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Abstract

The performance of diffusion bonding is critically dependent on the surface finish and
the bonding pressure holding the mating surfaces together for an appropriate time. Effects of
surface finish and pressure on the bonding performance of Ti-25A1-10Nb-3V-1Mo super alpha
two titanium aluminides were investigated at the temperature of 1000°C for 1 h holding time.
Results showed that successful diffusion bonding was achieved using 800 Grit/15 MPa and 180
Grit/20 MPa surface finish and pressure combinations. It was also shown that the bonding
pressure and surface finish combinations used in this study affected the microstructure and
the physical appearance of bond line in all specimens.
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1. Introduction

Titanium aluminides received considerable atten-
tion as potential materials for use in future aircraft
and aerospace vehicles due to their high temperature
stability, excellent strength to weight up to temperat-
ures well above 700°C, and creep and oxidation res-
istance at elevated temperatures. However, their low
tensile ductility and poor toughness at lower temper-
atures limited their use as with many aluminides [1-
3]. Alloys of interest in industry are mainly based on
TizAl (a2) and TiAl (7). One of the aluminides which
were considered for such applications is Ti-25A1-10Nb-
-3V-1Mo TiszAl based super s titanium alloy. Su-
per as phase containing titanium aluminides was
developed to provide improved elevated temperat-
ure mechanical strength and environmental resist-
ance in possibly skin and turbine replacement for
heavy nickel alloys. Conventional titanium alloys
are insufficient when exposed to aerodynamic heat-
ing at high speeds as a skin material for super-
sonic space vehicles. Therefore, Ti-25A1-10Nb-3V-1Mo

TizAl based super s titanium alloy can be a sub-
stitute for heavy nickel base superalloys for tur-
bine application materials of conventional aircraft
engines [3, 4]. The majority of work regarding Ti-
-25A1-10Nb-3V-1Mo alloy concentrated on its mech-
anical and oxidation properties. The microstructures
formed after thermomechanical processing and heat
treatment regimes were found to impose a strong ef-
fect on the mechanical properties of Ti-25AI-I0Nb-
-3V-IMo alloy. The secondary as produces optimum
mechanical results because of its needle-like shape [5—
7).

Several welding techniques have been used to join
similar alloys based on super as (TizAl) titanium alu-
minides. In fusion welding processes, the zone that
is affected by the intense heat contains undesired
changes. Variations in hardness, the formation of ox-
ides and carbides, high thermal stresses and sub-
sequent cracks, micro-segregation in the heat-affected
zone are some problems experienced in fusion weld-
ing [8, 9]. Defect-free welds of titanium alloys have
been produced using fusion welding techniques such
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as Electron Beam Welding (EB), Laser Welding and
Gas Tungsten Arc Welding (GTAW), however, mech-
anical properties of the final welds are generally not
satisfactory and poor ductility and weld surface cracks
have been reported [8, 10, 11]. In contrast to fusion
welding method, diffusion bonding can successfully be
applied to Ti25A110Nb alloys by Wu et al. [12]. In
their work, an interlayer of TiAls coating and/or alu-
minium foil were also used to join the alloy and then
followed by post bonding heat treatment that was
applied to improve the bonding capacity. The diffu-
sion bonding of Ti-25A1-10Nb3V-1Mo alloy to other
alloys was also studied by Islam and Alam [13] by
using microduplex IMI-325 (Ti-3Al-2.5V) and IMI-
318 (Ti-6Al-4V). A maximum pressure of 10 MPa and
temperature of 940°C for 1 hour of holding time was
enough to form sound weld lines. Nevertheless, ti-
tanium alloys respond well to diffusion bonding since
they present good void closure ability during diffusion
bonding process due to their superplasticity property
[2]. A titanium intermetallic alloy, Ti-24A1-14Nb-3V-
0.5Mo, was also diffusion bonded and its superplastic
behaviour was studied in detail with an output that 3
phase played a crucial role in the plastic deformation
during diffusion bonding [14].

In this research, diffusion bonding of Ti-25Al-
-10Nb-3V-1Mo super as (TizgAl) titanium aluminide
was carried out with varying pressure and surface fin-
ish. Diffusion bond line was characterized by using
Scanning Electron Microscope (SEM) and hardness
measurements.

2. Experimental procedure

Ti-25A1-10Nb-3V-1Mo alloy was manufactured us-
ing vacuum arc melting method. The pieces cut from
the same batch were machined to rectangular size and
each surface was checked for flatness and deforma-
tion. The specimens used for metallographic examina-
tion were 25 mm X 25 mm X 5 mm pieces ground par-
allel on two opposite faces. The fabrication of diffusion
bonds was carried out using a vacuum hot press. All
specimens were slowly cooled to room temperature by
20°C min~!. In a previous work [15], a good bond was
achieved using a combination of 1000°C/10 MPa for

Table 1. Diffusion bonding conditions in this study

Set Pressure (MPa) Surface finish

1 15
2 15, 20, 30

180 Grit, 800 Grit, 1 um
180 Grit

1 h. Based on this data a temperature of 1000°C and a
holding time of 1 h were selected and pressure values
of 15, 20 and 30 MPa were employed, respectively. The
surface treatment is necessary before diffusion bond-
ing to remove the surface oxides and provide a clean
surface. To determine the effect of surface finish on
bond line voids a surface finish of 180 Grit, 800 Grit,
and a 1pum polish were used (see Table 1). For the
ease of plotting the results, a Grit-to-micron conver-
sion table [16] was referred and corresponding micron
values are as follows: 180 and 800 Grit are 82 and
21 micron, respectively. For the first set of specimens
(bonding pressure experiments), the opposite surfaces
were ground to 180 Grit to be diffusion bonded under
the condition of 1000°C/1 h with varying pressures of
15, 20 and 30 MPa. This surface finish was used for
bonding pressure changes because polishing to 1 um
or 800 Grit finishes are not realistic for labour costs.
For the second set of specimens (surface finish experi-
ments), the opposite surfaces were ground to 180 Grit,
800 Grit, and 1 pm (diamond paste) to be diffusion
bonded under the condition of 1000°C/15 MPa/1 h.
In order to examine bond line microstructure, spe-
cimens were sectioned perpendicular to bond lines.
Void lengths were measured and divided by total bond
length to determine a void percentage along the bond
line. For all samples, 10% HF+40% HNO3z+distilled
water (bal.) solution was used for etching. All micro-
hardness measurements were performed using Leitz
microhardness tester and Shimadzu microhardness
tester on microphases on both bonds made with differ-
ent surface finishes and pressures on individual phases
and up to 500 um perpendicular to bond line. Each
hardness value was, at least, the average of 3 hard-
ness test results. All samples prepared for microscopy
were examined with Jeol JXA Electron Probe Mi-
croanalyzer Scanning Electron Microscope operated at
20 kV. Images were taken to show relevant microstruc-

Table 2. Results obtained from surface finish test specimens produced with combination of 15 MPa bonding pressure
with changing surface finish

Surface finish

Bond line observation

% of linear porosity (voids)

180 Grit Visible with smaller degenerated a grains
800 Grit Visible with normal appearance
1 um Not visible

~ 10 %
Less than 1 %
No porosity
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tures and voids in the bond line. The volume fractions
of the phases along the bond line were calculated for
the 10 um thick band on both sides of the bond line
by a spot counting method using at least three SEM
images taken at different magnifications. The total
deformation percentage was calculated following the
bonding process by simply measuring the total thick-
ness of the specimens parallel to direction of bonding
pressure before and after the experiment. Void closure
behaviour or void percentage was defined as the ratio
of total length of voids to total bond length along the
bond line.

3. Results and discussion
3.1. Surface finish tests

The aim of this experiment was to determine the
effect of surface finish on void closure across the bond
line and the effect of cold worked surface layer to bond
line formation. A classification of bond line morpho-
logy is made in Table 2.

For 180 Grit specimens, the void percentage across
the bond line was measured to be close to 10 %,
which is well above a predetermined value of 1 %. The
reason for this is that the surface asperity height and
wavelength prevented the full surface contact; hence,
larger bondline void size along the bond line was in-
evitable. Further increase in either or both pressure
and holding time could reduce void size by increasing
contact area. When bond line was examined at high
magnification (Fig. 1a) smaller grains appeared to be
g grains which were grouped at the interface along
the bond line, being possibly a preferential phase pre-
cipitation of secondary ay phase in retained beta mat-
rix. Furthermore, the operation temperature is very
close to the primary as = [ phase transformation.
Although this may be evaluated as dissolution of sec-
ondary as but the shape of these grains indicates that
during cooling, secondary as grains may have over-
grown as a result of slow cooling and high temperature
solution treatment.

In contrast to 180 Grit (Fig. 1a), 800 Grit surface
finished specimen produced a bond line with a few
voids. In the same places, there was no apparent bond
line; this shows that this surface finish is close to ideal
bond conditions (Fig. 1b). For 1 micron surface finish,
the bond line could not be distinguished from parent
metal microstructure (Fig. 1c). This bonding seems
to be ideal because there are no visible voids along
the bond line; however, a secondary ay phase had al-
most disappeared along the bond line at the expense
of primary as grains in § matrix. 3 refers to the high
temperature disordered b.c.c. phase found in Ti-25Al-
-zNb system. B2 (o) is the ordered derivative of the
( phase; ordering occurs near 3 transus temperature.

Fig. 1. Diffusion bonded specimens with 180 Grit (a), 800

Grit (b) and 1 pm (c) surface finish (dark globular, dark

needle-like and grey features are primary as, secondary o
and retained 3, respectively).

Above the g transus (~ 1060°C) single phase 8 or B2
phase exists. Below the § transus temperature the as
phase is present; «g refers to the ordered hexagonal
structure of TizAl formed in alloys from none to some-
where less than 15 at.% Nb [17, 2, 3]. The primary as
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Table 3. Volume fractions of phases existing along the
bond line in all specimens

Surface finish Secondary a2 + Primary as

180 Grit 63.4 26.6
800 Grit 29.5 70.5
1 pum 38.3 61.7

phase is stable until 1060°C but at this temperature,
this phase does not go into solution unlike secondary
g and during slow cooling, § phase does not trans-
form to secondary as completely which is diffusion
controlled process requiring time to complete trans-
formation [18, 19]. Atomic flux through as /3 interface
appears to be not enough to complete 3 transforma-
tion to secondary s, which is merely related to oper-
ating temperature and solubility effects [17]. Having a
rich content of Al, as also contains some Nb due to the
stabilizing effect from V and Mo additions. However,
it also needs the influx of V and Mo in the presence of
high amount of Al to supersature s in order to trans-
form to 3 phase, which is prevented due to the low sol-
ubility of Nb [18, 19]. It is observed that the volume
fraction, and hence the area of secondary as+( mat-
rix is in increase as the surface roughness increases
(Table 3). If it is considered that deformed layers may
help to form fresh grains at appropriate temperatures
such as one third of melting temperature, it can be
said that the highly deformed layer has re-crystallized
on both sides of the bond line with the same crystal-
lographic preference as the matrix. In later steps of
bonding, these grains may be eventually transformed
to 3 before the precipitation of secondary as occurred.

An ideal bond line was obtained with 1 pm surface
finish since there was no important change in micro-
structure and secondary as grains did not completely
disappear in transformed ( matrix (Fig. 1c). However,
because of the fine surface finish, very close surface to
surface contact and no voids along the bond line were
observed. But in some regions the shape of oy grains
are uneven and primary ae grains are overgrown along
the bond line; this can be attributed to an emerging ef-
fect of secondary as grains between primary g grains.
The (8 phase was still dominant phase along the bond
line.

The mechanical properties of materials are strong-
ly related to the microstructure, i.e. the shape of
the primary as and spatial distribution of second-
ary ag phase. Secondary «g is very important for
tensile strength and creep performance because the
structure consists of needle-like secondary «s, which
is harder than 8 matrix. A microstructure consisting
of colonies formed by a9 platelets can result in a high
fracture toughness, high crack propagation resistance

Fig. 2. Bond line voids observed in diffusion bonded spe-
cimens 15 MPa (a), 20 MPa (b) and 30 MPa (c).

and superior creep strength when compared to the
duplex microstructure consisting of lamellar colonies
and single phase gamma grains [20]. When secondary
alpha-two goes into solution, lower tensile and creep
strength should be expected. In this work the effect of
surface finish on bonding behaviour agrees with earlier
works [19, 20].
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3.2. Pressure

The bond line images of specimens bonded at vari-
ous pressures with 180 Grit surface finish are shown
in Fig. 2. When the specimen bonded at 15 MPa/180
Grit was examined, smaller secondary a, grains and
primary «s grains along the bond line were observed
(Fig. 2a). In 20 MPa/180 Grit specimen, however, a
void size decreased dramatically and hence the bond
line and the appearance of bond were very good
(Fig. 2b). On 30 MPa/180 Grit bond line, smaller sec-
ondary a grains and overgrown primary o grains
were shown to be located near bond line (Fig. 2c);
there is no apparent bond line feature.

In diffusion bonding, void closure is the main ob-
jective of the process. This is directly affected by the
amount of pressure applied as some of process para-
meters during bonding will be active, such as super-
plasticity and deformation of asperities. As the pres-
sure increases the void shape varies but interestingly
after a certain length of time the void closure will
be determined by diffusion and grain growth mechan-
isms. As seen in Fig. 2 the void shape becomes smal-
ler and more cylindrical as the bonding pressure in-
creases. This observation agrees with the modelling of
void closure proposed by Hill and Wallach [22] and
investigated by Allen and White [23]. This indicates
that the process is time dependent, in other terms, it
is a diffusion controlled after the destruction of sur-
face asperities. The possible mechanism accounted for
at this stage may be surface source mechanism. At
the beginning of bonding process, the main diffusion
mechanisms may be interface and bulk deformation
mechanisms which are supposed to be fast and effect-
ive in eliminating the large voids.

At higher temperatures some materials show su-
perplastic behaviour during isostatic diffusion bond-
ing in titanium aluminides, super ao [24, 25]. The
same authors [24, 25] found that as the surface rough-
ness increases the contribution of superplasticity fea-
ture to bonding also increases. In contrast to this,
as the roughness decreases (1200 Grit, finer polish-
ing, etc.) other mechanisms (interfacial diffusion) be-
come more effective in bonding. However, bonding
capacity is not directly related to superplasticity, it
just accelerates the formation of bond across the
interface. This feature is mainly dependent on the
grain size; the fine grained materials are more suit-
able for superplasticity as the creep mechanism is
readily achieved. This contributes to bonding form-
ation [26]. Although, dynamic grain growth was re-
ported during superplastic deformation of the su-
per az alloy at 980°C [27]. In the same work, when
the temperature of deformation was increased up
to 1050°C, additional transformations were observed
and dynamic grain growth took place, leading to
the formation of nodules of as phase with the size

o
=
el
Ln

. 80 E
€70 1% - 30 =
=00 4 “E'
2 50 A 2
£ 40 4 —+—DefSF [ 2% £
@ : &
E 30 - ‘ VoidSF 2
E 5 A —a—DefBP | 20 £
90 4 =e=V\oidBP =

&

0 +A T .X} ]5
0 5 10

Deformation, Void (%)

Fig. 3. The effect of bonding pressure and surface finish on
total deformation and void closure behaviour (deformation
(DefSF) and void (voidSF) percentages with respect to
surface finish; deformation (DefBP) and void (void BP)
percentages with respect to bonding pressure; 180 and 800
Grit were taken as 82 and 22 microns, respectively [16]).

larger than 10 pm. This may be the case in this
study.

3.3. Microhardness, deformation and void
measurement results

In Fig. 3, total deformation percentage, bonding
pressure, void closure behaviour, i.e. void length frac-
tion and surface finish values are given. When the
bond lines are examined the percentage of voids in
15 MPa bond line was more than 6 %, in other bond
lines, it was less than 1 %. This shows that 20 MPa
bond pressure may produce a better bond perform-
ance. Indeed, when the 20 MPa bond line is examined,
it can be seen that there are no distinct changes in
microstructure (Fig. 2b). Although a pressure of 30
MPa produced a good bond but the total deforma-
tion was higher than 7 % which is well above the set
value. Similar results were also obtained for surface
finish experiments with a difference of slightly lower
void percentages.

Hardness test on microphases showed that s
phase had higher hardness value than that of beta
matrix microphase, 413 HV and 370 HV, respectively.
The results of hardness tests carried out perpendicu-
lar to bond line on specimens with a 180 Grit surface
finish and different pressures are shown in Fig. 4a.

Hardness values for 180 and 800 Grit and 1 pm pol-
ished surface finish specimens (Fig. 4b) revealed that
there was little difference between hardness results
taken from both ends, and at the bond line, therefore,
it can be concluded that microhardness results gave no
important indication of distinctive hardness changes
measured perpendicular to bond lines for joints made
with different surface finish. For specimens bonded at
different pressures microhardness test results gave an
indication of slight hardness gradient measured per-
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Fig. 4. Hardness measurements with respect to distance

from bond line in specimens with 180 Grit surface finish at

varying bonding pressure (a) and 15 MPa bonding pressure
at varying surface finish (b).

pendicular to a bond line. Changes in hardness meas-
urements suggest that harder microphases such as
primary and secondary as phases are in growth along
the bond line of joints, existing in smaller size but
high in number. Such an increase in volume fraction
of harder microphases is probably a result of trans-
formation of § matrix to secondary «s along the bond
line. This process may be triggered by the deformation
that is created by plastic flow and creep of surface as-
perities. The increase in plastic flow will probably ac-
celerate the formation of more diffusion paths created
during the joining process assisted by the breakdown
of primary «s grains along the bond line into smal-
ler primary «s grains. Having a smaller volume and
hence lower surface free energy, these particles begin
to transform to B by diffusion mechanism. For very
small particles the dissociation by diffusion is easily
achieved since the bonding temperature is very close
to ag—f temperature. On cooling the transformation
is halted or secondary as precipitates back from [
matrix phase. Lower bonding pressures may result in
smaller particles created by the breakdown of harder

primary ao grains and hence easily decomposes to (3,
which is softer. This process may be effective in first
100 pm of the joint thickness as suggested by hard-
ness results in Fig. 4. Hardness values at bond lines
of specimens bonded at 15 MPa and 20 MPa pressures
are probably due to the presence of fine precipitates
of secondary as.

4. Conclusions

Ti-25A1-10Nb-3V-1Mo alloy was diffusion bonded
and effects of surface finish and pressure in diffusion
bonding were observed and a comparison was made
with some earlier works. Following findings can be con-
cluded from this study:

1. The specimen bonded under 15MPa pres-
sure/1 um surface finish combination provided an
ideal bond line.

2. This work has shown that 15 MPa/800 Grit and
20 MPa/180 Grit combinations produce good bond
line.

3. The bonding temperature of 1000°C appears to
be still high because of the high transformed 3 per-
centage (~ 63 %) and the formation of secondary al-
pha two laths.

4. The secondary as formation in microstructure
is not similar to that found in parent metal, which is
important for high temperature creep strength.
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