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Effects of Impurity in Aluminum on Diffusion Welding of Aluminum to

Titanium T

Toshio ENJO *, Kenji IKEUCHI** and Tsutomu HORINOUCHI* **

Abstract

The joint strength and the microstructure of the diffusion welding of aluminum to titanium have been investigated
using a variety of base metals: commercially pure aluminum 1050 (6 X 107? mass%Si), nominally 99.99% (4N) aluminum
(2X 107 mass%Si), and aluminum alloys containing 1 X 1073 to 0.14 mass% Si and 2 X 1073 to 0.38 mass% Fe. The
joint strength of 4N aluminum to titanium, which was much lower than that of 1050 to titanium, was increased signifi-
cantly by introduction of Si into 4N aluminum by a diffusion treatment prior to the bonding. A marker experiment
showed that an intermetallic compound layer consisting of Al,Ti grew from the bond interface into titanium for joints
both with 1050 and with 4N aluminum. When the Si content exceeded 7 X 10~® mass%, a drastic decrease in the growing
rate of this Al,Ti layer was found, suggesting that Si more than 7 X 1072 mass% reduced the amount of aluminum dif-
fusing into the Al, Ti layer. The Fe content, however, had no correlation with the growing rate. The effects of Si on the
joint strength and the growth of the Al,Ti layer can be accounted for by the decrease in the amount of aluminum dif-

fusing into the Al, Ti layer.
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1. Introduction

It is well known that the diffusion and plastic flow of
metals at high temperatures are influenced strongly by
impurities. The diffusion welding, since its process is con-
trolled by the diffusion and plastic flow?), should also
be influenced by the impurity. However, there has been
only a little amount of information about the effect of
the impurity on the diffusion welding of metals®.

In the present investigation, we have found that joint
strength and growth of an intermetallic compound layer
in the diffusion welding of aluminum to titanium are
influenced remarkably by minor impurity elements in
commercially pure aluminum. In order to distinguish the
element having such remarkable effects, strength and
microstructure of the joint have been investigated using
aluminum base metals containing Si and Fe of various
contents which are main impurity elements in commer-
cially pure aluminum.

2. Experimental Details

Aluminum base metals used were commercially pure
aluminum 1050, nominally 99.99% (4N) aluminum, and
specially prepared aluminum alloys (No.1 ~7) with
1X 1073~0.14mass% Si and 2 X 1073~ 0.38 mass% Fe.
Chemical composition of the base metals is shown in
Table 1. Rod specimens ¢20 X 37 mm were cut from the

base metals of 1050 and 4N aluminum for the diffusion
welding. Specimens made from base metals No.1~7
were thin plates 0.3 mm thick. Titanium specimens were
thin plates 0.5 mm thick cut from a cold-rolled commer-
cially pure titanium.

The joint of titanium to 1050 or 4N -aluminum was
welded in the arrangement as shown in Fig. 1(a). The
joint was cut into the shape shown in Fig. 1(b) for tensile
test. In the joint of aluminum No. 1 ~ 7 to titanium, the
aluminum specimen was set between a couple of titanium
specimens, with 1050 specimens being on both sides of
the titanium specimens as shown in Fig. 1(c). Since the
joint with No. 1 ~ 7 aluminum was very small, the tensile
test could not be carried out.

Faying surfaces of 1050 and 4N aluminum specimens
were finished to JIS 3S by turning in a lathe, and those of
No. 1 ~7 specimens were as-rolled surfaces. The faying
surface of titanium specimen, on the other hand, were
subjected to wire brushing, because a considerably thick
oxide film was formed on the as-rolled surface of
titanium®

The joint of titanium to 1050 or 4N aluminum in the
arrangement shown in Fig. 1(a) was welded using an
apparatus as shown in Fig. 2. The bond interface was
heated with a radiant resistance heater of molybdenum
foil 0.1 mm thick, and welding pressure to the bond inter-
face was applied by a hydraulic press. The welding atmos-
phere was a vacuum of 1~ 5 X 1072 Pa. The temperature
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Table 1 Chemical composition of aluminum base metals (mass%).
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Si Fe Cu Mn Mg Cr Zn Ti Al
1050 [0.06{0.15 [<0.01[<0.01 [<0.01 [ <0.01 | 0.01 |<0.01 Bal.
4N 10.002{0.001[0.001 - - - - - 99.996
1 0.14 10.003| 0.001 [<0.0005{<0.0005 {<0.0005| 0.001 |[<0.0005| 99.85
2 [0.05]0.38 | 0.02 {<0.01 |<0.01 {<0.01 0.01 0.02 }99.52
3 [0.05{0.11 |<0.01 |<0.01 {<0.01 [<0.01 | 0.01{ 0.01 |{99.82
4 10.041{0.09 [<0.01[<0.01[<0.01 |[<0.01 0.01(<0.01 199.86
5 | 0.007{0.005|<0.001|<0.001 |<0.001 | <0.001 | 0.003 |<0.001 | 99.988
6 | 0.002|0.002| 0.004 |<0.001 [<0.001|<0.001 <0.001 [<0.001 | 99.990
7 ] 0.001{0.049|<0.001|<0.001 | <0.001 | <0.001 | 0.001 |<0.001 | 99.949
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Fig. 1 (a) Dimensions and arrangement of specimens for Fig. 2 Schematic diagram illustrating the apparatus for
the diffusion welding of titanium to 1050 or 4N diffusion welding.
aluminum. (b) Dimensions of a specimen for
tensile test prepared from a joint as shown in (a).
(c) Dimensions and arrangement of specimens for 3. Results

the diffusion welding of titanium to aluminum
No. 1 ~ 7 in Table 1.

of the bond interface was monitored with a C-A thermo-
couple percussion-welded to the aluminum specimen
immediately next to the bond interface. The joint of
aluminum No. 1 ~ 7 to titanium as shown in Fig. 1. (c)
was welded in a vacuum of 1 ~5 X 1072Pa using a high
temperature optical microscope installed with a pressing
system.

The bond strength was estimated from tensile strength
at a strain rate of 4.6 X 105!, The etchant for the
observation of microstructure was Keller’s reagent, an
aqueous solution containing 4 vol% HF and 9 vol% HNO; .
Observation of fractured surfaces and electron probe
microanalysis were carried out using a scanning electron
microscope operated at an acceleration voltage of 20 kV.
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3.1 Diffusion welding of commercially pure aluminum
and nominally 99.99% aluminum to titanium

As shown in Fig. 3, tensile strength of the joint of
1050 to titanium was increased with a rise of welding
temperature, and reached a strength not less than that of
the base metal at a welding temperature of 923K. For the
joint of 4N aluminum to titanium, on the other hand,
tensile strength was much lower than that of the joint
with 1050, and an increase in welding temperature did
not result in an increase in tensile strength as shown in
Fig. 4. No joint with 4N aluminum was fractured in the
base metal on tensile test.

Thus, impurities in aluminum base metal had a re-
markable effect on the bond strength of aluminum to
titanium. In order to interpret the mechanism of such
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Fig. 3 Tensile strength vs. welding temperature for the
diffusion-welded joint of titanium to 1050 at
welding pressure Py, of 0.5 MPa and 1 MPa. Weld-
ing time 7 was 1.8 ks.
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Fig. 4 Tensile strength vs. welding temperature for the
diffusion-welded joint of titanium to 4N
aluminum.

strong effect, the welding deformation, which played an
important part in the intimate contact between faying
surfaces, was investigated. The aluminum specimen was
deformed by the welding pressure to the shape shown in
Fig. 5, while the deformation of titanium specimen was
very small. The amount of welding deformation § is given
by

_d10 + d2 —d20

X 100, 1
dyo dao ) )

5 (8= = (2
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where d; and d, are maximum diameters of aluminum
specimens after the welding, and d;o and dy diameters
before the welding. Welding deformation for joints of
titanium to 1050 and 4N aluminum is shown in Figs. 6
and 7, respectively. The welding deformation of 4N alumi-
num was much larger than that of 1050 at any welding
temperature and pressure employed. Therefore, the
impurity effect on the bond strength as shown in Figs. 3
and 4 cannot be accounted for by the difference in the
plastic flow of aluminum base metals.

Figures 8(a) and (b), on the other hand, show the
effect of impurities in aluminum base metal on the micro-
structure of joints. An intermetallic compound layer was

)
Al
< ¢ d10 > <— ¢ di —
Tl WLl L L L L — LLLLLL L
Al_)<—¢d20—> — ¢ dy
Q/
Before bonding After bonding

Fig. § Schematic diagram illustrating the deformation
of aluminum specimen occuring during the diffu-
sion welding.
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Fig. 6 Deformation of aluminum specimen &(%) vs.
welding temperature for the diffusion-welded
joint of titanium to 1050.
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Fig..7 Deformation of aluminum specimen &§(%) vs.
- welding temperature for the diffusion-welded
joint of titanium to 4N aluminum.

Fig. 8 Microstructures of joints of titanium to 1050 (a)
and to 4N aluminum (b). Welding temperature
Ty for the joints was 923 K, welding pressure
Py, 0.5 MPa, and welding time #4 1.8 ks.

obsérved both in the joint with 1050 and in the joint with
4N aluminum. As shown in Fig. 8, the thickness of the
intermetallic compound layer was much larger in the joint
with 4N aluminum than in the joint with 1050. This
indicates that the amount of diffusion across the bond
interface is much lafger in the joint with 4N aluminum.
As shown in Fig. 8(b), a marker of tungsten wire 20 um
thick was inserted between faying surfaces in order to dis-
cern the bond interface of 4N aluminum to titanium#*.
The intermetallic compound layer, since forming on the
titanium side of the marker, can be considered to grow
from the bond interface to titanium. In order for the
intermetallic compound layer to grow in this direction,
aluminum atoms must be supplied to the interface of
titanium and intermetallic compound layer through diffu-

* Since the flow stress of aluminum was much lower than that of
titanium at the welding temperature of 923K, the marker was
immediately pressed into the aluminum specimen by welding
pressure. Therefore, the bond interface may be regarded as
contacting with the titanium side surface of the marker.’
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sion. Therefore, the remarkable difference in the thickness
of the intermetallic compound layer between 1050 and
4N aluminum indicates that the amount of aluminum
diffused into the intermetallic compound layer is much
larger from 4N aluminum than from 1050. '

It has been suggested by many authors’5:%7) that
when an intermetallic compound layer forming at a bond
interface is very brittle, the joint strength decreases with
an increase in its thickness. If such is the case, the joint
will be fractured in the intermetallic compound layer. As
shown in Fig. 9, however, the joint of 4N aluminum to
titanium was not fractured in the intermetallic compound
layer, but at the interface of the intermetallic compound
layer and aluminum, i.e., at the bond interface. Therefore,
the effect of impurities on the bond strength of aluminum
to titanium cannot be accounted for by the difference in
the thickness of the intermetallic compound layer.

In order to identify the intermetallic compound
formed at the bond interface, X-ray diffraction patterns

* were taken from fractured surfaces of joints broken at the

bond interface on tensile test. It can be seen from Figs. 10
and 11 that only diffraction lines from Al; Ti were observ-
ed except for those from aluminum and titanium. This
result indicates the intermetallic compound layer to con-
sist of Al3Ti both in the joint with 1050 and in the joint
with 4N aluminum. As seen from Figs. 10 and 11, the dif-
fraction lines from Al; Ti were observed only on fractured
surfaces of titanium side, supporting that the fracture did
not occur in the intermetallic compound layer as sug-
gested by Fig. 9.

Fractured surfaces of a joint of 1050 to titanium are
shown in Figs. 12(a) and (b). As shown in these figures,
dimple-like patterns were observed on fractured surfaces
of both titanium side and aluminum side. At places where

o
;%& i

Fig. 9 Cross-sectional microstructures of a fractured
zone in a joint of titanium to 4N aluminum
fractured at the bond interface on tensile test:
(a) titanjum side and (b) aluminum side (T
= 923K, P, =0.5MPa and t;=1.8 ks). The
arrows on both sides of the photographs indicate
the fractured surfaces.
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Fig. 10 X-ray diffraction patterns from fractured sur-
faces of a joint of titanium to 1050: (a) tita-
nium side and (b) aluminum side.
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Fig. 11 X-ray diffraction patterns from fractured sur-
faces of a joint of titanium to 4N aluminum:
(a) titanium side and (b) aluminum side.

dimple-like patterns were observed, the distribution curve
of aluminum increased significantly as shown in Fig.12(b).
Therefore, the place showing dimple-patterns may be
regarded as a place where fracture occurred in aluminum.
At places where a dimple-like pattern was not observed,
on the other hand, fracture may be considered to occur at
the bond interface, since grooves caused by turning of the
faying surface were observed at these places as shown in
Fig. 12(a).

In contrast to this, for the joint of 4N aluminum to
titanium, many concaves were observed on the fractured
surface of aluminum side as shown in Fig. 13(a). The
concave increased in number and volume with a rise of
welding temperature as seen from Fig. 13(b). The frac-
tured surface of titanium side obtained from the same
joint as that shown in Fig. 13(b) is shown in Fig. 13(c).
From the comparison of these fractured surfaces, it can be
seen that the concave shown in Figs. 13(2) and (b) is a
void. The formation of the void is thought to cause the
decrease in the bond strength of 4N aluminum to tita-
nium. The increase in void number and volume with a rise
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Fig. 12 Fractured surfaces of a joint of titanium to
1050 (T =903K, Py, =0.5 MPa and t; = 1.8 ks):
(a) aluminum side and (b) titanium side. Inten-
sity of the characteristic X-ray of aluminum
(Ka) analyzed with EDX along the line A-A’ is
also shown in (b).

in welding temperature as seen from Figs. 13(2) and (b)
probably suppressed the increase in bond strength, and for
this reason a rise of welding temperature did not result in
an increase in the bond strength as shown in Fig. 4.

3.2 Effects of Si and Fe on the growth of the inter-
metallic compound layer

In order to distinguish the impurity element having
such strong effects on the bond strength and growth of
the intermetallic compound layer as those shown in Figs.
3, 4 and 8, the microstructure of the bond interface was
investigated using aluminum base metals No. 1 ~'7 con-
taining Si and Fe of various contents. The mean thickness
of the intermetallic compound layer, which was estimated
from the thickness measured at more than 20 points at an
interval of 100 um, is shown in Fig. 14 as a function of
Si content. The error bar indicates the maximum and
minimum thickness measured. As shown in Fig. 14, a
sharp decrease in the thickness of the intermetallic
compound layer was observed at Si contents of 2 ~
7X 103 mass%. On the other hand, no systematic depend-
ence of the thickness on Fe content could be observed;
i.e., the base metals which had thicker intermetallic com-
pound layer were 4N aluminum with 0.001% Fe, No. 6
with 0.002% Fe and No. 7 with 0.049% Fe, but the base
metals No. 1 and No. 5 with Fe contents between those of

" No. 6 and No. 7 had thinner intermetallic compound

layer.



(66) Transactions of JTWRI

In order to obtain more direct evidence for the effect
of Si on the growth of the intermetallic compound layer,
Si was introduced into 4N aluminum by a diffusion treat-
ment prior to the welding; a couple of 4N aluminum

Fig. 13 Fractured surfaces of joints of titanium to 4N
aluminum welded at 873K and 903K (P,
= 0.5 MPa, tp = 1.8 ks): (a) aluminum side of
the joint welded at 873K, (b) aluminum side
and (c) titanium side of the joint welded at

903K.
g
§5°’ AL-Ti
] Tb=873K
g 50 tb=9ks
S : Pb=1MPa
-4 40 \
%‘ \
- \
£ 30+ \
g \
< 20 \
o AY
\
L , %
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Fig. 14 Thickness of the intermetallic compound layer
vs. Si content in aluminum for the diffusion
welding of titanium to aluminum. When Si was
introduced into the 4N aluminum, the thickness
decreased to about 4um as shown by the mark©.
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specimens contacting with an Al-10% Si alloy plate (Fe
content less than 0.001mass%) was held at a high temper-
ature to introduce Si from the Al-Si alloy by diffusion.
The holding temperature was 883K, the holding time
7.2 ks, and the pressure to the contact interface 2 MPa.
Under these conditions, the bond strength between 4N
aluminum and Al-Si alloy plate was very small, and so the
Al-Si alloy plate could be easily taken off from the 4N
aluminum specimen. The holding was carried out in a
vacuum by using the welding apparatus shown in Fig. 2.
As shown in Fig. 14, the thickness of the intermetallic
compound layer was reduced remarkably by the introduc-
tion of Si into 4N aluminum. The introduction of Si into
4N aluminum also increased the bond strength at a weld-
ing temperature of 923K to 34 ~ 36 MPa as compared
with 4 ~ 9MPa without the introduction of Si (see Fig. 4).

From these results, it can be concluded that Si is the
impurity element which exerts such strong effects on the
bond strength and growth of the intermetallic compound
layer as those shown in Figs.3,4 and 8. The distribution of
Si across the bond interface was investigated by using elec-
tron probe microanalysis for a joint of titanium to alumi-
num No. 1 with the highest Si content. As seen from
Fig. 15, the distribution curve of Si had a peak in the
intermetallic compound layer which was characterized by
the step in the distribution curve of Al; that is, Si was con-
centrated in the intermetallic compound layer. It seems
likely that the Si concentrated in the intermetallic
compound layer decreases the growing rate of the inter-
metallic compound layer.

4. Discussion

As described in the preceding section, Si in aluminum
was concentrated in the intermetallic compound layer,
and decreased its growing rate. The growing direction of
the intermetallic compound layer (see Fig. 8(b) ) suggests

X-ray intensity

Distance

Fig. 15 Electron probe microanalysis of Si and Al for a
joint of titanium to aluminum No. 1 in Table 1
(Tp = 873K, P, =1 MPa and £3 = 9 ks).
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that the decrease in the growing rate is caused by the
decrease in the amount of aluminum supplied to the inter-
face of the intermetallic compound layer and titanium.
When the growing rate of an intermetallic compound
layer is controlled by the diffusion in the intermetallic
compound layer and base metals, its thickness increases in
proportion to square root of time®. In a diffusion couple
or joint of aluminum (including 1050 and 4N aluminum)
to titanium, however, the intermetallic compound layer
has been reported to increase proportionately with
time®1%11) van Loo and Rieck!!) have interpreted this
growing Kinetics in terms of the rate-controlling process of
the growth of the intermetallic compound layer; that is,
they have suggested that the growth of the intermetallic
compound layer is controlled by the flow rate of alumi-
num across the interface of the intermetallic compound
layer and aluminum. Figure 16 shows an example of grow-
ing kinetics of the intermetallic compound layer in a joint
of 4N aluminum to titanium. The thickness of the inter-
metallic compound layer was nearly proportional to time,
though the thickness scattered considerably depending on
position. At places where the thickness was small, the
growth of the intermetallic compound layer which initi-
ally obeyed the kinetics shown in Fig. 16 was saturated
for a short time. The saturation of the growth is probably
due to the formation of voids shown in Figs. 13(a) and
(b). These results indicate that the growth of the inter-
metallic compound layer in the joint with 4N aluminum
is controlled by a same process as that in the joint with
1050. Therefore, the decrease in the growing rate of the
intermetallic compound layer with a rise of Si content can
be accounted for by a decrease in the flow rate of alumi-
num into the intermetallic compound layer at the inter-
face of the intermetallic compound layer and aluminum.
It seems likely that Si concentrated in the intermetallic
compound layer as shown in Fig. 15 has the effect of
decreasing the flow rate of aluminum into the interme-
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Fig. 16 Thickness of the intermetallic compound layer
vs. welding time for the diffusion welding of
titanium to 4N aluminum (T, = 873K, P

=1 MPa).
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tallic compound layer.

On the other hand, it is thought that the bond strength
is influenced strongly by the formation of voids observed
on the fractured surface of aluminum side (see Figs. 13(a)
and (b)). van Loo and Rieck!!)suggested that in the binary
system of aluminum and titanium the diffusion rate of
aluminum is much higher than that of titanium. The result
of the marker experiment shown in Fig. 8 suggests that
the amount of aluminum diffusing into the intermetallic
compound layer is much greater in the joint with 4N
aluminum than in the joint with 1050. Therefore, if voids
due to the Kirkendall effect are formed in the joint of
aluminum to titanium, their formation site will be in
aluminum, and their number and/or volume will be much
more in the joint with 4N aluminum. Such formation site .
of the Kirkendall void and the dependence of its number
and volume on the purity of the aluminum base metal
agree quite well with those of the void shown in Fig. 13(a)
and (b). This fact suggests that the void observed on the
fractured surface of aluminum side is probably due to the
Kirkendall effect. The increase in number and volume of

. voids with a rise of welding temperature (see Figs. 13(a)

and (b)) can also be accounted for by the formation due
to the Kirkendall effect. These results suggest that the
formation of voids due to the Kirkendall effect decreases
the bond strength of the joint of 4N aluminum to
titanium. -

5. Conclusions

An investigation has been made of effects of impurities
in aluminum on the bond strength and growth of inter-
metallic compound layer in the diffusion welding of
aluminum to titanium. Results obtained are summarized
as follows:

1) The bond strength of the joint of 4N aluminum to tita-
nium was much lower than that of 1050, and could not
be increased by a rise of welding temperature.

2) An intermetallic compound layer consisting of Al;Ti
was formed both in the joint with 4N aluminum and in
the joint with 1050. The thickness of the intermetallic
compound layer was much larger in the joint with 4N
aluminum.

3) The thickness of the intermetallic compound layer

depended on Si content of aluminum base metal; a

sharp decrease in the thickness was observed at Si con-

tents of 2~7 X 10 mass%. An introduction of Si
into 4N aluminum by a diffusion tréatment before the
welding decreased the thickness of the intermetallic
compound layer and increased the bond strength.

Therefore, Si can be regarded as the impurity element

which exerts such strong effects on the thickness of the

intermetallic compound layer and bond strength as -
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described in (1) and (2).

4) A number of voids which can be ascribed to the

D

Kirkendall effect were observed on the fractured sur-
face of aluminum side for the joint of 4N aluminum to
titanium. The number and volume of the void in-
creased with a rise of welding temperature. Such voids,
however, could not be observed in the joint of 1050 to
titanium. It can be accounted for by the formation of
the void that the bond strength of the joint of 4N
aluminum to titanium was much lower than that of
1050.
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