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Abstract In this work, the microstructure and mechanical be-
havior of friction stir-welded 2-mm-thick sheets of Ti–6Al–4V
alloy were investigated. Specifically, the influence of friction

stir welding (FSW) process parameters on microstructure evo-
lution, defect generation, tensile, and hardness properties of the
joint were studied. Optical and scanning electron microscopies
were used to examine the microstructure and to determine the
type and nature of the defects. A progressive change in the
microstructure from equiaxed and elongated α grains (base
metal) to a very fine lamellar structure with an average grain
size of less than 1 μm (in the upper stir zone) was observed and
related to FSW parameters. Tensile tests and microhardness
measurements were also carried out to assess the mechanical
properties. Important variations were observed on tensile
strength and hardness distribution as a function of process pa-
rameters. The weakest mechanical properties and fracture were
found in the heat-affected zone (HAZ) of the as-welded joints.
The results were analyzed in terms of the pseudo heat index,
and it was determined that tool rotation is the most significant
process parameter influencing both the microstructure and me-
chanical properties of FSWed Ti–6Al–4V joints.
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1 Introduction

The trend in design and fabrication of aerospace structures is
moving rapidly toward the use of carbon fiber polymer com-
posite materials and the consolidation of many pieces into
large monolithic assemblies. Titanium and its alloys because
of their higher specific strength, closer match to their coeffi-
cient of thermal expansion, and superior corrosion resistance
are more compatible with composite materials than aluminum
alloys [1, 2]. Therefore, there is a need to produce large size
structures made of titanium that would be used to assemble
different components made of composite materials. However,
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Submitting highlights Ti–6Al–4V plates with a thickness of 2 mmwere
successfully friction stir welded under different welding conditions. The
mechanical properties of the joint were investigated by using tensile test
and microhardness measurements for different welding heat index
parameters.
The following conclusions can be drawn from this study:
1. The heterogeneous distributions of mechanical properties were directly
related to the microstructure. It was shown that the SZ has the highest
mechanical properties while the HAZ is the weakest region in the weld.
The mechanical properties of the HAZ can be associated with the
transverse tensile properties of the weld.
2. Mechanical properties of the FSW joint were correlated with the
change in the microstructure, mainly in grain size distribution. In
addition, the β → α + β phase transition in titanium alloys strongly
influences microstructure evolution and therefore affects the mechanical
properties of the joint.
3. The heat index ratio can be used as a reliable parameter to describe the
variations in strength and ductility of the joint.
4. The combined influence of temperature and strain, rather than
temperature alone, is the key factor affecting the mechanical properties
of the joint. Therefore, the tool rotational speed and the tool travel speed
should be properly controlled to ensure good mechanical properties in
FSWed Ti–6Al–4Valloys.
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due to the large size of the structures, the titanium parts need to
be welded together first.

Ti and Ti alloys are currently welded by almost all conven-
tional fusion welding processes including gas tungsten arc
welding (GTAW), gas metal arc welding (GMAW), plasma
arc welding (PAW), electron beam welding (EBW), and laser
beam welding (LBW) [3, 4]. However, fusion-welded com-
ponents are rarely used in aircraft structural components due
to the formation of brittle coarse microstructure, the presence
of high residual stress, and the severe deformation after
welding inherent to these techniques.

Friction stir welding (FSW), as a solid-state welding
process, is one of the most promising techniques for join-
ing titanium alloys avoiding a large number of the
abovementioned difficulties and therefore could be used
for the manufacturing of large size components for aero-
space applications [5, 6]. Moreover, Ti FSW could be also
used as an alternative manufacturing technology in the
fabrication process of hollow components traditionally
produced by a combination of diffusion bonding and su-
perplastic forming [7, 8].

However, many challenges are still faced in FSW of
titanium alloys which are related to the physical and me-
chanical properties of titanium. The main difficulties arise
from a combination of tool materials and geometry for
efficient stirring, low thermal conductivity, and the temper-
ature dependence of flow stress [7]. The high strength and
elevated temperatures required to friction stir weld titani-
um, in combination with the chemical reactivity of titani-
um, limit possible tool materials that can be used to friction
stir weld these alloys when compared with aluminum and
its alloys. Specifically, while a large variety of tool geom-
etries are used for aluminum alloys, those for FSW of tita-
nium alloys are very simple and do not generate the intense
vertical material flow typically observed in aluminum fric-
tion stir welds. On the other hand, titanium’s moderate
thermal conductivity and high heat capacity significantly
inhibit heat transfer away from the tool. Thus, heat gener-
ated from the shoulder is ineffective for heating the base of
the weld, establishing a thermal gradient through the thick-
ness of the weld that only worsens for thicker sections.
Furthermore, the large temperature dependence of the flow
stress, characteristic of titanium alloys, [9] will generate
high gradients in flow stress through the thickness of the
material which may prevent maintaining suitable welding
conditions resulting in defect generation.

Previous works in FSW of titanium and its alloys have
shown significant grain size refinement and increase in
hardness in the stir zone (SZ) [6, 10]. However, little
data is available on the role of welding parameters, such
as the heat generated by the shoulder and the tool rota-
tion, on microstructure and mechanical properties of the
Ti FSWed joints.

In the present work, using fixed tool geometry, Ti–6Al–4V
sheets were friction stir welded for different tool rotation and
tool traverse speeds. The microstructural characteristics of the
joints as well as their mechanical properties were analyzed.
Moreover, the impact of each process parameter on micro-
hardness and tensile properties was quantified, and the most
influential process parameter was identified. The process con-
ditions leading to optimum mechanical properties were deter-
mined, and the corresponding microstructure and mechanical
properties were documented.

2 Experimental materials and methods

The material used in the present investigation was annealed 2-
mm sheets of Ti–6Al–4V alloy with the following chemical
composition (wt%): Al 6.09, V 4.02, C 0.011, Fe 0.14, N
0.008, H 0.0023, and balance Ti. The mechanical properties
of the as-received material are provided in Table 1.

The as-received sheets were butt-welded as shown in
Fig. 1a. For reference, WD corresponds to the welding direc-
tion and is parallel to the transverse direction (TD), while ND
stands for the normal direction and cross welding (CW) rep-
resents the rolling direction. The welding was performed on
two plates, 100 mm in length and 50 mm in width by using a
stainless steel backing plate and a W carbide-based alloy tool
with a 15-mm shoulder diameter, 6-mm probe diameter, and
1.8-mm probe length as shown in Fig. 1b. Argon shielding gas
was continuously employed to prevent oxidation of the joints.

A schematic representation of the experimental setup used
during the tests is presented in Fig. 2. The FSW process pa-
rameters used in the present investigation are provided in
Table 2.

Tensile test samples were cut perpendicular to the welding
direction as illustrated in Fig. 3a, with the sample dimensions
prepared according to the ASTM E8. The final size of the
transverse tensile test samples is shown in Fig. 3b, which
includes the different parts of the joint: the (i) base metal
(BM), (ii) heat-affected zone (HAZ), and (iii) SZ. Tensile tests
were carried out at room temperature at a crosshead speed of
1 mm/min by using a screw-driven test machine. Vickers
hardness measurement extending across the entire region with
a spacing of 1 mm was conducted by using a Vickers indenter
with a load of 10 N and a dwell time of 10 s in order to have
the local properties of the different zones of the joint.

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

Property Tensile strength
(MPa)

Yield strength
(MPa)

El. (%) Hardness
(VHN)

Value 994 910 17.2 344
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Specimens for optical microscopy (OM) and scanning elec-
tron microscopy (FEG-SEM) analyses were cut perpendicular
to the welding direction and mechanically polished with 6, 3,
and 1-μm diamond paste. The final polishing was accom-
plished by 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).

3 Results and discussion

3.1 Characteristics of the weld

The welded joints show a smooth surface appearance with
no oxidation along the joint line. An illustrative example is
shown in Fig. 4a, where a very little change in color can
only be observed at the end of the weld line. This position

corresponds to the tool removal after the end of the
welding process, indicating that the argon protection sys-
tem used in the present investigation is efficient in
preventing surface oxidation of the welded joint. The op-
tical micrographs of the cross sections perpendicular to the
tool traverse direction for tool rotation rates of 1000 and
1500 rpm are presented in Fig. 4b, c, respectively. The
different zones of the weld as well as the advancing and
retreating sides are identified in these figures. The influ-
ence of the tool rotational speed on weld quality and the
macrostructure of the joint are also evident in Fig. 4b, c.
Thus, increasing the tool rotational speed from 1000 to
1500 rpm resulted in a defect-free macrostructure in the
weld as shown in Fig. 4c. This finding may be related to
the higher temperatures and therefore better material work-
ability reached under high rotational speed welding condi-
tions. Edwards and Ramulu [11] reported that rotational

(a)

(b)

I II

Tool shoulder

Pin profile

RS

AS

Work piece

I: Base metal (BM)

II: Heat affected zone (HAZ)

III:  Stir zone (SZ)

ND: Normal Direction

WD: Welding Direction

CW: Cross weld

CW

WD

ND
III

II I

Fig. 1 a Schematic
representation of FSW process
showing the main characteristic
zones and b shoulder and pin tool
characteristics in millimeter
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speed has a large influence on peak temperatures reached
during FSWof Ti–6Al–4Valloy. Raising the tool rotational
speed from 1000 to 1500 rpm increases the weld tempera-
ture well above the alpha to beta transus temperature. The
bcc beta phase being “softer” than the hcp alpha phase
denotes a better workability. It is worth noting also that

microscopic examination of the weld nugget for
1500 rpm conditions did not reveal the presence of kissing
bonds or volumetric defects.

A small volumetric defect (lack of penetration) is observed
at the root of the joint welded under cold welding conditions,
i.e., tool rotational speed of 1000 rpm and a travel speed of
50 mm/min (Fig. 4a). Other commonly observed FSW defects
[12, 13] such as kissing bonds, worm hole, and surface defects
were also observed in some samples. For example, a surface
defect is shown in Fig. 4a and a kissing bond defect, observed
in the lower central region of the nugget, in Fig. 4b. It is
interesting to note that, unlike friction stir-welded joints of
aluminum alloys, there is no apparent thermomechanically
affected zone (TMAZ) in the Ti–6Al–4V alloy weld, and the
weld zone (WZ) consists only of the SZ and the HAZ. For
clarification purposes, the boundaries between the different
zones are separated by the white borderlines in Fig. 4b, c.
The lighter zone is the BM, and the narrow gray zone (about
1 mm large) between the WZ and the BM is the HAZ. It is
worth noting that the size of the HAZ in FSWed Ti–6Al–4V
alloy is several orders of magnitude smaller than those ob-
served in Al or Mg alloys as reported by Tongne et al. and
Afrin et al., respectively [14, 15]. This may be related to the
lower thermal conductivity of Ti (21.9) compared to that of Al
(205) or Mg (156 W/m/K). Also, in Fig. 5a–c, the higher
magnification microstructures of different zones (BM, HAZ,
and SZ) associated with the rotational speed of 1000 rpm and
travel speed of 50 mm/min are presented. Also, the micro-
structures in the same zones for the rotational speed of
1500 rpm and tool travel speed of 50 mm/min are shown in
Fig. 5d–f.

The microstructure in the BM is characterized by elongated
primaryα and transformedβ grains with an average grain size
of 20 μm (see Fig. 5a, d). The evolution in the grain size and
morphology from the BM to HAZ and then SZ is clearly
visible in Figs. 4 and 5. 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

Fig. 2 Schematic of FWS system used in our experimental test. Fixed
neck of the machine (1), removable neck machine (2), three systems and
nut set (3)

Table 2 FSW welding parameter used on the samples

Weld number Rotation [rpm] Travel [mm/min]

1 1000 25

2 1000 50

3 1000 100

4 1250 25

5 1250 50

6 1250 100

7 1500 25

8 1500 50

9 1500 100
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microstructure from BM to HAZ is shown in Fig. 5b, e. A
comparison between Fig. 5a, c shows that the grain size de-
creased noticeably in the weld joint (Fig. 5c) when compared
to the base material (Fig. 5a).

An examination of the microstructures in the HAZ and the
BM shows that they are very similar (Fig. 5b, e) for both tool
rotational speeds. However, some lamellar α was observed in
the HAZ indicating that the temperature in the HAZ went
above the β-transus. While the residence time at high temper-
ature has been very short for the investigated tool rotational
speeds, it appears that it has been long enough to induce mi-
crostructural changes in the material.

For all the investigated process parameters, it can be ob-
served that the microstructure of the SZ changes from one end
to another across the weld joint as well as through the thick-
ness of the sheet. The central SZ is characterized by a micro-
structure with small prior beta grains (5 μm) and fine lamellar
alpha. By contrast, the top SZ is characterized by much finer
and equiaxed grains with an average grain size of 1 μm
(Fig. 5f). The presence of these grain morphologies for all
the tested conditions suggests that their formation does not
depend on the initial microstructure and is strictly controlled
by the stirring process, i.e., deformation and the thermal cycle.
Indeed, the absence of a lamellar microstructure in the upper
region of the SZ indicates that the temperature in this zone did
not exceed the β-transus, probably due to the cooling effect of
the argon gas. The material was therefore mainly submitted to
the stirring effect resulting in extensive grain refinement. This
is in contrast to the microstructure in the center of the SZ,
where lamellar structures are widely observed.

This evolution in the microstructure can be explained by
the high temperatures and strains reached in the SZ during the
FSW process that are above the critical levels for the initiation
of recrystallization. Specifically, in the case of aluminum alloys,
several mechanisms based on dynamic recrystallization (DRX)

have been proposed to explain grain refinement in the SZ and
have been summarized by several authors such as Mishra et al.
and Sanders et al. [5, 7]. The mechanism of grain refinement
in FSWed titanium alloys, however, is less discussed.
Macrographic examination of the cross section of the weld
joints obtained in the present investigation indicated that the
SZ has a nominally bowl shape that flares out slightly near the
surface where the tool shoulder contacts the work piece. The
obtained results are in agreement with those reported by
Sanders et al. and Ramirez et al. [5, 16] who observed an
important grain refinement in the SZ during FSW and associ-
ated the formation of the fine grain structure to the occurrence
of dynamic recrystallization (DRX).

The results also indicate that the microstructure of the nug-
get is not uniform in all regions and is particularly very de-
pendent on the tool rotational speed (Figs. 8 and 9). According
to the data, reported in the literature [16, 17], on FSWof α/β
titanium alloys, the temperature in the SZ exceeds the β-
transus, and thus, a fully lamellar microstructure is expected
to be formed in this region. In the present work, for the highest
tool rotational speed of 1500 rpm, the top surface layer of SZ
has an equiaxed primary α with transformed β while the cen-
ter of the SZ has a lamellar structure. By contrast, for lower
rotational speeds of 1000 and 1250 rpm, only bimodal micro-
structures were observed in all regions of the SZ (Fig. 6).

The influence of tool rotational speed on the average grain
size at the center of the SZ for a fixed tool travel speed of
50 mm/min is shown in Fig. 6a–c. It can be seen that as the
tool rotational speed increases (i.e., transition from cold weld
to hot weld), the average grain size in the center of the SZ
progressively decreases. An average grain size of 10, 7, and
5 μm for 1000, 1250, and 1500 rpm, respectively, can be
observed. The decrease in the average grain size with the
increase in the rotational speed indicates that higher tempera-
tures are achieved for tests employing higher stirring speeds,

(a) 

(b) 

Fig. 3 Method of sampling for
tensile test (a) and schematic of
standard sample size based on the
traversal tensile test (b)
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and therefore, finer grain sizes could be produced. For the
highest rotational speed (i.e., 1500 rpm and 50 mm/min), as
reported in Fig. 5f, a very fine microstructure of α grains is
observed (Fig. 5f). However, when the rotational speed is
decreased to 1250 rpm, the microstructure of the SZ changes
to one composed of grain boundary α and lamellar α colonies
formed within the prior β grains (Fig. 7). Moreover, a regular
banded structure with an average grain size of 4 μm which
consists of grain boundary and lamellar α is evident in the
microstructure.

The obtained results indicate that the rotational speed is the
most significant process variable. A high rotational speed
(>1000 rpm) increases the applied strain rate and therefore

influences the recrystallization process thereby influencing
the quality of the FSWed Ti–6Al–4V joint [18]. Also, since
higher tool rotational speed further increases the stirring tem-
perature, a slower cooling rate is expected after welding. In
contrast, lower rotational speed provides lower heat input
which would yield to void defects due to lack of stirring. In
addition, a decrease in the tool rotational speed reduces the
total surface area of the SZ, thereby affecting the temperature
distribution in the FSWed joint. The findings described above
are in agreement with those reported by Pilchak et al. [17] for
the friction stir processing (FSP) of Ti–Al–6Vand Zhou et al.
[18] for FSWof Ti–6Al–4V. A higher rotational speed causes
excessive release of stirred material to the upper surface,

(a)

AS                                                                                    RS   

(b)

AS RS

(c)

RS

AS

SZ

BM

BM
a b

HAZ BM

HAZ
SZ

c

fd e

HAZ

HAZ

100 m

Voids

mm

mm

cm

Fig. 4 Weld joint a
macrostructure showing flow
through both advancing and
retreating sides b under 1000 rpm
and c 1500 rpm of tool rotational
speed and 50 mm/min of tool
traverse speed in optical images.
The black lines bordered the BM
region HAZ and SZ
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resulting in the formation of voids in the stirred zone.
Therefore, in order to achieve uniform microstructure in the
SZ, the tool rotational speed should be the first process param-
eter to be optimized.

The influence of tool travel speed on grain size and phase
characteristics is displayed in Fig. 7a–c. It can be seen that for
the same tool rotational speed, when the travel speed is

increased from 25 to 100 mm/min, a significant change in
the β grain size is evident. Specifically, the average grain size
decreases continuously as the travel speed is increased. Grain
sizes of 15, 10, and 7 μm were achieved for 25, 50, and
100 mm/min, respectively (tool rotational speed of
1250 rpm). The significant grain refinement at the highest tool
travel speed could be explained by the high strain rates applied

(a) (d)

(b) (e)

(c) (f)

HAZ

BM

HAZ

BM

SZ SZ

BM

100 m 100 m

100 m 100 m

100 m 100 m

BM

α
β

α
β

α

α

β

Prior β
grain

α
α

Lamellar α

Lamellar α

Fig. 5 Optical and SEM images
showing the microstructure flow
through advancing sides of the
different weld region identified in
Fig. 5 at 1000 rpm (a, b, and c)
and 1500 rpm (d, e, and f)
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to the material under these conditions. DRX is highly depen-
dent on physical variables such as deformation, strain rate, and
working temperature. Therefore, microstructure evolution is
strongly associated with the nucleation rate and grain growth
kinetics of DRX.

In hot working processes, DRX occurs if the true strain and
strain rate reach a critical value. Since FSW is fundamentally a
hot working process, it could be analyzed in terms of its pro-
cess variables. Moreover, as in the FSW process strain, strain
rate and temperature are significantly higher than, for exam-
ple, in the forging process, it is expected that DRX should
occur relatively easily during FSW. The combined effects of
strain rate (ε ) and deformation temperature (T) are often rep-
resented by a single parameter, the Zener–Hollomon parame-
ter (Z), as defined by Zener et al. [37],

Z ¼ εexp Q�
RT

� � ð1Þ

where R is the gas constant and Q is the related activation
energy for deformation.

A linear dependence between the Zener–Hollomon param-
eter and the applied stress has been reported by several authors
[11, 19]. In general, the Zener–Hollomon parameter provides
a basis for evaluating the evolution of the subgrain structure
during hot deformation. As shown by Mc Queen et al. [20] in
aluminum alloys, the following relations exist between the
grain diameter dm and the Z parameter,

dm ¼ −0:60þ 0:08logZ½ �−1 ð2Þ

Z ¼ εexp
18:77

Tp

� �
ð3Þ

(a) 1250 rpm at 25 mm/min in the  SZ

(b) 1250 rpm  at 50 mm/min in the  SZ

(c) 1250 rpm  at 100 mm/min in the  SZ

30 m

30 m

30 m

Fig. 7 SEM images of the SZs produced at different travel speeds: a
25 mm/min, b 50 mm/min, and c 100 mm/min. (Rotation
speed = 1250 rpm)

(a) 1000 rpm in the  SZ 

(b) 1250 rpm in the  SZ

(c) 1500 rpm in the  SZ

50 m

50 m

50 m

Fig. 6 Microstructure evolution in the stir zone with different rotational
speed under a same tool travel speed of 50 mm/min optical images
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In the above equations, Tp is the peak temperature of the
thermal cycle (in Kelvin).

Edwards et al. [21] carried out experimental measurements
to determine peak temperatures in the SZ of the FSWed tita-
nium alloy as a function of various process parameters
(Table 3).

The Zener–Hollomon parameter and the strain rate in the
SZ were calculated from Eqs. (2) and (3) and are reported in
Table 4. To this end, the peak temperatures reported in Table 3

and the grain sizes for different testing conditions reported in
Sect. 0 were used.

The Zener–Hollomon parameter (Z) and the local strain
rate in the SZ are between 25 and 120 s−1, respectively.
These values are higher than those reported by Frigaard
et al. [38] for aluminum alloys (between 1 and 20 s−1).
However, in their case, the angular velocity of the tool
was more than one order of magnitude higher than the
one used in the present investigation. As angular velocity

1000 rpm 1500 rpm

100 m 100 m

a

c e
f

d

b

Fig. 8 Band structures in the SZ
at different rotational speed and a
50-mm/min tool travel speed

(a) (d)

(b) (e)

(c) (f)

10 m

10 m10 m

10 m10 m

10 m

Fig. 9 EBSD images showing
the grain morphologies in the SZ
at region identified in Fig. 8 at
1000 rpm (a, b, and c) and
1500 rpm (d, e, and f) and 50-
mm/min tool travel speed
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can directly affect the strain rate severity; therefore, the
strain rate values obtained in this work could be consid-
ered reasonable. Based on the above calculations, the
highest Z value is obtained for the highest tool travel
(high strain rate) and tool rotational speeds (high temper-
ature). The grain refinement is therefore pronounced at
higher deformation conditions (higher Z), as shown in
Fig. 7.

The grain refinement mechanism (i.e., DRX mecha-
nism) in the SZ in titanium FSWed is widely discussed
in the literature. However, as reported by Mironov et al.
and Ding et al. [11, 22], the original equiaxed grains be-
come thinner with a high aspect ratio, thus reflecting the
strain increase in the SZ. The boundaries of the parent
grains become wavy as the temperature increases and lo-
cal boundary migration starts to occur.

Dislocation activities are the main controlling mecha-
nisms of grain refinement [11, 23]. This is characterized
by forming various dislocation configurations including
dislocation cells and walls, geometrically necessary and
incidental dislocation boundaries [23, 24]. The dislocation
cells gradually transform into subgrains separated by
boundaries of small misorientations (from dislocation cell
walls). With increasing strain, misorientations of the
subgrain boundaries increase, forming high-angle GBs
so that refined grains are randomly oriented. The grain
refinement mechanisms are probably similar for both high
and low Z conditions [23]; however, it has been reported
that during high Z deformation, dislocation rearrange-
ments lead to a breakdown of the transformed microstruc-
ture during the FSW process. This provides a fine and
equiaxed microstructure which is homogeneous along
the weld joint [16] as observed in the present investiga-
tion (Figs. 5f and 6c).

3.2 Onion rings

The microstructure in the SZ is characterized by regular band-
ed structures as shown in Fig. 8. The diagram in the right
displays a different grain size compared to the neighboring
zone microstructure. For instance, an average grain size of
4 μm was measured in the banded structure versus 7 μm out-
side this region. Different morphologies are also identified in
the SZ at 1000 and 1500 rpm, respectively, outside the band
and in the band structures as shown in Fig. 9. Thus, the pres-
ence of lamellar morphology in the band and the neighboring
zone (Fig. 9b–f) and roughly equiaxed morphology (Fig. 9a,
b) outside the bands is clearly demonstrated.

The origin of the banded structure is not well known in
FSWed titanium alloys [25] and has not been discussed by
many authors. Only, Wu et al. [25] reported the presence of
such banded structures during FSP of Ti–6Al–4V alloy.
However, as a first approach, this can be described as an onion
ring-like structure. Onion rings are one of the most prominent
features of friction stir welds and have been commonly

Table 3 Peak temperature at different tool rotational speeds and
100 min/min of tool travel speed

Tool rotational
speed (rpm)

Peak of temperature (°C)
in the upper SZ

Peak of temperature (°C)
in the lower SZ

150 1000 800

300 1000 1050

350 1150 1180

Table 4 Zener–Hollomon parameter and strain rate estimation in the
SZ

Tool rotational
speed (rpm)

Zener–Hollomon
parameter (s−1)

Strain rate (s−1)

1000 25 24.61

1250 75 73.83

1500 120 118.13

Table 5 Tensile properties of the base material and welded joints in
transverse direction

No. ω/ν Yield
strength
(MPa)

Tensile
strength
(MPa)

Elongation
(%)

Fracture
zone

BM 910 1150 17.2

1 1000/100 838.5 944 8.8 SZ–HAZ
boundary

2 1000/50 792 890 7 HAZ

3 1000/25 751 863 4 HAZ

4 1250/100 823 930 8.1 HAZ

5 1250/50 778 880.3 6.3 HAZ

6 1250/25 730 832 3.2 HAZ

7 1500/100 810 912 7.6 HAZ

8 1500/50 763 853.7 5.5 HAZ

9 1500/25 708.8 810.4 3 HAZ

20 mm

Fig. 10 Fracture localization of the FSW joints
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reported in almost all aluminum alloys [14, 26]. While the
influence of onion rings on mechanical properties of FSWed
aluminum alloys is still debated, however many authors have

related them to frictional heating due to the rotational and
forward movement of the tool. This motion extrudes the metal
and pushes it from the advancing side to the retreating side of
the tool. The material is then compressed by each rotation of
the tool [15, 26].

In the case of the titanium alloy studied in the present
investigation, the difference in the microstructures present in
the bands could also be related to differences in frictional
heating, which could have resulted in increasing the tempera-
ture above the β-transus of the alloy in certain zones. As
shown in Fig. 7a–c, both the prior β grain size and α colony
size decrease with increasing rotational speed. This can further
confirm the significant role of high heat generation on micro-
structure refinement.

3.3 Traverse tensile test

The tensile test results are summarized in Table 5. The main
remarkable effect here is that for all the welding conditions,
the samples failed in the HAZ. This zone has lower strength
and elongation than the BM. Furthermore, as shown in the
table, the mechanical properties decrease with increasing ro-
tational speed. Note that all the welds fractured in the lowest

(a)

(b)

Fig. 11 Vickers hardness profiles
a from the center of the SZ to the
AS b across the whole joint of the
welds produced at different
rotational and travel speeds

Fig. 12 Effect of pseudo heat index on transverse tensile properties
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hardness region of the HAZ. For reference, the fractured sur-
faces of the samples after tensile tests are illustrated in Fig. 10.

Previous studies [27, 28] have shown that a friction stir
weld with a heterogeneous hardness profile usually fails in
the minimum hardness region and that the tensile properties
of this area are representative of the transverse properties of
the entire weld. In the present investigation, all the welds
fractured in the HAZ during tensile tests. Therefore, the
strength of the FSW joint will be considered as that of the
HAZ in order to insure maximum reliability for the mechan-
ical properties of the joint. The microstructure in the HAZ, for
all welding conditions, is characterized by large grains com-
pared with the SZ. As in high strength alloys, hardness is
generally proportional to the yield strength [26, 29]; the lower
strengths at higher rotational speed can be explained by the
reduction of hardness in the HAZ, which is related to the
coarser prior β grain size (Fig. 5e).

3.4 Hardness distribution across the joint

Microhardness measurements were carried out across the mid
thickness of the joint to determine the effect of tool rotational
speed and tool travel speed on hardness properties (Fig. 11).

In contrast to the tensile tests which provide the global
properties of the joints, hardness measurements allow for the
determination of local properties throughout the weld joint. As
can be seen in Fig. 11a, b, the weld has a higher hardness
compared to the BM. On the other hand, the lowest hardness
can be observed in the HAZ. This hardness drop in the HAZ
can be explained by the annealing effect caused by frictional
heating in the HAZ. The heating effect, which is a function of
the welding conditions, results in a change of the morphology
in the HAZ. Themean hardness value of the SZ increases with
increasing tool travel speed. When higher tool travel speeds
are used, DRX in the SZ is not fully developed, thus increas-
ing the hardness in the SZ [30].

The effect of rotational speed on hardness properties is also
shown in Fig. 11a, b. It can be seen that, for all welding
conditions used in this study, by increasing the tool rotational
speed from 1000 to 1500 rpm at the same tool travel speed, the
hardness of the SZ decreases. As mentioned in Sect. 0, the SZ
experiences dynamic recrystallization during welding. It is
also well known that recrystallization results in significant
material softening [30, 31] which could explain the hardness
decrease in the SZ.

3.5 Effect of pseudo heat index (ω2/ν) on properties

The pseudo heat index defined by the ratio of the square of the
rotational tool speed on travel speed is a well-known method
to predict the heat generated during FSW as a function of
process parameters. It was first introduced by Arbegast et al.
[32] for FSWed aluminum alloys. For a given tool geometry

and plunge depth, the maximum temperature highly depends
on the rotational speed (ω, rpm) while the heating rate depends
on the traverse speed (v, mm/min). The rotational speed term
is squared due to its significant effect on the heat generated
during the process [32, 33]. In the present study, the pseudo
heat index parameter is used in order to determine the impact
of the heat generated during FSWon mechanical properties of
the Ti–6Al–4V FSWed joints.

The dependence of the strength and elongation of the joint
on the pseudo heat index parameter is illustrated in Fig. 12.
Specifically, it can be seen that an increase in the heat index
parameter leads to a decrease in strength and elongation. The
heat index parameters are 10002/100, 10002/50, and 10002/25
for strengths of 838, 792, and 750 MPa, respectively. The
corresponding elongations are also 8.8, 7, and then 4 %, re-
spectively. This indicates that the pseudo heat index ratio can
be used to describe the mechanical behavior of FSWed titani-
um joints. The decrease in strength and elongation with in-
creasing the heat index parameter could also be related to
microstructural changes in the titanium alloy associated with
the process parameters.

As described above in Figs. 5 and 9, the changes in grain
size andmorphology during FSWof the Ti–6Al–4V sheets are
closely related to process parameters such as tool rotational
and tool travel speeds. On the other hand, microstructural
analysis showed that under certain processing conditions, dy-
namic recrystallization could take place [34]. Therefore, the
pseudo heat index parameter can be used as a simple tool to
predict the evolution of the microstructure and mechanical
properties of the FSWed Ti–6Al–4V. These findings are in
agreement with those reported by Mironov et al. and Fratini
et al. [35, 36] who found that an increase in the tool travel rate,
or a decrease in the ratio of the tool rotational rate to tool travel
speed, results in better mechanical properties of the weld joint.

4 Conclusions

Ti–6Al–4V plates with a thickness of 2 mmwere successfully
friction stir welded under different welding conditions. The
mechanical properties of the joint were investigated by using
tensile test and microhardness measurements for different
welding heat index parameters.

The following conclusions can be drawn from this study:

1. The heterogeneous distributions of mechanical properties
were directly related to the microstructure. It was shown
that the SZ has the highest mechanical properties while
the HAZ is the weakest region in the weld. The mechan-
ical properties of the HAZ can be associated with the
transverse tensile properties of the weld.

2. Mechanical properties of the FSW joint were correlated
with the change in the microstructure, mainly in grain size
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distribution. In addition, the β→ α + β phase transition in
titanium alloys strongly influences microstructure evolu-
tion and therefore affects the mechanical properties of the
joint.

3. The heat index can be used as a reliable parameter to
describe the variations in strength and ductility of the
joint.

4. The combined influence of temperature and strain, rather
than temperature alone, is the key factor affecting the
mechanical properties of the joint. Therefore, the tool ro-
tational speed and the tool travel speed should be properly
controlled to ensure good mechanical properties in
FSWed Ti–6Al–4Valloys.
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