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Abstract: Nanoindentation and Vikers indentation tests were carried out to characterize the hardness and elastic modulus

profiles in the vicinity of welding area for TC11/Ti,AINb alloys in different conditions. Distribution of nano/micro scale

mechanical behavior was analyzed in combination with the microstructure. The results show that the decomposed martensite o'

phase is the major contributor to the reduction in hardness of the heat affected zone of TC11 alloy. Phases precipitated in

welding zone and heat affected zone of Ti;AINDb alloy result in an increase of the hardness. Forging and heat treatment

processes can improve the elastic modulus of the welding area. After welding, the elastic modulus is only ~92 GPa in the

welding zone, but the value increases to ~130 GPa after heat treatment. Meanwhile, the yield strength of the welding zone

increases after deformation treatment, which is consistent with the variation of hardness and elastic modulus in the welding

area.
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Titanium alloy TC11 and Ti,AINb-based intermetallics are
widely used in aerospace for their attractive properties such
as strength, weight ratio and creep resistance!" *
beam welding (EBW) is a fusion welding process with high

. Electron

density of energy in a vacuum environment, which can be
used to join refractory metals and dissimilar alloys without

filler metals

. After EBW process, the microstructures of
weld are solidified crystals with coarse columnar grains and
equiaxed grains. Hot processing can improve the
microstructure of the weld and enhance the weld
performance!. For the joining of Ti-Al-Nb alloy to titanium
alloy using EBW technique, some works have shown that the
tensile strength of dissimilar alloys joint is well®”). The
mechanical properties in the bore and rim of compressor disc
are different. If the Ti;Al base ordered intermetallic alloy is
joined with TC11 alloy, the combination disc can meet
different performance requirements'®’.

Oliver-Pharr analysis for nanoindentation has been proven
an effective and convenient method of determining the elastic

modulus (E) and hardness (H) of solids'™. Tt has been rapidly
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developed and widely used to identify the phases clearly and
to characterize the mechanical properties of materials in micro
or even nano scale’™ ' Additionally, some works have been
done to analyze the hardness variation of welding interfaces
using  nanoindentation”'®.  Lee!'”  found  through
nanoindentation test that the hardening effects are caused by
the precipitation of the y' phase in Ni;Al-based alloy. During
the welding process, elemental diffusion causes the
microstructure of the fusion zone to be different from that of
the base metals. It is difficult to quantitatively characterize the
interface using a conventional experimental technique. To date,
the researches on welding dissimilar titanium alloys using
EBW are mainly focused on the microstructure and tensile
strength®”. There are few reports on the mechanical
properties of welding interface using nanoindentation.

In the present study, TC11 alloy and Ti,AINb-based
intermetallics were joined by EBW process, followed by
forging and heat treatment. The main aim of this work is to
show how much mechanical properties are influenced by

nanoindentation technique in different conditions.
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1 Experiment

Two alloys were both forged to required dimensions and
spark machined to cuboid specimens (20 mmx25 mmx35 mm
for EBW and 20 mmx25 mm surface for welding). The mi-

crostructures of base metals for welding are illustrated in Fig.1.

The parent TC11 alloy presents a typical bimodal microstruc-
ture consisting of an equiaxed o with an average grain size of
5 um and transformed £ with a secondary lamellar o thickness
of 0.6 um (Fig.1a). The microstructure of Ti,AINb alloy is
composed of a,+O+B2 phases, in which a, phase is distrib-
uted in the grain boundary and fine O phase is precipitated in
the B2 matrix (Fig.1b).

The welded surfaces were polished and cleaned before
welding. Welding experiments were conducted using a
KS55-G150 model EBW machine. The welding parameters
are listed in Table 1. After welding, nearly isothermal defor-
mation was carried out on THP-630A model hydraulic ma-
chine which allows the specimens to be pressed at a constant
strain rate. During the deformation process, the temperature of
dies was kept at 950 °C. The specimens were heated to the
appointed temperature 980 °C and held in the box heat treat-
ment furnace for 18 min. The deformation direction was par-
allel to the welding interface. After forging, the specimen was
air cooled (AC). Subsequently, heat treatment of specimens
with 960 °C/1 h, AC + 600 °C /4 h and AC was carried out in
the heat treatment furnace. HV indentation was performed using
an indenter load of 0.98 N with 15 s loading time, and the in-
dentations were spaced 250 um apart. Nanoindentation testing

Fig. Microstructures of base metals for EBW process: (a) TC11
alloy and (b) Ti>AIND alloy

Table 1 Welding parameters of TC11/Ti,AINb dual-alloy

Parameter Accelerate Focusing cur-  Welding VZel(fi:ldr}g
voltage/kV ~ rent/mA  current/mA HI: sl
Seal welding 150 2250 8 8
Welding =5, 2250 14 8
(one side)
Welding
(other side) 150 2250 10 8

was conducted by a Triboscope nanomechanical testing sys-
tem (Hysitron, Minneapolis, MN) equipped with a scanning
probe microscope for imaging. The modulus and hardness
values were calculated based on the indentation load-dis-
placement data via the Oliver-Pharr method™. The applied
load was 300 mN with 50 s loading and unloading segment
time and 5 s of holding time.

2 Results

2.1 Materials

The microstructures of welding zone in different conditions
are shown in Fig.2. Fig.2a and 2b show the microstructures of
TC11/Ti,AIND alloy weldment under welding condition. The
near HAZ of TC11 alloy is mainly composed of martensite o'
phase that is arranged in a random direction. The f grains are
strongly coarsened during the welding process (Fig.2a). Fig.2b
shows that the HAZ of Ti,AIND alloy consists of a single S
phase due to the high Nb content of Ti,AINb alloy, and the
grain boundaries extend to the welding zone. The welding
zone is also composed of /8 grains.

After nearly isothermal forging, the microstructures of
welding area change greatly (Fig.2c, 2d). It should be noted
that the deformation temperature (980 °C) is within (at+f) two
phase region and (a,+O+B2) three-phase region for TCI11 al-
loy and Ti,AINb alloy, respectively. Many « laths appear in
the HAZ of TC11 alloy with the content of about 70% (Fig.2c¢).
This is because the martensite o' phase is mainly transformed
into a laths and residual § phase during the high temperature
heating process before deformation. During the deformation
process, these o laths are deformed along the metal flowing
direction, resulting in the morphology of the microstructure
above. After deformation, the grain boundaries in Ti,AINb
HAZ are composed of a, phase and expand to the fusion zone
(Fig.2d). As the deformation temperature is high, the fusion
zone has a few phases precipitated with the recrystallization of
[ grains.

The microstructures of TC11/Ti,AINb alloy weldments af-
ter heat treatment are shown in Fig 2e and 2f. It can be seen
that the microstructure of HAZ of TC11 alloy consists of pri-
mary a and transformed f. a laths and residual S phase ob-
tained from the deformation process are transformed during
the heat treatment. The secondary a phases precipitate from
the residual f phase, resulting in the transformed S micro-
structure. At the interface front of HAZ of TC11 alloy, the mi-
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Fig.2 Microstructures of welding zone in different conditions: (a, b) welding, (c, d) forging, and (e, f) heat treatment

crostructure consists of acicular a which precipitates and
grows during the heat treatment. The microstructure of weld-
ing zone near HAZ of Ti,AINb alloy changes significantly af-
ter heat treatment and more @, phases precipitate, which is
different from the microstructure of welding zone near HAZ
of TCI11 alloy (Fig.2f). This is because the Al content in this
area is high, which benefits the precipitated a, phases.
2.2 Microhardness investigation

Fig.3 shows the Vickers microhardness (HV, ) profile ob-
tained across the HAZ of the welding zone. The hardness var-
ies obviously in different conditions. These results are related
to the microstructures obtained by different processes. The
hardness of HAZ of TC11 alloy in welding condition is higher
than in other conditions. During welding, the HAZ of TCI11
alloy consists of hard phase martensite o' because the tem-
perature of the welding zone exceeds the  phase transforma-
tion point of base metal. The hardness of the welding zone and
HAZ of Ti,AIND is lower, 2.95 and 3.15 GPa, respectively,
because these areas are mainly composed of soft S phase. Af-
ter forging, the hardness of HAZ of TC11 alloy drops while
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Fig.3  Vickers microhardness indentation profile across the weld

hardness of other areas increases. This is because the HAZ of
TC11 alloy consists of a phase after forging whose hardness is
lower than that of a' phase. While a, phase at grain boundary
and a little a, phase in grains are precipitated in welding zone
and HAZ of Ti,AINb alloy, resulting in an increase in the
hardness. Compared with forging condition, hardness in-
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creases in all areas after heat treatment condition. Hardness in
HAZ of TC11 alloy reaches 3.93 GPa, while it reaches 4.61
and 4.71 GPa in welding zone and HAZ of Ti,AIND alloy, re-
spectively. Combined with the microstructures mentioned
above, it is suggested that precipitation hardening is one of the
reasons for determining the hardness.
2.3 Nanohardness investigation

For microhardness and nanohardness investigations, uni-
form specimens were used. However, it should be mentioned
that exactly the same area cannot be investigated, but similar
properties in adjusted regions of the microstructure were as-
sumed. Typical load progression (load-displacement or P-/)
curves during nanoindentation for HAZ of TCI11 alloy and
welding zone under heat treatment condition are shown in
Fig.4a. Micrograph of Berkovich impression for HAZ and
welding zone is shown in Fig.4b. Based on the half-space
elastic deformation theory, hardness (H) and elastic modulus
(E) values can be extracted from the experimental data (load-
displacement curves) using the O&P method . Conventional
nanoindentation hardness refers to the mean contact pressure;
this hardness, which is the contact hardness (H.), can be cal-
culated based on Eq.(1~3)".

. "
A4
where
4 = 24.5},02 +Ch, + Czhcm T C8h01/128 @)
and
P
ho=hy mog 3)
[ max S

where A, is projected contact area between the tip and the
substrate at peak load, /., is total penetration depth of the
indenter at peak load, P, is peak load at the indenter dis-
placement depth /,,,, and ¢ is an indenter geometry constant
equal to 0.75 for Berkovich indenter. S is unloading stiffness
defined as the initial slope of the unloading load-displacement
curve at the maximum depth of penetration. The expressions
for calculating the elastic modulus from indentation experi-

ments are based on Sneddon’s elastic contact theory !'*):

g - Sin )
TN
where f is a constant that depends on the geometry of the in-

denter (8=1.167 for Berkovich tip)!'*..
It is assumed that the surface effects on the nanohardness

can be minimized since the specimens were chemically etched
and indentation depth was about micron scales. Referring to
the P-h curves of HAZ of TCI11 alloy and welding zone in
Fig.4a, the slope of the curves increases due to increase in
contact area during indentation. The maximal indenter dis-
placement (/) at a peak load of 300 mN for HAZ of TC11
alloy is 1747 nm, larger than 1604 nm of welding zone, and
the final displacement after complete unloading (%;) is 1432
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Fig.4 Load-displacement curves of TC11 alloy (a) and image of
Berkovich impression with marked indentation lines (b)
(D1: welding zone, D2: HAZ)

and 1229 nm, respectively. The elastic modulus for welding
zone is 129.26 GPa, while it can reach 143.26 GPa in HAZ of
TC11 alloy. However, the nanohardness of HAZ of TC11 al-
loy (4.71 GPa) is lower than that of the welding zone
(5.96 GPa).

Elastic modulus and nanohardness (H,,,,) profiles of weld-
ing interface in different conditions are shown in Fig.5.
Nanoindentation tests were performed to characterize the me-
chanical property in the vicinity of the weld area. In the same
condition, the elastic modulus and nanohardness in different
areas within the welding zone have few differences. The F
profiles in the welding areas present a “U” shape, indicating
that the E of welding zone is lower than that of the base metals.
After welding, E in welding zone is only ~92 GPa, which is
because the microstructure of welding zone is composed of f
phase. The constituent phases of titanium alloys have different
elastic modulus values. The f phase exhibits a significantly
lower elastic modulus than a phase !'” >\, Moreover, Kim et
al”have reported that metastable 8 phase has a lower elastic
modulus than stable £ phase. In different conditions, the E of
welding zone changes greatly. In association with the micro-
structures, during forging process, metastable f obtained from
the welding process is transformed into stable phase and a few
a, phases precipitate along the grain boundaries.
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During heat treatment process, the microstructure of weld-
ing zone near TC11 alloy was composed of acicular a phase,
which was composed of a, phase near the Ti,AINb alloy.
Change in microstructures results in an increase of the E. It
can be observed that E of the two areas after heat treatment is
at the same level for ~130 GPa, increased by 41% compared
with that after welding condition. In welding condition, the £
of HAZ of TCI11 alloy and Ti,AINb alloy is ~135 and ~127
GPa, respectively, and after heat treatment process, E of the
two areas increases to ~149 and ~148 GPa, respectively. These
changes are principally concerned with the microstructures of
o phase (HAZ of TC11 alloy) and a, phases (HAZ of Ti,AINb
alloy) precipitated. Meanwhile, the solution strengthening
during heat treatment process also has a positive effect on the
E value. Tang et al** have reported that E of Ti,AINb-based
alloy with B2 and B2+O phases is ~100 and ~120 GPa, re-
spectively, similar to the present results.

From Fig.5, it can be seen that nanohardness has the same
change trends with Vickers microhardness. For the welding
condition, the nanohardness is ~4.59 GPa in the HAZ of TC11
alloy, ~3.73 GPa in the welding zone, and ~4.31 GPa in HAZ
of Ti,AIND alloy. In the HAZ of TC11 alloy side, the nano-
hardness descends as the o' phase is decomposed during forg-
ing or heat treatment process. After heat treatment process, the
nanohardness of welding zone reaches ~5.98 GPa, increased
by 60% compared with that in the welding condition. It sug-
gests that the hardness and elastic modulus of welding zone
can be increased through forging and heat treatment. Similar
to the HV, the max nanohardness appears in the HAZ of
Ti,AIND alloy after heat treatment which reaches ~6.28 GPa.

It can be found that transverse distribution of HV and H,,,,
presents the similar shape and the values of base metals and
welding zone decrease in parallel. But the values of nano-
hardness are higher than that of Vickers hardness. This is
largely due to the indentation size effect!'”**). In comparison,
the Vickers hardness is a macroscopic measurement that is the
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average value of grain boundary, precipitation, base matrix,
etc. The nanoindentation is used to characterize the micro-
hardness, elastic modulus of materials in micrometers and
even several hundreds of nanometers. So the nanoindentation
can be used in smaller areas. The experimental results show
that the HV test results can be reliably compared with the
Hono test with a
Berkovich indentation. So the H,,,, and HV tests can be used
complementarily to analyze the hardness distribution of elec-

obtained from the nano-mechanical

tron beam welded alloys.
2.4 Mechanical properties at room temperature

The tensile properties of the weldments in different condi-
tions at room temperature are given in Table 2. It can be noted
that the tensile yield strength increases after forging+heat
treatment. In welding condition, the yield strength (YS) is
only 920 MPa, while after deformation treatment, the yield
strength increases to 1140 MPa. The tensile fractographs of
dual-alloy weldments are shown in Fig.6. The weldment after
welding shows the intergranular fracture as the welding zone
consists mainly of f grains (Fig.6a). In Fig.6b, the fracture
morphology shows a predominantly transgranular fracture
over the fracture surface with shallow dimples and torn edges.
In the welding condition, fracture accompanied with necking
occurs in the HAZ of Ti,AINb and welding zone. This is be-
cause the microstructure of HAZ of Ti,AINb predominantly
contains S phase which has a better plasticity and a low
strength. The tensile deformation easily occurs in this area.
After deformation treatment, phases precipitated in HAZ of
Ti,AINb and weld will affect the mechanical properties, re-
sulting in an increase in the yield strength and difficulty in
tensile deformation. It can be seen that phases precipitated can
improve the yield strength and reduce the elongation. Com-
pared with Fig.5, the sharp increase in hardness and elastic
modulus after deformation treatment is consistent with the re-
sults of the tensile test, in which an increase of the yield
strength was observed.
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Fig.5 Elastic modulus (a) and nanohardness Hnano(b) of welding interface in different conditions
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Table 2 Mechanical properties of weldments in different condi-

tions at room temperature

. UTS/  YS/ .
Condition Elongation/%  Fracture area
MPa MPa
Welding 935 920 6.5 Weld
Deformation 1190 1140 3.2 Weld

Fig.6 Tensile fractographs of dual-alloy weldments in different
conditions tested at room temperature: (a) welding and
(b) deformation treatment

3 Conclusions

1) The decomposed martensite ' is the major contributor to
the reduction of hardness in HAZ of TC11 alloy. Phases pre-
cipitated in welding zone and HAZ of Ti,AINb alloy result in
an increase in the hardness.

2) The elastic modulus profile of welding area presents a
“U” shape. Forging or heat treatment can improve the elastic
modulus. After welding, the elastic modulus is only ~92 GPa
in welding zone, but it increases to ~110 and ~130 GPa after
forging and heat treatment, respectively.

3) The transverse distribution of HV and H,,, presents the
similar shape and the values of base metals and welding zone
decrease in parallel. The measured values of nanohardness are
higher than that of the Vickers microhardness,

4) After deformation treatment, the yield strength of weld-
ing zone increases, consistent with the results from the

nanoindentation test, in which an increase of hardness and
elastic modulus in welding zone is obtained.
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