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Abstract 

The current research of titanium alloy on friction welding process in the field of aero-engines mainly focuses on the 
linear friction welding. Compared to the linear friction welding, inertial friction welding of titanium alloy still has 
important application position in the welding of aero-engine rotating assembly. However, up to now, few reports on 
inertial friction welding of titanium alloy are found. In this paper, the near-alpha TA19 titanium alloy welded joint was 
successfully obtained by inertial friction welding (IFW) process. The microstructures and mechanical properties were 
investigated systematically. Results showed that the refined grains within 15‒20 μm and weak texture were found in 
the weld zone due to dynamic recrystallization caused by high temperature and plastic deformation. The weld zone 
consisted of acicular α′ martensite phase, αp phase and metastable β phase. Most lath-shaped αs and β phase in base 
metal were transformed into acicular martensite α′ phase and metastable β phase in thermo-mechanically affected 
zone and heat affected zone. As a result, the microhardness of welded joint gradually decreased from the weld zone 
to the base metal. Tensile specimens in room temperature and high temperature of 480 °C were all fractured in base 
metal illustrating that the inertia friction welded TA19 titanium alloy joint owned higher tensile strength compared to 
the base metal.
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1 Introduction
Titanium alloys, as a significant structural metal mate-
rial, are widely applied in aerospace and other fields 
owing to its low density, high specific strength, low elas-
tic modulus, excellent corrosion resistance and high heat 
resistance [1–5]. Ti-6Al-4V alloy is first applied in engi-
neering field and the different titanium alloys play impor-
tant roles in modern industries with the development of 
metallurgical techniques [6–10]. For the past few years, 
the requirement of high performance titanium alloy was 
increased in the aero-engine fan systems and compressor 

components because of the improvement of thrust-to-
weight ratio of aero-engines [11, 12]. Thus, a variety of 
high performance titanium alloys have been developed to 
satisfy the demand of aero-engines to high temperature 
components [13–15].

Inertial friction welding (IFW), as a solid state welding 
procedure, has the advantages of fewer process parame-
ters, low heat input, small deformation and narrow weld-
ing seam [16, 17]. In addition, high quality, high efficient, 
environmental friendliness, and precise power input con-
trol are well reflected in IFW. Compared with the fusion 
welding, the defects such as oxidation slag inclusion, poor 
fusion, lack of penetration and solidification cracks can 
be avoided effectively by IFW with the temperature lower 
than melting point and sufficient plastic deformation 
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[18]. Thus, the IFW process is quite suitable for the weld-
ing of the axisymmetric components of homogeneous 
and heterogeneous “difficult-to-weld” material [19], such 
as nickel superalloys [20–22], titanium alloys [23, 24] and 
intermetallic materials [25]. Besides, the stress concen-
tration of bolt hole can be eliminated by welded joint. 
Up to date, IFW has become an important manufactur-
ing process for compressor and high pressure turbine in 
advanced aero-engines [26]. In addition, the IFW process 
is also widely used in other important industrial fields 
[27, 28].

Compared with near-β titanium alloy and α + β tita-
nium alloy, the α and near-α titanium alloys can retain 
its strength, creep resistance and microstructure stability 
at high temperature. Thus, the near-α titanium alloys has 
been widely used in the components in compressor and 
fan system of advanced areo-engines. The friction weld-
ing of near-β and α + β titanium alloys, such as Ti6Al4V, 
Ti6246, Ti17, and so on has been widely investigated in 
nearly research. Liu et  al. [29] researched the texture 
evolution in α + β titanium alloy joint by thermal and 
mechanical of inertia friction welding. The result showed 
that the texture of substantial remnant β in the thermo-
mechanical affected zone was <100> fiber texture and 
<111> fiber texture in the dynamic recrystallization zone. 
Ballat-Durand et al. [30] found that the β→α′ martensitic 
transformations during cooling resulted in a strong tex-
ture in the core of the joint with the {0001} plane parallel-
ing with the friction plane {xy}, and the <1120> direction 
aligning with the transversal direction <X> when they 
researched the microstructure changes during linear fric-
tion welding of Ti6242 titanium alloy. The effect of fric-
tion times to ultimate tensile strength and microstructure 
of welded tubes was investigated by Palanivel et al. [31], 
in which, the rate of deformation increased with friction 
time and refined the grains in the weld zone and coarse 
grains structure was formed in the weld zone and heat 
affected zone from the center towards the flash. However, 
the reports on IFW of near-α titanium alloys is limited. 
Besides, the investigation on microstructure texture and 
mechanical properties in IFW of TA19 titanium alloy is 
hardly found. As one of the near-α titanium alloys, TA19 
alloy has excellent tensile strength, toughness and high 
temperature creep resistance [32]. Till now, previous 
studies on the TA19 titanium alloy were mainly focused 
on the microstructure and mechanical properties in itself 
at different heat treatment conditions [33–37]. However, 

limited reports have taken attention to the welding pro-
cess of TA19 titanium alloy, especially friction welding 
process. Song et al. [38] found that the fatigue property of 
electron beam welding joint of TA19 titanium alloy was 
better than that of base metal at room temperature. The 
TA19 titanium alloy was welded with the linear friction 
welding by Zhang et al. [39], in which a typical dynamic 
recrystallization microstructure in weld zone, consisting 
of α′ martensite and acicular α phase within equiaxial 
grains was found. Zhang et al. [40] only investigated the 
weldability of TA19 alloy in IFW and preliminarily ana-
lyzed the microstructure of the welded joint.

Therefore, the main aim in the current work is to study 
the microstructure evolution and mechanical properties 
in IFW of TA19 alloy. The analysis of microstructures 
highlights the strengthening mechanism, which affects 
the mechanical properties. The findings in the work will 
provide key experimental date and theoretical guidance 
for inertia friction welding of TA19 alloy in industrial 
application.

2  Materials and Methods
The HSMZ-130 axial and radial IFW machine self-
designed by Harbin Welding Institute Limited Company 
(China) was used to join the TA19 titanium alloy pipes, 
with a outer diameter and wall thickness of 170 mm and 
50  mm, respectively. The heat treatment of TA19 tita-
nium alloy in this study was solution treated with 995 °C 
for 1 h, and its nominal chemical composition was shown 
in Table 1. The microstructure of TA19 alloy analyzed by 
optical microscope (OM) and scanning electron micro-
scope (SEM) was shown in Figure 1. Figure 2 revealed the 
pattern of X-ray diffraction analysis in TA19 alloy. The 
typical bimodal microstructure of the base material can 
be observed in Figure 1(b), which consists of the equiax-
ial prior α (αp) phase, the lamellar secondary α (αs) phase 
and the thin β phase. The average size of prior-β grains 
was approximately 30 μm.

According to the previous study [40], the IFW param-
eters were determined as the initial rotation speed of 500 
r/min, friction pressure of 50 MPa, upsetting pressure of 
80 MPa and the moment of inertia of 388 kg·m2. Prior 
to welding, the welding surface of the workpieces were 
cleaned by alcohol. The appearance of welded joint with 
uniform curling flash was displayed in Figure 3. The obvi-
ous longitudinal and circumferential cracks could not be 
found from the welded joint, which demonstrated that 

Table 1 Nominal chemical composition of TA19 (wt%)

Element Ti Al Zr Sn Mo Si Fe C N

Wt% Bal 6.2 4.1 1.9 2.0 0.07 0.01 0.003 0.006
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the TA19 titanium alloy was successfully joined. How-
ever, the surface of flash was relatively rough, which was 
characterized as the morphology of burr.

Figure 4 showed the schematic diagram of samples pre-
pared for microstructure analysis and performance tests. 
The block samples were used to perform the metallurgi-
cal examination. The polished metallographic specimen 
was etched in Kroll’s agent (2% HF, 8%  HNO3 and 90% 
 H2O). The specimen of EBSD analysis was first polished 
mechanically and then processed by IB-09020CP section 
ion polishing instrument. The bar samples used for the 
tensile tests were cut from the welded joint according to 
ASTM E8 at room temperature and ASTM E21 at high 
temperature of 480 °C.

The microstructure morphology, phase composition 
and grain characteristics were examined by SEM with 
electron backscattered diffraction (EBSD). The micro-
hardness of welded joint was measured at the Vicker’s 
indentation hardness tester using a load of 0.2 kg with a 
dwell time of 10 s. The distance between two indentation 

Figure 1 Microstructure of TA19 titanium alloy base metal: (a) OM and (b) SEM

Figure 2 X-ray diffraction analysis of TA19 titanium alloy

Figure 3 Appearance of the TA19 welded joint

Figure 4 Schematic diagram of metallographic and tensile 
specimens
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points was set to 0.2 mm. The model number of the 
machine is HVS-1000A.

3  Results and Discussion
3.1  Microstructure
Figure  5 shows morphology of different microstructure 
zones across the welded joint along the axial of welded 
specimens. The microstructural zones showed sym-
metrical distribution on both sides of the weld interface 
due to the similar thermo-mechanical condition during 
IFW. The weld zone (WZ), thermo-mechanically affected 
zone (TMAZ), heat affected zone (HAZ) and base metal 
(BM) can be clearly distinguished from the welded joint. 
However, it is difficult to observe the TMAZ in IFW of 
Ti6246 with a higher upsetting pressure [41]. The WZ is 
also characterized as dynamically recrystallized region or 
transformed and recrystallized zone, where the materi-
als experience a thermal-mechanical deformation above 
β-transus temperature [42]. The width of WZ is approxi-
mately 1.6 mm under current welding process parameter. 
At the same time, the weld line with the width of about 
100 μm in the center of WZ can be clearly seen which 
displayed a slightly darker color compared with zones 
in Figure  4. The darker color of weld line indicates that 
the corrosion resistance may be poor. With the width 
of approximately 900 μm on both sides of the WZ, the 
TMAZ has been clearly demonstrated by the transmuta-
tive αp phase which is extruded roblike and approximate 
paralleling to the weld line under thermo-mechanical 
coupling process. In addition, the width of TMAZ is 
obviously narrower than the WZ, which can be related to 
the changing of temperature gradient. The boundary line 
between HAZ and BM is relatively blurred as shown in 
Figure 5, because these two zones undergo a lower tem-
perature and the effect of plastic deformation is quite 
weak compared with WZ and TMAZ. Thus, the grain 
size and morphology in HAZ are basically similar to 

those of the BM. Based on the area of dark region which 
mainly represents the αp phase, the content of αp phase in 
the HAZ on the left side of WZ is obviously higher than 
that at the right side. This phenomenon can be attributed 
to different temperatures distribution on both sides of the 
WZ due to the difference of thermal boundary condition.

3.1.1  Weld Zone
The microstructure and morphology characteristics of 
the WZ are showed in Figure  6. It can be clearly seen 
that the microstructure in WZ is completely different 
from that in the BM, which is illustrated in Figure  1. 
The equiaxial αp phase and the lamellar αs phase disap-
pear in the WZ during IFW. Compared with that in the 
BM, the grains in the WZ have been refined. The size of 
fine and equiaxial grains ranges from 15  μm to 20  μm 
approximately. Additionally, the sizes of some grains 
are relatively finer than those of the BM, indicating the 
occurrence of dynamic recrystallization owing to the 
high temperature and plastic deformation in WZ. At 
the same time, a mass of acicular α′ martensite phases 
are transformed from the β phase at elevated tempera-
ture through the non-diffusive transformation due to the 
rapid cooling rate after welding, which show a cross dis-
tribution in the WZ. The width of acicular α′ martensite 
phase is only 0.5‒1 μm, which is far less than that of αs 
phase in the BM. Furthermore, the cross angle of acicu-
lar α′ martensite phase is approximately 60° as shown in 
Figure 6(b). Some αp phases with the size of about 5 μm 
were formed along the grain boundary by the diffusive 
transformation when the welding temperature is below 
the β-transus in the WZ. In addition, a small amount of 
metastable β phases with the layer structure are retained 
near some grains boundary, which is the result of rapid 
cooling after welding.

Figure  7 further shows the microstructure informa-
tion in the WZ, which is examined by EBSD technique. 

Figure 5 Microstructure of the inertia friction welded TA19 joint
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The grain misorientation angle map of WZ and BM 
are showed in Figures  7(a–c), respectively. The red 
and black lines express the high-angle grain bounda-
ries (HAGBs, >15°) and low-angle grain boundaries 
(LAGBs, <15°), respectively. It can be clearly observed 
from Figure 7(a, b) that the HAGBs with percentage of 
57.9% feature primarily in the WZ through statistical 
calculations. However, the density of HAGBs is lower 
than that of BM with number percentage of 69.7% as 
shown in Figure 7(c), which indicates that the number 
of LAGBs is increased by the dynamic recrystallization 
during IFW. In general, LAGBs would transform into 
HAGBs with the proceeding of dynamic recrystalliza-
tion in the welding process [43]. However, the insuf-
ficient dynamic recrystallization in WZ will happen 
because of the rapid heating and cooling rate of IFW, 
which resulting in the formation of a mass of sub-struc-
tures within grains. Thus, the density of LAGBs in WZ 
is increased in IFW.

Figure 7(d) presents the phase composition distribu-
tion in WZ, where α phase and β phase are showed by 
using red and blue, respectively. It can be clearly seen 
that the WZ is mainly consisted of α phase. The per-
cent of β phase in WZ is 0.8% exceeding that of BM, 
which indicates that more β phases are saved in WZ. 
Some reports indicate that the friction interface tem-
perature reaches above 1200  °C, which exceed the 
nominal β-transus temperatures [44, 45]. In addition, 
it also can be demonstrated by the disappear of equi-
axial αp phase from the Figure 6 because of the higher 
transition temperature of αp phase compared with the 
αs phase. More β phases are retained in WZ owing to a 
rapid cooling, in which an insufficient diffusion phase 
transition occurred. Furthermore, the residual β phases 
of lamellar structure located at partial grain boundary 
in Figure 6(b) also are clearly found in Figure 7(d).

The β phase can be ignored due to the much higher 
fraction of α phase than the fraction of β phase in WZ. 
Thus, the inverse pole figure of only α phase in WZ is dis-
played in Figure  7(e). The crystallographic directions of 
different grains relative to the normal direction are indi-
cated through different colors. It can be seen that fine 
and equiaxial grains in WZ show multifarious crystal 
orientation. However, the number of grains with [-12-10] 
direction is much higher than that of other grains in crys-
tal orientation, which indicates that weak texture with 
[-12-10] direction in WZ is produced through dynamic 
recrystallization in IFW.

As shown in Figure  8, the figures of α phase pole are 
adopted to indicate the characteristic information. It can 
be seen that the {0001} and {11-20} pole figure exhibit 
nearly symmetrical poles distribution and have much 
higher density points compared with {10-10} pole figure, 
which indicate the formation of several texture. This is 
because that the original grains have been replaced with 
dynamic recrystallized grains in different orientation 
distribution [46]. In addition, the highest poles intensity 
point of 13.27 times is distributed in 90° from the ND 
towards the RD in the {0001} pole figures, which further 
demonstrate the existence of texture with [-12-10] direc-
tion as shown in Figure 7e).

3.1.2  Thermo‑Mechanically Affected Zone
Figure 9 exhibits the overall morphology of the TMAZ, 
and the typical microstructures of TMAZ close to WZ 
and HAZ. It can be clearly seen that the microstructure 
morphology of TMAZ has an obvious change compared 
to the BM. The fraction of αp phase is gradually increased 
from the WZ to the HAZ. In addition, the equiaxial αp 
phase has been transformed into the rod under the effect 
of welding pressure and thermal cycling. This is due 
to that the temperature of TMAZ is lower than that of 

Figure 6 Typical microstructure of weld zone: a Low magnification, and b high magnification
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WZ, and αp phase has not enough time to complete the 
microstructure transformation in IFW process. At the 
same time, the hardness of αp phase is also decreased at 
high temperature. Thus, the shape of αp phase is changed 
under the effect of high temperature and plastic defor-
mation. The size of TMAZ with approximately 0.9 mm 
is narrower than that of WZ, which may be due to an 
exorbitant heat input and welding pressure. Figure  9(b, 

c) show the high magnification SEM images close to WZ 
and HAZ, respectively. By contrasting the two images, 
the microstructures are basically the same, which are 
consisted of acicular α′ martensite phase, deformed αp 
phase and metastable β phase. However, the boundary 
of αp phase and β grains close to WZ is relatively blurred 
compared with that far from WZ, which indicate that the 
temperature close to WZ is much higher than that far 

Figure 8 Pole figures of weld zone in RD-TD plan

Figure 9 Microstructure characterization of TMAZ of TA19 joint by: a Low magnification of TMAZ; b High magnification of TMAZ close to WZ; c 
High magnification of TMAZ close to HAZ



Page 8 of 13Wu et al. Chin. J. Mech. Eng.           (2020) 33:88 

from WZ and exceed the β-transus temperature. There-
fore, partial αp phases in boundary region are trans-
formed into the β phase at a short time. Nevertheless, 
because of the drop of temperature close to HAZ, the 
transformation of αp phase is suppressed.

3.1.3  Heat Affected Zone
Figure 10 shows the microstructure of the HAZ. It can 
be clearly observed from the Figure  10(a) that grain 
size and morphology of αp phase in HAZ are basically 
as same as those in BM without obvious change, which 
indicate that the HAZ is hardly influenced through 
the high temperature and plastic deformation in IFW. 
However, the lath αs phase and β phase can′t be clearly 
distinguished compared with those in the BM as shown 
in Figure  10(a). The result shows that the temperature 
in HAZ is higher than the transition temperature of 
αs→β phase, so that the microstructures within β grains 
are changed under welding thermal cycle. As the high 
magnification image in HAZ shown in Figure 10(b), the 
microstructure and morphology are completely differ-
ent because of the effect of welding thermal cycle com-
pared with those in the BM. A large number of fine and 
acicular α’ martensite phases of parallel or intersecting 
distribution can be clearly observed within original β 
grains. The cross angle of acicular α’ martensite phase 
is about 60°. Nevertheless, the size of acicular α′ mar-
tensite phase in HAZ is smaller than that of TMAZ. 
This is because the HAZ has a faster cooling rate than 
the WZ and TMAZ due to its closeness to the BM with 
lower temperature. Thus, these fine and acicular α’ 
martensite phases in HAZ are produced through non-
diffusive transformation of β phases. The formation of 
mass α’ martensite phase in HAZ shows that welding 
heat input is excessive under welding parameters. Fur-
thermore, the phenomenon of outward expansion of 
grain boundary based on the original grain boundary 

are found in HAZ as shown in Figure 10(b), which also 
indicates that grain has grown owing to higher energy 
input. New grains boundary is easily formed near the 
original grain boundary according to heterogeneous 
nucleation mechanisms. Besides, because of the rapid 
heating and cooling in IFW process and lower tempera-
ture in HAZ compared with that in WZ and TMAZ, the 
lamellar αp phases of original grain boundary have not 
enough time and driving force to complete the phase 
transition and are retained. However, owing to the 
growth of grain and the formation of a mass of acicu-
lar α’ martensite phases, the fatigue property of the 
HAZ can be impaired and becomes a weakness zone 
of the welded joint. At the same time, because of the 
rapid cooling rate, the more metastable β phases are 
also remained in HAZ as shown in Figure  10(b). This 
test result is also demonstrated through the EBSD tech-
niques as shown in Figure 11.

Figure 10 Microstructure characterization of HAZ: a Low magnification, and b High magnification

Figure 11 Phase distribution map in HAZ and base material by EBSD
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3.2  Mechanical Properties
3.2.1  Microhardness
Figure 12 presents the microhardness profiles of welded 
joint of TA19 alloy. The variation of microhardness is 
showed from the weld line in WZ to BM on both sides 
of welded joint, which demonstrates an approximate ∧-
shape profile. It can be clearly observed that the variation 
tendency of microhardness in different zones of welded 
joint is especially obvious. The highest microhard-
ness has been observed in WZ, with an average value of 
approximately 400 HV. At the same time, the microhard-
ness gradually decreases with increasing distance from 
the WZ to the BM. The high hardness in WZ should be 
attributed to the formation of fine and equiaxial grains 
and a mass of acicular α′ martensite phases, as the close-
packed hexagonal α phase has a higher microhardness 
than the cubic β phase [47]. However, a mass of fine and 
acicular α′ martensite phases are also formed in TMAZ 
and HAZ. Thus, it is believed that fine and equiaxial 
grains in WZ play a more important role on the strength-
ening mechanisms compared to α′ martensite phase. 
The microhardness of WZ is improved through the fine-
crystalline strengthening. In addition, the microhardness 
in TMAZ and HAZ is reduced due to the increment of 
grains size and the decrement of fraction of α′ martensite 
phase. The lowest microhardness is located in BM, whose 
hardness value is approximately 350 HV.

3.2.2  Tensile Property
The tensile tests of TA19 welded joints are carried out at 
both room temperature and high temperature of 480 °C. 
The fractured tensile specimens and tensile strength of 
TA19 welded joint are shown in Figures  13, 14 and 15, 

respectively. It can be clearly seen that all tensile speci-
mens fail in the BM away from center line of WZ. The 
phenomenon shows that the tensile strength of welded 
joints is higher than that of the BM. The average tensile 
strengths of specimens are approximately 943 MPa and 
654 MPa at room temperature and high temperature of 
480  °C, respectively. The strength values are basically 
consistent with those of the BM. In addition, the average 
yield strength and elongation are 884 MPa and 13.8 % at 
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room temperature, and 512 MPa and 26.6 % at high tem-
perature of 480 °C, respectively.

The test results show that the welded joints of TA19 
alloy exhibit excellent tensile strength property at room 
temperature and high temperature of 480  °C. The out-
standing performance of welded joints should be attrib-
uted to the fine-crystalline strengthening in WZ. This is 
because compared with the BM, the dislocation motion 
resistance is enhanced owing to the formation of massive 
grain boundary. Furthermore, the (-12-10) crystal plane 
of [-12-10] direction of perpendicular to texture in WZ 
is parallel to the axial tensile force of welded specimens. 
However, (-12-10) crystal plane isn’t the closely packed 
crystal plane in the active slip systems of close-packed 
hexagonal structure. So the atomic attraction of adjacent 
crystal plane of (-12-10) is bigger than that of active slip 
systems. Thus, the tensile property of welded joints will 
also be enhanced through the formation of weak texture 
with [-12-10] direction.

Figures 16 and 17 present the fracture morphology of 
typical tensile specimen No. 1-1 and No. 2-1, respec-
tively. The quasi-cleavage fracture pattern is exhibited 
in Figures  16(a) and 17(a) due to the overall fracture 
morphology of relatively roughness, which indicates 

a greater proportion in ductile fibers fracture. It can be 
seen that the size and depth of ductile dimples in center 
zone are larger than those in the edge zone, as shown in 
Figures  16(b and c), 17(b and c), respectively. In addi-
tion, the fracture morphology has obvious tearing ridges, 
which demonstrate a hybrid ductile and brittle fracture 
mode owing to the poor plasticity at room temperature. 
Figure 17(a) exhibits fracture morphology of typical cup 
shape which has evident fiber zone. The cup-shaped 
shear lip of the fracture is wider. Furthermore, the tough-
ening dimples at bottom of the cup are also larger and 
deeper, which indicate that the BM has a better plasticity 
at 480 °C.

4  Conclusions

(1) TA19 alloy exhibited good weldability in IFW pro-
cess. The grain morphology in weld zone was the 
fine and equiaxial grains with the size range of 
about 15‒20 μm. The microstructure was com-
posed of acicular α′ martensite phase, a few αp 
phase and metastable β phase. A weak texture with 
[-12-10] direction was found in the weld zone due 

Figure 16 Fracture morphology of the tensile specimen at room temperature test: a Over view, b Center zone of fracture and c Edge zone of 
fracture
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to dynamic recrystallization caused by high tem-
perature and plastic deformation.

(2) The lath-shaped αs and β phase in TMAZ and HAZ 
had been transformed into acicular α′ martensite 
phase and metastable β phase. The phenomenon of 
grain growth was observed in HAZ due to outward 
expansion of grain boundary, which indicated that 
excessive energy was inputted.

(3) The WZ had the highest microhardness, which 
decreased gradually from weld zone to base metal. 
Tensile specimens were all fractured in base metal, 
which showed that the welded joint owned higher 
tensile strength compared to the base metal due 
to fine crystal strengthening and the weak texture 
with [-12-10] direction. The average tensile strength 
of welded joint was 943 MPa and 654 MPa at room 
temperature and high temperature of 480 °C, 
respectively.
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