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Abstract: The mechanical properties of commercially pure titanium can further be improved through
the grain refinement processes; however, welding fine-grained materials is challenging due to the
grain coarsening in the weld area and hence the weakening of the mechanical properties locally.
Meanwhile, friction stir welding is a promising process in which the metallurgical bonding is
established through the solid-state mechanical mixing of materials to be welded; no studies have
reported friction stir welding of the ultra-fine-grained commercial purity titanium to date. In this
research, friction stir welding of fine-grained and ultra-fine-grained commercially pure titanium (1.58
and 0.66 pm, respectively) was conducted. The effect of the microstructural feature of base metals on
the microstructural evolution of the stir zone and the feasibility of the friction stir welding process
for those materials were discussed. It was found that the fraction of twin boundaries in ultra-fine-
grained material was higher than in fine-grained material. It accelerated dynamic recrystallization
and recovery in the stir zone, hence inducing the grain coarsening and the loss of ultra-fine-grained
structure and character after welding.

Keywords: friction stir welding (FSW); commercially pure titanium (CP-Ti); fine-grained;
ultra-fine-grained; twin boundaries (TBs); grain boundary character distribution (GBCD); electron

back-scattered diffraction (EBSD)

1. Introduction

Commercially pure titanium (CP-Ti) is a silver-colored light metal with a hexagonal
close-packed (HCP) crystal structure that is known as «-Ti stable below 883 °C [1]. Ti and
its alloys have a high specific strength, corrosion resistance, and biocompatibility. Thus,
it is a promising material for various industries of aeronautics, defense, biomedical, etc.
The mechanical properties of titanium (Ti) and its alloys can further be improved through
the grain refinement process, such as severe plastic deformation. The fine-grained and
ultra-fine-grained Ti can be produced by several processes, such as equal channel angular
processing, friction stir processing, cryogenic, cold and hot rolling, and so on [2-7]. In
general, the fine-grained microstructure consists of grains with sizes in the order of 1 um,
while ultra-fine-grained with sizes less than 1 um [8]. When the Ti material undergoes
severe plastic deformation at the temperature below the f3-transus, a dynamic recrystal-
lization (DRX) occurs by fragmentation of the initial microstructure as well as a dynamic
recovery (DRV; i.e., dislocation annihilation). As a result, fine equiaxed and elongated o
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phases with high residual stress and strain represented by a high fraction of subgrains and
subboundaries are produced [8].

Welding is an essential technique for assembling and manufacturing structural parts
using materials in engineering applications; however, welding fine- and ultra-fine-grained
material is a challenging issue as they are susceptible to recrystallization and grain growth.
The recrystallization and grain growth in the weld area result in the elimination of the fine-
and ultra-fine-grained structure and weaken the mechanical properties in the weld area.
A few studies regarding the welding of fine-grained materials have been reported, such
as diminishing (or even elimination) of the fine-grained structure, recrystallization and
inexorable grain coarsening, and a consequent degradation of mechanical properties in the
weld area [9,10]. Meanwhile, friction stir welding (FSW) is a promising alternative welding
process for fine-grained materials, as it is a solid-state joining process [1]. FSW is conducted
at the peak temperature of about half to three-quarters of the melting temperature of the
material. It makes joints through the stirring of viscoplastic state material by means of the
tool movement and a plastic flow by material softening via elevated temperature induced
by the friction between the tool and material [8,11,12]; thus, the FSW could be the proper
process for fine-grained material to avoid grain growth and weakening of the weld area. A
few studies on the FSW of fine-grained material have been reported using low carbon steel,
stainless steel, aluminum, copper, etc. [13-19]; however, to the authors’ best knowledge,
FSW of ultra-fine-grained CP-Ti has not been the topic of any research to date.

In this research, FSW of fine- and ultra-fine-grained CP-Ti was conducted. Firstly,
the grain boundary character distribution (GBCD) of each base metal (BM) and stir zone
(SZ) were analyzed to find out the effect of the microstructural feature of BM on the
microstructural evolution of SZ using electron backscattered diffraction (EBSD) analysis. In
the end, the feasibility of the FSW process to join fine- and ultra-fine-grained CP-Ti material
was discussed.

2. Materials and Methods
2.1. Materials

The fine- and ultra-fine-grained CP-Ti sheets were obtained by cold rolling (at 25 °C)
and cryogenic rolling (at —100 °C), respectively, from commercial grade 2 Ti alloy with an
average grain size of 40 um. The chemical composition and details of each rolling process
history are given in Appendix A. As a result of 80% thickness reduction, the average grain
size of fine- and ultra-fine-grained CP-Ti was about 1.5 and 0.66 um, respectively.

2.2. Friction Stir Welding Parameters

The 1.0 mm thick fine- and ultra-fine-grained CP-Ti sheets were used as the BM in this
research. The welding was conducted as a configuration of the lap joint of double sheets
of each BM. A flat cylindrical type of cobalt alloy tool was used. The tool consisted of a
flat shoulder and a smooth tapered pin with a circle end shape, as shown in Figure 1a. The
welding tool had dimensions of 15 mm, 3.5-6.0 mm, and 1.7 mm for shoulder diameter, pin
diameter, and pin length, respectively. The welding was conducted along the transverse
direction (TD; i.e., WD), and perpendicular to the rolling direction (RD). The tool rotation
speed and travel speed (same as welding speed) were given as 140 RPM and 60 mm/min,
respectively. The welding tool was tilted 3° opposite to the welding direction, and the tool
rotation direction was counterclockwise in this research. The Z-axis displacement control
was adopted to control the tool plunging. The samples for the welding were fixed using a
pneumatic Jig system and were shielded by an attachable local argon gas shielding system
with a type of cap to avoid oxidation during the welding, as shown in Figure 1b. The
lap joint welding of fine- and ultra-fine-grained BM was well conducted with none of the
internal defects.
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Figure 1. The photograph of (a) the tool used for friction stir welding in this experiment and (b) the
pneumatic JIG and cap type local Ar shielding system.

2.3. Microstructure Characterization

The welded samples were cut as a cross-section specimen by a diamond wheel cutting
and ground and polished mechanically till 0.04 um colloidal silica. An EBSD analysis was
conducted to investigate the microstructure and boundary analysis of interesting regions:
the center of the cross-section of the BM and SZ. Jeol JSM-7001F (JEOL Ltd., Tokyo, Japan)
and Oxford Instruments X-MAX (Oxford Instruments, Abingdon, UK) were used for the
EBSD analysis. The step size of 0.003 and 0.015 pm were used for BM and SZ, respectively.
A magnification of x6000 and %2000 were adopted for BM and SZ, respectively. The
post-processing and analysis of the EBSD were performed using TSL orientation imaging
microscopy (OIM) analysis software. The data of inverse pole figure (IPF), misorientation
map and kernel average misorientation (KAM) map, etc., in each region, were obtained by
using OIM analysis software (version 7.3.1., EDAX, Mahwah, NJ, USA). In this paper, low
angle boundaries (LABs) were parted at 2-15°, and high angle boundaries (HABs) refer to
a misorientation angle greater than 15° [8].

3. Results and Discussion
3.1. Base Metal Microstructure

Figure 2 shows the results of the EBSD analysis of the fine-grained BM and ultra-fine-
grained BM. Despite the adoption of an extremely small step size, as mentioned in Section 2,
due to the highly fine grains and high strain or dislocation density in the microstructure, the
indexing rate of fine-grained BM and ultra-fine-grained BM was rated as 83.2 and 52.97%,
respectively. The average grain size of fine-grained BM was measured as 1.58 & 0.28 pm
and that of ultra-fine-grained BM was 0.66 & 0.28 um.

For further understanding of the GBCD of fine-grained BM and ultra-fine-grained
BM, the analysis of misorientation distribution was conducted, and the results are shown
in Figure 3. The fraction of LABs and HABs were similar in fine-grained BM and ultra-
fine-grained BM, as shown in Figure 3a,b. The major graphs in Figure 3c,d deal with the
misorientation angle of 2 to 95°. It is notable that the fraction of LABs was measured as
50.8 and 53.6% in fine-grained BM and ultra-fine-grained BM, respectively. It can be said
that the highly dense tangled dislocations are present in both BMs. The LABs could be
considered subgrain and subgrain boundaries as they are formed by the arrangement of
dislocations and make an orientation difference of less than or equal to 15° across the
boundary [8]. The LABs in BM were formed by the severe plastic deformation at room and
cryogenic temperatures. Those LABs are regarded as the indication of high imposed strain
in the microstructure of BMs; thus, it is the major reason for the high level of KAM results
in Figure 2b,d [8,20-27].
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Figure 2. Microstructure of the BM of fine-grained and ultra-fine-grained CP-Ti characterized by
using EBSD; IPF and KAM map of fine-grained BM are shown in (a,b), and those of ultra-fine-grained
BM are shown in (c,d), respectively (the scales of figures are equal in here).
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Figure 3. Boundary maps of (a) fine-grained BM and (b) ultra-fine-grained BM are shown with
quantitative numerical values of GBCD of each. The misorientation angle distribution in (c) fine-
grained BM and (d) ultra-fine-grained BM are plotted. The graphs show the misorientation angle
ranges of 2 to 90°, and the inset graphs show the misorientation angles of 15 to 90° (enlarged plot of
blue box areas).

Both IPF maps in Figure 2a,c show blue and green color grains, which are the frag-
mented fine grains because of severe plastic deformation by cold rolling and cryogenic
rolling, respectively. The colors blue and green show that the basal plane of those grains is
tilted from the normal direction (ND) to TD. In contrast, the red and purple color elongated
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grains are the remnant elongated grains that are not yet fragmented but have highly dense
internal crystallographic defects, as can be seen in the KAM maps in Figure 2b,d. Further, it
can be found in KAM maps of each that the kernel misorientation deviation is highly com-
plicated and differs among the grains, which are represented by yellow and red colors. The
highly complicated and differed kernel misorientation means high imposed strain energy
in the material. In other words, the material is metallurgically unstable. The metallurgical
instability of the material here would be mainly caused by the dense dislocations and twins;
it is reasonable to consider that it is possibly dominated by the twins because the CP-Ti is
composed of only «-Ti phase with HCP crystal structure either at room temperature or at
cryogenic temperature. Moreover, it has highly limited slip systems at cryogenic and room
temperature [8,20-27].

Meanwhile, minor graphs inset above the major graphs in Figure 3c,d deal with 15 to
95°, also known as HABs. The fraction of HABs in fine-grained BM and ultra-fine-grained
BM were measured as 49.2 and 46.4%, respectively. It is worthwhile to see the GBCD of
HABs in CP-Ti because it has a limited number of independent slip systems and has low
stacking fault energy (SFE); thus, twinning is prone to occur. The twinning resolves the
strain when it is deformed physically at room and cryogenic temperatures. Under further
strain, it acts as subboundaries; thus, twinned within it or split/fragmented [28-31]. This
is the main mechanism for producing the fine- and ultra-fine-grained CP-Ti material by
severe plastic deformation. The results of the HABs analysis revealed that four peaks
exist (marked by green arrows) in both graphs, which show a similar trend that has peaks
near 30°, 60°, 75°, and 90°. The GBCD of near 30°, 60°, and 90° is dominated by twin
boundaries (TBs) and «/a boundary as listed in Table 1, but none of the references were
found regarding the near 75°. The TBs were the result of severe plastic deformation at room
and cryogenic temperatures as aforementioned [8,20-27]. At room temperature, a major
deformation mechanism during rolling is a combination of prism<a> slip + pyramidal<a>
slip and tensile + compression twinning as well. At cryogenic temperature, on the other
hand, the mechanism would be changed to the tensile and compression twinning due
to the lesser CRSS of twinning than prism<a> slip + pyramidal<a> slip. As a result, the
ultra-fine-grained BM showed an almost doubled 30° and 90° misorientation angle than
fine-grained BM in fraction, and those are mainly considered the TBs. These TBs are also
regarded as the indication of high imposed strain in the microstructure of both BMs, similar
to the LABs, because it is a result of severe deformation and possibly acts as subgrains and
subgrain boundaries in the microstructure [8,20-26].

Table 1. Featured high angle boundary characters of CP-Ti of near 30°, 60°, 75°, and 90° [8,21-27].

Sgﬁ‘éllféc 30 + 5° 60 + 5° 7545 9045
{1122}
compression twin
<-12-10>
compression twin terjsli?g_t%\}/in
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high-angle boundary <-1100> <10717 3> - o
character tensile twin o/« boundary <_12_10>y
<-1055-3> - .
o/ o boundary tensile twin
<-1100>

compression twin

3.2. Stir Zone Microstructure

Figure 4 shows the results of the EBSD analysis of the fine-grained SZ and ultra-fine-
grained SZ. Owing to the recrystallization and grain growth after the FSW, the indexing
rate of fine-grained SZ and ultra-fine-grained SZ was more than 95%. The average grain
size of fine-grained SZ was measured as 2.34 + 1.70 um and that of ultra-fine-grained
BM was 3.19 £ 2.31 um. Ultra-fine-grained SZ is coarser than fine-grained SZ, despite
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the ultra-fine-grained BM showing a smaller grain size than fine-grained BM as shown
in Figure 4a,c. On the contrary, the level of KAM is higher in fine-grained BM than in
ultra-fine-grained BM, as seen in Figure 4b,d. The comparison of microstructure analysis
results of fine-grained SZ and ultra-fine-grained SZ showed the opposite tendency to that
of the fine-grained BM and ultra-fine-grained BM. In the next section, the GBCD analysis
results are discussed to find out the reason for this phenomenon deeply.

(a)

0001 1210
0110
0 3
— (|
(©) (d)
10m . 10jum

Figure 4. Microstructure of the SZ of fine-grained and ultra-fine-grained CP-Ti characterized by using
EBSD; IPF and KAM map of fine-grained SZ are shown in (a,b), and those of ultra-fine-grained SZ
are shown in (c,d), respectively (the scales of figures are equal in here).

4. Discussion
4.1. Evolution of Grain Boundary Character Distribution: Base Metal to Stir Zone

Before discussing in-depth, we must define the dominant microstructural evolution
mechanism in SZ. There were no serrated boundaries observed, as shown in Figure 4a,c;
thus, it can be said that the peak temperature during welding was below the (3-transus
temperature [8]; therefore, it can be thought that the « — 3 — « phase transformation
was absent during welding, and hence the microstructural evolution within both SZ was
dominated by the DRX and DRV [8,20,22,23,32,33]. The driving force for the DRX during
FSW would be the heat generated and strain energy by the tool rotation and high imposed
internal strain energy by a high fraction of LABs and TBs, which could act as subgrains
and subgrain boundaries in the initial microstructure.

Meanwhile, the fraction of LABs was similar in fine-grained BM and ultra-fine-grained
BM as shown in Figure 3a,b, yet the fraction of TBs highly differed in fine-grained BM and
ultra-fine-grained BM. Ultra-fine-grained BM showed an almost doubled TBs fraction than
fine-grained BM, as shown in Figure 3c,d. Further, the heat input and given load were
the same in both SZs because the same process parameters were adopted, as mentioned
in Section 2; thus, it is reasonable to consider that the amount of TBs fraction in BM
would be the key to understanding the reason for microstructural evolution differences in
fine-grained and ultra-fine-grained material.

The misorientation angle distribution in BM and SZ of both fine-grained and ultra-
fine-grained are shown in Figure 5a,b, and it can be seen that the HABs fraction was 10%
higher in ultra-fine-grained SZ than fine-grained SZ. To find out the reason for the higher
HAB:s fraction, the peaks of misorientation angles related to TBs are highlighted by green
arrows in Figure 5c,d. It is notable that the fraction of near 60° and 90° disappeared after
the FSW in both cases, and near 30° also decreased in the case of ultra-fine-grained. During
the FSW, tensile and compression load would be given to the material in a viscoplastic
solid state [34] under the temperature below the 3-transus; therefore, when the tool passes
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through the material, the high fraction of TBs within one grain would accelerate the
fragmentation of original grains since it acts as a thin substructure similar to the lath
domain structure [20-27]. In other words, the ultra-fine-grained BM could have a higher
chance of fragmentation of quasi-lath grains along the TBs and have more DRX sites by
consuming the TBs. Misorientation angle plots of near 30°, 60°, and 90° were sorted from
BM and SZ of both samples and plotted in Figure 5. It was found that the boundaries
related to misorientation angles of 60° and 90° disappeared after the FSW; thus, the ultra-
fine-grained BM had a higher chance of DRX in the early stage (induced by the higher fraction
of TBs) and grain growth of DRXed grains, hence, it had enough time for grain coarsening
through the consuming of smaller grains nearby. Ahn et al. [35] reported that the grain
growth of CP-Ti is very fast and inexorable once it starts. Consequently, ultra-fine-grained
SZ revealed the equiaxed morphology and larger grain sizes than the fine-grained SZ
despite the finer microstructure in BM.
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Figure 5. Boundary maps of (a) fine-grained SZ and (b)ultra-fine-grained SZ are shown with quan-
titative numerical values of GBCD of each. Misorientation angle distribution in BM and SZ of
() fine-grained and (d) ultra-fine-grained. The graphs show the misorientation angle ranges of 2 to
90°, and the inset graphs show the misorientation angles of 15 to 90° (enlarged plot of blue box areas).
The black lines and red lines represent BM and SZ, respectively.

The fraction of 30° TBs was still high in both samples, as shown in Figures 5 and 6.
It might be due to the given tensile and compression strain to the viscoplastic state ma-
terial during the FSW [34]. It can be assumed that the 30° TBs formed within the newly
formed DRXed and DRVed grains, and the KAM map shows evidence of that, as shown
in Figure 4b,d. Meanwhile, the peaks near 75° in both BM, which had unrevealed in
Section 3.2, had disappeared in both SZ (highlighted by purple arrows in Figure 5). It
can be assumed to be related to the pile of dense dislocations rearranged and coalescence
during severe plastic deformation and eliminated during FSW by DRV (i.e., dislocation
annihilation) as well as DRX [8].
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Figure 6. Misorientation angle plots sorted from BM and SZ of (a) fine-grained CP-Ti and (b) ultra-
fine-grained CP-Ti. Angles of 30, 60, and 90°, which are related to TBs evaluated both in BM and SZ.

The ultra-fine-grained SZ loses its advantageous microstructure and character after
the FSW. Further, it has a larger grain size of 1.36 times than the fine-grained SZ. This
phenomenon is mainly due to the early DRX and grain growth via more DRX sites induced
by high TBs fraction in ultra-fine-grained BM, plus the nature of fast grain growth of CP-Ti
due to low thermal stability. The deformation TBs are special boundaries possessing high
mobility that allow them to grow out of the system, especially in nanocrystalline and
ultra-fine-grained microstructure [36]. Moreover, TBs play a key role in changing local
grain orientation and dissociating boundaries of fine grains, resulting in effective grain
growth [37]. The mobility of twins works via the atomic shuffling mechanism or through
the propagation of twin partial dislocations on parallel twin planes [38].

4.2. Feasiliblity of Friction Stir Welding on Fine-Grained and Ultra-Fine-Grained CP-Ti Material

As mentioned in previous sections, fine-grained and ultra-fine-grained CP-Ti should be
welded when applied to any industrial applications. The FSW was chosen in this research to
avoid the loss of fine-grained and ultra-fine-grained structure and its character. From a view
of grain size change before and after the welding, fine-grained SZ showed grain growth of
1.48 times compared to fine-grained BM and it preserved the fine-grained microstructure to
a degree. In contrast, ultra-fine-grained SZ showed considerable grain growth and it was
about 4.8 times of ultra-fine-grained BM. So, it can be summarized that the character of
ultra-fine-grained CP-Ti with a high fraction of TBs cannot be sustainable even if the FSW is
used, even with a peak temperature of less than the 3-transus. The formation of TBs during
the severe plastic deformation process should be carefully designed accordingly to obtain
less fraction of deformation TBs and thus suppress the grain mobility and grain coarsening.
It can be achieved through optimizing the process parameters used in the severe plastic
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deformation procedure, such as the temperature, number of passes, annealing temperature,
external magnetic field, etc. [39-42]. Otherwise, the use of processes with less heat input
with faster cooling (e.g., laser and laser hybrid welding) for welding ultra-fine-grained
CP-Ti with a high fraction of TBs, etc., are viable solutions. Further, it would rather be
advantageous to use fine-grained CP-Ti when considering the manufacturing time and cost
for material and the subsequent grain coarsening induced by the high fraction of TBs.

5. Conclusions

In this research, friction stir welding of fine-grained and ultra-fine-grained CP-Ti
with a grain size of 1.58 and 0.66 um, respectively, was conducted. The effect of the
microstructural feature of the base metal on the microstructural evolution of the stir zone
was then discussed. Finally, the feasibility of the friction stir welding process for those
materials was conferred. The conclusions from this research are as follows:

e Differences in grain boundary character distribution were observed in fine-grained
and ultra-fine-grained titanium base metal owing to the different rolling temperatures
of cold and cryogenic rolling.

e  Observation of differences in microstructural evolution in stir zones were due to grain
boundary character distribution differences in each base metal, primarily the fraction
of twin boundaries.

e  The grain coarsening in the stir zone of ultra-fine-grained commercially pure titanium
was induced by a high fraction of twin boundaries and was not able to maintain
ultra-fine-grained structures and characters.

e  The more the fraction of twin boundaries in base metal, the more the dynamic recrys-
tallization accelerated and subsequently coarsened, and equiaxed grains were formed
in the stir zone

e  The formation of TBs should be carefully controlled when considering the welding
and joining of ultra-fine-grained commercially pure titanium for any application.
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Nomenclature

BM base metal

CP-Ti  commercially pure titanium

DRV dynamic recovery

DRX dynamic recrystallization

EBSD  electron backscattered diffraction
FSW friction stir welding

GBCD  grain boundary character distribution
HAB  high angle boundary
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HCP  hexagonal close-packed

IPF inverse pole figure

KAM kernel average misorientation
LAB  low angle boundary

ND normal direction

RD rolling direction

SFE stacking fault energy

SZ stir zone

TB twin boundary

TD transverse direction
Ti titanium

WD  welding direction

Appendix A

The chemical composition and details of each rolling process history are shown in
Figure Ala. The average grain size of the initial microstructure was measured at approxi-
mately 40 um, as shown in Figure Alb. The total reduction in thickness was about 78% in
both rolling processes, which are shown in Figure Alc,d. The entire process of fabricating
the fine-grained and ultra-fine-grained CP-Ti base metal was conducted by the Korea
Institute of Materials Science (KIMS).

a Composition
( ) Element (WE%) (C) ( d)
O 0.152
C 0.009 At25°C At25°C
N 0.005 AMMBANMANAMN
Fe 0.05 g 0°C g 0°C
H 0.0003 £ £
i~
Ti Balanced g, 2
z g
i =
At<-100°C
Processing step Processing step

Figure A1l. (a) Chemical composition of the material used. (b) Initial microstructure of CP-Ti Gr.2
before the rolling. (c,d) shows the rolling history of cold rolling and cryogenic rolling; total reduction
in area was about 78% in both.
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