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Effects of Insert-metals on Diffusion Welding of Aluminum to Titanium’

Toshio ENJYO*, Kenji IKEUCHI** and Toshiharu MARUYAMA ***

Abstract

Diffusion welding of aluminum to titanium with an inseri-metal has been carried out and the effects of the insert-
metal on the joining process and mechanical properties of the joint have been investigated. Silver and zinc were selected
as insert-metal because the oxide film on the faying surface of aluminum inhibited the bonding between titanium and alu-
minum as shown in a previous paper. The effects of the insert-metals were studied by the observation of microstructure
in the bonding zone and fractured zone. The results obtained are summarized as follows.

1) The tensile strength of joint was increased by using the silver insert-metal. Joints subjected to the diffusion-
welding at 550°C for more than 30 min. or at 600°C for more than 10 min. fractured at the aluminum base metal.

2) In the case of welding at 500°C with silver insert-metal, the insert-metal remained in the bonding zone and the
bonding strength between this insert-metal and the base metals was lower than the strength of aluminum base metal. On
the other hand, in the case of welding at 550°C or 600°C, the silver insert-metal was dissolved by the aluminum base metal
and promoted the destruction of the oxide film on aluminum faying surface by the formation of localized region of low
flow stress or liquid.  Therefore, the joint welded at 550°C or 600°C had a enough tensile strength to fracture at the alu-
minum base metal.

3) The intermetallic compounds of Ag:Al and Al;Ti were formed in the bonding zone of joint welded with silver
insert-metal. ;

4) For the joint welded with zinc insert-metal, a thick intermetallic compound layer and many voids were formed
in the bonding zone. The tensile strength of the joint welded with zinc insert-metal was not necessarily stronger than
that of the joint welded without insert-metal and the reproducibility of the strength was quite poor, because of the formatlon
of these intermetallic compound layer and voids.

5) The intermetallic compounds of Al,Ti and TiZns were formed in the bonding zone of the joint welded with zinc

insert-metal.

1. Introduction

In a previous paper”, the authors investigated im-
portant factors which affected the diffusion welding
process and mechanical properties of joint between
titanium and aluminum. In the paper?, it was shown
that the joint welded for more than 30 min. at 600°C
under the pressure about 0.01 kg/mm? had such strong
tensile strength as the fracture. occured at the alumi-
num base metal and the deformation caused by weld-
ing was quite little in the welding condition. However,
most of ordinary aluminum alloys can not be hold
at 600°C without the extinction of excellent charac-
teristics of the alloys. Consequently, it was desirable
to obtain a joint strength higher than the base metal
by welding at lower temperature.

In the diffusion welding, an insert-metal is often
used to accelerate the diffusion welding process or
improve the mechanical properties of joint2~®. In this

investigation, insert-metals were selected using the
results reported in the previous paper?, and the effects
of the insert-metals on the joining process and me-
chanical properties of joint were studied. In the
previous paper?, it was made clear that the joining
process between titanium and aluminum proceeded
preferentially in the region where the oxide film on
aluminum faying surface was destructed. In this in-
vestigation, silver and zinc, which form a low melting
solid solution or eutectic composition with aluminum,
were selected as insert-metal. They were considered
to promote the destruction of aluminum oxide film
because the localized regions consisted of low flow
stress alloy or liquid were formed by using these
insert-metals. Ohashi and Hashimoto® reported that
the joint between copper and aluminum improved in
mechanical properties by using silver and zinc as
insert-metal.
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2. Experimental Details

The base metals used in this investigation were
commercially pure titanium and aluminum which
were the same as those used in the previous paper.
Their chemical compositions are shown in Table 1.

Table 1 Chemical Compositions.

Specimen Chemical Composition (wt %)

Fe N O H Ti
Titanium 0.038 0.0030 | 0.065 0.0028 Bal.
Specimen Chemical Composition (wt %)

Cu Fe Si Mg Al
Aluminum 0.032 0.20 0.08 0.02 Bal.

Both the base metals had cylindrical shape whose
diameter and length were 20 mm and 37 mm, respec-
tively. The faying surface was machined with -a lathe
and the roughness of the surface was 3-S in JIS standard
number. The tensile strength of aluminum and tita-
nium used as the base metals were 6~8 kg/mm? and
39 kg/mm?, respectively. The foil of silver and zinc
used as the insert-metals was 6 #m and 50 xm in thick-
ness, respectively. Zinc vacuum-evaporated by a few
#m on the faying surface was also used as insert-metal
to examine the effects of the thickness of the zinc
insert-metal on the diffusion welding.

The details of welding procedure employed in this
investigation were the same as those reported in the
previous paper”. The faying surfaces of the base
metals and insert-metals were degreased by washing in
acetone before welding. The welding chamber was
evacuated to 107°~10¢* mmHg during welding. The
bonding zone was heated with a high frequency induc-
tion heater. The temperature of the bonding zone
was monitored with a chromel-alumel thermocopule
percussion-welded at the point of 1 mm from the
bonding interface on the side surface of titanium base
metal. The welding pressure was applied with a hy-
draulic press. After the welding, the bonding zone
was allowed to cool to 250°C in vacuum environment.

Testing procedures are summarized as follows.
The etchant for the observation of microstructure
was Kroll’s reagent. X-ray diffraction analysis was
performed by Cu-Ka radiation. The observation
with a scanning electron microscopy (SEM) was
carried out at the acceleration voltage of 20 kV.
The distribution of element was also examined with
an energy dispersive X-ray spectroscopy attached to
SEM. The analysis with an electron probe X-ray
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microanalyzer (EPMA) was performed with an elec-
tron beam 2 u#m in diameter. The tensile strength
test was carried out with an Instron type machine at
the deformation rate of 1 mm/min. Specimens for
tensile strength test were prepared by machining joints
after welding. The gauge length and diameter of the
specimen were 36 mm and 8 mm, respectively.

3. Results and Discussions
3.1 Effects of Silver Insert-metal

Photo. 1 shows the microstructures of the bonding
zones between titanium and aluminum welded with

silver insert-metal. As shown in Photo. 1(a), for the

(a) 500°C, 30min, 0.1kg/mm?2

Ti

(b) 550°C, 30min, 0.1kg/mm2

Ti

Al

Photo. 1 Microstructures in bonding zone between titanium
and aluminum welded with silver insert-metal.

joint welded at 500°C the insert-metal remained in
the bonding zone and some parts of the insert-metal
contained many precipitates. This insert-metal in
the bonding zone will be called as residual insert-
metal. Many precipitates were also observed in the
aluminum base metal, as shown in Photo. 1(a). On
the other hand, in the case of welding at 550°C or
600°C, an intermetallic compound layer was observed
in the bonding zone, but a residual insert-metal or
precipitate in the aluminum base metal was not ob-
served, as shown in Photo. 1(b). In order to identify
the intermetallic compound and precipitates, X-ray dif-
fraction patterns obtained on the fractured surface of
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the joint were analyzed. As shown in Fig. 1, for the
joint welded at 500°C, the strong diffraction lines of
Ag:Al were observed on the fractured surfaces of both
titanium and aluminum side. However, the diffrac-
tion lines of AlsTi which was an only intermetallic
compound formed in joint welded without insert-metal
were much weaker than those of Ag:Al. As shown in
Fig. 2, for the joint welded at 550°C, the diffraction
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Fig. 1 X-ray diffraction patterns from the fractured surfaces
of the joint welded with silver insert-metal. The weld-

ing conditions were 500°C, 60 min., and 0.1 kg/mm?.
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Fig. 2 X-ray diffraction patterns from the fractured surfaces
of the joint welded with silver insert-metal. The weld-
ing conditions were 550°C, 10 min., and 0.1 kg/mm?.

lines of Ag:Al were much weaker than those of Al:Ti
observed on the fractured surface of titanium side.

Fig. 3 shows the distributions of aluminum, titanium,
and silver in the bonding zone analyzed with an EPMA.
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Fig. 3 EPM analysis for the distributions of titanium, alu-
minum, and silver in the bonding zone. The welding
conditions were 550°C, 30 min., and 0.1 kg/mm?.
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Fig. 4 Variation of the tensile strength of joints with welding
time at various welding temperatures and pressures.
The joints were welded with silver insert-metal.

As shown in Fig. 3, the silver diffused chiefly into
the aluminum base metal. The titanium or aluminum
hardly diffused into the other base metal.

Fig. 4 shows the variation of the tensile strength
of joint with welding time at various welding tem-
peratures and pressures. The broken lines in Fig. 4
show the tensile strength of joints welded without
insert-metal under the same condition as those in-
dicated with the arrows. As shown in Fig. 4, the
tensile strength of joints was increased by using the
silver insert-metal at the welding temperature of
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500°~600°C. The joints subjected to the welding
for more than 30 min. at 550°C or for more than
10 min. at 600°C, fractured at the aluminum base
metals. In Fig. 4, in the case of welding at 600°C,
a welding pressure with a hydraulic press was not
applied but a pressure of about 0.01 kg/mm? is con-
sidered to be applied on the welding interface due to
the weight of the base metal and atmospheric pressure
transmitted through the pressing axis in the welding
chamber.

The cross sectional microstructure of the fractured
zone and the microstructure of the fractured surface
were observed to investigate what factor was important
for the mechanical properties of joint welded with
silver insert-metal. Photo. 2(a) and (b) show the cross

(a) 500°C, 30min, 0.1kg/mm?2

Photo. 2 Cross sectional microstructures for the fractured
zones (titanium side) obtained from the joints welded
with silver insert-metal.

sectional microstructures of the fractured zone ob-
tained from the joints welded at 500°C and 550°C,
respectively. As shown in Photo. 2(a), the fracture of
joint welded at 500°C occured at the interface between
the residual insert-metal and aluminum or titanium
base metal (see also Photo. 3). The insert-metal was
dissolved for the joint welded at 550°C, as shown in
Photo. 2(b). In this case, the joint was fractured
mainly at the interface between the intermetallic com-
pound layer and aluminum base metal, but the re-
gions where a piece of aluminum was sticked on
titanium side were observed.

Photo. 3 and 4 show the scanning electron micro-
graphs of the fractured surfaces obtained from the

joint welded with silver insert-metal. As shown in
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Ti SIDE

500°C, 60min, 0.1kg/mm?2
Photo. 3 Scanning electron micrographs for the fractured

surfaces obtained from the joint welded with silver
insert-metal.

Photo. 3, the fractured surfaces of joints welded at
500°C were composed of two characteristic regions:
one of them was region where the grooves caused by
machining with a lathe were observed, and the other
was region where no grooves was observed. Accord-
ing to the analysis with an energy dispersive X-ray
spectroscopy on the fractured surface of titanium side,
the concentration of silver was higher and that of
titanium was lower in the latter region compared with
the concentrations in the former region. As shown
in Photo. 3, the fractured surface presented a terras-
and-wall like fracture. These results indicate that in
the former region the fracture occured at the interface
between the residual insert-metal and titanium base
metal, and in the latter region at the interface between
the residual insert-metal and aluminum base metal.
Thus, in the case of welding at 500°C, the residual
insert-metal existed in the bonding zone, and the
bonding strength between the residual insert-metal and
the base metals was not so strong for the joint to
fracture at the base metal. For the joint welded at
550°C, many regions where a piece of aluminum was
sticked were observed on the fractured surface of ti-
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Al SIDE

550°C, 10min, 0.1kg/mm2
Photo. 4 Scanning electron micrographs for the fractured

surfaces obtained from the joint welded with silver
insert-metal.

tanium as shown in Photo. 4. As reported in the
previous paper?, for the joint welded without insert-
metal, the region where a piece of aluminum was
sticked was formed on the fractured surface of tita-
nium along the microasperities caused by machining
with a lathe. This fact indicates that the joining
process proceeds preferentially in the regions where
the oxide film of aluminum is disrupted by the micro-
asperities on the faying surface of titanium. On the
other hand, as shown in Photo. 4, for the joint welded
with silver insert-metal, the region had no connection
with the microasperity of titanium faying surface.
This fact indicates that the harmful effects of alumi-
num oxide film on the joining process can be reduced
by the use of silver insert-metal. Therefore, the tensile
strength of the joint welded at 550°C was remarkably
improved by the use of silver insert-metal.

3.2 Effects of Zinc Insert-metal

Photo. 5 shows the microstructures of a bonding
zone in the joint welded with zinc insert-metal which
is a sheet of foil 50 um thick. As shown in Photo.
5(a), a thick intermetallic compound layer was formed
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(a)

(b)

550°C, 10min, 0.1kg/mm?2

Photo. 5 Microstructures of bonding zone obtained from the
joint welded with zinc insert-metal. The thickness
of zinc insert-metal foil was 50 pzm.

and the thickness of the layer varied largely. Further-
more, as shown in Photo. 5(b), many voids were ob-
served in the aluminum close to the bonding interface.
It is considered that these voids were originated from
the bubbles of zinc vapour formed in the liquid region
where the aluminum base metal was alloyed with zinc.
In order to suppress the formation of these voids,
diffusion welding was carried out at 400°C so as to
reduce the vapour pressure of zinc. However, in this
case the joint strength was very low and the micro-
structure of bonding zone can not be observed.

A zinc vacuum-evaporated by a few xm on the
faying surface was used as an insert-metal to investi-
gate the effects of the thickness of insert-metal on the
formation of the intermetallic compound layer and
voids. As shown in Pheto. 6, in the joint welded with
vacuum-evaporated zinc insert-metal, the thickness of
the intermetallic compound layer was reduced, but
the voids were formed in the same manner as those
in a joint welded with foil insert-metal. No differ-
ence in the microstructure of the bonding zone was
observed whether the zinc was evaporated on the
faying surface of aluminum or titanium.

In order to identify the intermetallic compound
formed in the joint welded with zinc insert-metal,
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(a)

50
(b) R

500°C, 30min, 0.1kg/mm?2

Photo. 6 Microstructures of bonding zone obtained from the

joint welded with zinc insert-metal. The zinc
vacuum-evaporated to a few pgm in thickness was
used as insert-metal.

X-ray diffraction patterns obtained on the fractured
surfaces of the joint was analyzed. As shown in Fig.
5, the diffraction lines of Al;Ti and TiZns; were ob-
served inclusive of those of titanium, aluminum, and
zinc. This result indicates that the intermetallic com-
pound layer in the joint welded with zinc insert-metal
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Fig. 5 X-ray diffraction patterns from the fractured surfaces
of the joint welded with zinc insert-metal. The weld-
ing conditions were 500°C, 60 min., and 0.1 kg/mm?.
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consisted mainly of Al;Ti and TiZn,. Tensile strength
test was carried out to evaluate the mechanical prop-
erties of the joint welded with zinc insert-metal. The
tensile strength of joint welded with zinc insert-metal
under the conditions, 400°~550°C, 10~60 min., and
0~0.2 kg/mm?, was not necessarily stronger than that
of joint welded without insert-metal. Furthermore,
the reproducibility of the tensile strength was quite
poor. As shown in Photo. 7, for the joint welded

500°C, 60min, 0.1kg/mm?2
Photo. 7 Cross sectional microstructures of the fractured
zone obtained from the joint welded with zinc
insert-metal (foil).

with zinc insert-metal, the fracture occured at the in-
termetallic compound layer, interface between the in-
termetallic compound layer and base metals, and
voids. This fact indicates that the tensile strength
of joint welded with zinc insert-metal was reduced
by the formation of the intermetallic compound layer
and void in the bonding zone.

4. Conclusive Remarks

In this investigation, the effects of insert-metals on
the diffusion welding process and mechanical prop-
erties of the joint between aluminum and titanium
was investigated. Silver and zinc were selected as
an insert-metal using the results reported in the pre-
vious paper”. The effects of the insert-metals on diffu-
sion welding were investigated by the observation of
microstructures in the bonding zone, cross section of
fractured zone, and fractured surface, X-ray analysis,
and analysis with EPMA. The mechanical properties
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was evaluated by a tensile strength test. The results
obtained are summarized as follows.

1) The tensile strength of the joint between alumi-
num and titanium was increased by using the silver
insert-metal. The joint subjected to the diffusion-
welding with the silver insert-metal for more than
30 min. at 550°C or for more than 10 min. at 600°C
fractured at the aluminum base metal.

2) In the case of welding at 500°C with silver
insert-metal, the insert-metal remained in the bond-
ing zone and the bonding strength between this in-
sert-metal and the base metals was lower than the
strength of aluminum base metal. On the other
hand, for the joint welded at 550°C or 600°C, the
silver insert-metal was dissolved by the aluminum
base metal. In the bonding zone where the alumi-
num base metal was alloyed with silver, a localized
region of low flow stress or liquid was formed. The
destruction of the oxide film on the aluminum faying
surface which inhibited the bonding between titanium
and aluminum was promoted by the formation of
this region. Therefore, the joint welded with the
silver insert-metal at 550°C or 600°C had a enough
tensile strength to fracture at the aluminum base
metal.

3) The intermetallic compounds of Ag:Al and
AlTi were formed in the bonding zone of the joint
welded with silver insert-metal.
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4) For the joint welded with zinc insert-metal, a
thick intermetallic compound layer and many voids
were formed in the bonding zone. The tensile strength
of the joint welded with zinc insert-metal was not
necessarily stronger than that of the joint welded
without insert-metal and the reproducibility of the
tensile strength was quite poor, because of the forma-
tion of these intermetallic compound layer and voids.

5) The intermetallic compounds of ALTi and
TiZn; were formed in the bonding zone of the joint
welded with zinc insert-metal.
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