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� Tool wear led to the increment in hardness and strength but the loss of ductility.
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a b s t r a c t

Tie6Ale4V alloy was subjected to friction stir processing at rotation rates of 400, 800 and 1200 rpm
using a polycrystalline cubic boron nitride (pcBN) tool and tool wear at different travel distances was
investigated. At high rotation rates of 800 and 1200 rpm, the greatest tool wear, including mechanical
and chemical wear, occurred at the initial tool plunge point. Detailed microstructural examinations on
the tool plunge point at 1200 rpm by transmission electron microscopy indicated that the “onion ring”
structure in the stir zone was caused by a variation in the distribution of TiB particles. Two similar but not
identical spatial phase sequences around BN particles, BNeTiB2eTiBea-Ti (N) and BNeTiB2eTiB
etransformed b-Ti (N), as well as Ti2N phase were identified. The reaction mechanism between the tool
and the Ti matrix was discussed. Moreover, when the tool wear reached a steady-state condition, the
effect of tool wear on the microstructure and mechanical properties of the stir zone was evaluated. A
fully transformed b with a Widmanstatten structure was observed at all rotation rates and the average
size of prior b grains increased with the rotation rate. The tool wear led to an increment in hardness and
tensile strength but a loss of ductility of the stir zone.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Titanium and its alloys have been extensively applied in aero-
space, chemical and biomedical fields because of their high specific
strengths, excellent corrosion resistance and good compatibility
[1]. Tie6Ale4V is the most widely used a þ b titanium alloy and
occupies over 50% of the total titanium market [1]. The welding of
Tie6Ale4V is extensively applied to join large or complex struc-
tural components in various industries. However, there are some
obvious limitations associated with conventional fusion welding of
wrought Tie6Ale4V, such as microstructural and mechanical
behavior discontinuity, epitaxial growth and coarse beta grains, and
.

a significant distortionwith a high residual stress [1]. To avoid these
issues associated with melting and solidification of welded mate-
rials, solid-state welding techniques such as friction stir welding
(FSW) appear to more suitable for joining titanium alloys.

Friction stir welding (FSW) has attracted great attention in the
industrial world due to its many advantages since its invention in
1991 [2,3] and it has been widely studied and used in commercial
low-melting-temperature alloys, such as aluminum and magne-
sium alloys [4e7]. In recent years, the feasibility of FSW of high-
melting-temperature alloys such as titanium alloys has been
investigated. It was reported that high-quality welds of titanium
alloys without any defects could be obtained by FSW and the joint
efficiency could be over 90% [8,9].

However, compared to low-melting-temperature alloys, the
research on the FSWof titaniumalloys is still limitedmainly because
of two issues. The first one is a limited FSW process window for
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Fig. 1. Cross-section observation locations in FSP samples.
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obtainingdefect-free joints due to lowthermal conductivityandbad
forming ability of titanium alloys. For example, Edwards and
Ramulu [10] reported that the FSW process window of Tie6Ale4V
alloy was very narrow (w150e400 rpm in rotation rate and 75e
125 mmmin�1 in travel speed). The second one is a lack of suitable
tools. The requirement for the tool is high resistance to wear, high
strength and hardness at both room and elevated temperatures, and
effective heat-dissipation ability during FSW process.

W-series alloys such as W alloys and WC materials have been
mainly used as the tool materials for FSW of titanium alloys [10e
13]. TiC and Mo-based alloys have also been reported as tool ma-
terials for FSWof titanium alloys [14,15]. Unfortunately, for all these
tools, tool wear seems inevitable due to the high strength/hardness
and high welding temperature of titanium alloys. For example,
Pilchak et al. [12] showed that millimeters of bands consisted of
sub-micro-sized tungsten-rich particles as the result of tool wear
were deposited in the stir zone. Tool wear will not only reduce the
lifetime of the tool but also probably affect the material flow and
the properties of the welds.

Polycrystalline cubic boron nitride (pcBN), which is used as a
cutting tool for steels [16] and Ti alloys [17], has shown the feasi-
bility as the FSW tool for high melting temperature alloys such as
steels [18e20], and defect-free welds could be obtained [18,20].
Zhang et al. [21] conducted a preliminary study on FSW of pure Ti
using pcBN tool, and microstructure and property investigations
showed that pcBN has the potential as the tool of FSW for pure Ti,
although tool wear was observed in the weld. However, there are
no reports on feasibility of FSW of titanium alloys such as Tie6Ale
4V using pcBN tool. It is probably more challenging for FSW of Tie
6Ale4V, because of its higher strength and welding temperature
and worse plasticity.

In the past few years, several investigations on tool wear of pcBN
in the FSW steel welds [22,23] have been reported. For example,
Park et al. [22] conducted a detailed study on the tool wear in FSW
stainless steel welds using pcBN tool. They reported that apart from
mechanical wear, chemical wear occurred and Cr-rich borides
formed through the reaction between the workpiece and the pcBN
tool. For FSW of titanium and its alloys, however, only Zhang et al.
[21] succinctly reported tool wear of pcBN during FSW of pure Ti
using EMPA and EDS and they inferred that BN might have reacted
with Ti. However, how the FSW parameters influenced tool wear
and the nature of the wear products remain unknown so far.

In order to evaluate the suitability of pcBN tools for FSW of ti-
tanium alloys, it is of practical importance to systematically
examine tool wear under different parameters. It is also of great
significance to clarify the nature of wear products of pcBN tools and
to check whether B or/and N exist only in the form of BN or indeed
react with the elements in titanium alloys to form other com-
pounds. Furthermore, investigation of this subject can also provide
some fundamental knowledge about the wear of pcBN tools for
cutting titanium alloys [17] and the interface reaction between BN
and titanium alloys when BN is used for ceramic parts such as the
crucibles that interact directly with titanium alloys at high tem-
perature [24].

Although the previous studies on the FSW of composites
showed that tool wear significantly deteriorated properties of the
welds [25], no such results have been reported in the friction stir
welds of titanium alloys. Therefore, it is necessary to examine
whether and how tool wear influence the properties of the welds of
titanium alloys since there is inevitable tool wear in the welds.

In the current study, Tie6Ale4Vwas friction stir processed (FSP)
using a pcBN tool over a wide range of rotation rates from 400 to
1200 rpm, and tool wear and the microstructure and mechanical
properties of the stir zones were examined. Based on the similar
principle of FSW and FSP, the FSP sample essentially represents a
bead-on-plate (no seam) weld, and tool wear and microstructure
and properties in the stir zone for the FSP samples are the same as
that for the FSW samples. Therefore, it is appropriate to use FSP to
represent FSW to achieve the purpose of this study. The objective of
this study is (a) to clarify the nature of wear products of pcBN tool
and their effect on microstructure and properties and (b) to exploit
a larger FSW window using a pcBN tool.

2. Experimental procedure

Four-millimeter-thick commercial mill-annealed Tie6Ale4V
plate was used as the raw material. The plate was friction stir
processed along the rolling direction at a constant travel speed of
100 mm min�1 with various rotation rates of 400, 800 and
1200 rpm. A pcBN tool with a shoulder 15 mm in diameter and a
triangular prismatic pin 6 mm in diameter and 2.2 mm in length
was used. Argon shielding was employed to prevent oxidation of
the plate surface.

Fig. 1 shows macro- and microstructure observation locations
away from the tool plunge point for investigating tool wear.
Microstructural characterization and analysis were conducted us-
ing optical microscopy (OM), scanning electron microscopy (SEM,
Supra 55) and transmission electron microscopy (TEM, FEI, Tecnai
G2 20) with an energy-dispersive spectroscope (EDS, Oxford). The
EDS experiments were operated on SEM and TEMwith accelerating
voltages of 20 kV and 200 kV, respectively. The OM and SEM
specimens were etched in Kroll’s reagent. The prior b grain size of
the FSP samples was estimated by the linear inception method, and
more than 400 grains were measured. Thin films for TEM were
mechanically polished to w30 mm. In order to locate the region of
the wear products precisely, thin films were etched in Kroll’s re-
agent before being punched into 3 mm discs, dimpled to w10 mm,
and finally thinned to perforation by the ion-milling technique.

Mini-tensile specimenswith a gauge length of 5.0mm, awidth of
1.4mmanda thickness of 0.8mmwere cut from thebasemetal (BM)
and the SZ of the FSPplate perpendicular to the processing direction.
Tensile test was performed at room temperature at a strain rate of
10�3 s�1. Vickers hardness measurement was conducted using a
Vickers indent with a load of 300 g and a dwell time of 15 s.

In this work, the specimen cut from the location M mm away
from the plunge point of the FSP plate at a rotation rate of N rpm
will be simplified as N rpmeM mm specimen. For example, the
specimen cut from the location 7 mm away from the plunge point
of the FSP plate at 400 rpm is denoted by 400 rpme7 mm
specimen.

3. Results

3.1. Macrostructural evolution as travel distance increased at
different rotation rates

Fig. 2 shows the cross-section macrographs of 400 rpm FSP
sample at different travel distances. All the SZs showed a parabolic



Fig. 2. Cross sections of 400 rpm FSP sample at different travel distances away from the tool plunge point.
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profile. Near the top surface of the 400 rpme0 mm specimen, black
particles with sizes of about 1e100 mm were observed and as the
travel distance increased, the number of these black particles
increased at first (travel distance less than 7 mm) and then
decreased until they almost disappeared at a travel distance of
about 28 mm. At the bottom of the SZ, there were black bands with
deeply etched lines and as the distance increased, the contrast of
these bands became weaker and weaker until they disappeared.

EDS analysis showed that the blocky black particles near the top
surface mainly contained B and N elements (Fig. 3(a)) and the
matrix in the SZ contained 5.8 wt.% Al, 3.7 wt.% V and 90.5 wt.% Ti,
which suggested that these black particles were pcBN tool wear
debris. In black bands at the bottom of the SZ, a number of fine rod-
shaped white particles were observed in an equiaxed
aþ transformed b, i.e. bimodal matrix (Fig. 3(b)). These rod-shaped
white particles should be related to tool wear products and will be
studied in detail in the next part. In these bands, the microstructure
was obviously different from that in other regions of the SZ where
there was no tool wear and a Widmanstatten structure was
observed (Fig. 3(c)).

Fig. 4 shows the cross-section macrographs of 800 rpm FSP
sample at different travel distances. Macrographs for all travel
Fig. 3. SEM images of the SZ in 400 rpme0 mm specimen: (a) near the top surface with an i
and (c) in the region where there was no tool wear.
distances were similar which were characterized by band struc-
tures with deeply etched lines near the top surface and in the
middle of the parabolic-shaped SZ. As the travel distance increased,
the band contrast showed a trend of gradually becoming weak and
then remaining unchanged. In these bands, BN particles and fine
rod-shaped white particles, similar to those in 400 rpme0 mm
specimen, could also be found. Typical microstructures of the SZ in
800 rpme0 mm specimen were shown in Fig. 5. Obviously, the
microstructure in the dark bands also showed a difference from
that in other regions where there was no tool wear.

Fig. 6 shows the cross-section macrographs of 1200 rpm FSP
sample at different travel distances. In all the cross-section mac-
rographs, there was also a band near the top surface, like that in
800 rpm FSP sample. In 1200 rpme0mm specimen, an “onion ring”
structure that was commonly observed in FSW aluminum alloy
welds was found. As the travel distance increased, the “onion ring”
contrast becameweaker and after a travel distance of about 14 mm,
the contrast hardly changed and only obscure outlines were
observed. Obviously, 1200 rpme0 mm specimen showed an inter-
esting “onion ring” structure which may be related to tool wear. In
the previous investigations, no such “onion ring” structure was
reported in FSW/FSP titanium alloys [8,14]. Therefore in the
nserted EDS spectrum of the blocky particle, (b) in black bands of the SZ in the bottom,



Fig. 4. Cross sections of 800 rpm FSP sample at different travel distances away from the tool plunge point.
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following part, 1200 rpme0 mm specimen will be examined in
detail to clarify the nature of unknown second-phase particles and
their formation mechanism.

3.2. Microstructure characterization in 1200 rpme0 mm specimen

Magnified optical macrograph in Fig. 7(b) and SEM image in
Fig. 7(c) show the “onion ring” structure more clearly. Detailed
microstructural examinations of 1200 rpme0 mm specimen
showed that there were three types of microstructures in the SZ.
The first type was aWidmanstatten structure, as shown in Fig. 7(d),
which existed in bright regions of the SZ (D in Fig. 7(a)) and the
bright bands of the “onion ring” structure.

The second type of microstructure was in the dark bands of the
“onion ring” region, where large quantities of rod-shaped white
particles (50e300 nm in width and 0.2e2 mm in length) were
observed in a Widmanstatten matrix (Fig. 7(e)). Besides, a coree
shell structure, consisting of a large black particle core (several
micrometers in size) with white particle layers around it, was also
observed (Fig. 7(e)). EDS analyses indicated that the large black
particle core contained 48.6 wt.% B and 51.4 wt.% N, and the matrix
contained 5.9 wt.% Al, 3.8 wt.% V and 90.3 wt.% Ti. The compositions
of the black particles were very close to those of the BN phase,
suggesting that they were tool wear debris. The magnified image in
Fig. 7(f) shows that such a coreeshell structure contained three
layers: the BN core, the second layer, consisting of large numbers of
w20 nm spherical particles, and the third layer, consisting of rod-
shaped particles (50e300 nm in width and 0.2e2 mm in length).
These rod-shaped particles exhibited a clear trend of being swept
into the matrix. Therefore, the rod-shaped particles in the matrix
probably came from the third layer of the coreeshell structure due
to material flow.

The third type of microstructure came from the dark band
(rectangle E in Fig. 7(a)), which looked like the tail of the “onion
Fig. 5. SEM images of (a) fine rod-shaped white particles in black bands, and (b) th
ring” region. For the simplification, we called this band the “tail
band”. In this band, large quantities of fine rod-shaped white par-
ticles were homogeneously distributed in the matrix (Fig. 8(a) and
(b)). Besides, there were many disc-shaped “reliefs”with sizes from
1 to 10 mm, which tended to “bubble” from the matrix. These
“reliefs” could be classified into three types on the basis of different
cores, corresponding to three types of coreeshell structures, and
were marked with 1, 3 in Fig. 8(a) and 2 in Fig. 8(b), respectively.

The first type of coreeshell structure (markedwith 1 in Fig. 8(a))
contained four layers: three inner layers, similar to the BN coree
shell structure in the “onion ring” region in Fig. 7(f), and a disc-
shaped external layer, whose magnification is shown in Fig. 8(c).
In other words, the BN coreeshell structure in the “tail band”
contained one more layer than that in the “onion ring” region. The
second type (marked with 2 in Fig. 8(b)) contained an inner layer,
consisting of fine rod-shaped white particles, whose magnification
is shown in Fig. 8(d), and a disc-shaped external layer. The third
type (markedwith 3 in Fig. 8(a)) contained only a disc-shaped layer.
Strictly speaking, the third type should not be called a coreeshell
structure, but here, it is just for convenience when explaining the
reaction process between Ti and BN in the subsequent text.

TEM examinations of the dark bands in the “onion ring” region
and the “tail band” revealed the existence of several tens to
hundreds of nanometers-sized particles with various shapes
including rod, regular and irregular hexagonal morphologies.
These different shaped particles were composed of the same ele-
ments and crystal structure, and could be identified as the same
phase by selected-area diffraction (SAD). Typical TEM images of
the rod-shaped particle, with inserted SAD with [100] and [10-1]
zone axis patterns and an EDS image, and the hexagonal particle
are shown in Fig. 9(a) and (b), respectively. In Fig. 9(a), a boron
peak was clearly observed in the EDS and this particle was iden-
tified as TiB phase by the SAD patterns. TiB is orthorhombic, space
group Pnma with the lattice parameters a ¼ 6.123 �A, b ¼ 3.060 �A
e matrix of the SZ where there was no tool wear in 800 rpme0 mm specimen.



Fig. 6. Cross sections of 1200 rpm FSP sample at different travel distances away from the tool plunge point.
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and c ¼ 4.560 �A. TiB particles usually exhibit three-dimensional
hexagonal prism-shaped and observed TiB particles with
different shapes are believed to be related to different cross sec-
tions of hexagonal prism TiB particles.

Besides, in many TiB particles, stacking faults on the (100)
crystallographic plane were observed (Fig. 9(c)). This feature was
commonly reported in TiB particles in the previous study [26].
Moreover, some w1 mm spherical particles could sometimes be
detected in the SZ, and were identified as Ti2N by SAD (Fig. 9(d)).
Ti2N is tetragonal, space group P42/mnm with the lattice param-
eters a ¼ 4.945 �A and c ¼ 3.034 �A.

TEM examinations of different coreeshell structures in the “tail
band” confirmed that the rod-shaped particles in the third layer of
the first type of coreeshell structure and in the core of the second
type of coreeshell structure were the same phase as those in the
matrix, that is, TiB phase. The most external disc-shaped layers of
the three types of coreeshell structures were identified as the same
Fig. 7. Optical microstructure of 1200 rpme0 mm specimen: (a) cross-section, (b) magnifica
bright and dark bands of “onion ring”, (d) Widmanstatten structure in D region in (a), (e) mic
structure in (e).
phase. Typical TEM images of the first type of coreeshell structure
are shown in Fig. 10. The core was identified as BN phase by SAD,
which confirmed the previous inference from EDS, and the
nanometer-sized particles in the second layer were identified as
TiB2 by SAD (Fig. 10(a)). TiB2 is hexagonal, space group P6/mmm
with the lattice parameters a ¼ 3.036 �A and c ¼ 3.238 �A. The rod-
shaped particles in the third layer were TiB. The most external
layer was identified as a-Ti by SAD (Fig. 10(b)). In the a-Ti layer, N
element could be detected by EDS analysis (not shown), suggesting
that N was dissolved into a-Ti to form an a-Ti (N) layer.

Therefore, the first type of coreeshell structure in the “tail band”
consisted of a BN core and TiB2, TiB, and a-Ti (N) layers from the
center to the outside. The second type consisted of TiB particles
core and an a-Ti (N) layer. The third type had an a-Ti (N) layer. The
BN coreeshell structure in the “onion ring” region contained BN
core, TiB2 layer, TiB layer and in the outside, there was a trans-
formed b matrix.
tion of “onion ring” in rectangle B in (a), and SEM images showing (c) microstructure of
rostructure in dark bands of the “onion ring” region, and (f) magnification of coreeshell



Fig. 8. (a), (b) microstructure in rectangle E in Fig. 7(a), and (c), (d) magnification of the first type and the second type of coreeshell structures in (a) and (b), respectively.
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3.3. Microstructure and properties of the SZs at different rotation
rates

Based on the microstructural observations in Section 3.1, the
tool wear at all rotation rates reached a steady-state condition at a
Fig. 9. TEM images of TiB phase with (a) a rod-shape with inserts showing SAD with two di
and (d) Ti2N phase.
travel distance of w28 mm, therefore, in this part, the specimens
for investigating the microstructure and properties were cut from
the locations over 50 mm from the plunging point, where the
processing forces were also believed to reach normally steady-state
conditions [12].
fferent zone axis patterns and an EDS image, (b) a hexagonal shape, (c) stacking faults,



Fig. 10. (a) BN coreeshell structure in the “tail band” with an inserted SAD pattern of BN and nanometer TiB2 particles, and (b) a-Ti layer.
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Fig. 11 shows the cross-section macrographs in the locations
about 75 mm from the plunging point at different rotation rates.
The SZ in each FSP sample exhibited a parabolic shape and the SZ
broadened as the rotation rate increased. In each cross-section,
four distinct regions could be observed, which were named the
SZ, TMAZ, HAZ and BM, as marked in Fig. 11. In the 400 rpm FSP
sample, cavities were found at the bottom of the SZ. In the
800 rpm and 1200 rpm samples, no defects except for wear bands
were found.

Microstructures of the BM, HAZ and TMAZ of the 800 rpm FSP
sample are shown in Fig. 12. The BM (Fig. 12(a)) consisted of
equiaxed primary a (ap w 3 mm) with the transformed b (whose
magnified image was shown in the insert) located at the “triple-
points” of the a grains, which is usually called fully equiaxed
microstructure. The microstructure in the HAZ (Fig. 12(b)) changed
into an equiaxed primary awith a volume fraction of about 50% and
transformed b (lamellar secondary a þ residual b), that is, so-called
bimodal microstructure. This change originated from that b phase
increased its volume fraction due to the temperature rise and then
was transformed into lamellar secondary a and residual b during
the subsequent cooling. In the TMAZ, due to higher temperature
and deformation, the volume fraction of primary a decreased
rapidly to less than 5%. Therefore the TMAZ consisted of trans-
formed b and a small number of primary a (Fig. 12(c)).

SEM images showed that the SZs in all rotation rates consisted of
fully transformed b with a Widmanstatten structure and prior b
grains were decorated by fine grain boundary amarked with white
lines (Fig.13(a)e(c)). The average size of the prior b grains increased
with the rotation rates and they were 22, 47 and 56 mm at rotation
rates of 400, 800 and 1200 rpm, respectively.

In the bands with wear particles of the SZs at 800 and 1200 rpm,
the size of prior b grains was similar to that in regions where there
was no tool wear. Typical microstructure in the wear band of the
1200 rpm FSP sample is shown in Fig. 13(d) and (e). In this region,
fine rod-shaped TiB particles but no BN particles or coreeshell
Fig. 11. Cross-section macrographs with a travel distance of about 75 mm at different rotat
sample.
structures were observed. Besides, the number of a variants
increased and the length of a variants decreased largely compared
with that in the SZ where there was no wear particle at 1200 rpm
(Fig. 13(c).

Vickers hardness in different regions at different rotation rates is
shown in Table 1. The HAZs or TMAZs in all the FSP samples were
the lowest hardness region. The SZ at 400 rpm showed a slightly
higher hardness than that at 800 and 1200 rpm. The hardness in the
wear bands of the SZs showed a little increment compared with
that in regions where there was no tool wear.

Tensile properties of the SZs at different rotation rates are
shown in Table 2. All the SZs showed a slightly lower tensile
strength and ductility than the BM. The tensile specimens con-
taining the wear bands at both 800 and 1200 rpm showed a higher
strength but a lower ductility than thosewithout wear bands. There
were 20% and 32% losses of ductility in the tensile specimens
containing wear bands at 800 and 1200 rpm, respectively.

4. Discussion

4.1. Tool wear at different rotation rates

At all rotation rates, tool wear including mechanical wear and
chemical wear occurred (Figs. 2, 4 and 6). This phenomenon was
also found in FSW stainless steel joints using pcBN tool [22]. It was
reported that the greatest forces would be reached at the initial tool
plunge stage during FSW of titanium alloys [27]. Therefore, in this
study, at higher rotation rates of 800 and 1200 rpm, the greatest
tool wear occurred at the initial tool plunge stage probably because
of the greatest forces in this stage.

At 400 rpm, however, the greatest tool wear was not observed
at the plunge point. The blocky wear particles including several
single cBN particles were detected at the plunge point at 400 rpm
because of insufficient heat input. Blocky wear debris was peeled
off from the tool, which probably deteriorated the wear-resistance
ion rates and defects marked by white arrows at the bottom of the SZ in 400 rpm FSP



Fig. 12. SEM images of (a) base material, (b) HAZ, and (c) TMAZ of 800 rpm FSP sample. bT represented the transformed b.
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of the tool and thereby greater tool wear occurred in the subse-
quent travel process. As the travel distance increased, the pro-
cessing temperature increased, which decreased the trend that BN
particles were peeled off from the tool. It was reported that a self-
optimized geometrical shape of the tool could be obtained in the
FSW joints of ceramic particle reinforced Al matrix composites as
the travel distance increased [28]. In this study, the shape opti-
mization effect of the tool was also likely to take place. Therefore,
the greatest tool wear occurring at the position 7 mm from the
plunge point should be the combination of the factors mentioned
above.

4.2. Reaction mechanism between Ti and BN in 1200 rpme0 mm
specimen

An “onion ring” structure was evidently visible in the
1200 rpme0 mm specimen (Fig. 7(a)). In the previous studies of
FSW Al alloys, the “onion ring” structure was considered to be
related to geometrical effect [29], the variations of grain sizes and
distribution of the second-phase particles [30], and the variation of
texture components [31]. In this study, the “onion ring” structure
was related to the variations of spatial distribution of the TiB
second-phase particles (Fig. 7(c)), which were caused by the reac-
tion between pcBN tool and Ti.

It is known that different reaction products between BN and Ti
could be obtained dependent on the reaction condition and the
proportion of the reagents. In this study, coreeshell structure in the
“onion ring” region and the “tail band” (Figs. 7 and 8) clearly
indicated that different reaction layers were obtained. The different
coreeshell structures in the “tail band” should correspond to
different intermediate reaction products between Ti and BN. Based
on the different reaction products, the reaction mechanism of Ti
and BN is proposed as follows (Fig. 14).

(1) In the initial stage (Fig. 14(a)), Ti was rapidly softened and
stuck to BN particles at high temperature. The peak tem-
peratures of the welding tool were reported to exceed
1300 �C when Tie6Ale4V was friction-stir welded at a
rotation rate of 800 rpm [12]. The peak welding temperature
usually increases with the rotation rate, though it is also
influenced by other factors such as tool material, tool ge-
ometry, plate thickness, and so on. In this study, FSP was
conducted at a rotation rate of 1200 rpm, and it is very likely
that the peak temperature exceeded 1300 �C in the SZ.

(2) In reaction stage 1 (Fig. 14(b)), a TiB2 layer around the BN
particle and an a-Ti (N) layer outside were formed. Due to the
high affinity between Ti and both B and N, the reaction
products between Ti and BN could be titanium boride or/and
nitride. TiB2 is the most stable compound when the tem-
perature is over w800 K because the Gibbs free energy of its
formation is minimal compared with other compounds [32];
therefore, Ti reacted firstly with B to form TiB2; that is,
Ti þ 2BN / TiB2 þ 2[N]. The released N atoms diffused to-
ward the Ti matrix to form an a-Ti (N) layer because of their
high solubility in a-Ti (Fig. 15).

(3) In reaction stage 2 (Fig. 14(c)), BN was further consumed and
a TiB layer formed. At this reaction stage, Ti and TiB2 further
reacted at the a-Ti/TiB2 interface to form a TiB layer due to
the small negative Gibbs free energy of the reaction:
Ti þ TiB2 / 2TiB [32]. During the reaction, B atoms diffused
from TiB2 toward a-Ti (N) and reacted with Ti at the TiB/a-Ti
(N) interface, which was believed to control the growth of
the TiB layer [33]. Obviously the new TiB layer separated TiB2
and a-Ti (N) and thus became the “barrier layer” of B diffu-
sion. However, this “barrier layer” was subsequently broken
up by the severe plastic deformation during FSP and TiB
particles flowed into thematrix, which reduced the thickness
of the “barrier layer” and accelerated the diffusion rate of B,
thus accelerated the growth of TiB. Besides, Ti atoms diffused
toward BN and reacted with BN at the TiB2/BN interface to
form TiB2; that is, Ti þ 2BN/ TiB2 þ 2[N], leading to further
consumption of BN. Obviously for most BN particles the re-
action stopped at this reaction stage because of the short
reaction time during FSP, and a spatial phase sequence of
BNeTiB2eTiBea-Ti (N) was finally observed (the first type of
coreeshell structure in Fig. 8(a)). Such a spatial phase
sequence was also reported in a diffusion experiment when
BN was embedded into Ti matrix [34].



Fig. 13. SEM images of the SZ at different rotation rates: (a) 400 rpm, (b) 800 rpm, (c) 1200 rpm, (d) microstructure in the region where TiB wear particles existed in 1200 rpm FSP
sample, and (e) higher magnification of region E in (d).
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(4) In reaction stage 3 (Fig. 14(d)), BN and TiB2 disappeared. For
some BN particles, as the time increased, BN was totally
consumed by reacting with Ti to form TiB2. Because of the
diffusion of B atoms, TiB2 was also consumed by its further
reaction with Ti. Therefore, finally TiB and a-Ti (N) were left
(the second type of coreeshell structure in Fig. 8(b)). Due to
the “stirring” effect of the tool, TiB particles flowed into the
matrix, and therefore only a-Ti (N) was left in some cases
(the third type of coreeshell structure in Fig. 8(a)).
4.3. The effect of tool wear on microstructure at the plunge point

Obviously different microstructures with wear products were
observed in the 0 mm specimens for various tool rotation rates
(Figs. 3(b), 5(a) and 7(e) and (8)). These phenomena were related
to the change of b transus temperature because different
Table 1
Vickers hardness of different regions in the FSP samples at different rotation rates
(HV).

Samples BM HAZ TMAZ SZ Wear region

400 rpm 321 � 2 285 � 5 282 � 4 332 � 4 /
800 rpm 280 � 5 284 � 4 319 � 9 337 � 6
1200 rpm 287 � 11 287 � 1 323 � 8 341 � 8
contents of the wear product [N] atoms dissolved into the matrix
(Fig. 15). As mentioned above, the peak FSP temperature at
1200 rpm probably exceeded 1300 �C but was lower than the
melting temperature of Tie6Ale4V (w1670 �C). In the “onion
ring” region of the 1200 rpme0 mm specimen, sufficient stirring
effects made N be homogeneously dissolved into the matrix,
leading to a low N concentration. EDS analysis showed that the
contents of [N] in the “onion ring” were 0.7e2.7 at.%. When the
temperature exceeded 1300 �C, material in the “onion ring”
quickly entered to single phase b-Ti (N) field (marked with A in
Fig. 15) and, after cooling down, transformed b-Ti (N) consisting
of lamellar a-Ti (N) þ residual b-Ti (N) was left. Based on the
discussion above, it can be concluded that the BN coreeshell
structure in the “onion ring” contained four layers, that is, BN
core, TiB2 layer, TiB layer and transformed b-Ti(N) layer (the
matrix).

It was reported that the tool wear was more prominent on the
advancing side (AS) [35]. Therefore, in the “tail band” on the AS, due
to a weaker stirring effect and greater tool wear than in the “onion
ring”, a higher solution of N in a-Ti could be achieved (EDS analysis
showed that the contents of [N] were 5.0e19.1 at.%), which led to
the stable existence of a-Ti (N), marked with B in Fig. 15. Therefore,
the spatial phase sequences in the “tail band” and the “onion ring”
region around BN particles in the 1200 rpme0 mm specimen at
high temperature during FSP were BNeTiB2eTiBea-Ti (N) and BNe
TiB2eTiBeb-Ti (N), respectively. Similarly, at the bottom region of



Table 2
Tensile property of BM and FSP samples at different rotation rates.

BM 400 800 800-wear 1200 1200-wear

UTS, MPa 1114 � 11 1099 � 5 1082 � 28 1118 � 16 1083 � 26 1116 � 37
Elongation, % 17.3 � 2.8 14.4 � 1.4 16.4 � 2.3 13.1 � 1.5 14.7 � 2.3 10.0 � 1.0
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the SZ in the 400 rpme0 mm specimen, [N] dissolved into the
matrix, making material enter in the a þ b phase field during FSP,
marked with C in Fig. 15, and then cooled down to form a bimodal
microstructure (Fig. 3(b)).

It should be pointed out that the [N] concentration in the
1200 rpme0 mm specimen by EDS measurement was just for
reference, which was inaccurate to express the [N] concentration
during FSP because of two reasons. One is that the measurement in
the content of light elements such as C, N, and O by EDS is inac-
curate. Another is that the content of [N] would change significantly
when cooling down because of its different solubility at different
temperatures (Fig. 15). However, the locations of the materials in
different regions with tool wear in the phase diagram (A, B and C in
Fig. 15) were rational because they were inferred based on the
microstructure. Besides, in this study, Ti2N phase were found in the
regionwith tool wear in the 1200 rpme0 mm specimen (Fig. 9(d)).
According to Fig. 15, however, Ti2N phase obviously could not exist
above 1100 �C. Therefore, Ti2N probably precipitated during cool-
ing because of significantly decreased solubility of N with
decreasing the temperature.

4.4. Microstructure and mechanical properties at different rotation
rates

When the tool wear reached a steady-state condition, cavities
were evidently visible at the bottom of the SZ at 400 rpm, while
no such defects were observed at 800 and 1200 rpm (Fig. 11).
These defects should be the result of insufficient heat input and
material flow. For all the rotation rates, the SZs consisted of fully
transformed b (Fig. 13(a)e(c)), suggesting that the peak process-
ing temperature at all rotation rates exceeded the b transus point
(w1000 �C). Moreover, the mean size of prior b grains increased
with the rotation rate. It is rational because higher rotation rate
could produce higher peak temperature and longer exposure time
at high temperature, and therefore b grains grew more rapidly
without the retard of a phase after the tool passed away.
Compared with the microstructure in the SZ where no tool wear
was found, the bands with TiB particles consisted of more a var-
iants and smaller size of a colonies (Fig. 13(d) and (e)). The
microstructural change should be on the basis of the fact that TiB
particles formed because of the reaction between the pcBN tool
Fig. 14. Schematic diagram of the Ti-BN reaction process: (a) the initial stage, (b) reaction
formation of a TiB layer, and (d) reaction stage 3 with BN disappearing.
and Tie6Ale4V workpiece at high temperature during FSP, which
became the heterogeneous nucleation fields for a variants during
cooling.

It was reported [1] that for the fully transformed b, the a
colony size, limited by the prior b size, determines the effective
slip length and thereby dominates the mechanical properties.
Strength and ductility increase with decreasing the b grain size.
For fully equiaxed microstructure, primary a size, determining
the slip length, is the main factor governing mechanical prop-
erties. For the bimodal microstructure, the main parameters
determining the mechanical properties are the b grain size
(determining effective slip length) and alloy element partition-
ing effect. The alloy element partitioning effect exerts a negative
effect on the strength of bimodal microstructure, which
leads to a lower basic strength of bimodal structure as
compared to the fully transformed structure. Fully equiaxed
microstructure usually shows a higher ductility than the other
two structures [1].

At all rotation rates, the HAZs or TMAZs of FSP samples, con-
sisting of bimodal microstructure, showed lower hardness than
the SZs (Table 1). It was the result that alloy element partitioning
effect played a more obvious role than the b grain size, even
though for the bimodal microstructure in the HAZ or TMAZ, the b
grain sizes were much smaller than that in the SZ. At both 800 and
1200 rpm, the regions with wear products showed a higher
hardness and tensile strength but a lower ductility than those
without tool wear (Tables 1 and 2). This phenomenon should be
attributed to the combination of brittle TiB particles and the
dissolution of N element. Dispersed TiB particles increase strength
through load transfer by shear lag mechanism; however they in-
crease the strain incompatibility between brittle TiB particles and
relatively ductile titanium alloy matrix, thereby reducing the
ductility of the material [36]. It is well-known that the dissolution
of interstitial elements such as O and N largely increases the
strength but decreases the ductility of titanium alloys. Therefore,
formation of TiB particles and dissolution of N element due to the
reaction between BN and Ti led to an increment in tensile strength
but a loss of ductility.

The present study indicated the feasibility of FSP of Tie6Ale
4V alloy over a large range of rotation rates using a pcBN tool.
Based on the similar principle of FSW and FSP, at high rotation
stage 1 with the formation of TiB2 and a-Ti (N) layers, (c) reaction stage 2 with the



Fig. 15. Partial TieN phase diagram. A, B, and C represented the locations of the ma-
terials in the “onion ring”, “tail band” of the 1200 rpme0 mm specimen, and at the
bottom region of the SZ with tool wear in the 400 rpme0 mm specimen, in the phase
diagram respectively.
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rates (over 800 rpm) defects-free FSW Tie6Ale4V joints are
expected to be obtained using a pcBN tool. Unfortunately, under
all conditions, tool wear occurred and it led to the loss of
ductility of the SZ. Therefore, pcBN is probably not a good choice
as a tool material for the FSW/FSP of titanium alloys, although it
is proper for the FSW/FSP of steel. One of the main aspects for the
FSW/FSP of titanium alloys in the future is still to seek for high
wear-resistance tool materials, such as Co-based alloys [37] or to
exploit a new tool by combine the advantages of both pcBN and
WeRe alloys.

5. Conclusions

1. At higher rotation rates of 800 and 1200 rpm, the greatest tool
wear occurred at the tool plunge point. At a lower rotation rate
of 400 rpm, the greatest tool wear occurred at the location 7mm
from the tool plunge point.

2. At the tool plunge point at 1200 rpm, an “onion ring” struc-
ture formed because of the variations of the distribution of
TiB particles. Spatial phase sequences around BN particles in
the “tail band” and the “onion ring” region during FSP
were BNeTiB2eTiBea-Ti (N) and BNeTiB2eTiBeb-Ti (N),
respectively, which were all the reaction products between
BN and Ti.

3. At the plunge point, the dissolution of N atoms resulting from
reaction between BN and Ti, led to different microstructures at
different rotation rates: a bimodal microstructure at 400 rpm, a
Widmanstatten microstructure in the “onion ring” region and a
disc-shaped microstructure in the “tail band” at 1200 rpm.

4. At all the rotation rates, fully transformed b microstructures in
the SZs were obtained. The mean grain size of the prior b grains
increased with the rotation rate.

5. Tool wear products e TiB particles and a-Ti (N) led to the
increment in hardness and strength but the loss of ductility of
the SZs.
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