Trans Indian Inst Met
https://doi.org/10.1007/s12666-018-1458-x

TECHNICAL PAPER

Friction Welding of Electron Beam Melted c-TiAl
Alloy Ti–48Al–2Cr–2Nb
G. S. Sankar1 • G. M. Karthik1 • Ashfaq Mohammad2 • Ravi Kumar3 • G. D. Janaki Ram1

Received: 31 July 2018 / Accepted: 4 November 2018
 The Indian Institute of Metals - IIM 2018

Abstract In the current work, rotary friction welding of
electron beam melted (EBM) c-TiAl alloy Ti–48Al–2Cr–
2Nb (at%) was investigated. Welding experiments were
conducted using cylindrical bars of 12 mm diameter and
70 mm height in as-fabricated and heat treated (1275 C/
2 h/furnace cooling) conditions. No cracking problems
were encountered during friction welding of as-fabricated
EBM samples. However, in as-welded condition, the joints
did not perform well in tensile tests and failures were
observed to invariably occur at the weld interface. Friction
welded joints produced in heat treated EBM samples were
also found to suffer from the same problem. In both the
cases, the weld region showed fine, fully lamellar c ? a2
microstructure and relatively high hardness. In order to
overcome the problem, a post-weld heat treatment (PWHT)
was carried out at 1275 C/2 h/furnace cooling. After the
PWHT, the weld region showed a more desirable duplex
microstructure consisting of equiaxed primary c and relatively coarser lamellar c ? a2. The PWHTed joints
showed satisfactory tensile properties, and no failures were
observed at the weld interface.
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1 Introduction
Gamma titanium aluminides (c-TiAl) are attractive for use
in aerospace and automotive applications because of their
low density, excellent oxidation resistance, and good hightemperature mechanical properties. However, they suffer
from poor room-temperature ductility and toughness and it
is also very difficult and expensive to shape them into
useful parts [1]. Consequently, in recent years, there has
been keen interest in utilizing additive manufacturing
(AM) technologies for fabrication of c-TiAl parts. Several
researchers have attempted laser powder deposition [2–5],
laser powder-bed fusion [6–8], and electron beam powderbed fusion [9–14] of c-TiAl alloys with reasonable success.
Studies show that, because of the inherent brittleness of cTiAl alloys, it is necessary to use sufficiently high preheat
during part fabrication to avoid cracking due to thermal
and/or residual stresses. Studies also show that electron
beam powder-bed fusion processes such as electron beam
melting (EBM) are better suited for processing c-TiAl
alloys. The main reason is that, in electron beam processes,
the beam itself can be used for preheating—every new
layer of powder is preheated first using a defocused beam,
and then, it is selectively melted [15]. In contrast, in laser
beam processes, preheating can only be accomplished by
employing induction, resistive, or radiative heaters. As a
result, preheating is restricted to relatively lower temperatures in laser beam processes and avoiding cracking due to
thermal stresses is not as easy as in electron beam
processes.
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Table 1 Chemical composition of c-TiAl alloy Ti–48Al–2Cr–2Nb powder feedstock
Chemical composition in wt%
Al

Cr

Nb

Fe

C

O

N

Ti

33.9

2.3

4.6

0.04

0.01

0.09

0.04

Bal.

Table 2 EBM process parameters used for producing c-TiAl alloy
Ti–48Al–2Cr–2Nb samples
Acceleration voltage (kV)

60

Beam scan speed (mm/s)
Beam current (mA)

2200
18

Layer thickness (lm)

90

Hatching pattern

Snake pattern

Preheat temperature (C)

1100

Scan orientation

Rotate by 90 every layer

The evolution of microstructure in c-TiAl alloys during
EBM is not fully understood, although researchers such as
Todai et al. [14] have provided useful insights. Solidification in many c-TiAl alloys such as Ti–48Al–2Cr–2Nb
(at%) begins by the formation of b (bcc solid solution of Ti
and Al) and is completed by a peritectic reaction L ?
b ? a (hcp solid solution of Ti and Al). Subsequently, the
alloy enters into a single-phase a region and then into a
two-phase a ? c region. As the alloy cools through the
a ? c region, the amount of c (known as primary equiaxed
c, which is TiAl intermetallic) formed from a is sensitive
to the cooling rate—faster cooling rates discourage primary
equiaxed c formation. Upon further cooling, the remaining
a decomposes into a2 ? c lamellar mixture by a eutectoid
reaction (a2 is Ti3Al intermetallic)—faster cooling rates
result in smaller eutectoid colonies and finer a2/c interlamellar spacing [10, 14–17].
It is well known that c-TiAl alloys can be heat treated to
obtain five distinct types of microstructures [10–14, 18].
Except when the cooling rates are very low, it is the heat
treatment temperature which largely determines the type of
microstructure obtained in these alloys. A fully lamellar
microstructure consisting of relatively coarse-grained
a2 ? c lamellar mixture is obtained when the heat treatment temperature is above the a-solvus. Heating to a

Fig. 1 Photograph of a friction weld produced using as-fabricated cTiAl alloy Ti–48Al–2Cr–2Nb rods

temperature close to but below the a-solvus results in a
near-lamellar microstructure with a small amount of
equiaxed primary c. If the heat treatment temperature is
moderately into the a ? c phase field, a fine duplex
microstructure consisting of nearly equal amounts of
equiaxed primary c and lamellar a2 ? c is obtained. A
near-c microstructure, dominated by primary equiaxed c, is
obtained if the heat treatment temperature is only slightly
above the eutectoid temperature. Finally, on prolonged
heating at a temperature below the eutectoid temperature, a
fully equiaxed c microstructure, with some islands of a2 at
the c grain boundaries, is obtained. Among these five types
of microstructures in c-TiAl alloys, the duplex
microstructure is generally considered to offer the best
combination of high-temperature creep and fatigue resistance along with room-temperature tensile ductility.
During EBM of c-TiAl alloys, despite the use of high
preheat temperatures (typically, just below the eutectoid
transformation temperature of the alloy), every new layer
of material being deposited undergoes fast enough cooling
to develop fully lamellar a2 ? c microstructure [9–14].

Table 3 Friction welding process parameters
Rotation speed (rpm)

Friction force (kN)

Upset force (kN)

Burn-off length (mm)

2500

20

30

2
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Each layer of material after it is deposited undergoes significant reheating when the next few layers are deposited
on top. The peak temperatures experienced by the part
material underneath decrease as function of distance away
from the layer being currently deposited. Thus, during
EBM of c-TiAl alloys, while depositing each layer, the part
material immediately underneath is reheated to different
peak temperatures ranging all the way from above the asolvus to just above the eutectoid temperature and subsequently cooled to a temperature below the eutectoid. Note
that this is inevitable during EBM as the ‘‘preheat temperature’’ set by the user is measured and maintained only
at the bottom of the build platform while the supply of heat
is always at the top most layer. As a result, in as-fabricated
condition, c-TiAl parts produced using EBM typically
show a rather inhomogeneous microstructure consisting of
a mixture of fully lamellar, near lamellar, duplex, and nearc in the bulk of the part. Consequently, in as-fabricated
condition, the mechanical properties of EBM c-TiAl parts
tend to be far from being acceptable [14].
Additive manufacturing techniques based on powderbed fusion and directed energy deposition have now
matured to a stage where they can be utilized for producing
end-use metallic parts in load-bearing structural applications [15]. Thus, a necessity may often arise in future for
joining of additive manufactured parts to themselves or to
other parts that are conventionally manufactured. Joining
of c-TiAl parts is a challenging task because of their brittle
nature. In more than one way, solid-state welding processes
are better suited for such materials [19, 20]. Some
researchers were successful in joining conventionally
manufactured c-TiAl by rotary friction welding [21, 22].
The weld hardness was reported to be significantly higher,
and most investigators recommended the use of a postweld heat treatment. In the current work, rotary friction
welding of electron beam melted c-TiAl alloy Ti–48Al–
2Cr–2Nb (at%) was investigated. The effects of pre-weld
and post-weld heat treatments were also examined.

2 Experimental Work
Electron beam melting experiments were conducted on an
Arcam AB machine (model A2). Gas-atomized c-TiAl
alloy Ti–48Al–2Cr–2Nb (at.%) powder was used as feedstock. The chemical composition of the powder is given in
Table 1. The powder was spherical in shape with a mean
particle size of * 110 lm. Cylindrical bars of 12 mm
diameter and 70 mm height were built in vertical orientation on a stainless platform. The EBM process parameters
used in the current study are presented in Table 2. The
samples were built with a preheat temperature of 1100 C

Fig. 2 Macrograph showing the longitudinal section of an asfabricated c-TiAl sample

and with a layer thickness of * 90 lm. A snake pattern
was used for hatching, and the scan orientation was changed by 90 for every layer. More details about the EBM
process parameters could be obtained from the work of
Mohammad et al. [13]. After EBM, the samples were
carefully removed from the stainless steel base plates.
Some of the as-fabricated samples were vacuum sealed in a
glass tube and subjected to a heat treatment at 1275 C for
2 h followed by air cooling.
Friction welding experiments were conducted on a
200-kN rotary friction welding machine (Eta Technologies
Pvt. Ltd., Bangalore). Prior to friction welding, the cylindrical bars were end-faced. The top side of the cylindrical
bar was used as the weld side in all the experiments.
Friction welding of as-fabricated c-TiAl bars was found to
crack except when using the optimum process parameters
as listed in Table 3. One of the defect-free joints produced
using as-fabricated c-TiAl bars (henceforth, these joints
will be referred to as as-fabricated c-TiAl joints) is shown
in Fig. 1. The same set of parameters was used for friction
welding of heat treated c-TiAl bars (henceforth, these
joints will be referred to as heat treated c-TiAl joints).
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Fig. 3 Low (a) and high
(b) magnification optical
micrographs taken close to the
top region of the as-fabricated
c-TiAl sample. An SEM-BSE
micrograph of the same region
is shown in (c). White arrows
indicate fine, lamellar c ? a2.
Black arrows indicate primary
equiaxed c

Fig. 4 Low (a) and high
(b) magnification optical
micrographs taken from the
bulk of the as-fabricated c-TiAl
sample. An SEM-BSE
micrograph taken at a melt pool
boundary is shown in (c). The
melt pool boundaries are shown
by dashed lines. Black arrows
indicate primary equiaxed c.
White arrows represent lamellar
c ? a2

Some of the as-fabricated c-TiAl joints were post-weld
heat treated at 1275 C for 2 h followed by air cooling
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(henceforth, these joints will be referred to as PWHTed cTiAl joints).
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Fig. 5 TEM micrographs of asfabricated c-TiAl sample (bulk
region) are shown in (a). A
magnified view of lamellar
c ? a2 region is shown in (b).
The diffraction pattern obtained
from the encircled area in (b) is
shown in (c)

Fig. 6 Micrographs taken at the
outer surface of as-fabricated cTiAl sample. A montage of
optical micrographs taken from
the outer surface to the bulk of
the cylindrical bar is shown in
(a). An SEM-BSE micrograph
of the outer surface of the
cylindrical bar is shown in (b)

Microstructural characterization was carried out on
longitudinal sections cut from the EBM processed c-TiAl
samples as well as from the friction welds. The samples
were prepared using standard metallographic procedures
and were etched with Kroll’s reagent (2 ml HF, 2 ml
HNO3, and 96 ml of distilled water) [17]. Samples were
examined under an Olympus inverted optical microscope
and FEI Inspect-F high-resolution scanning electron
microscope (SEM) equipped with Oxford energy-dispersive X-ray spectroscope (EDS). Both secondary electron
(SE) and backscattered electron (BSE) modes were used
for SEM imaging. X-ray diffraction (XRD) studies were
performed on the as-fabricated and heat treated base
materials using Xpert Pro PANalytical X-ray diffractometer employing Cu-Ka radiation. Using XRD reference

intensity ratio (RIR) method, the volume fraction of different phase constituents was calculated. For transmission
electron microscopy (TEM), thin foil specimens were
prepared by mechanical thinning followed by dimpling and
ion milling. TEM studies were performed on FEI Tecnai
T20 microscope operated at 200 kV.
Micro Vickers hardness tests were carried out using a
Matsuzwa MMT-7 digital microhardness tester (load:
500 g; dwell time: 15 s). The microhardness readings were
taken at an interval of 0.15 mm across the friction weld
interface, and the results were plotted. Room-temperature
tensile tests (as per ASTM E8) were conducted on flat
specimens (4 mm in thickness, 6 mm in gauge width,
24 mm in gauge length, 32 mm in parallel length, 6 mm in
fillet radius, and 100 mm in overall length) extracted from
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Fig. 7 Optical (a) and SEMBSE (b, c) micrographs of heat
treated c-TiAl sample. Melt
pool boundaries are represented
by dashed lines. Black arrows
show primary c grains. White
arrows show lamellar c ? a2.
Yellow arrows show blocky a2

Fig. 8 TEM micrographs of
heat treated c-TiAl alloy
sample. Diffraction patterns
taken from the equiaxed c and
blocky a2 region are shown in
(b) and (c), respectively

the friction welds by wire-cut electric discharge machining.
The tests were conducted both on the as-fabricated/heat
treated c-TiAl base metals and on friction welded joints.
For tensile testing of c-TiAl base metal samples, sub-size
flat tensile coupons (2 mm thickness, 3 mm gauge width,
10 mm gauge length, 12 mm parallel length, 6 mm fillet
radius, and 40 mm overall length) were extracted along the
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Z-direction (such that the loading axis is perpendicular to
the layer interfaces). The tests were conducted using a 30
kN Instron universal testing machine at a strain rate of 10-4
s-1. At least three specimens were tensile tested in each
condition, and average values were reported. The fracture
location and features were analyzed.
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was found to match with the build layer thickness
(* 90 lm). TEM examination of the samples taken from
the bulk of the as-fabricated bars confirmed the presence of
equiaxed primary c and lamellar c ? a2 regions (Fig. 5).
The as-fabricated c-TiAl samples were found to show a
different microstructure close to the outer surface as
compared to the bulk of the cylindrical sample (Fig. 6a).
While the bulk of the as-fabricated samples showed a
predominantly near-c microstructure, the outer surface of
the samples showed a relatively coarse, fully lamellar
c ? a2 structure (Fig. 6b). It was noted that the EBM
parameters used for producing the contour run were different from the filling runs. Also, the contour region was
subjected to multiple reheat thermal cycles during fill/raster
scan of a layer.
Fig. 9 X-ray diffractograms taken from the bulk region of asfabricated and heat treated c-TiAl alloy samples

3.2 Microstructures of Heat Treated c-TiAl
Samples

3 Results and Discussion

The optical micrographs of the heat treated EBM c-TiAl
cylindrical bars are shown in Fig. 7. The heat treatment in
the c ? a phase field was found to result in a homogeneous
duplex microstructure consisting of equiaxed c, lamellar
c ? a2 along with some blocky a2 over the entire height of
the samples (Fig. 7). The presence of blocky a2 in the heat
treated samples was further confirmed through TEM
examination (Fig. 8). Based on XRD studies, the total
amount of a2 was found to be 14 vol.% in the heat treated
samples as compared to 4.5 vol.% in the as-fabricated
samples (Fig. 9).
Further, the coarse-grained structure which appeared at
the melt pool boundaries of the as-fabricated specimens
was seen even after the heat treatment (Fig. 7c). That was
because the alloy was heat treated well below the a-solvus
temperature and cooled relatively slower; therefore, the

3.1 Microstructures of As-Fabricated c-TiAl
Samples
A longitudinal section of the c-TiAl cyclindrical bar in asfabricated condition is shown in Fig. 2. The samples
showed no visible defects/discontinuities except for some
sparse gas pores. The top region of the sample showed
near-lamellar microstructures featuring fine, lamellar
c ? a2 and primary equiaxed c (Fig. 3). The bulk of the
sample showed a duplex/near-c microstructure with fairly
regular alternating layers of coarse and fine grains (Fig. 4).
The melt pool boundaries showed coarse grain structure
with primary equiaxed c and lamellar c ? a2 (Fig. 4c).
The distance between consecutive coarse-grained regions
Fig. 10 Optical micrographs
taken from the outer surface of a
heat treated c-TiAl sample. A
montage of micrographs from
the outer surface to the bulk of
the cylindrical sample is shown
in (a). The coarse lamellar
c ? a2 microstructure in the
outer surface region is shown at
a higher magnification in (b)
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Fig. 11 Microstructures of asfabricated c-TiAl friction
welded joints. a Macrograph of
the weld longitudinal section,
b optical micrograph of the
friction weld, c SEM-BSE
micrograph of the weld
interface

Fig. 12 Microstructures of heat
treated c-TiAl joints.
a Macrograph of the weld
longitudinal section, b optical
micrograph of the friction weld,
c and d low and high
magnification SEM-BSE
micrographs of the weld
interface, respectively

coarse-grained structure at the melt pool boundaries of the
as-fabricated samples could not undergo any major
microstructural changes other than becoming more duplex.
The microstructural differences between the bulk and the
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outer surfaces of the as-fabricated EBM samples continued
to exist even after the heat treatment (Fig. 10a). However,
the lamellar c ? a2 was found to be relatively coarser in
the latter (Fig. 10b).
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Fig. 13 Microstructures of
PWHTed c-TiAl joints.
a Macrograph of the weld
longitudinal section b and c low
and high magnification optical
micrographs of the weld
interface, respectively

Fig. 14 Low (a) and high
(b) magnification SEM-BSE
micrographs taken at the weld
interface of a PWHTed c-TiAl
joint. White arrows show
lamellar c ? a2. Black arrows
show primary c grains. Yellow
arrows show blocky a2

During the 1275 C heat treatment, the as-fabricated cTiAl alloy Ti–48Al–2Cr–2Nb samples stay in the mid-region of a ? c phase field. During cooling, transformation
of a to c continues until the eutectoid temperature at which
the remaining untransformed a transforms to lamellar
c ? a2, resulting in a duplex microstructure consisting of
equiaxed c grains and lamellar c ? a2. In the current
study, the heat treated c-TiAl samples also showed some
blocky a2 regions. The formation of primary c from a
(above the eutectoid temperature) can result in depletion of
aluminum in the adjacent a matrix. Such aluminum-depleted a regions do not undergo eutectoid transformation
into lamellar c ? a2. On cooling below eutectoid temperature, these regions undergo ordering giving rise to blocky
a2.

3.3 Microstructures of As-Fabricated c-TiAl Joints
Figure 11a shows the longitudinal section of a friction
weld produced using as-fabricated c-TiAl samples. As can
be seen, a uniform weld interface without any bonding
defects was obtained. The weld interface showed very fine,
fully lamellar c ? a2 microstructure (Fig. 11c), and no
major microstructural changes were observed in the thermomechanically affected zone and the heat-affected zone
(Fig. 11b). During friction welding of c-TiAl, weld interface experienced temperatures close to the a-transus temperature of alloy Ti–48Al–2Cr–2Nb. The associated severe
plastic deformation and rapid cooling resulted in a very
fine, fully lamellar c ? a2 microstructure at the weld
interface.
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3.4 Microstructures of Heat Treated c-TiAl Joints
Defect-free welds with a straight weld interface were
obtained in heat treated c-TiAl cylindrical bars as well
(Fig. 12a). No abnormalities were observed in the

thermomechanically affected zone and the heat-affected
zone (Fig. 12c). The weld interface showed very fine, fully
lamellar c ? a2 microstructure (Fig. 12d), very similar to
that of as-fabricated c-TiAl joints.
3.5 Microstructures of Post-Weld Heat Treated cTiAl Joints
The as-fabricated c-TiAl friction welds were subjected to a
post-weld heat treatment (PWHT) cycle same as the one
used for heat treated c-TiAl samples (1275 C/2 h/air
cooling). The welds responded very well to the PWHT, the
weld interface was indistinguishable, and the microstructures across the weld were uniform (Fig. 13). The fully
lamellar structure at the weld interface of as-fabricated cTiAl joints got completely converted to a fine duplex
microstructure after PWHT. The microstructural features
were same as described in heat treated c-TiAl samples
earlier (Fig. 14).
3.6 Mechanical Properties

Fig. 15 Microhardness plots of c-TiAl friction welded joints under
various conditions

Fig. 16 Typical tensile stress–strain plots of c-TiAl samples tested
under various conditions

The hardness plots of the friction welds produced in different conditions are shown in Fig. 15. The friction welds
produced in as-fabricated and heat treated c-TiAl samples
showed a significantly high hardness at the weld interface
when compared to the bulk of the base material. In both
conditions, the presence of very fine, fully lamellar c ? a2
microstructures at the weld interface was responsible for the
higher hardness at the weld interface. The hardness distribution was more uniform in the heat treated c-TiAl joints
compared to the as-fabricated c-TiAl joints. In the case of
PWHTed joints, the high hardness at the weld interface of
the as-fabricated joints dropped to the level of base material
hardness and the hardness plot was almost flat with no
apparent difference between the weld interface and other
regions. The microstructural uniformity across the sample
after the post-weld heat treatment could be attributed to
their homogeneous duplex microstructure across the weld.
The tensile stress–strain plots of EBM processed c-TiAl
samples and friction welded joints under various conditions
are shown in Fig. 16. The average tensile values are

Table 4 Results of tensile testing
Sample

Tensile strength (MPa)

Elongation (%)

Failure location

As-fabricated c-TiAl

192 ± 12

1 ± 0.2

–

2 ± 0.5

–

Heat treated c-TiAl

386 ± 7

As-fabricated joints

40 ± 8

Heat treated joints
PWHTed joints
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–

Weld interface

234 ± 10

1 ± 0.4

Weld interface

366 ± 6

2.5 ± 0.5

Base metal
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Fig. 17 Macrographs showing
the location of tensile fracture:
a as-fabricated, b heat treated,
c PWHTed c-TiAl joints

Fig. 18 SEM fractographs of
as-fabricated (a), heat treated
(b) and PWHTed (c) c-TiAl
joints

reported in Table 4. The as-fabricated c-TiAl samples
showed brittle fractures with very low tensile strength and
elongation values due to heterogeneous, lamellar c ? a2
microstructure. However, the heat treated c-TiAl samples

showed significantly higher tensile strength and elongation
values due to their homogeneous duplex microstructure.
These results are consistent with the tensile test data
reported by Biamino et al. [10].
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The tensile tests performed on the friction welds made
with as-fabricated base material showed very poor tensile
properties (with a joint efficiency of * 45%). The samples
were found to fail exactly at the weld interface (Fig. 17a).
The heat treated friction welds also showed inferior
mechanical properties (with a joint efficiency * 60%)
with tensile fractures at the weld interface, just as in the asfabricated c-TiAl joints (Fig. 17b). Although the heat
treated c-TiAl base metal samples showed very good
mechanical properties, the very high hardness at the weld
interface and the associated fully lamellar microstructure
could have caused those premature failures. The PWHTed
joints exhibited much improved tensile properties with near
100% joint efficiency, with tensile fractures occurring in
the base material far away from the weld interface
(Fig. 17c). The duplex microstructures and the associated
uniformity in hardness across the weld joint resulted in
realizing good joints with better mechanical properties.
Fracture surface examination of all the tensile specimens
revealed fracture in brittle cleavage mode (Fig. 18).

4 Conclusions
•

•

•

•

Rotary friction welding can be successfully employed
to join EBM fabricated c-TiAl parts in as-fabricated as
well as heat treated conditions.
In as-welded condition, friction welds produced
from as-fabricated or heat treated c-TiAl cylindrical
bars produced by EBM exhibit a fully lamellar c ? a2
microstructure at the weld interface. Consequently, the
joints do not show satisfactory tensile properties and
failures tend to occur at the weld interface.
Friction welds produced from as-fabricated or heat
treated c-TiAl cylindrical bars assume satisfactory
tensile properties after a post-weld heat treatment at
1275 C. The post-weld heat treatment produces a very
homogeneous duplex microstructure at the weld interface. Tensile failures in post-weld heat treated joints
occur in the base material away from the weld
interface.
Heat treatment of EBM c-TiAl parts before friction
welding does not confer any particular benefits. It is
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therefore more appropriate to consider friction welding
of EBM c-TiAl parts in as-fabricated condition.
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