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Effect of the Roughness of Faying Surface on the Early Process of
Diffusion Welding'

— Study of the Early Process of Diffusion Welding by Means of the Electric Resistance Measure-
ment (Report [[) —

by
Toshio Enjo*, Kenji Ixkeuchr** and Naofumi Axixkawa***

Abstract

The early process of diffusion welding of aluminum, titanium and copper whose faying surfaces have been finished
by polishing with emery paper of various grades (600~ 1500) have been investigated with the eleciric resistance
measurement. A couple of the base metal was brought into contact in a vacuum and the eleciric resistance across the
bonding interface was measured while the couple was heated at the rate of 15°C/min. The obiained electric resistance
in the heating process is analysed by using the contact parameter W(= n - Sy/S) which is derived on the basis of the
constriction resistance theory. Here Sy is the iotal area of metal-to-metal contact spots, n their number per a unit area
and S the apparent contact area.

For all the bonding process of aluminum, titanium and copper, the eleciric resistance across the bonding interface
decreased in ils initial value and approached the resistivity of the base metal more rapidly in the heating process as
the faying surface became roughened. According to an analysis based on the constriction resistance theory, the contact
parameler in the healing process for all the base metals increased with roughening the faying surface.

These resulls indicate that the disruption of oxide film on the faying surface, which prevents the formation of the
melal-to-metal contact (as reported in a previous paper), is promoted and so the area and/or number of metal-to-metal
contact spots increase as the faying surface becomes roughened. This fact can be accounied for by the model that the
deformation of micro-asperities on the faying surface leads to the disruption of oxide film and the degree of the de-
Sformation increases as the faying surface becomes roughened.

KEY WORDS:

1. Introduction

It was shown in a previous paper® that the oxide
film on the faying surface is a most important factor
preventing the formation of metal-to-metal contact in
the early process of diffusion welding. The roughness
of faying surface has been regarded as another
important factor affecting the bonding process by
several authors®>. In the present investigation, the
effect of the roughness of faying surface on the early
process of diffusion welding has been examined using
the electric resistance measurement as described in
the previous paper’; a couple of base metals whose
faying surfaces were finished with emery paper of
various grades were brought into contact at a given
welding pressure in a vacuum and the electric resist-
ance across the bonding interface was measured in the
heating process of the couple from room temperature.
Base metals used were aluminum, titanium and copper.
The oxide films of aluminum and titanium are very

(Diffusion Welding) (Surface Preparation) (Contact Resistance) (Aluminum) (Titanium) (Copper)

stable, while that of copper is not so stable as
aluminum and titanium. The effect of the faying
surface roughness on the variation of the electric
resistance is analysed on the basis of the constriction
resistance theory.

2. Experimental Details

Base metals used were commercially pure alumi-
num, titanium and copper whose chemical composi-
tions were the same as those reported in the previous
paper”. The dimensions of the base metal and the
welding procedure were also the same as those
reported in the previous paper?.

In order to investigate the effect of the roughness of
the faying surface on the bonding process, the faying
surface was finished by grinding on emery paper of
600, 800 and 1500 grade. Table 1 shows parameters
of the roughness of aluminum faying surfaces where
H,.. and H,,. are the maximum and mean height of
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Table 1 Parameters of the roughness of aluminum faying surfaces
finished by polishing with emery paper of various grades,
where N, H,.. and H,,. denote the number of micro-
asperities per a unit length, the maximum and average

height of the micro-asperities, respectively.

Grade of -1
Emery Paper N(em ™) Hmax(um) Have(um)
1500 670 1.1 0.34
800 545 1.3 0.40
600 490 2.6 0.71

micro-asperities and N is the number of micro-
asperities per a unit length. As the faying surface
becomes finer (the grade of emery paper increases),
the height of micro-asperities (Hp.x and H,w.) de-
creases and their number per a unit length (N)
increases. The height and number of micro-asperities
on the titanium and copper faying surfaces depend on
the roughness similarly to those of the aluminum
faying surface. The electric resistance measurement
was carried out using the conventional potentiometric

method as reported in the previous paper’.

3. Results and Discussion

3.1 Effect of the roughness of faying surface on
the bonding process of aluminum

A couple of aluminum base metals were brought into
contact in a vacuum at the welding pressure of
0.2kg/mm? and then heated from room temperature to
640°C at the rate of 15°C/min. Figure 1 shows the
effect of the faying surface roughness on the variation
of the electric resistance p across the bonding
interface in the heating process. In this ffgure, the
electric resistance © in the cooling process after the
heating up to 640°C is also shown. The electric
resistance o in this cooling process was nearly equal
to the resistivity of the base metal within ex-
perimental error(10%) as reported in the previous
paperl). As shown in the figure, the initial value of the
electric resistance p decreased as the faying surface
became rougher. And the variation of the electric
resistance P in the heating process was influenced
remarkably by the roughness of the faying surface;
when the roughened faying surface was used, the
electric resistance P decreased remarkably in the
temperature range from room temperature to 220°C
where no decrease in © was observed when the fine
faying surface was used. In case where the roughened
faying surface was used, the variation of the electric
resistance P with temperature can be divided into
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Fig. 1 Variation of electric resistance p across the bonding
interface of aluminum with temperature in the heating
process(—O—) of the bonding interface and in the cooling
process (—®@—) after the heating process up to 640°C. The
faying surfaces were finished by polishing with emery
paper of 1500, 800 and 600 grade. The heating and cooling
rate were 15°C/min, and the welding pressure P, was

0.2kg/mm?>.

three stages as shown in Fig. 1; stage 1 from room
temperature to 220°C where the electric resistance p
decreased largely, stage 2 from 220°C to 500°C where
© hardly decreased and stage 3 from 500°C to 630°C
where p decreased largely. In case where the fine
faying surface was used, large decrease in © was
observed only in stage 3.

In the bonding process of aluminum, the oxide film
on the faying surface interferes with the formation of
metal-to-metal contact as reported in the previous
paper?. Thus it is not necessarily clear from what
stage the metal-to-metal contact occurs. In order to
make clear the existence of the metal-to-metal contact
in the temperature ranges of stage 1, 2, and 3, the
dependence of the electric resistance © on tempera-
ture was investigated in cooling processes subsequent
to the heating process up to the temperature range of
stage 1, 2 and 3. As shown in Figs. 2 and 3, the electric
resistance £ in all the cooling processes from stage 1,
2 and 3 decreased with decreasing temperature. In the
heating process of the bonding interface, the increase
in contact area or the disruption of oxide film may
occur, but in the cooling process such change in the
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Fig. 2 Temperature dependence of the electric resistance p of
aluminum in cooling processes (—®—) of the bonding
interface after heating (15°C/min) up to the temperature
range of stage 3. The faying surfaces were finished with
emery paper of 1500 grade. The resistivity of the base metal

is also shown (—®—),
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Fig. 3 Temperature dependence of the electric resistance p of
aluminum in cooling processes of the bonding interface after
heating (15°C/min) up to the temperature ranges of stage 1
and 2. The faying surfaces were finished with emery paper
of 800 grade.

contact state will not occur at temperatures much
lower than the starting temperature of the cooling
process. Therefore in the cooling process, if the
metal-to-metal contact does not exist, the dependence
of electric resistance £ on temperature will be
determined by the resistivity of the oxide film; the
electric resistance across the bonding interface will
increase with decreasing temperature since the resis-
tivity of the aluminum oxide decreases with the rise of
}temperature‘”. Clearly, this is in conflict with the
results shown in Figs. 2 and 3.
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On the other hand, when the metal-to-metal contact
exists and the electric resistance across the bonding
interface is caused by the constriction resistance p ¢
at metal-to-metal contact spots, the electric resist-
ance P is given approximately by':

O=0ct POy (1)
_(Yx /S
_< 5 n-SM+1>pM )
NV S
=W 7"+1)oy
where < 2 >pM
W =n-Su/S. (3)

Here oy is the resistivity of base metal, Sy the total
area of metal-to-metal contact, S the apparent contact
area (cross-sectional area of base metal), and n the
number of metal-to-metal contact spots per a unit
area. In this case, the electric resistance p is
proportional to the resistivity of base metal as given
by eq. (2). Therefore in the cooling process the
electric resistance © will decrease with decreasing
temperature similarly to the resistivity of base metal.
Such temperature dependence of the electric resist-
ance P is consistent with the results shown in Figs. 2
and 3. Consequently, it can be concluded that the
metal-to-metal contact spot exists in the temperature
range of stage 1, 2 and 3. And the electric resistance
across the bonding interface is considered to be
caused by the constriction resistance at the metal-to-
metal contact spot.

In order to examine the variation of area or number
of metal-to-metal contact spots in the heating process,
the temperature dependence of the electric resistance
P shown in Fig. 1 is analysed using the contact
parameter W given in eq. (2). If the electric resistance
across the bonding interface is caused by only the
constriction resistance, the contact parameter W is
proportional to the area or number of metal-to-metal
contact spots per a unit area as given by eq. (3). As
described in the previous paper’, the experimental
value of contact parameter (estimated from the ex-
perimental electric resistance © using eq. (2) ) gives
the upper limit to the true value of ( n* Su/S ).

Figure 4 shows the variation of contact parameter
W in the heating process. When the roughened faying
surface was used, large increase in the contact
parameter was observed in stage 1, but in stage 2 the
increase in W was much smaller. Thus metal-to-metal
contact spot increased largely in its area and number
in stage 1, while in stage 2 their increase was much
smaller. As the faying surface became finer, the
contact parameter decreased in its initial value and
the increment of the contact parameter in the temper-
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Fig. 4 Variation of the contact parameter W of aluminum bonding

interface estimated from p shown in Fig. 1.

ature range of stage 1 became smaller.

The total contact area to bear a given welding
pressure (including the contact spot where the contact
occurs between the oxide film) does not depend on the
roughness of faying surface. As the faying surface
becomes roughened, the number of total contact spots
will decrease since the number of micro-asperities
decreases as shown in Table 1. On the other hand, the
area or number of metal-to-metal contact spots
increased with roughening the faying surface as shown
in Fig. 4. As pointed out in the previous paper?, the
oxide film on the faying surface is a most important
factor interfering with the formation of metal-to-
metal contact. These facts indicate that the disruption
of the oxide film which results in the formation of
metal-to-metal contact is promoted as the faying
surface becomes roughened.

In order to investigate the mechanism of the
disruption of the oxide film, the faying surface was
observed with scanning electron microscope after the
bonding interface was heated to the temperature range
of stage 1 and 2. Figure 5 shows the faying surfaces
finished with emery paper of 600 grade. As shown in
this figure, dark bands which intersect the grooves
caused by grinding on emery paper were observed on
the faying surfaces subjected to the heating process
up to stage 1 and 2. In the diffusion welding of the
present investigation, the base metals were so
arranged that the grooves on the faying surfaces
intersected at nearly right angle with each other.
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Fig. 5 Change in the morphology of aluminum faying surfaces
(finished with 600 grade emery paper) which was caused by
the heating of the bonding interface up to 160°C(b),
220°C(c) and 460°C(d) at the welding pressure of 0.2kg/mm?’
(as-polished(a) ).

Therefore the dark bands observed on the faying
surface are regarded as the region where micro-
asperities are deformed by virtue of being micro-
asperities on the other faying surface, i.e., the contact
region. As shown in Figs. 5(b) and (c), the number and
area of the contact region increased with the rise of
temperature in stage 1. On the other hand, the contact
region was hardly increased in stage 2. These changes
in the number and area of the contact region agree well
with those of metal-to-metal contact spots derived
from the electric resistance measurement. These facts
indicate that in stage 1 the deformation of micro-
asperities on the faying surface causes the disruption
of the oxide film which results in the formation of
metal-to-metal contact. This conclusion is supported
by the fact that the increment of the contact parameter
in stage 1 increased as the faying surface became
roughened. On the other hand, in stage 2, the area or
number of metal-to-metal contact spots is not consi-
dered to increase remarkably because the degree of
the deformation of micro-asperities scarecely in-
creases.
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3.2 Effect of the roughness of faying surface on
the bonding process of titanium

A couple of titanium base metals were brought into
contact at the welding pressure of 0.l1kg/mm? and
heated in a vacuum from room temperature to 1000°C
at the rate of 15°C/min. Figure 6 shows the effect of
the faying surface roughness on the variation of the
electric resistance © across the bonding interface in
the heating process. In this figure, the electric
resistance £ in the cooling process after the heating
process up to 1000°C is also shown. As described in
the previous paper?”, the electric resistance p in this
cooling process is nearly equal to the resistivity of the
base metal within experimental error. As shown in
this figure, the electric resistance across the bonding
interface decreased in its initial value as the faying
surface became roughened. In contrast to the bonding
process of aluminum, no new stage was observed in the
bonding process of titanium when the roughened
faying surface was used. The decrement of the electric
resistance P in stage 1 became much smaller as the
faying surface became roughened. On the other hand,
the roughness of faying surface had little effect on the
variation of the electric resistance ¢ instage 2 and 3.

In order to make clear the existence of the
metal-to-metal contact, the temperature dependence
of the electric resistance P was investigated in
cooling processes as mentioned in §3.1. Figure 7
shows the electric resistance @ as a function of
temperature in the cooling process from the tempera-
ture range of stage 1 and 2. As shown in this figure, in
the cooling process from the temperature range of

Ti-Ti
Pw=0.1kg/ mm2

104~

I 1500 Grade \

P(HQcm)

102
L —o—~ Heat.at 15°C/ min.
F —e— Cool. at 15°C/ min.

PN SN N U DN R IR L
0 100 200 300 400 500 600 700 800 900 1000
Temperature (*C)

Fig. 6 Variation of the electric resistance p of titanium with
temperature in the heating process of the bonding interface.
The faying surfaces were finished by polishing with 1500
and 600 grade emery paper.
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stage 1, the electric resistance across the bonding
interface increased with decreasing temperature simi-
larly to the resistivity of the titanium oxide®. This
result indicates that the electric resistance £ in stage
1 is influenced significantly by the resistivity of the
oxide film. On the other hand, in the cooling process
from the temperature range of stage 2, the electric
resistance P decreased with decreasing temperature.
This indicates that the metal-to-metal contact forms
in stage 2.

The fact that the electric resistance © of titanium
is influenced more significantly by the resistivity of
the oxide film than that of aluminum can be inter-
preted as follows: The resistivity of the titanium oxide
is much lower than that of the aluminum oxide while
the resistivity of the titanium base metal is about ten
times as large as that of the aluminum as shown in
Figs. 1 and 6. Therefore even if the thickness of the
oxide film is equal and the contact state in the bonding
interface is the same, the electric currents which flow
the contact spot including the oxide film is larger in
the titanium bonding interface than in the aluminum.
Consequently, the electric resistance across the
bonding interface of titanium is influenced more
significantly by the resistivity of the oxide film
compared with that of aluminum.

In order to examine the change in the area and
number of metal-to-metal contact spots, the variation
of electric resistance © shown in Fig. 6 is analysed by
using the contact parameter W as described in §3.1.

1041

Ti-Ti (1500Grade)
Pw=0.1kg/mm?2

—0— Heat.
—e— Cool.

@

102 Ay
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200 300 400 500
Temperature (°C )

Fig. 7 Temperature dependence of the electric resistance p of
titanium in cooling processes of the bonding interface after
heating (15°C/min) up to the temperature ranges of stage 1
and 2. The faying surfaces were finished by polishing with

1500 grade emery paper.
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Figure 8 shows the contact parameter as a function of
temperature. As shown in this figure, the contact
parameter at room temperature and in the heating
process increased as the faying surface became
roughened. Because the electric resistance p is
influenced significantly by the oxide film, the contact
parameter W estimated from the electric resistance
© overestimates the area and number of metal-to-
metal contact spots. However, as described in §3.1, the
total contact area (including the contact spot where
the contact occurs between the oxide films) should not
increase as the faying surface becomes roughened.
Consequently, unless the area and/or number of
metal-to-metal contact spots increase, the contact
parameter W will not increase as the faying surface
becomes roughened; accordingly in the bonding pro-
cess of titanium the disruption of the oxide film is

102t Ti-Ti
Pw=0.1 kg/mm?2

1071
&

;510'2
L

310_
1074
1075

0 200 400 800 800 1000
Temperature(°C)

Fig. 8 Variation of the contact parameter W of the titanium bonding
interface estimated from p shown in Fig. 6.

Fig. 9 Titanium faying surfaces (finished by polishing with 600

grade emery paper) in the as-polished state(a) and after the
heating of the bonding interface up to 500°C(b) at the

welding pressure of 0.1kg/mm?Z.

Vol. 11, No. 2 1982

promoted and so the metal-to-metal contact increases
as the faying surface becomes roughened.

The change in the morphology of the faying surface
which arised in the heating process of the bonding
interface was investigated with SEM. As shown in
Fig. 9, the faying surface of titanium (finished with
emery paper of 600 grade) was almost unchanged by
the heating process up to 500°C. On the other hand, as
shown in Figs. 4 and 8, the contact parameter W in
stage 1 and 2 of titanium is about two orders of
magnitude larger than that of aluminum. These results
suggest that the degree of the deformation of micro-
asperities to disrupt the oxide film is much smaller in
the titanium bonding process than in the aluminum or
the contact parameter of titanium shown in Fig. 8
overestimates largely the area and number of metal-
to-metal contact.

3.3 Effect of the roughness of faying surface on
the bonding process of copper

Figure 10 shows the variation of the electric
resistance 0 across the bonding interface of copper in
the heating process as described in §3.1 (heating rate
= 15°C/min, welding pressure = 0.2kg/mm?). As
shown in this figure, the electric resistance p
decreased in its initial value and approached the
resistivity of the base metal at lower temperature as
the faying surface became roughened.

In order to make clear the existence of the
metal-to-metal contact, the temperature dependence
of the electric resistance p© was investigated in
cooling processes subsequent to the heating process
up to stage 1, 2 and 3. Figure 11 shows the variation
of the electric resistance £ in the cooling process in
case where the faying surface was oxidized in air for
20min at 220°C after the finishing with emery paper of
1500 grade. As shown in this figure, the electric

102 Cu-Cu
F Pw=0.2kg/mm2
£ L
c‘:’ . 1rude
310 - Q
Q b

—o— Heat. at 15 °C/min.
—— Cool. at 15°C/min.

1 R n 1 I 1 1 " 1 1 L ) 1 PR |
0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)
Fig. 10 Variation of the electric resistance p of copper in the
heating process of the bonding interface. The faying
surfaces were finished with 1500 and 600 grade emery

paper.
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Fig. 11 Temperature dependence of the electric resistance o of -

copper in cooling processes of the bonding interface after
the heating up to the temperature ranges of stage 1 and 3.
The faying surfaces were oxidized in air at 200°C for

20min after polishing with 1500 grade emery paper.
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Fig. 12 Variation of the contact parameter W of the copper bonding

interface estimated from p shown in Fig. 10.

resistance 0 in the cooling processes decreased with
decreasing temperature, even though the thickness of
the oxide film was increased by the oxidation treat-
ment. This result indicates that the metal-to-metal
contact spot exists in the bonding interface and the
electric resistance across the bonding interface is
mainly caused by the constriction resistance at metal-
- to-metal contact spots®.

Figure 12 shows the variation of the contact
parameter W of copper obtained from the electric
resistance £ shown in Fig. 10. As shown in this
figure, the increase in the contact parameter was
accelerated as the faying surface became roughened.
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Fig. 13 Change in the morphology of copper faying surfaces
(finished with 600 grade emery paper) which was caused
by the heating of bonding interfaces up to 260°C(b),
360°C(c) and 450°C(d) at the welding pressure of 0.2kg/

min® (as-polished(a) ).

The change in the morphology of the faying surface
which arised in the heating process of the bonding
interface was investigated with SEM for comparison
with the variation of the contact parameter W. Figure
13 shows the faying surfaces (finished with emery
paper of 600 grade) after the heating process up to the
temperature range of stage 1,2 and 3. As shown in Fig.
13(b), many dark bands where micro-asperities were
deformed were observed on the faying surface after
the heating process up to the final temperature of
stage 1(260°C). These dark bands are regarded as
contact regions similarly to those observed on the
aluminum faying surface (see Fig. 5). When the
bonding interface was heated up to the final tempera-
ture of stage 2(360°C), the contact region hardly
increased compared with those on the faying surface
heated to 260°C as shown in Figs. 13(b) and (c). On the
other hand, after the heating process up to the
temperature range of stage 3, light bands which
exhibited a dimpled appearance were observed as
shown in Fig. 13(d). These light bands are considered
to be the region where strong bonds are attained. As
described in the previous paper’
stage 3 is related to the reverse reaction of the

, the initiation of
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eutectoid reaction (CuyO — Cu + CuO) or the change
in the temperature dependence of electric properties
of the oxide film which occurs at temperatures around
375°C. These facts indicate that the reaction or the
change in the temperature dependence of electric
properties of the oxide film initiates the increase in
the metal-to-metal contact and the bonded region in
stage 3. The variation of the contact parameter shown
in Fig. 12 is considered to be related to these changes
in the contact state observed with SEM.

Thus in the early bonding process of aluminum,
titanium and copper, the area and/or number of
metal-to-metal contact spots are increased as the
faying surface becomes roughened. As described in
§3.1, this means that the disruption of the oxide film is
promoted by the deformation of micro-asperities as
the faying surface becomes roughened. This result can
be explained as follows: As the faying surface becomes
roughened, the number of contact spots becomes
smaller since the number of micro-asperities per a
unit length decreases as shown in Table 1. Conse-
quently, the pressure exerted on each contact spot at a
given welding pressure is increased as the faying
surface becomes roughened. This increase in the
pressure exerted on a contact spot increases the
degree of the deformation of micro-asperities at the
contact spot and promotes the disruption of the oxide
film.

Thus the deformation of micro-asperities results in
the increase in the metal-to-metal contact. On the
other hand, the micro-asperity on the faying surface
causes the formation of voids at the bonding interface
and so the void increases in size as the faying surface
becomes roughened. Therefore the roughness of the
faying surface should be selected after consideration
of these two effects of the micro-asperity on the
bonding process.

4. Summary

The effect of the faying surface roughness on the
early process of diffusion welding has been investi-
gated with the measurement of electric resistance
across the bonding interface; a couple of base metals
which were brought into contact at a given welding
pressure were heated from room temperature at a
constant rate and the electric resistance across the
bonding interface was measured in the heating pro-
cess. The base metals used were aluminum, titanium
and copper, and their faying surfaces were finished
with emery paper of various grades. The electric
resistance across the bonding interface was analysed
using the contact parameter W derived on the basis of
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the constriction resistance theory (W increases with

increase in the area or number of metal-to-metal

contact spots per a-unit area). The results obtained
are summarized as follows:

(1) In the bonding process of aluminum, titanium and
copper, the contact parameter at room temperature
and in the heating process increased as the faying
surface became roughened. Particularly, in the
bonding process of aluminum, a large increase in the
contact parameter was observed in the temperature
range from room temperature to 220°C(stage 1)
where the contact parameter hardly increased when
the fine faying surface was used.

(2) The results described in (1) indicate that the
disruption of the oxide film and the formation of the
metal-to-metal contact in the early bonding process
are promoted as the faying surface becomes
roughened; the degree of the deformation of micro-
asperities which results in the disruption of the
oxide film increases with roughening the faying
surface. The oxide film of aluminum is so tenacious
that its disruption requires much more amount of
the deformation of micro-asperities compared with
those of titanium and copper.

(3) In the bonding process of titanium, the electric
resistance of contact spots where the contact
occurs between the oxide film has more effect on
the electric resistance across the bonding interface
than in the bonding process of aluminum and copper.

(4) As described in (2), the disruption of the oxide
film is promoted with roughening the faying sur-
face, while micro-asperities on the faying surface
cause the formation of voids at the bonding inter-
face. Therefore the roughness of the faying surface
should be selected after consideration of these two
effects of the micro-asperity on the bonding pro-
cess.
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