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Abstract: Direct friction welding of TiAl alloy to 40Cr steel rods was conducted, and the microstructure and mechanical properties
of the resultant joints in as-welded and post-weld heat treatment (PWHT) states were investigated. The martensitic transformation
occurred and brittle TiC phase formed near the interface due to C agglomeration, which degraded the joint strength and increased the
microhardness at the interface in as-welded state. Feathery and Widmanstatten structure generated near the interface on TiAl alloy
side. After PWHT at 580 °C and 630 °C for 2 h, the sorbite formed and C dispersed at the interface, leading to the increase of the
joint strength from 86 MPa in as-welded state to 395 MPa and 330 MPa, respectively. The heat-treated specimen fractured with
quasi-cleavage features through the zone 1 mm away from the interface on TiAl alloy side, but the as-welded specimen failed

through the interface.
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1 Introduction

TiAl-based alloys are considered to be ideal
high-temperature materials widely used in spacecraft,
aircraft, shipbuilding and automotive industries, due to
their excellent features such as light specific weight, high
specific strength, good stiffness, good high-temperature
mechanical properties and oxidation resistance [1].
However, the industrial application of TiAl alloy is
restricted by its poor weldability, especially in dissimilar
metal joining with other materials such as steels.

The mechanical properties of the welded joint
between TiAl alloy and steels are often poor by the
conventional fusion welding techniques. Large internal
stress, thermal cracking and brittle intermetallic
compounds could be generated in the dissimilar materials
joints, due to the difference of physical properties
between TiAl alloy and steel [2].

Brazing and solid state welding are thought suitable
for dissimilar joining of TiAl alloy to steels. LI et al [3]

discussed the effect of different brazing temperatures on
the microstructure of induction brazed joint between
TiAl alloy and 42CrMo using Ag—33Cu—4.5Ti alloy
filler. The tensile strength of the joint reached 347 MPa
when the brazing temperature was 900 °C. NODA et al
[4] investigated induction brazing between TiAl alloy
and structural steel using Ag—35.2Cu—1.8Ti and
Ti—15Cu—15N.i fillers, and found that thick carbide layer
formed by reaction between the Ti-based filler and steel
substrate, which degraded the tensile strength of the
resultant joint. However, no carbide layer existed
between the Ag-based filler and steel substrate, and the
tensile strength of the joint at ambient temperature
reached 320 MPa. DONG et al [5] conducted vacuum
brazing of TiAl alloy to 40Cr steel with TigNiyCuyoZrg
alloy foil and found that the composition of the filler and
effective diffusion between the filler and base metals can
both affect the shear strength of the joint.

MORIZONO et al [6] carried out diffusion bonding
of TiAl alloy to eutectoid steel and the shear strength of
the joint bonded at 800 °C reached 160 MPa. However,
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the joint strength reduced while increasing bonding
temperature, due to the growth of reaction layers and
formation of microcracks at the interface. HE et al [7]
also investigated diffusion bonding of TiAl alloy to 40Cr
steel with V—Cu alloy as interlayer and found that the
maximum tensile strength of the joint reached 210 MPa,
which was higher than the strength of directly
diffusion-bonded joint. However, the long thermal cycle
time and the complex treatment for the faying surfaces
during diffusion welding often restrict the productivity.

Friction welding has apparent advantages in
guaranteeing high quality, precision, efficiency and
energy saving, especially in dissimilar metal joining.
However, the low ductility and fracture toughness of
TiAl alloy at ambient temperature make it difficult to
join steel by friction welding process [8]. LEE et al [9]
explored the mechanical properties of friction welded
joints between TiAl and AISI 4140 structural steel, and
their results indicated that good joints could be obtained
using Cu as insert metal, and the tensile strength of the
resultant joint reached 375 MPa. However, microcracks
formed at the interface during directly bonding without
Cu interlayer, due to the formation of TiC phase. The
presence of the microcracks led to the deterioration of
joint strength.

It is still a challenge to achieve satisfied joints
between TiAl alloy and steels by direct friction welding.
Although the tensile strength of the resultant joint could
be enhanced by adding interlayer, the entire welding
process became more complicated, and the cost would
also be increased accordingly. The aim of this work is to
conduct direct friction welding of y-TiAl alloy to
as-rolled 40Cr steel, and investigate the microstructure
and mechanical properties of the resultant joints in
as-welded and post-weld heat treatment states in order to
reveal the effect of post-weld heat treatment on
improving the joint performance.

2 Experimental

Friction welding of TiAl alloy to as-rolled 40Cr
steel rods was carried out using a HSMZ-20 (200 kN
capacities) friction welder with a constant rotating speed
(1500 r/min) which was designed and manufactured by
Harbin Welding Institute, China. The chemical
composition of the TiAl alloy was Ti—48Al-2Cr—2Ni
(mole fraction, %) and that of 40Cr steel was Fe—0.4C—
1.0Cr—0.7Mn—0.3Si—0.2Ni (mass fraction, %). The
tensile strengths of the TiAl alloy and as-rolled 40Cr
steel substrates at ambient temperature were 425 MPa
and 750 MPa, respectively, and the dimensions of the
workpieces were 12 mm in diameter and 100 mm in
length. Before welding, the faying surfaces were
polished with SiC papers up to grit 1000 and then

cleaned with acetone. TiAl alloy and 40Cr steel rods
were fixed in spindle and tailstock, respectively, so the
TiAl alloy rod rotated with the spindle and the 40Cr steel
rod moved axially during welding. After trial welding
experiments, the friction pressure and forged pressure
were maintained at 186 MPa and 346 MPa, and the burn-
off length and forged time were set at 8 mm and 5 s,
respectively.

To investigate the effect of post-weld heat treatment
(PWHT) on the microstructure and mechanical
properties of the resultant joint between TiAl alloy and
40Cr steel, the specimens were heated to 580 °C and 630
°C with heating rate of 15 K/min after welding, and then
held in furnace for 2 h, subsequently cooled down to
ambient temperature in furnace. The PWHT parameters
were determined after considering the heat treatment
characters of two base metals, with which the 40Cr steel
will be tempered for eliminating residual stress and
improving the comprehensive properties [10], but the
TiAl alloy will be annealed for removing quenched
defects [11].

The tensile strength of the resultant joint was
measured by DNS100 universal tensile machine at
ambient temperature according to the standard
GB/T228.1-2010. Microhardness measurement on each
sample was conducted at a load of 2.94 N for 10 s using
MVC-1000B microhardness tester. The cross sections of
the as-welded and heat-treated joints were polished and
then etched for microstructure examination. The TiAl
alloy was etched with a mixed solution (V(HF):V(HNO;):
V(H,0)=2:4:100), and the 40Cr steel was etched with
4 % natal solution. The distribution of major alloying
elements near the interface was detected by a
JSM—5600LV scanning electron microscope (SEM)
coupled with EDS. And the fracture morphology after
tensile test was also examined.

3 Results and discussion

3.1 Mechanical properties

The friction welded joint between TiAl alloy and
40Cr steel rods is shown in Fig. 1(a). During welding,
the metal near the faying surface of the workpiece could
reach high temperature owing to severe rubbing from
high-speed rotating, and then flash was formed from the
squeezed hot metals and deformed layers under forged
pressure. As shown in Fig. 1(a), the flash consisted of
mainly 40Cr steel, and the TiAl alloy deformed slightly
because it is with stronger high-temperature strength
compared with 40Cr steel [12,13].

The tensile strength of the as-welded joint reached
86 MPa (Table 1) and failure occurred at the interface
between TiAl alloy and 40Cr steel rods. However, after
PWHT at 580 °C and 630 °C for 2 h, the tensile strength
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Fig. 1 Friction welded joints between TiAl alloy and 40Cr steel rods: (a) As-welded specimen before tensile test; (b) Specimen

post-weld heat treated at 580 °C for 2 h after tensile test

Table 1 Post-weld heat treatment parameters and tensile test
results

o PWHT  eMPa loeston
1 As-welded 86 Interface
2 580°C,2h 395 TiAl alloy
3 630°C,2h 330 TiAl alloy

of the joints No. 2 and No. 3 remarkably increased to 395
MPa and 330 MPa, respectively, and fracture happened
through the zone which was about 1 mm away from the
interface on TiAl alloy side, as shown in Fig. 1(b).
Nevertheless, with increasing the heating temperature
from 580 °C to 630 °C, the tensile strength of the joint
degraded.

Figure 2 shows the microhardness profiles around
the center, half radius and periphery of the joint interface
in the workpiece, respectively. It can be seen that, on the
TiAl alloy side, the microhardness of the joint after
PWHT is higher in the zone within 2 mm close to the
interface than in other zones in the as-welded joint.
However, on the 40Cr steel side, the microhardness in
the as-welded joint is much higher in the zone within
2 mm close to the interface than in other zones in the
heat-treated joint; in the zone 2 mm away from the
interface, the consequence is reversed. The formation of
brittle phases and presence of martensitic structure
enhanced the microhardness in the zone within 2 mm
close to the interface on steel side, as also reported by
LEE et al [9]. And the post-weld heat treatment has
greater effect on reducing the microhardness in the area
2 mm away from the interface on steel side, especially at
the periphery.

3.2 Microstructure

The microstructures in the central, half radius and
peripheral regions of the joints in as-welded and PWHT
states are shown in Figs. 3, 4 and 5, respectively. It can
be seen in Fig. 3 that martensitic phases and a small
amount of ferrites formed near the interface in as-welded
state, which caused the microhardness enhancement in
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Fig. 2 Distribution of microhardness across joint interface

between TiAl alloy and 40Cr steel rods in as-welded and

PWHT states: (a) Along central line; (b) Along half radius;

(c) At periphery
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Fig. 3 Microstructure around interface of joint between TiAl alloy and 40Cr steel rods on 40Cr steel side in as-welded state: (a) In

peripheral region; (b) In 1/2 radius region; (c) In central region

Fig. 4 Microstructure around interface of joint between TiAl alloy and 40Cr steel rods on 40Cr steel side after PWHT at 580 °C:

(a) In peripheral region; (b) In 1/2 radius region; (c) In central region

Fig. 5 Microstructure around interface of joint between TiAl alloy and 40Cr steel rods on 40Cr steel side after PWHT at 630 °C:

(a) In peripheral region; (b) In 1/2 radius region; (c¢) In central region

this region and the degradation in tensile strength of the
resultant joint. During friction welding, the temperature
around the interface can reach above A; temperature,
thus the 40Cr steel experiences austenite transformation.
Upon cooling, the austenite transformed to other phases
like martensite and ferrite because of the diffusion of
carbon to the grain boundary and rapid cooling rate [14].
Nevertheless, a great deal of tempered sorbitic structure
consisting of ferrite and carbide appeared densely near
the interface after PWHT at 580 °C, as illustrated in
Fig. 4, which improved the tensile strength of the joint.
And the thickness of the interfacial layer and the grain
size were larger at periphery in Fig. 4(a), compared with
those in half radius and central regions in Figs. 4(b) and
4(c). The reason for this phenomenon is that the heavier
plastic deformation and more heat generated at periphery
increased the thickness of interfacial layer and coarsened
the dynamic recrystallized (DRX) grains, and then
resulted in the decrease of microhardness in peripheral

region [15]. Additionally, the energy transferred from the
periphery to the center during welding, and the heat in
peripheral region lost rapidly as the flash formed and
contacted the ambient directly, which led to the low
temperature in internal region. Meanwhile, the internal
metal was forged by large pressure owing to the rapid
softening of external materials. Therefore, the DRX
grains were refined in central region due to the low
temperature and large pressure [16]. It can be seen in
Fig. 5 that the interfacial layer at periphery was also
thicker than that in the center. And when the PWHT
temperature increased to 630 °C, the grains were refined
near the interface on 40Cr steel side and carbide
distributing in sorbitic phases precipitated uniformly,
which could further improve the comprehensive
performance of the resultant joint, though the tensile
strength of the joint was lower than that after PWHT at
580 °C.

The microstructure around the interface of joints on
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TiAl alloy side in as-welded and PWHT states is shown
in Fig. 6. It can be seen in Fig. 6(a) that the TiAl alloy
substrate with dual phase structures consisting of y-TiAl
and o,-Ti;Al arranged interlacedly. The y/a, lamellar
structure orientated randomly, and the grain size was
about 80 pum. Compared with the TiAl alloy substrate,
the TiAl alloy near the interface in as-welded state in
Fig. 6(b) deformed slightly and had a feathery structure
with a small number of laths. According to Ti—Al binary
phase diagram, the equilibrium phase of TiAl alloy was
oty dual phase structure below 1125 °C [17]. During
friction welding, the TiAl alloy entered the oty phase
region when the temperature exceeded 1125 °C. Then a
small portion of a phases transformed to a, phase, and
the remaining a phases could develop to finer feathery
structure and Widmanstatten structure due to quenching
upon cooling in air after welding, which increased the
microhardness near the interface on TiAl alloy side [18].
It can be seen in Fig. 6(c) that a large number of granular
recrystallized grains formed in the area within 40 pm
close to the interface after PWHT at 580 °C, which
significantly increased the microhardness near the
interface on TiAl alloy side and enhanced the tensile
strength of the joint. However, the lamellar structure near
the interface after PWHT at 630 °C orientated along the
plastic flow direction in Fig. 6(d) and resulted in the
deterioration in tensile strength of joint. This explains
why the joint after PWHT at 630 °C for 2 h fractured in
the zone 1 mm away from the interface.

The SEM-EDS analysis results of the joint
interface between TiAl alloy and 40Cr steel in as-welded
and PWHT states are given in Fig. 7. An apparent
interfacial layer formed between the TiAl alloy and steel
substrate, as seen in Figs. 7(a), 7(c) and 7(e). Especially,
C element agglomerated at the interface in as-welded
joint in Fig. 7(b). However, the post-weld heat treatment
alleviated and even eliminated the agglomeration of C, as
seen in Figs. 7(d) and 7(f). It is well known that Ti is a
strong carbide forming element, and the free energy of
TiC is lower compared with other carbides, thus Ti
combined with agglomerated C to form the brittle TiC
phase at the interface, which resulted in the much higher
microhardness at the interface in as-welded joint than
that after PWHT. The TiC layer was about 2 pum in
thickness. Due to the different thermal expansion
coefficients among TiC, TiAl alloy and 40Cr steel, the
internal stress could be produced in the joint upon rapid
cooling after welding. And the internal stress reached a
critical value with increasing the thickness of TiC layer,
and then caused the formation of microfissure at the
interface [19]. Consequently, the existence of brittle TiC
phase as well as the martensitic structure caused the
degradation in the tensile strength of as-welded joint.

After PWHT at 580 °C for 2 h, C element did not
agglomerate at the interface but distributed uniformly in
the joint, as seen in Fig. 7(d). As the tempering
temperature increased to 250—400 °C, cementite formed
directly in the C agglomerated region, and then the

Fig. 6 Microstructure around interface on TiAl alloy side of joints in as-welded and PWHT states: (a) TiAl alloy substrate; (b) In
as-welded state; (c) After PWHT at 580 °C; (d) After PWHT at 630 °C
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Fig. 7 EDS line analysis across interface in central region, and SEM—EDS map scanning results of element C in different conditions:
(a, b) In as-welded state; (c, d) After PWHT at 580 °C; (e,f) After PWHT at 630 °C

cementite dissolved and tempered sorbite generated. It
consisted of finely dispersed alloy carbide particles and
ferrite when the tempering temperature reached 500—600
°C [10]. Namely, the C agglomerated region disappeared
in PWHT state, avoiding the formation of brittle TiC
phase, and tempered sorbite was formed, thus the joint
strength was enhanced. However, C element back-
diffused at the interface in Fig. 7(f), and carbide could
precipitate in this zone when the PWHT temperature
increased to 630 °C. Combining the tensile strength of
the joints listed in Table 1, it is obvious that the
agglomeration of C at the interface controlled the joint
strength because carbides like TiC could therefore form
and deteriorate the mechanical properties of the resultant
joint.

The compositions at different locations around the
interface marked in Fig. 7(c) and 7(e) were measured and
listed in Table 2. It can be seen that in the joint after
PWHT at 580 °C, the intermetallic compounds, TiFe and
TiFe,, generated at locations 1 and 2 due to the diffusion
of Ti into the interface and the limited solution between

Ti and Fe. However, in the joint after PWHT at 630 °C,
TiFe, formed at location 5, and TiC phase existed at
location 6 due to the agglomeration of C in this layer.

3.3 Fracture morphology

Figure 8 reveals the fracture morphology of samples
in as-welded and PWHT states. It can be seen in
Figs. 8(a) and 8(b), the quasi-cleavage fractures with
tearing ridges were observed on the fractured surfaces of
joints after PWHT at 580 °C and 630 °C, respectively.
The as-welded joint fractured through the interface
shown in Figs. 8(c) and 8(d), revealing brittle features.
The compositions at regions 7 and 8 marked in Figs. 8(c)
and 8(d) are given in Table 3. It can be seen that C
content was much higher than other alloying elements in
region 7, suggesting that carbides could generate at the
interface on steel side. And the composition in region 8
implies that TiC phases could form at the interface on
TiAl alloy side. Therefore, it can be confirmed that the
formation of TiC resulted in the deterioration in
mechanical properties of the resultant joint.
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Table 2 Composition in interfacial layer of joints with different PWHT parameters

Location % Possible phase Comment
Ti Al Fe Cr C
1 14.20 11.07 62.65 2.34 9.74 TiFe+TiFe, PWHT, 580 °C,2h
2 11.44 10.11 67.01 2.60 8.84 TiFe+TiFe, PWHT, 580 °C,2h
3 49.04 40.04 4.62 0.15 6.15 TiAl+Ti;Al PWHT, 580 °C, 2 h
4 3.88 2.48 79.49 2.13 12.02 Fe-rich PWHT, 630 °C, 2 h
5 8.72 4.72 70.56 2.18 13.82 TiFe, PWHT, 630 °C, 2 h
6 39.73 15.64 20.94 1.50 22.19 Ti;Al+TiC PWHT, 630 °C,2h

Fig. 8 Fracture morphology of samples after tensile test: (a) No. 2 sample after PWHT at 580 °C; (b) No. 3 sample after PWHT at
630 °C; (c) As-welded No. 1 sample on 40Cr steel side; (d) As-welded No. 1 sample on TiAl alloy side

Table 3 Composition in different regions on as-welded fracture

surfaces
. Mole fraction/%
Region
Ti Al Fe C Cr Nb
7 1436 1481 18.06 51.73 0.18 0.86
8 3259 2734 0.14 3879 0.05 1.09

4 Conclusions

1) Friction welding between TiAl alloy and
as-rolled 40Cr steel rods was conducted, and the
microstructure and mechanical properties of the joint in
as-welded and PWHT states were investigated. The

tensile strength of the as-welded joint was 86 MPa, and
fracture happened through the interface during tensile
test. The deterioration in tensile strength of as-welded
joint resulted from the formation of TiC and martensitic
structure near the interface. However, after PWHT at 580
°C and 630 °C for 2 h, the tensile strength of the joints
increased to 395 MPa and 330 MPa, respectively, and
fracture occurred in the zone 1 mm away from the
interface.

2) The microhardness near the interface on TiAl
alloy side in PWHT state was higher than that in
as-welded state and TiAl alloy substrate. But the
microhardness near the interface on steel side in
as-welded state was much larger than that in PWHT
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state, owing to the presence of brittle TiC phase and
martensite.

3) Martensite formed near the interface on steel
side, and feathery structure with a small amount of
Widmanstatten structure generated on TiAl alloy side in
as-welded condition. After PWHT, tempered sorbite
formed near the interface on steel side, and the grain size
was larger in peripheral region than in central region. On
TiAl alloy side, the grains were refined near the interface
by PWHT; however, the lamellar structure orientated to
plastic flow direction, which degraded the tensile
strength of the joint.
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