Z plane section with reinforcement; (c) X-Z plane section without reinforcement.

In the fume generation experiments, GMAW and laser melting experiments were conducted.
The setup for GMAW was the same as for welding, and two welding modes—the CMT and pulse
welding modes—were employed. In the CMT mode welding, the welding conditions were identical to
the previous welding experiments. In the pulse mode welding, the average welding current, welding
voltage, wire feed speed, and welding speed were 82 A, 22.4 V, 8.7 m/min, and 0.5 m/min, respectively.

During the laser melting experiment, as shown in Figure 1b, the filler wires were fed
perpendicularly to the specimen with a wire feed speed of 3 m/min. The laser beam with a power of
4 kW was delivered using a 200-μm-diameter optical fibre (LLK-D 02, Trumpf Laser- und Systemtechnik
GmbH, Ditzingen, Germany) from a Yb:YAG disk laser source (Trumpf HLD 4002, Trumpf Laser- und
Systemtechnik GmbH, Ditzingen, Germany) and irradiated the end of the filler wire at an inclination
angle of 40˝ and a defocusing distance of 3 mm.

High-speed photography using a Photron FASTCAM Ultima APX camera was employed with
a capture speed of 2000 frames per second to record fume generation behaviour. A neutral density
filter (ND400) and metal-halide back lighting were used to obtain clear images.
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3. Welding Characteristics

Figure 4 shows the bead appearance and cross-section for welds with each of the filler wires.
Sound bead appearance and cross-section were achieved for both fillers under the given welding
conditions. Tensile tests were carried out for specimens with and without weld reinforcement.
Joint efficiency was defined as the ratio of average tensile strength of the weldment to that of the
base material, and is given in Figure 5. The specimens with weld reinforcement were fractured at
the heat-affected zone, whereas those without weld reinforcement were fractured at the weld metal
as shown in Figure 6. The fracture location did not vary with the filler wire. However, the tensile
strengths of weldments welded with the CaO-containing AZ31-B wire were slightly higher than those
welded with the conventional AZ31-A wire.

Bead
appearance

Cross section

(a) (b)

Figure 4. Bead shapes for bead-on-plate (BOP) welding: (a) AZ31-A; (b) AZ31-B.
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Figure 5. Joint efficiency for BOP welding.
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Figure 6. Fractured specimen with and without reinforcement by tensile test.
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Figures 7 and 8 show the hardness profiles and microstructures, respectively, of the weldments.
The increase in the hardness of the weld metal with the AZ31-B wire is clearly observed, while the
hardness of the weld metal with the AZ31-A wire is even lower than that of the base metal. A previous
study explained that the increase in hardness results from the Al2Ca intermetallic compound in the
CaO-containing Mg alloy [2]. The microstructure of the base metal and the heat-affected zone were
identical because only the filler metal varied. In the heat-affected zone, abnormal grain growth was
observed due to the heat input during welding. Grain size in the weldment—even those containing
CaO—is larger than that of the base material fabricated by hot rolling, which leads to dynamic
recrystallisation due to intense plastic deformation [24]. The grains found for the weldment with
the AZ31-B wire were finer than those for the AZ31-A wire. The previous research (Reference [5])
demonstrated that grain refining was driven by the secondary phase, Al2Ca. In Figure 8c,d, the grain
size in the weld metal was measured by using ISO 643:2003. The measured values are 59.9 μm and
20.4 μm for the weld metals with AZ31-A and AZ31-B, respectively, which can explain the difference
in the hardness profile in the weld metal.
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Figure 7. Hardness profile for BOP welding.

(a) (b)

(c) (d)

Figure 8. Microstructures of (a) base metal (BM); (b) heat-affected zone (HAZ); and weld metal (WM)
(c) AZ31-A; (d) AZ31-B.
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4. Fume Generation and Droplet Transfer

Figure 9 compares high-speed images taken during the CMT mode welding. Comparing both
filler wires shows that fume generation was reduced when the AZ31-B filler wire was used. In the case
of the CaO-containing Mg alloy, a thin CaO-rich barrier layer was formed at the surface; this layer can
successfully suppress rapid oxidation and burning during the melting process [4]. During welding,
the filler wire was melted and a droplet was formed at the end of the wire. The burning resistance of
the AZ31-B filler wire could result in fume suppression, and this is more clearly confirmed during the
laser melting experiment, as shown in Figure 10. The welding fumes can be generated from either the
molten droplet or the weld pool [25], but no fumes were generated from the weld pool in the laser
melting experiment.

0 ms 0.5 ms 1.0 ms 0 ms 0.5 ms 1.0 ms

1.5 ms 2.0 ms 2.5 ms 1.5 ms 2.0 ms 2.5 ms

3.0 ms 3.5 ms 4.0 ms 3.0 ms 3.5 ms 4.0 ms
(a) (b)

Figure 9. High-speed images during the cold-metal-transfer mode welding: (a) AZ31-A; (b) AZ31-B.

.
0 ms 0.5 ms 1.0 ms 0 ms 0.5 ms 1.0 ms

1.5 ms 2.0 ms 2.5 ms 1.5 ms 2.0 ms 2.5 ms

3.0 ms 3.5 ms 4.0 ms 3.0 ms 3.5 ms 4.0 ms
(a) (b)

Figure 10. High-speed images during laser melting: (a) AZ31-A; (b) AZ31-B.

Pulse mode welding was conducted to implement relatively high-current welding. Figure 11
shows the high-speed images obtained during pulse mode welding. During the pulse mode welding,
fume suppression by the AZ31-B wire was not clearly observed because of the high welding current.
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However, the taper was formed at the end of the wire and the pinch force to detach the droplet
increased, which can enhance spray transfer [26]. Therefore, the droplet transfer mode changed from
globular transfer to spray transfer mode in which droplet size was reduced and the droplets were
more rapidly transferred into the weld pool. In the conventional GMAW of Mg alloys, a large droplet
hanging on the wire can be expelled by sudden arc expansion which causes severe spattering [14].
Small droplet size and fast transfer time would be helpful to suppress spatter generation in welding
Mg alloys.

0 ms 0.5 ms 1.0 ms 0 ms 0.5 ms 1.0 ms

1.5 ms 2.0 ms 2.5 ms 1.5 ms 2.0 ms 2.5 ms

.
3.0 ms 3.5 ms 4.0 ms 3.0 ms 3.5 ms 4.0 ms

(a) (b)

Figure 11. High-speed images during the pulse mode welding: (a) AZ31-A; (b) AZ31-B.

5. Conclusions

In this study, welding characteristics, fume generation, and droplet transfer behaviour of the
CaO-added AZ31 filler wire were compared with the conventional AZ31 filler wire. The conclusions
are as follows:

(1) The tensile strength of weldments was slightly increased by using the CaO-added AZ31 filler
wire. By adding CaO, the grain size in the weld metal decreased from 59.9 μm to 20.4 μm, and
the average hardness in the weld metal increased from 55.3 Hv to 68.9 Hv.

(2) Welding fumes were successfully suppressed during the CMT mode welding. The fume
suppression was due to the burning resistance of CaO-added Mg alloy, and this has been
confirmed by using the laser melting test.

(3) In the pulse mode welding, spray transfer mode welding was achieved, which enabled stable
droplet transfer. Also, the suppression of spatter was expected because of the small droplet size
and fast transfer time.
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Abstract: Effects of reflow time on the interfacial microstructure and shear strength of the
SAC/FeNi-Cu connections were investigated. It was found that the amount of Cu6Sn5 within
the solder did not have a noticeable increase after a long time period of reflowing, indicating that
the electro-deposited FeNi layer blocked the Cu atoms effectively into the solder area during a long
period under liquid-conditions. The ball shear test results showed that the SAC/FeNi-Cu joint had a
comparable strength to the SAC/Cu joint after reflowing, and the strength drop after reflowing for
210 s was less than that of the SAC/Cu joint.

Keywords: FeNi; UBM; IMCs

1. Introduction

Solder bump connection is an important interconnect in flip chip packages, where the solder
bumps deposited on metal terminals on the chip are connected to the metal pads on the substrate [1].
The metal terminals consist of successive layers of metal, under bump metal (UBM), which provides a
strong mechanical and electrical connection. It is often regarded as a metallurgical process because of
the formation of intermetallic compounds (IMCs) [2,3]. Cu film is widely used as a UBM or soldering
pad because of its outstanding wetting property, conductivity and cheapness. However, the Cu film
is consumed too quickly in the liquid reaction with solder bump alloy during reflow and the solid
thermal aging process. Therefore, a barrier film such as Ni-P layer is utilized to protect the excessive
loss of Cu film [4–6]. However, the existence of Kirkendall voids around the solder/Ni interface
and the P-rich layer formations can degrade the reliability of the connection dramatically. To some
extent, the thinner IMC layer has been realized to be an effective approach to improve the reliability of
the interconnections.

FeNi alloy has been widely applied in precision instruments and used as lead-frame materials due
to its excellent low-expansion property. Early studies on the Fe-Ni alloy are mainly about the brazing or
solid bonding processes. Recently, a few publications have reported on the interfacial reactions between
Sn based solders and Fe-Ni alloys, discussing its potential application as UBM layer for Sn-based
solders [7–16]. It is reported that the FeNi layer has an acceptable wettability for SnAgCu (SAC) solder
with or without an adequate pre-treatment in soldering [7], exhibiting a slower interfacial reaction rate
compared to the traditional UBMs [8]. Moreover, the shear resistance behavior of an SAC solder joint
can be slightly improved by using the FeNi alloy rather than the Cu substrate [9,10]. Moreover, it is
found that only FeSn2 phase with minor Ni solubility formed between the FeNi substrate and Sn solder
during liquid reactions at 270 ˝C [11–14]. Subsequently, the IMC formed at the Sn/FeNi interface was
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shown to be very sensitive to the concentration of Ni in FeNi alloys [15], and could transformed from
(Ni,Fe)3Sn4 into FeSn2 phase when the Fe content in the Fe-Ni layer was between 10% to 12.5% [16].
The Sn-Bi and Sn-Cu eutectic solders reacted with the Fe-Ni substrate. Yen et al. revealed that only the
FeSn2 phase was formed at the interfacial reactions [17]. In this study, the interfacial stability during
reflow for different time periods was implemented. The microstructure and the shear properties of
SAC/FeNi-Cu connection were investigated to discuss the potential application of FeNi layer as UBM
layer for a Sn-based solder.

2. Experiments

The FeNi film surface was electro-deposited on a copper substrate with the atomic ratio of
Fe:Ni near to 24:76 by adjusting the composition of the plating solution. The single lap shear joints
of Cu/SAC/Cu (eutectic SAC solder) and Cu-FeNi/SAC/FeNi-Cu were fabricated using a solder
ball of SAC alloy about 1 mm in diameter. The reflow process was executed on a BGA rework
station at 260 ˝C for different time: 90, 150, 210 and 270 s respectively. Lap shear tests were carried
out on a micromechanical testing system at a displacement control of 0.4 mm/min. The interfacial
microstructures and the fracture surfaces after shear were observed by Scanning Electron Microscopy
(SEM, Leica Cambridge, Cambridge, UK) and Energy Dispersive X-ray Spectroscopy (EDS, Shimadzu,
Kyoto, Japan).

3. Results and Discussion

3.1. Interfacial Microstructure After Reflow

Figure 1 shows the surface morphology of FeNi film as deposition, a mirror like appearance.
None is detected on gross or microscopic examination. Further EDS results, namely the
semi-quantitative analysis, shows that element Fe in the prepared film is 25 at. %, see Figure 1b.

Figure 1. (a) Surface morphology and (b) Energy Dispersive X-ray Spectroscopy (EDS) result of
as-deposited FeNi plating.

Figure 2 displays the cross-sectional images of the interfaces between SAC solder and substrates.
A scallop IMC layer can be seen in Figure 2a along the SAC/Cu interface, mainly showing the Cu6Sn5

phase indicated by EDS analysis. The peak thickness of the scallop morphology IMC was above 5 μm.
When the SAC solder reacted with the deposited FeNi film under the same conditions, by contrast, a
flat and thin IMC in sub-micrometer thickness was formed at the interface of SAC and the FeNi layer,
see Figure 2b. This planar IMC was very thin, about 180 nm, indicating that the consumption rate of
FeNi film was enormously slow compared with the Cu substrate during the reflow process.

Based on the results regarding SAC/FeNi-Cu and SAC/FeNi from Guo and Hwang [7,14], this
very thin IMC was determined to be FeSn2 phase with a tetragonal crystal structure determined by
Zhu at the same 260 ˝C reflowing conditions [9]. It is completely in accordance with our previous
results on the liquid reaction between Sn based solder and FeNi substrate [18], where Sn reacts with Fe
preferentially over Ni.
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Figure 2. Intermetallic compounds (IMCs) between SnAgCu (SAC) solder and substrates after
reflowing for 90 s: (a) Cu and (b) FeNi-Cu.

3.2. Interfacial Microstructures After Reflowing for Different Time

During the reflowing processes at 260 ˝C, it was found that the total IMC thickness of Cu6Sn5

between SAC solder and substrate Cu grew thicker with the reflow time prolonged from 90 to 270 s
(see Figure 3). At such a high temperature, Cu atoms easily diffused into SAC solder, and firstly reacted
with Sn at the SAC/Cu interface to form Cu6Sn5 IMC. Along with this, Cu atoms also diffused into the
inner SAC solder and formed irregular Cu6Sn5 phase. During the process, no other IMC phases (i.e.,
Cu3Sn emerging during the solid state aging) showed in the reflow time-increasing procedure for the
formation needing longer incubation time [19]. The scallop morphology of Cu6Sn5 also remained.

Figure 3. Interfacial IMC of SnAgCu/Cu interface after reflow for (a) 90 s, (b) 150 s, (c) 210 s and
(d) 270 s.

For comparison, the IMC thickness between the SAC solder and the FeNi substrate did not
show any obvious increase, as shown in Figure 4a–d. The thickness still kept blow 0.5 μm even after
reflowing for almost 270 s. Moreover, the IMC type at the FeNi-Cu/SAC interface remained the single
FeSn2 phase.

It is worth noting that the FeSn2 phase remains unchanged between the FeNi-Cu/SAC interface.
Only the microstrucutre around the interface is slightly different. In Figure 4b, for example, the element
Ni from UBM diffused into the solder rather than producing Ni-Sn IMC phase near the interface.
The EDS result in Table 1 showed that some of the Cu6Sn5 phase within solder near the interface
turned out to be Cu6Sn5 containing Ni, i.e., (Cu,Ni)6Sn5, where some places of Cu atoms in Cu6Sn5

crystalline lattice were occupied by the Ni atoms [20].
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(e) 

Figure 4. Interfacial IMCs of Sn-Ag-Cu/FeNi/Cu interface after reflow for (a) 90 s, (b) 150 s, (c) 210 s,
(d) 270 s and (e) magnified image of (d).

Table 1. Compositions of marked spots in Figure 4e and the possible phases.

Markers
Elements Composition (at. %)

Possible Phases
Fe Ni Cu Ag Sn

1 0.40 * 15.87 39.98 0.13 * 43.63 (Cu,Ni)6Sn5
2 0.00 * 11.28 23.89 2.52 62.31 (Cu,Ni)6Sn5

* ď2σ.

With increasing reflow time, the Ni diffused in the solder and formed an Ni-containing Cu6Sn5

compound, which made the area near the interface getting coarser. We even observed spalling away
from the interface like a band when reflowing time was prolonged to 270 s, see Figure 4c,d. The further
line scanning and EDS result showed that this IMC could also be the Ni-containing Cu6Sn5.

For SAC/Cu joints, the amount of Cu6Sn5 phase was much larger with increasing reflow
time. This means that the excessive Cu came from the Cu substrate during the reflowing process.
In comparison, for SAC/FeNi-Cu joints, the amount of Cu6Sn5 within the solder did not have a
noticeable increase after a long time period of reflowing, indicating that the electro-deposited FeNi
layer blocked the Cu atoms effectively into the solder during a long time stay in liquid conditions.

3.3. IMCs Growth Depending on Reflow Time

The dependence of the IMCs thickness on reflow time for the SAC/Cu and SAC/FeNi-Cu
joints are shown in Figure 5. It can be seen that the IMCs thickness increases almost linearly
with prolonged reflow time, which is quite different from the results reported in [17], a parabola
relationship. This difference might be caused by different internal mechanisms of IMC growth during
the liquid/solid process. Generally, the growth of the IMCs between the solder and the UBM are
regarded as a reaction and diffusion controlled process. During this process, a new IMC phase may
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form resulting from the chemical reaction between the liquid solder and the solid UBM. Thus, the
elements required to create the new phase may diffuse from the UBM and solder respectively across
the IMC to the other side. Under a certain temperatures, the reaction layers grow, depending on the
evolution of IMCs in the interface. Therefore, the whole process can be co-accomplished by the surface
chemical reaction and the internal atoms diffusion mechanisms. Here, d can be used to show the
growth of the IMC phase, then its relationship with time can be expressed as: d = (kt)n. Among them,
k is the growth rate constant of the IMC layer, t is the IMC growth time, and n is the time index.
When the compound growth is controlled by surface chemical reaction, the increase of the compound
thickness with time prolonging should be a linear relationship (n = 1). When the reaction required
elemental atoms diffusion dominates the compound growth, a parabola relationship between d and
t begin to play a role (n = 0.5). From the results in Figure 5, the k values of growth rate could be
calculated as 3.5 ˆ 10´9 and 3.4 ˆ 10´1 m¨ s´1 for the SAC/Cu and SAC/FeNi-Cu joints respectively
at 260 ˝C. For the SAC/FeNi-Cu joint, because the element Fe acted as the dominant reaction element
forming the interfacial FeSn2 IMC. It can be deduced that the reaction rate of FeSn2 phase formation
are ten times slower than the Cu-Sn compound. Also, the FeNi layer prevented the Cu from forming
Cu6Sn5 IMC along the interface.
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Figure 5. Dependence of the thicknesses for IMC layers on the reflow time.

3.4. Shear Properties and the Fracture Behavior

As shown in Figure 6, the maximum shear strength occurred at the joints reflowed for 90 s for the
SAC/Cu and SAC/FeNi-Cu joints. It can be seen that both joints had a comparable strength during
the reflow time range from 90 to 270 s. After reflowing for 90 s, the strength of SAC/Cu dropped as the
reflow time increased, especially at the initial stage. Comparatively, the strength of the SAC/FeNi-Cu
joint had a slight decrease after a short reflow time, and then remained almost constant as reflow time
increased. This result showed that the SAC/FeNi-Cu joints were less sensitive to the reflow time.
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SAC/FeNi-Cu connections.
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The relationship between the shear strength and the shear displacement for the SAC/Cu and
SAC/FeNi-Cu joints reflowed at 260 ˝C for 270 s and the corresponding fracture surface observations
are displayed in Figure 7. The fracture surfaces of both joints showed a mixture feature of ductile
dimples and shear bands within the solders. In general, the fracture mode of the SAC/FeNi-Cu
joint presented a more ductile process and represented a much higher mechanical reliability than the
fractures within or between the different IMC layers or along the IMC/substrate interface. This result
indicated that the SAC/FeNi-Cu joint had a better mechanical reliability after a long time period of
reflowing at 260 ˝C.

Figure 7. The shear displacement-shear strength curves and the corresponding fracture surface
morphology of (a) SAC/ Cu and (b) SAC/FeNi-Cu joints after reflowing for 270 s.

4. Conclusions

During reflowing, a very thin FeSn2 IMC layer was formed at the SAC/FeNi-Cu interface.
The growth rate of the FeSn2 layer was much lower than that of the Cu-Sn IMC at the SAC/Cu
interface with prolonged reflow time. This indicated that the electro-deposited FeNi layer could
effectively block the Cu atom diffusion into the solder during a much longer time period under liquid
conditions. The solder lap shear test showed that the SAC/FeNi-Cu connection had an acceptable
mechanical reliability after a long time period of reflowing at 260 ˝C.
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Abstract: Titanium alloys, which are important in aerospace application, offer different properties
via changing alloys. As design complexity and service demands increase, dissimilar welding of
the titanium alloys becomes a particular interest. Linear friction welding (LFW) is a relatively
novel bond technique and has been successfully applied for joining titanium alloys. In this paper,
dissimilar joints with Ti-6Al-4V and Ti-5Al-2Sn-2Zr-4Mo-4Cr alloys were produced by LFW process.
Microstructure was studied via optical microscopy and scanning electron microscopy (SEM), while
the chemical composition across the welded samples was identified by energy dispersive X-ray
spectroscopy. Mechanical tests were performed on welded samples to study the joint mechanical
properties and fracture characteristics. SEM was carried out on the fracture surface to reveal their
fracture modes. A significant microstructural change with fine re-crystallization grains in the weld
zone (WZ) and small recrystallized grains in the thermo-mechanically affected zone on the Ti-6Al-4V
side was discovered in the dissimilar joint. A characteristic asymmetrical microhardness profile with
a maximum in the WZ was observed. Tensile properties of the dissimilar joint were comparable to
the base metals, but the impact toughness exhibited a lower value.

Keywords: dissimilar friction weld; titanium alloy; evolution of microstructure; mechanical property

1. Introduction

Dissimilar weld is attracting increasing attention because it can take advantage of specific
attributes of each material to enhance the performance of a product or introduce new functionalities.
They are applied in various fields such as thermal power station, nuclear industries, automobile,
aerospace, etc. A number of dissimilar joints with aluminum, titanium, ferrous and many kinds of
materials have been successfully formed by various methods from fusion welding to friction welding
process [1–5].

With high strength to weight ratio, corrosion resistance, and good strength sustainability at high
temperatures, titanium alloys are important in aerospace applications. As design complexity and
service demands increase, dissimilar welds with titanium alloys become a particular interest in the field
of aerospace industry [3–5]. There have been a number of studies reporting the welding of dissimilar
titanium alloys using various different welding processes, including friction stir welding [3], ultrasonic
spot welding [4], linear friction welding (LFW) [5,6], tungsten inert gas welding [7] and electron beam
welding [8].

LFW is a relatively novel solid-state joining process where two metals are welded together under
reciprocating motion and apply force against each other [9]. Compared with traditional fusion welding
technologies, LFW has many advantages such as less defect formation and the ability to join dissimilar
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materials and complex geometrical components, and it often negates the need for protective gas [10].
To date, LFW has been successfully used to join titanium alloys [9–12], nickel-base alloys [13,14] as well
as other materials [15–17]. More importantly, the process can be viable for the production of dissimilar
welds. For example, Bhamji et al. applied LFW process successfully to join aluminum and copper.
The welds had good electrical and mechanical properties [18]. They also joined an aluminum alloy
to a magnesium alloy by LFW and found that these welds had a reasonable strength [19]. Ma et al.
produced a dissimilar Ti-6Al-4V and Ti-6.5Al-3.5Mo-1.5Zr-0.3Si joint by LFW and identified the
microstructural evolution of the joint. They found different microstructure zones such as the TMAZs
and weld zones in both sides of base metals. In addition, they investigated the mechanical properties
and found the tensile strength of the joint was comparable to that of the parent [20]. Wen et al. made
LFW dissimilar joints of Ti-6Al-4V and Ti-6.5Al-3.5Mo-1.5Zr-0.3Si and evaluated the microstructure,
microhardness, and fatigue properties of the joint, which had essentially symmetrical hysteresis
loops and an equivalent fatigue life to the base metals [21]. Zhao et al. investigated the influence of
strain rate on the tensile properties of LFW dissimilar joints between Ti-6.5Al-3.5Mo-1.5Zr-0.3Si and
Ti-4Mo-4Cr-5Al-2Sn-2Zr titanium alloys [22]. Frankel et al. compared the residual stresses between
Ti-6Al-4V and Ti-6Al-2Sn-4Zr-2Mo [23].

Although LFW is a promising process for joining dissimilar titanium alloys, there are only
a few public papers on this subject [20–23]. There are a great many publications about the LFW
process for same titanium alloy. Karadge et al. detailed the texture of LFW Ti-6Al-4V joints
by experiment [24]. Microstructural evolution of LFW Ti-6.5Al-3.5Mo-1.5Zr-0.3Si joint [25], the
relationship between forging pressure and the microstructure of LFW Ti-6Al-4V joint were also
revealed [26]. Interrelationship of microstructure and mechanical properties of LFW titanium joint
was also investigated [27]. In addition, to predicting various weld responses, such as thermal fields
and microstructural evolution, a great number of finite element models were established and the
predictions of the models were found to be in good agreement with the experimental results [28–31].

These investigations on LFW joints with dissimilar and similar materials show that the
microstructure and property can be established for given LFW joints through extensive experiments.
However, due to the complicated nature of interaction between the LFW thermomechanical
environment and the material microstructure, these findings cannot be easily extended to other
LFW joints. Consequently, to expand the application of LFW process in dissimilar titanium alloy,
it is necessary to investigate LFW joint with Ti-6Al-4V (Ti64) and Ti-5Al-2Sn-2Zr-4Mo-4Cr (Ti17).
In this paper, two different titanium alloys consisting of one α + β alloy Ti64, and one near-β alloy
Ti17, were welded by LFW process. The present study was focused on revealing the micro-structural
characterization, mechanical properties, as well as the fracture mode of the dissimilar joints.

2. Materials and Methods

The base metals for the LFW process are Ti64 and Ti17 alloys, whose nominal chemical
compositions are listed in Table 1.

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

Alloy Al V Sn Zr Mo Cr Fe Si C N H O Ti

Ti64 6.06 3.93 - - - - 0.103 0.15 0.106 0.033 0.015 0.13 Balance
Ti17 5.05 - 2.13 2.07 4.12 4.13 0.30 - 0.05 0.05 0.013 0.08 Balance

The typical microstructures of the as-received materials revealed by scanning electron microscopy
(SEM) are shown in Figure 1. SEM analysis was performed on an Apollo 300 (Camscan, Cambridge,
UK). As shown in Figure 1a, Ti64 alloy is characterized by typical bimodal microstructure with globular
primary α (αp) distributed in the matrix of transformed β (βt). The prior β grain size is 10–15 μm and
the αp size is about 20 μm. Ti17 alloy has a typical lamellar structure with lath αp in 10–30 μm length
and fine secondary α (αs) embedded in β phases (Figure 1b).
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(a) (b)

Figure 1. Microstructure of base metals: (a) Ti64 and (b) Ti17.

Attempts were made to weld samples of geometry 130 ˆ 75 ˆ 20 mm with a weld interface of
75 ˆ 20 mm. Ti64 and Ti17 titanium alloys were used for the dissimilar LFW trials. Welds were
produced on a homemade linear friction welding machine of LFW-20T. The Ti64 sample was
reciprocated, while the Ti17 sample was held stationary. Prior to welding, the welding surfaces
of the samples were ground and cleaned in an acetone bath. The welding parameters were selected as
follows: amplitude of oscillation of 3 mm, frequency of oscillation of 50 Hz, friction force of 4.8 kN
and friction time of 3 s. Post weld heat treatment was carried out at 630 ˝C for 3 h in vacuum to
relieve residual stress. The welded specimens for investigation were free from surface defects and
internal defects.

The LFW specimens for micro-structural observation were cut perpendicularly to the reciprocating
motion direction and prepared by standard procedures followed being etched with Kroll’s reagent
(2 mL concentrated nitric acid, 1 mL hydrofluoric acid and 5 mL distilled water). Microstructure was
investigated by light optical microscopy (OM, Olympus, Tokyo, Japan) and SEM. Energy dispersive
X-rays (EDS, Kratos Analytical Ltd, Manchester, UK) was applied to analyze the compositional change
across the welds.

Mechanical property studies included Vicker’s micro-hardness tests, tensile tests and U notch
impact toughness tests. Vickers micro-hardness tests were performed with a load of 500 g and a
dwell time of 15 s. Tensile tests were carried out at room temperature in accordance with GB/6397-86
(China), using a fully computerized tensile testing machine at constant strain rates of 10´4 m¨ s´1.
A drop hammer impact testing machine was used to measure the impact toughness of specimens,
which was performed according to GB/T229-1994 (China). For comparison, base material specimens
were tested and had the same overall dimensions as those for the welded. For a given variant, at least
three specimens were tested.

To ensure the center of U-notch located in the center of weld zone, the weldments for impact tests
were polished on one side and etched by a Kroll’s reagent before machining the U-notch. The configuration
and size of specimens for tensile and impact tests are shown in Figure 2a,b, respectively.

p y

(a) (b)

Figure 2. Configurations of specimens for (a) tensile and (b) impact toughness tests.
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3. Results and Discussion

3.1. Macro and Microstructure

A low magnification overview of a dissimilar LFW joint using OM is presented in Figure 3. The weld
interface appearing wavy is obvious between two base metals. On both sides, the microstructure shows
a gradual change from the weld interface towards the base metals, but a less gradual micro-structural
transition and smaller region with elongated grains is observed in the side of Ti17 than Ti64.
According to the micro-structural characteristics, welded joints could be divided into four zones:
weld zone (WZ), thermo-mechanically affected zone (TMAZ), heat affected zone (HAZ) and base
metals (BM). Faint indications of grain boundaries are seen, but, overall, the grains along the weld
center are not effectively revealed. To reveal the details of the weld microstructure, the corresponding
SEM images of different zones at high magnification are provided in Figure 4.

Ti17Ti64

Weld interface

Figure 3. Cross section of the linear friction welding (LFW) joints with Ti64 and Ti17 alloys.

As shown in Figure 4a, in the HAZ of Ti64 side (Ti64-HAZ), an un-deformed bimodal microstructure
that is characteristic of the base metal Ti64 (Figure 1a) can be observed clearly. However, the image of αs

in βt becomes less clear while the shape of αp remains unchanged, suggesting that the dissolution of
the αs occurred in this region during welding. With the decreasing distance to the weld center, the
thermo-mechanically affected zone of Ti64 (Ti64-TMAZ) with severe plastic deformation is observed,
where the αp are elongated and the residual β are reoriented along the oscillation direction. In addition,
some necklace-shaped microstructures distributed along the grain boundaries of deformed grains
are also observed in this region (Figure 4b). This indicates that partially re-crystallization occurred
to Ti64-TMAZ adjacent to weld center during the LFW process. Unlike HAZ and TMAZ, WZ has
completely different microstructures, which consists of fully re-crystallized grains with fine size around
20 μm (Figure 4c). In the case of microstructures in the Ti17 side, they are similar to those in the Ti64 side.
As shown in Figure 4d,e, grains are elongated and reoriented with their long dimension perpendicular
to the applied force in the thermo-mechanically affected zone of Ti17 (Ti17-TMAZ) while some retention
and annihilation of the Ti17 microstructures are observed in heat affected zone of Ti17 (Ti17-HAZ).

(a) (b) 

Figure 4. Cont.
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(c) (d)

(e)

Figure 4. Typical microscopic structures across a friction welded joint with Ti64 and Ti17 alloys:
(a) Ti64-heat affected zone (HAZ); (b) Ti64-thermo-mechanically affected zone (TMAZ); (c) weld zone
(WZ); (d) Ti17-TMAZ and (e) Ti17-HAZ.

As described in the above section, a significant micro-structural change is observed across
the dissimilar joints. The gradient of temperatures and strains along the joints attribute to the
difference. During LFW process, WZ simultaneously underwent serious plastic deformation and
sufficient frictional heat due to the linear movement influenced by friction and upset pressures, where
temperatures above the β-transus (βt) point [32,33]. This plastic deformation introduced a large
number of dislocations in the materials of welding interface. As the density of these dislocations
increased, they tended to form sub-grain cell structures. These low-angle grains rotated to form
high-angle strains free grains, resulting in very fine equal-axed grains in WZ. In the case of materials
in the TMAZ, they experienced thermo-mechanical deformation in sub βt temperature [33,34] and
the deformation was in a smaller extent, so there was no sufficient deformed energy to fully activate
re-crystallization and the part re-crystallization occurred to the deformed grain boundaries. In the case
of HAZ, a little heat was conducted from the WZ to the zone, leading to the dissolution of αs.

3.2. Compositional Analysis

A line scan EDS profile across the weld interface (scan in Figure 5a) is shown in Figure 5b. It clearly
shows the existence of a mixed layer at the interface with a composition between that of Ti64 and Ti17.
The composition abruptly changes at the Ti64 interface while the transition is more gradual on the
Ti17 side of the joint. It indicates that the dissimilar welds had a compositional heterogeneity and
element diffusion occurred to Ti64 and Ti17 during LFW process. For example, a significant diffusion
of V (The curve with red colure) into Ti17 side is obvious. However, no long range inter-diffusion
crossing the interface could be observed, which is in agreement with the study on LFW of Ti-6Al-4V
and Ti-6Al-2Sn-4Zr-6Mo [10]. This may be related to the limited atomic diffusion resulting from the
short time above the βt temperature during the LFW process.
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(a) (b)

Ti

ZrSn

V

Al Cr

Ti64 Ti17

Figure 5. (a) SEM micrograph of LFW joints with Ti64 and Ti17 alloys and (b) the corresponding
SEM-EDS line scans across the interface.

3.3. Microhardness

The microhardness across the weld interface of dissimilar LFW joints is presented in Figure 6.
An asymmetrical microhardness profile across the weld is obvious with an average value of 332 HV
for Ti64 and approximately 350 HV for Ti17, respectively. In addition, a distinct increase from each
base metal up to the weld interface is also observed and a maximum of 420 HV occurs to WZ.
The micro-hardness development in the LFW joints with dissimilar Ti64 and Ti17 alloys is similar to
what has been reported in the literature studied on LFW joints with titanium alloys [33]. The increase
in hardness of WZ could be ascribed to the grain refinement resulted from dynamic re-crystallization.
It is expected that the high hardness within the WZ is going to influence the fracture properties of
the welds.

Figure 6. Transverse hardness of LFW joints with Ti64 and Ti17 alloys.

3.4. Tensile Properties

The average tensile properties of four LFW joints are given in Table 2. For a comparison, the
tensile properties of base metals Ti64 and Ti17 are also included, where the values are the mean of
three specimens for each base metal. For base metals, Ti64 has yield strength (YS) of 838 MPa, ultimate
tensile strength (UTS) of 904 MPa and ductility of 14.6%, while Ti17 has higher strength and lower
ductility. The higher strength of Ti17 than Ti64 is responsible for the smaller width of Ti17-TMAZ than
Ti64-TMAZ as presented in Figure 3. In the case of LFW joints, they show a superior strength and
lower ductility than base metal Ti64, but exhibit a contrary trend compared with base metal Ti17.
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It should be stated that the failure of LFW specimens in the tensile tests located in the Ti64 side,
approximately 1.2 mm away from the welding interface. It suggests that a highly durable and sound
dissimilar joint of Ti64 and Ti17 was achieved via LFW process. The phenomenon was also observed in
the tensile and fatigue tests on dissimilar LFW joints of Ti-6Al-4V to Ti-6.5Al-3.5Mo-1.5Zr-0.3Si [20,21].
This may be resulting from the lower strength of Ti64 and the reaction zone formed at Ti64 side.
Firstly, compared with the regions of Ti17 side close to the interface, the regions in the Ti64 side had
lower hardness and strength, where cracks were apt to initiate. Secondly, a reaction zone with equi-axil
grains formed in Ti64 side, this would be the weakest zone for the crack to initiate. However, further
work is still needed to clearly reveal this phenomenon.

Table 2. Tensile properties of base metals and joints.

Specimen UTS/MPa YS/MPa Elongation δ%

Ti64 904 838 14.6
Ti64/Ti17 Joints 950 888 11.9

Ti17 1134 1044 10.6

The tensile fracture surfaces exhibited in Figure 7 indicate that all specimens crack in a ductile
mode. It is evident that the dimples on the surface of dissimilar welds are in globular shaped (Figure 7b),
which are similar to that on the fracture surface of base metal Ti64 (Figure 7a). This resulted from the
fact that the failure of welding joints occurred in the zone of Ti64 side. In the case of Ti17, the dimples
are strip-shaped (Figure 7c), which are smaller and shallower than those on the surface of Ti64 and
joints, corresponding to the smaller elongation.

(a) (b)

(c)

Figure 7. Fracture surface of (a) Ti64; (b) joints and (c) Ti17.

3.5. Impact Toughness

The impact toughness is characterized by ak, a value defined through dividing the impact energy
by the minimum cross-sectional area of the starting sample [35]. The impact toughness of joints and
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base metals are shown in Table 3, which are the average values of three specimens for the given
variant. It is found that Ti17 has superior impact toughness than Ti64. In addition, WZ presents
a lower toughness than base metals with an average value about 38.7 J/cm2. This is in disagreement
with the previous research on impact toughness of linear friction welded Ti-6Al-4V alloy joints, where
the impact toughness of the weld was higher than that of the base metal Ti-6Al-4V [35].

Table 3. Impact toughness of WZ and base metals.

Sample Ti64 WZ Ti17

ak (J/cm2) 44.5 38.7 53.6

The corresponding fracture surfaces of impact toughness specimens are shown in Figure 8. It is
obvious that the fracture surfaces of base metals both show trans-granular fracture mode (Figure 8a,c),
which are similar to that of tensile tests. In contrast to base metals, some small dimples and facts
corresponding with the fine grains are shown in WZ (Figure 8b), suggesting that a mixture failure
mode of trans-granular coupled with inter-granular occurred in WZ. Failure in the inter-granular
mode that occurred in the WZ of LFW joint was also observed in fracture toughness tests [36].

(a) (b)

(c)

Figure 8. The typical fracture surface of (a) Ti64; (b) WZ and (c) Ti17.

For base metals, Ti17 alloy shows a higher toughness than Ti64 alloy, which results from the
microstructures. On the one hand, the boundaries of αp are the preferred sites for micro-crack
nucleation and provide a relatively easy path for fracture propagation. Therefore, with a decreased
fraction of αp, the nucleation sites of micro-cracks in Ti17 alloy at the αp phase decreased, leading
to superior impact toughness than Ti64. On the other hand, the crack path is apt to deflect at grain
boundaries, colony boundaries, or arrested and deviates at α/β interface in titanium alloys, which
consumes more of the plasticity energy path and results in improved toughness. In the present test,
the lamellar microstructure with more colony boundaries displayed a more tortuous and deflected
crack path than the bimodal microstructure, leading to the superior toughness of Ti17 alloy.

It is unexpected that a marginally lower toughness occurred for WZ with superfine
microstructures in the present research. The significant decrease of impact toughness in WZ could be

195



Metals 2016, 6, 108

related to a combination of factors. Firstly, the soft phase of continuous α layer that lined the prior β
grain boundary was effectively less constrained by the harder surrounding intra-granular structure,
leading to the inter-granular failure and degradation of toughness. Secondly, with high oxidation
tendency, it is inevitable that the titanium alloy oxidation takes place during the friction weld process,
even though most of the oxide layer was expelled from the friction surface during the welding process.
Some of the nano-scale oxides, however, could be left in the weld joints, and segregated in the fine
grain boundaries during re-crystallization, resulting in the weakened grain boundaries in the WZ.
This attributes to a further degradation of the toughness of WZ.

4. Conclusions

The micro-structural evolution, micro-hardness, tensile properties and impact toughness of LFW
dissimilar welds with Ti64 and Ti17 alloys were investigated. The following conclusions were drawn.

(1) The microstructure across the linear friction welding dissimilar joints with titanium alloys
displayed marked change, mainly consisting of a re-crystallized grain zone in the weld center, deformed
grains and partial re-crystallization in the thermo-mechanical affected zones, and dissolved secondary
α in the heat affected zones.

(2) The maximum hardness is located in the weld metal, which may result from the fine grains
arising from the rapid cooling during the welding process.

(3) The linear friction welding dissimilar joints obtained higher tensile strength than base metal
Ti64 with lower strength. The failure located in the Ti64 side approximately 1.2 mm away from the
welding interface.

(4) Base metals had superior impact toughness and fractured in a trans-granular mode, but weld
zone exhibited decreased toughness and failed in a mixture of trans-granular and inter-granular
fracture modes.
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Abstract: In this study, we comparatively investigate the low cycle fatigue behavior of Alloy 617
(INCONEL 617) weldments by gas tungsten arc welding process at room temperature and 800 ˝C in
the air to support the qualification in high temperature applications of the Next Generation-IV
Nuclear Plant. Axial total-strain controlled tests have been performed with the magnitude of
strain ranges with a constant strain ratio (Rε = ´1). The results of fatigue tests consistently show
lower fatigue life with an increase in total strain range and temperature at all testing conditions.
The reduction in fatigue life may result from the higher cyclic plastic strain accumulation and the
material ductility at high temperature conditions. A constitutive behavior of high temperature by
some cyclic hardening was observed. The occurrence of serrated yielding in the cyclic stress response
was also observed, suggesting the influence of dynamic strain aging during high temperature.
We evaluated a well-known life prediction model through the Coffin-Manson relationship. The results
are well matched with the experimental data. In addition, low cycle fatigue cracking occurred in the
weld metal region and initiated transgranularly at the free surface.

Keywords: alloy 617; low cycle fatigue (LCF); gas tungsten arc welding (GTAW); weldment;
high temperature; dynamic strain aging (DSA); life prediction; fracture behavior

1. Introduction

The very high temperature reactor (VHTR) is one of the most promising nuclear systems among
the Generation-IV reactors to economically produce electricity and hydrogen. The VHTR major
components include the reactor internals, reactor pressure vessel, piping, hot gas ducts (HGD),
and intermediate heat exchangers (IHX). These components are required to have good mechanical
properties, creep-fatigue resistance, and phase stability at high temperatures. There have been no
materials approved by ASME Section III Subsection NH which is a nuclear code for temperatures
reaching 1000 ˝C. Currently, Alloy 617 is the leading candidate material to prolong the design life of IHX
and HGD of helium-cooled VHTR systems due to its creep-fatigue resistance at high temperatures [1–3].

Nowadays, the Korea Atomic Energy Research Institute (KAERI) is developing a nuclear hydrogen
development and demonstration plant with a capacity of 200 MWth with thermal and core outlet
temperature of 950 ˝C [1,2,4,5]. The components have a projected plant design service life of 40–60 years
operation and 3–8 MPa in He impurities. The most important consideration is the creep-fatigue and
fatigue behavior of the materials, especially in welded structure [3–5]. The Alloy 617 for the IHX
and other components is expected to operate at room temperature, which is assumed as a start-up
condition, and at temperatures between 800–950 ˝C.
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Low cycle fatigue (LCF) loading is expected to be an important damage mode for the IHX as a
result of operating conditions that generate power transients and a temperature-gradient induced from
thermal strain during operation as well as startups, shutdown work and load fluctuating, each of which
produces cyclic loading [3]. The consideration could be used to determine material resistance against
the cyclic loading. For mechanical structures, welded components are necessary and some of the
components are joined using various welding techniques. Therefore, weldments are unavoidable and
may have several inherent defects. It is necessary to understand fatigue damage of weldments, because
it is more brittle than base metal (BM), and it is micro-structurally and mechanically heterogeneous,
which could form a source of fatigue failures [4–6].

Many attempts have been made in the past two decades to evaluate the LCF and/or creep-fatigue
behavior in Alloy 617 BM and weldments at ambient and elevated temperatures [3,7–14]. Based on
their results, it is very difficult to separate the effects of temperature, strain rate and environment
as they have complex interrelationships. However, they did not investigate the LCF behavior of
the weldments as a comparative study at room temperature and 800 ˝C thermal conditions over
different total strain ranges as investigated in this study, and also at a specific rate of change in strain
deformation. It is important to provide a baseline data of the LCF properties of weldments to ensure
the reliability of welded structures.

To support the modeling and understanding of the LCF behavior of Alloy 617, weldments was
made from gas tungsten arc welding (GTAW) butt-welded plates. In this paper, KAERI and Pukyong
National University (PKNU) investigate the LCF behavior for Alloy 617 weldments, in order to provide
the commencement of high temperature LCF behavior. We performed an initial strain-controlled LCF
test in air at room temperature and 800 ˝C under different total strain ranges of 0.6, 0.9%, 1.2% and
1.5%, and with a constant strain ratio (Rε = ´1), and the results were consistent with those listed from
ASTM Standard E606 [15]. The tensile test measurements were first done as a reference data for Alloy
617 weldments for better understanding and explanation of fracture behavior [4]. The microscopic
investigations were also examined with selected specimens to compare LCF fracture behavior of Alloy
617 weldment specimens.

2. Materials and Methods

2.1. As-Received Alloy 617 Weldments

Figure 1 shows the cross-view of etched Alloy 617 weldments microstructure. The microstructure
consisted of BM with well-uniformed equiaxed grains, following the heat affected zone (HAZ) structure
with a fusion line and coarser grain boundaries. Lastly, the dendritic structure was formed in the weld
metal (WM) region because of the solidification during the welding process. The chemical composition
of the as-received Alloy 617 used in the present study is shown in Table 1. The shape of the weldments
has a single V-groove with an angle of 80˝ and 10 mm root gap from a 25 mm thick rolled plate.
A filler metal was used for KW-T617. It was prepared according to AWS specifications, AWS A 5.14-05
ERNiCrMo-1 (UNS N06617), and the diameter was 2.4 mm. In order to prevent a bending deformation
of the weldments, some passes to the back side were added for each specimen. A post heat treatment
was not conducted because a Ni-based superalloy is not normally applied. After the welding process,
the soundness of the weldments was qualified through an ultrasonic test (UT), a tensile test, and a
bending test. The bending testing results coincide well with ASME specifications, which means the
micro-crack is within 3.2 mm. It was also observed that the weldments exhibited acceptable ductility.
Nevertheless, the soundness of the weldments has no problems.

LCF and tensile weldment specimens were machined from a weld pad in the transverse direction
against the welding direction as shown in Figure 2a. The cross section of the weld specimen involves a
gage length, consisting of WM and HAZ materials only: the WM is in the center of the section and two
HAZs are next to it. For further details, Figure 2b shows the shape and dimension of the LCF specimen
with 6.0 mm diameter in the reduced section with a parallel length of 18 mm and a gauge length of
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12.5 mm. However, the flat tensile test specimens were machined into a rectangular cross section with
a gage length of 28.5 mm, width of 6.25 mm, and thickness of 1.5 mm.

Figure 1. Microstructure of the cross-view for Alloy 617 weldments.

Table 1. The chemical composition of Alloy 617 plate (wt. %).

C Ni Fe Si Mn Co Cr Ti P S Mo Al B Cu

ASTM
Spec

Min 0.05 Bal. - - - 10 20 - - - 8 0.8 - -
Max 0.15 Bal. 3.0 1.0 1.0 15 24 0.6 0.015 0.015 10 1.5 0.006 0.5

Alloy 617 - 0.08 53.11 0.95 0.08 0.03 12.3 22 0.41 0.003 <0.002 9.5 1.06 <0.002 0.027

(a) (b)

Figure 2. (a) The weld pad configuration of weldment specimens; (b) The cylindrical low cycle fatigue
(LCF) specimen’s shape and geometry.

2.2. Experimental Methods

We conducted fully reversed (Rε = ´1) total axial strain-controlled LCF tests of Alloy 617
weldments in air environment by using a servo hydraulic machine (Instron 8516 capacity 100 kN,
Instron Korea, Seoul, Korea) under 0.25 Hz constant frequency regarding four total strain ranges
of 0.6%, 0.9%, 1.2%, and 1.5% at room temperature and 800 ˝C. The strain rate was varied from
3 ˆ 10´3 s´1 to 7.5 ˆ 10´3 s´1 depending on total strain range. We use a closed loop servo hydraulic
system equipped with a tube furnace and three temperature controllers on the top, center, and bottom
region. Therefore, the temperature was remained within 800 ˝C ˘ 2 ˝C of the nominal temperature
throughout the test. The specimen was held at a target temperature with zero load for about 30 min to
allow temperatures to stabilize before the commencement of the test. We applied triangular waveforms
with equal push-pull mode to specimens. As in the literature review [3,9,10,15], we also defined the
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failure criteria as the number of cycles, which means a 20% level drop off from the initial level of the
peak tensile stress. We used a personal computer through a high precision extensometer with 12.5 mm
gage length that was attached to the gauge section of the specimen. The gauge section mainly covers
the weld and HAZ materials only, to produce a strain/time records as well as load/time records and
load/strain loops of each test condition.

In order to examine the LCF fracture morphologies, we investigated the post fracture analysis
of the selected specimens which interrupted into two pieces in preliminary observation by using
high magnification scanning electron microscopy (SEM Hitach JEOL JSM 5610, JEOL Korea Ltd.,
Seoul, Korea) and optical microscopy (OM Olympus GX-51, Olympus Korea Co. Ltd., Seoul, Korea).
We prepared the specimens for OM observations by cutting them into two parts. The cutting surfaces
were polished after mounting and they were sequentially etched in solutions of hydrochloric acid,
ethanol, and copper II chloride. The tensile tests have been first done as a reference data for better
understanding and explanation of fracture behavior, with a strain rate of 5.85 ˆ 10´4 s´1. Table 2
shows the results of the tensile tests for Alloy 617 weldments. However, it is notable that the increase
in temperature resulted in a lower yield stress (YS) and the ultimate tensile strength (UTS) values,
although the tensile elongation (or material ductility) slightly increases with increasing temperature.

Table 2. The results of tensile tests on Alloy 617 weldments.

Temperature (˝C) YS (MPa) UTS (MPa) EL (%)

Room temperature 462 764.9 24.6
800 ˝C 314 382.7 27.3

3. Results and Discussion

3.1. Low Cycle Fatigue Behaviors of Alloy 617 Weldments

The fatigue resistance can be considered as: the microstructural or material property, the fatigue
rate, and the temperature influence. We listed a summary of the results in Table 3. Most of the test
results show that the increasing of strain range and temperature condition resulted in a reduction
of fatigue life. At room temperature condition shows a comparatively higher cyclic stress response
with increasing strain ranges compared to the 800 ˝C testing conditions, although the plastic strain
accumulation of the 800 ˝C testing conditions is comparatively higher. From the results, we can deduce
that the higher plastic strain deformation and the material ductility of the 800 ˝C testing conditions to
have a major role in the shorter fatigue life.

Table 3. Summary of LCF tests results of Alloy 617 weldments.

Specimen Reference
Cycles to
Failure

Elastic Strain
Amp (mm/mm)

Plastic Strain
Amp (mm/mm)

Stress Amp
(MPa)Temperature

Total Strain Amp
(mm/mm)

Room
temperature

0.0075 416 0.0037 0.0038 665.9
0.0060 1485 0.0033 0.0027 656.2
0.0045 2924 0.0029 0.0016 621.1
0.0030 28422 0.0027 0.0003 545.6

800 ˝C

0.0075 230 0.0034 0.0041 566.3
0.0060 334 0.0034 0.0026 565.3
0.0045 655 0.0029 0.0016 523.9
0.0030 3282 0.0026 0.0004 417.2

In engineering, materials usually exhibit cyclic hardening or softening to some level in the cyclic
plastic deformation process. Figure 3 shows the cyclic stress response curves with respect to the
number of cycles regarding four total strain ranges under continuous cyclic loading. The cyclic stress
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response at room temperature conditions showed a cyclic softening region for the major portion of the
life after a short period of initial hardening. The short period of cyclic initial hardening was observed
for about 2–200 cycles, and remained during the softening phase until failure. At the lowest strain
range (0.6%), the saturation region was also observed. Dissimilar cyclic stress response behavior
was found in both temperature conditions. However, the results at 800 ˝C distinctly showed a cyclic
hardening for the major portion of the fatigue life. At the end of the test, the cyclic stress response
decreased rapidly, which indicates the initiation of a macro-crack.
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Figure 3. The cyclic stress response curves regarding to four total strain ranges under continuous cyclic
loading for Alloy 617 weldments.

In order to clearly understand the relationship between cyclic stress response and crack behavior,
Figure 4 shows the normalized stress amplitude on the fraction of fatigue life, which was used to
deduce the number of cycles regarding macro-crack initiation, Ni. The fraction of fatigue life is the
ratio between the number of cycles and the total cycles to failure. We defined the crack initiation as the
point at which the stress amplitude rapidly decreased from an initial trend. From the figure, the profile
significantly shows that the crack initiation occurs earlier at approximately 90% of the total cycles
to failure. Meanwhile, at 0.6% total strain range, it was occurred in approximately 60% of the total
cycles to failure, and remained during propagation life. It is noted that, under low total strain range,
the fatigue crack propagation occurred earlier and it is particularly important to overall fatigue life
when it is utilized in the high temperature condition.
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Figure 4. The normalizing fatigue life on cyclic stress response regarding to four total strain ranges of
Alloy 617 weldments at room temperature and 800 ˝C.
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In this study, we found that the work hardening behavior is an effect of initial cyclic hardening.
Figure 5 shows the summary of cyclic stress-plastic strain curves of Alloy 617 weldments. From this
graph, we can find that the stress increases with increasing plastic strain. In order to quantitatively
determine the work hardening behavior, the Ramberg-Osgood equation is adopted:
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“ ΔεP
2

` Δεe
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Figure 5. The cyclic stress-plastic strain curves of Alloy 617 weldments at room temperature and 800 ˝C.

The results are also given in Figure 5, where, K’ and n’ are cyclic strength coefficient and cyclic
strain hardening exponent, respectively. From this figure, K’ and n’ were determined from the log-log
relationships between half-life value (stable condition) of stress amplitude and plastic strain amplitude.
The work hardening tendency of the weldments linearly increased through the whole total strain range
conditions. However, the degree of work hardening of Alloy 617 weldments depends on the stress
amplitude and the plastic strain value.

In this manifestation, we recognized the occurrence of dynamic strain aging (DSA) at 800 ˝C
regarding four total strain ranges under continuous cyclic loading. The results showed a transformation
of work hardening at 800 ˝C. DSA (sometimes termed as Portevin Le-Chatelier effect) is the hardening
mechanism, which manifests itself by fluctuating or serration plastic flow. In the manifestation of
DSA, we synchronously noticed the serrated flows on the tension-compression stresses at all testing
conditions. Figure 6 shows the tensile peak stresses tested at 800 ˝C that exhibit serrations as a result
of the locking-unlocking interactions of moving atoms. Meanwhile, J.-D. Hong et al. [16] revealed that
the cyclic hardening might be increased with the occurrence of the DSA, and the ratio of the cyclic
hardening could be used to evaluate the degree of DSA. Therefore, Figure 7 shows the ratio of cyclic
hardening measured by the ratio of the maximum stress amplitude (σpeak) to the stress amplitude of
the first cycle (σinitial). From the figure, it is obvious that the ratio of cyclic hardening increases along
with the transformation of LCF test environment from previous work [4,5] at room temperature to the
present investigation at 800 ˝C. As in the literature survey [11], they also acknowledged that the DSA
occurs in the temperature range of about 650–900 ˝C for this Alloy 617.
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Figure 6. The serrated flows in the tensile peak stress curves of Alloy 617 weldments at 800 ˝C.
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Figure 7. The comparison of ratio of cyclic stress amplitude as a magnitude of hardening of Alloy 617
weldments at room temperature and 800 ˝C.

3.2. Low Cycle Fatigue Life Prediction

Many scientists have made an enormous effort in order to predict the lifetime of metallic materials
at elevated temperatures. The state of the art suggests that an issue has been addressed mainly in
terms of strain. Plastic deformation is expected to play a major role in this process. Several researchers,
e.g., Lazzarin, et al. and Susmel, et al. [17,18], have primarily considered a very high-temperature fatigue
problem with the high cycle fatigue regime. This was initiated from the pioneering Coffin-Manson
relationship as a definition of strain elements at LCF regime. In this issue, an appropriate life assessment
using a conventional Coffin-Manson relationship is proposed for designing against the LCF of Alloy
617 weldments. The combining Coffin-Manson equation, better known as the strain-life relationship,
is a function of the total strain range, ΔεT, and the number of cycles to failure, Nf, by a similar power
law function. The total strain as a dependence parameter can be separated into the plastic and elastic
strain ranges and expressed by:

ΔεT
2

“ ΔεP
2

` Δεe

2
“

σ
1
f

E

´
2Nf

¯b ` ε
1
f

´
2Nf

¯c
(2)
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where, ΔεT/2 is the total strain amplitude, Δεe/2 is the elastic strain amplitude, Δεp/2 is the plastic
strain amplitude, 2Nf is the number of reversals to failure. σf' is the fatigue strength coefficient, b is the
fatigue strength exponent, εf' is the fatigue ductility coefficient, c is the fatigue ductility exponent and
E is the elastic modulus.

Figure 8a,b show the variety of LCF lives plotted with total strain ranges in the continuous cycling
of the Alloy 617 weldment specimens at room temperature and 800 ˝C, respectively. These data were
analyzed by means of the least squares fit method. In both logarithmic coordinates, the strain-life
curves were simply fitted and they are related to Equation (2). The coefficients and exponents in the
Coffin-Manson equation were determined, and are listed in Table 4. As previous works reported [3,15],
when it was plotted on a log-log scale, the c slope typically may vary from ´0.5~´1.0. The authors
also reported the exponent c of ´1.12 of Alloy 617 weldments at 800 ˝C, and it can be concluded that
the value is comparable in the present study. From the figure, the transition of fatigue life in reversals
(2Nt) represents the intersection of the elastic and plastic straight lines which means the stabilized
hysteresis loop has equal plastic and elastic strain components. From this point to the left, where the
fatigue life is lower than the transition, the fatigue life of the material is mainly dominated by ductility.
Otherwise, where the fatigue life is higher than the transition, is controlled by the strength. Table 5
lists the transition of fatigue life at room temperature and 800 ˝C. From the results could be assumed
that the strain amplitude at the transition life decreases with increasing temperature.
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Figure 8. The Coffin-Manson curves of Alloy 617 weldments at (a) Room temperature;
(b) 800 ˝C condition.

Table 4. Coefficients and exponents of Alloy 617 weldments in the Coffin-Manson equation.

Temperature εf' c σf' (MPa) b E (GPa) n‘ K‘ (MPa)

Room temperature 0.398 ´0.654 1213 ´0.104 214.4 0.118 1086.43
800°C 0.924 ´0.889 973 ´0.100 155.9 0.14 1276.4

Table 5. The transition of fatigue life of Alloy 617 Weldments at room temperature and 800 ˝C.

Temperature 2Nt Δε/2

Room temperature 1410 0.0035
800°C 554 0.0033

In the process of the validation of the predicted life, Figure 9 shows the experimental data
which are compared to the predicted lives by the Coffin-Manson relationship. Figure 9 shows a
good correlation between the predicted and experimental fatigue lives. The validations are in good
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agreement within a factor of 2.0. An excellent correlation can be observed for the Coffin-Manson
relationship with 86.37% of accuracy.
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Figure 9. Validation of the predicted lives by Coffin-Manson relationship for Alloy 617 weldments.

3.3. Fracture Morphologies of Alloy 617 Weldments

Regardless of the effect of temperature, the fracture surface morphologies of the weldments
at room temperature and 800 ˝C are very similar, as shown in Figure 10. From previous work [4],
the weldments showed a relatively wedge-type crack with some deviations oriented at 45˝to the
loading direction. Figure 10 also shows the fractured specimens, which indicates the failure occurring
inside of the gauge section in the WM region. Therefore, we denote that the possible weak spot is in
the WM area of the weldments. However, the possible weakness of the WM as well as the presence of
microstructural heterogeneity, and also the WM zone was comprised of large columnar grains with
dendritic structure. A large plastic strain thereby accumulates, depending upon the material strength
of individual microstructure, which could become a source of fatigue failures. In addition, the results
of hardness measurement on the WM showed a lower value than that of the HAZ, but still higher
than the BM.

(a) (b)

Figure 10. Comparison of the fracture surface morphologies of Alloy 617 weldments at: (a) Room
temperature; (b) 800 ˝C condition. From left to right i.e., total strain range of 0.6%, 0.9%, 1.2%, 1.5%.
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In nickel based Alloy 617 [6–12], a reduction of fatigue life was attributed to creep, oxidation,
and DSA at elevated temperature. In this study, however, the difference in fatigue resistance cannot be
fully interpreted by an effect of fracture morphology. In the regime of DSA, there were no evidences
of creep and less effect of oxidation to account for the difference in the fatigue life with temperature
in the present investigation. Figure 11a–d show a typical micrograph of the Alloy 617 weldment
specimens at room temperature and 800 ˝C, respectively, which also show a transgranular crack
initiation and propagation along with the interdendritic paths. Hong et al. [19] stated that the fatigue
crack initiation is related to the plastic strain localization on the slip bands. The slip bands that
contain extrusions, and intrusions, if connected to the surface, will lead to the production of crack
initiation. Crack initiation occurred along slip planes, and this was evidenced by the cleavage facets
in Figure 11c (stage I). This mechanism resulted in multiple points of the crack initiation site on their
surfaces, and reduced the crack initiation life. This type continued through only a few grains, and
transformed into stage II transgranular cracking. Figure 11d shows the fatigue striations that occurred
on the fracture surface during crack propagation. Since DSA-induced work hardening process may
cause the rapid crack propagation due to atoms interactions, the fatigue life also will decrease in the
regime of DSA.

(a) (b)

(c) (d)

Figure 11. Typical SEM micrographs of the fractured surface for Alloy 617 weldments at 0.6% total
strain range: (a,b) Room temperature; (c,d) 800 ˝C condition.
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4. Conclusions

A fully reversed (Rε = ´1) total axial strain-controlled LCF tests of the Alloy 617 (INCONEL 617)
weldments fabricated by GTAW process were conducted at room temperature and 800 ˝C in the air,
with a total strain range of 0.6, 0.9, 1.2, and 1.5%. The following key conclusions are drawn:

1. The increasing of strain ranges and temperature condition resulted in a reduction of fatigue
life. From the results, we can deduce that the higher plastic strain deformation and the material
ductility of the 800 ˝C testing conditions have a major role in the shorter fatigue life.

2. For room temperature conditions, initial hardening was observed below 200 cycles, after that
softening was observed until failure. Meanwhile, the 800 ˝C condition distinctly showed a cyclic
hardening for the major portion of the fatigue life. In the 800 ˝C condition, we synchronously
noticed the serrated flows on the tension-compression stresses at all testing conditions as dynamic
strain aging (DSA) phenomena. Since the DSA-induced work hardening process due to atoms
interactions may cause the rapid crack propagation, the fatigue life will also decrease in the
regime of DSA.

3. The observed LCF life was well characterized by the Coffin-Manson relationship, and they are
well compared with previous works. The parameter of c slope typically varied from ´0.5~´1.0,
and, in this study, the c slope was obtained by ´0.654 and ´0.889 at room temperature and 800 ˝C
conditions, respectively.

4. The LCF cracking in weldments occurred inside of the gauge section in the WM region, and
showed a wedge-type crack with some deviations oriented at 45˝ to the loading direction.
A transgranular crack initiation with some cleavage facets (stage I) and propagation with some
striations (stage II) along with the interdendritic paths were observed.
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