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Analysis of Electric Resistance of Diffusion-Welded Joint Based on
Constriction Resistancef

Toshio ENJO*, Kenji IKEUCHI**, Naofumi AKIKAWA *** and Tsukasa OK AZAK[**%#

Abstract

New equations giving constriction resistance R as a function of area Spr and number density n of true contact
spots have been obtained from a model experiment, and applied to the analysis of the electric resistance of the bond
interface AR for the diffusion-welded joint of titanium. The new equations obtained are described as
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for (Sy/S) < 1/4, and

e s s CSM Y
Rg= \/W-S{ S (e 1) 0.842 (1 S)} (2)

for (Sy/S) > 1/4, where p is the resistivity of base metal and S the apparent contact area. It can be seen from these
equations that parameter A = (AR-S/p) depends only on (Spg/S) and n, if AR =R Parameter A measured at temper-
atures from 77K to room temperature for joints of titanium, however, decreased with a rise in the temperature of meas-
urement, and its temperature dependence became less pronounced with the increase in welding temperature and time.
On the other hand, area Syy and density n were estimated from fractured surfaces of joints on the assumption that spots
where grooves caused by grinding of the faying surface were annihilated corresponded to true contact spots. Parameter A
caleulated from Spy and n thus obtained was significantly smaller than that measured at 77K and rather in good agree-
ment with that measured at room temperature. This result indicates that not all the true contact spots observed on
fractured surfaces corresponded to completely bonded spots having electrical properties identical with those of the base
metal, The dependence of A on the temperature of measurement can be accounted for by @ model that the bond inter-
face consists of three characteristic spots: unbonded spot, completely bonded spot and incompletely bonded spot con- .

taining inclusions such as oxide films.
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1. Introduction

The diffusion welding is a method by which materials’
can be bonded without melting or heavy plastic deforma-
tion in the bond zone. In such bond process, the micro-
structure of the bond interface and the resulting bond
strength are considered to be strongly influenced by
microscopic characteristics of the faying surface such as
roughness and superficial oxide film'). The authors in-
vestigated the effects of the roughness and oxide film on
the formation of true contact spots in the early process of
diffusion welding by means of the electric resistance
measurement across the bond interface>®. In the
investigation, the electric resistance across the bond inter-
face was analyzed using the equation of constriction

resistance given by4)

R = 0] (2 @), reremmsssmmmsssssssinssssssssssississs 6))

where R is the constriction resistance, p the resistivity of
base metal, and & the radius of true contact spot. How-
ever, eq. (1) is a solution for contact resistance of a inter-
face at which a couple of simi-infinite conductive mem-
bers are in contact with each other in a circular spot4),
and so is valid only .in the case where area of true contact
spot Sys is much smaller than apparent contact area S.

An attempt to obtain an equation which was valid over
a wider range than eq. (1) was made by R. Holm®). An
approxXimate equation obtained by R. Holm, however, is
not valid for (S3s/S) > 0.3, since Holm’s equation gives
negative constriction resistance in this range.
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The purpose of the present investigation is to expand
the application of the constriction resistance to the

analysis of the microstructure of bond interface. For this, |

an experimental equation of the constriction resistance
which holds up to (S3;/S) ~ 1 has been obtained by a
model experiment, and applied to the relation between
the electric resistance of bond interface and the area and
number of true contact spots for diffusion-welded joints
of a commercially pure titanium.

2. Model Experiment on Constriction Resistance

The constriction resistance is generated at a place
where the cross sectional area of a conductor is locally
decreased, because current flow lines are bent together
through the narrower area®. In other words, the resist-
ance of a conductor having alocally narrower part consists
of the constriction resistance in addition to the resistance
given by the product of the resistivity by the size factor of
the conductor (length/cross-sectional area). In the present
investigation, the constriction resistance is estimated from
a model experiment as described in the following section
§2.1.

2.1 Measurement of constriction resistance

The specimen for the model experiment was a cold
drawn bar of commercially pure aluminum 20mm in diam-
eter and 300mm in length. As shown in Fig. 1, a cir-
cular notch of width 2 ~ 1 mm was cut in the specimen.
The constriction resistance was estimated from the
resistance between terminals 1 and 2 on both sides of the
notch, and the resistivity of the specimen from the
resistance between terminals 2 and 3. Terminals 4 and 5

were for passing the current through the specimen. The

electric resistance measurement was carried out in stirred
benzine at room temperature by the conventional
potentiometric method as described in §3.1. The con-
striction resistance is estimated using the following
equation:
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Fig. 1

Schematic diagram illustrating a notched specimen

for the measurement of the constriction resistance.
The cross-sectional area at the notch bottom S¢ is
assumed to correspond to the area of true contact
spots Sps. Terminals 1, 2 and 3 are for the measur-
ement of potential difference, and terminals 4 and 5
for the current supply.
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where R, is the resistance between terminals 1 and 2, 2!/
the distance between the terminals, S the cross-sectional
area of the specimen and S the cross-sectional area at
the notch bottom. The resistivity p is given by

p=(So/lp) - Ry ,

where R,z is the resistance between terminals 2 and 3 and
Ip the distance between the terminals. The values of /, Sy,
S¢ and Ip were determined to an accuracy of £5um with
a profile projector.

2.2 Estimation of constriction resistance from model
experiment

The relation between constriction resistance and true
contact area obtained from the model experiment is
shown in Fig. 2. Dimensionless parameter (Rc\/So/0)
is taken as the vertical axis in order to compensate
the effects of resistivity p and cross sectional area S,
on the constriction resistance. As shown in Fig. 2, the
constriction resistance was increased with the increase in
VSo/Sc , i.e., the decrease in the ratio of true contact
area to apparent contact area. For \/S‘O/SC > 2, the
relation between Rcn/So / p and v/Sy/Sc can be approxi-
mated by a straight line. For comparison, the relation of
Eq. (1) and Holm’s equation described as below®)

S N
=_P 20 tan7t /2% _ o) YT 4
Re= s, J; 5c 2 “

are also shown in Fig. 2.

As seen in Fig. 2, the constriction resistance is over-
estimated by the use of eq.(1) and underestimated by the
use of Holm’s equation. However, it should be noted that
Holm’s equation gives a relation nearly parallel to that
obtained from the model experiment. Therefore, it will be
possible to obtain an approximate equation for the con-
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Fig. 2 Dimensionless parameter (Rcv/So/p) vs NN
where R is the constriction resistance, and p the
resistivity of the specimen.
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striction resistance from Holm’s equation by an appro-
priate modification. For 4/So/S¢c > 2, since both the
experimental relation and the relation given by Holm’s
equation can be well approximated by straight lines
parallel to each other, the following equation can be
derived:

P NT [So

RC=_

5 2 /5o T L T YT
On the other hand, for v/S,/S¢ < 2, Holm’s equation is
modified to the following equation:

P So - So
RA=— e 1 —_ — 0. .
c m{/;tan /Sc 1) — 0.842
S
(1—/f)}.

As shown in Fig. 3, the constriction resistance given by
egs. (5) and (6) shows excellent agreement with the
experimental. ,

Though the specimen for the model experiment cor-
responds to a joint having one true contact spot, a number
of true contact spots are formed at the bond interface in
actual diffusion welding (see Fig.8). According to Holm®,
the resistance of a bond interface having multiple true
contact spots is given as the resistance of a circuit in which
resistors corresponding to each true contact spots are con-
nected in parallel. Suppose that NV true contact spots of
area (Sys/N) are distributed uniformly in a bond inter-
face of apparent contact area S. Then, the constriction
resistance of each true contact spot can be approximated
by that of a bond interface which has a true contact spot
of area (Sy//N) in apparent contact area (S/N). Con-
sequently, from egs. (5) and (6), the constriction resist-
ance of a bond interface having true contact spots of
number density # = (V/S) is given by

o NTS oy
Re= A T2 1.21) 10
for Sy /S<1/4, and
=P /S (S )
R¢ \/EES{ P o 1
— 0842 (1 — _S%’I_)} ....................... ®

for Sy/S > 1/4.

The validity of Holm’s treatment for multiple true
contact spots has been established by a model experiment
using rectangular-sheet specimens with multiple notchs®.
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Fig.3 Relation between (R +/S,/p) and \/S,/S¢ givenby
egs. (5) and (6).

3. Electric Resistance of Bond Interface in Diffusion-
Welded Joint

3.1 Experimental details

The base metal used was a cold-drawn bar (20 mm in
diameter) of commercially pure titanium with chemical
composition as shown in Table 1. The specimen for the
diffusion welding, a rod 20 mm in diameter and 37 mm
in length, was cut from the base metal. The faying surface,
the end surface of the rod, was finished by grinding on a
metallographic paper of 800 grade, and washed in acetone
just before the welding. Welding procedures employed
were similar to those reported in a previous paper7); ie.,
the bond interface was heated with a radiant resistance
heater of molybdenum foil 0.1 mm thick, the welding
pressure was applied to the bond interface with a
hydraulic press, and the welding atmosphere was a
vacuum of the order of 1072Pa.

The welded joint was cut to a cylindrical specimen
8 mm in diameter for the electric resistance measurement.
As shown in Fig. 4, titanium wires (0.1 mm thick) 1, 2, 3
and 4 were percussion-welded to the specimen at a dis-
tance of about 10 mm as leads for the measurement of
potential difference. The electric resistance measurement
was carried out by a conventional potentiometric method
as shown in Fig. 4: a direct current of 3—5 A was passed
through the specimen, the potential difference between
the leads was measured with a digital potentiometer to an
accuracy of *10nV, and the electric resistance between
the leads was estimated from the potential difference and
current using Ohm’s law. In the measurement, the direc-
tion of the current was reversed, and the mean value of
the potential difference for each direction was employed
for evaluating the resistance in order to compensate the

Table 1 Chemical composition of the base metal used

(mass%).
Fe N 0 H Ti
0.038] 0.0030| 0.065{ 0.0028 | Bal.
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Fig. 4 Diagram illustrating the circuit for the electric re-

sistance measurement of the bond interface. The

electric resistance of the bond interface was estimat-
ed from the resistance between terminals 2 and 3,

and the resistivity of the base metals from the

resistance between 1 and 2 and the resistance be-

tween 3 and 4.

effect of the thermoelectric power on the measurement of
the potential difference.

The electric resistance of the bond interface was
estimated from electric resistance between leads 2 and
3 R,3 by subtracting the resistance of the matrix metal:

where S is the cross sectional area of the specimen (~ap-
parent contact area) and I3 the distance between leads
2 and 3. Resistivity p was determined from resistance
between 1 and 2 R;, and between 3 and 4 R34 for each
specimen. The measurement of the electric resistance was
carried out in liquid baths kept at a desired temperature.
The baths used were liquid nitrogen at 77 K and benzine
at temperatures from 173 K to room temperature.

In the present investigation, parameter A given by the
following equation was employed for describing the ex-
perimental result:

The reason for this is that A depends only on (S;/S) and
n from egs. (7) and (8), if the electric resistance of bond
interface AR is only due to the constriction resistance
(if AR = R(). Therefore, if AR = R, 4 is independent of
the temperature of measurement. In the present investiga-
tion, A was measured at temperatures from 77 K to room
temperature, in order to determine if AR = R.

3.2 Results

The variation of 4 with welding time at welding
temperatures from 1023 K to 1123 K is shown in Fig. 5,
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Ti-Ti
Pw =2 MPa

300

Tw 1023 K

100

3 4 5 6 7 8
Welding time (ks)

Fig. 5 Parameter A; vs welding time at various welding
temperatures T, (A7 : A measured at 77K, Py :
welding pressure).

where parameter Ay of the vertical axis indicates 4 meas-
ured at 77 K. As shown in Fig. 5, the value of A; decreas-
ed with the increase in welding temperature and time,
suggesting that the resistance of the bond interface
decreased with the development of the bonding process.

In order to evaluate the contribution of the constric-
tion resistance to the electric resistance of bond interface,
the dependence of A on the temperature of measure-
ment was investigated from 77K to room temperature.
As shown in Fig. 6, parameter A decreased with the rise in
the measurement temperature, suggesting that the con-
tribution of factors other than the constriction resistance
to the electric resistance of bond interface could not be
neglected. In order to investigate the effect of welding
parameters on the temperature dependence of A, dif-
ference between the values of parameter 4 measured at
77K and at room temperature A4 was plotted against
welding time. As shown in Fig. 7, A4 decreased as the
welding temperature and time were increased. These
results indicate that factors other than the constriction
resistance have a considerable effect on the electric resist-
ance of bond interface and that their contribution to the
electric resistance of bond interface became less pro-
nounced with the development of bonding process.

In order to examine the dependence of A on the
temperature of measurement, experimental values of 4
were compared with values calculated by the use of egs.
(7) and (8). The ratio of true contact area to apparent
contact area (S37/S) and number density n to put into egs.
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Fig. 6 Variation of A with the temperature of measurement
(t,, : welding time).
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Fig. 7 Variation of A4 = (4 L — AR) with welding time,
where Ap is parameter 4 measured at room temper-
ature.

(7) and (8) were estimated from the observation of frac-
tured surfaces of joints. The fractured surface, as shown in
Fig. 8, consisted of two characteristic parts: dark parts
where grooves caused by grinding of the faying surface

still remained and bright parts where the groove was an- -

nihilated. The bright part can be regarded as a place where
the bond is more or less fomed across the bond interface,
since this part presents a dimple-like pattern. The ratio of
true contact area (S,,/S) and number density n were
estimated on the assumption that the bright part cor-
responded to the true contact spot.

In Fig. 9, products of 4 by \/n (4, was measured at
77K and Ag at room temperature) is plotted against
V/S/Sy; along with the theoretical relation (broken line)
given by egs. (7) and (8). As shown in Fig. 9, Ax/n ap-
proximately obeyed the theoretical relation, though there
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Fig. 8 Fractured surface of a joint after a tensile test
Sy/S = 30%, n = 6.9 x 10°m=%, T\, = 1023 K,
tyw=T17.2ks, P,,=2 MPa).

Ti-Ti
(o]
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Fig. 9 A/n (Ag/n : o, Ay/n : 0) vs \/S[Syy, where Sy,
and n were estimated from fractured surfaces as
shown in Fig. 8. The broken line shows the relation
given by eqs. (7) and (8).

is considerable scatter. On the other hand, 4;4/n took
values much higher than the-theoretical except for true
contact ratio higher than 0.25 (\/S/Sy; < 2). This means
that the electric resistance of bond interface at 77 K is
much higher than that caused only by the constriction
resistance when the true contact area is small. In other
words, not all the true contact spot observed on the
fractured surface corresponded to completely bonded
spot having electrical properties identical with those of
the base metal. This result was supported by the observa-
tion of the microstructure of bond interface and by the
relation between the bond strength and true contact area
as described below.

A microstructure of a bond interface in a joint for
which (S;,/S) was estimated to be 30% from the fractured
surface is shown in Fig. 10. If the place which was regard-
ed as a true contact spot on the fractured surface was a
completely bonded spot having identical properties with
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Fig. 10  Microstructure of a joint for which (Syz/S) was /'l
estimated to be 30% from the fractured surface 0 A 1’0 210 . 310 . #o
(Ty,=1123 K, P,, = 2 MPa, £, = 1.8 ks). SIS (%)
Fig. 11 Comparison between the bond strength of tita-

the base metal, the place would show features similar to
those of the grain boundary in the base metal. As shown
in Fig. 10, however, most of the bond interface appeared
as a dark band thicker than the grain boundary, and the
part showing features similar to the grain boundary was
only about 10% of the bond interface. Therefore, the
place which was regarded as the true contact spot by the
observation of fractured surface included the spot with
metallographic properties different from the base metal.

Figure 11 shows a relation between the bond strength
and (Sy,/S) obtained from the observation of fractured
surface. As shown in the figure, a linear relation independ-
ent of welding parameters and the number of true con-
tact spots was observed between the bond strength and
(Sp/S). In Fig. 11, tensile strength of the base metal with
a circular notch (see Fig. 12) is also shown for comparison
with the bond strength. The ratio of true contact area
(Syz/S) for the notched base metal is given by

(SM/S)=(d/D)2 JR TIPS an

where D is the diameter of the specimen and d the dia-
meter at the notch bottom. In order to apply a thermal
history similar to that of the joint, the specimen of the
base metal was held at 1073 K for 1.8 ks in a vacuum
before being notched.

As shown in Fig. 11, the tensile strength of the joint
and the notched base metal was almost the same at (S,;/
S) of about 30%. However, the tensile strength of the
joint decreased rapidly with the decrease in (S,;/S), and
became much smaller than that of the notched base metal
at (Sy/S) of about 10%. The sharpness and shape of the
circular notch shown in Fig. 12 are, of course, quite dif-
ferent from those of the unbonded part in the bond inter-
face. However, the fact that the tensile strength of the
joint nearly equal to that of the base metal at (S3/S)
~ 30% became much smaller at (Sy;/S) ~ 10% suggested
that the mean strength of the true contact spot observed
on the fractured surface was considerably lower than that
of the base metal at least for (Sy;/S) ~ 10%. Therefore, it
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nium and the strength of notched titanium bars.
The ratio of cross-sectional area at the notch
bottom to that of the bar (d/D)? is taken as
(Sp/S) for the notched titanium bar (d and D:
see Fig. 12).

402 mm

uls

LLr

o (=]

”L

Schematic diagram illustrating a notched titanium
bar (D = 10 mm).

can be concluded that at (Sy;/S) of about 10% the true
contact spots observed on the fractured surface consist
not only of completely bonded spots but also of incom-
pletely bonded spots including microscopic defects such
as oxide films and microvoids.

As shown in Fig. 9, the ratio of true contact area in-
cluding these incompletely bonded spots could be estimat-
ed from 4 measured at room temperature. On the other
hand, it still remains unknown what is estimated from 4
measured at 77 K. In Fig. 13, the bond strength is plotted
against A;\/n along with the tensile strength of the
notched base metal. Parameter A+/n for the notch-
ed base metal is given by the substitution of (d/D)?
for (Sy;/S)in eqs. (7) and (8). As shown in Fig.13, 4;\/n
approximately obeyed the relation between A~/ and the
strength for the notched base metal, though there is con-
siderable scatter. This result implys that the contact area
having the strength almost identical with that of the base
metal is estimated from A measured at 77 K. As shown
in Fig. 13, Ag+/n deviated significantly from the relation
for the notched specimen at lower bond strength.

Fig. 12

4. Discussion

From the results described in §3.2, it can be concluded
that the contact spot at the bond interface of titanium
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Ap~/n : o). The broken line shows the relation be-
tween the tensile strength of the notched titanium
bar and A~/n estimated by substituting (d/D)? for
(Sp/S) in egs. (7) and (8).

Fig. 13

can be classified into three types as schematically shown
in Fig. 14: (a) completely bonded spot ﬁaving properties
identical with those of the base metal, (b) intermediate
state between (a) and (c), and (c) incompletely bonded
spot including defects such as oxide films and microvoids.
As a typical example, the temperature dependence of 4 is
calculated below for a bond interface having three con-
tact spots each of which corresponds to those shown in
Fig. 14 (a), (b) and (c).

In this case, three resistors corresponding to each con-
tact spot can be considered to be connected in parallel
across the bond interface, and so the electric resistance
across the bond interface AR is approximately given by

1 1 1 1

= + + R
AR AR; AR, ARs

where AR, AR, and AR, are the electric resistance of
the contact spots shown in Fig. 14 (a), (b) and (c), respec-

tively. From egs. (10) and (12), 4 satisfys the following
equation:

11
1.l o P

1525 Yo ARB)_................(lg)

In this equation, since AR, is due to the constriction
resistance, (p/AR;) is independent of the temperature of
measurement and does not cause the temperature depend-
ence of 4. On the other hand, the electric resistance of
the incompletely bonded spot AR5, which consists of the
resistance due to microscopic defects r;, as well as the con-
striction resistance r,, is approximated by the following
equation: ‘
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(b) (c)
Unbonded

Incompletely bonded
——Completely bonded

-~—— Flow line of current

Fig. 14 Schematic diagram illustrating the model of the

bond interface of titanium.

AR:; =r(:+rb' .................................................. (14)
Therefore,
p/AR3=1/(rc/p+rb/p). ................................ (15)

In eq. (15), since constriction resistance 7, is proportional
to p, the temperature dependence of A4 is controlled by
(r»/p). .

If electric resistance r; is due to the titanium oxide
TiO, originating from the superficial oxide film, r, will
decrease with the rise in temperature similarly to that of
TiO,®. The electric resistance of TiO; g1~0.s5>) has been
reported to increase with temperature, but its increasing
rate Ap/p (Ap: increase in p due to increase in temper-
ature AT) is much smaller than that of titanium. There-
fore, if the resistance 7, is due to the titanium oxide TiO,
or TiO; g1~0.85, ("»/p) will decrease with the rise in
temperature, Since 4 decreases with (7,/p) from egs. (13)
and (15), the temperature dependence of A as shown in
Fig. 6 can be explained qualitatively as a consequence of
rp, caused by the titanium oxide.

The increase in (r,/p) results in the decrease in the con-
tribution of the incompletely bonded spot (p/AR;) to A
value from egs. (13) and (15). In other words, the con-
tribution of the incompletely bonded spot to A value
decreases with the decrease in temperature, if r; is due to
the titanium oxide. It is probably for this reason that the
contact area having strength almost identical with that of
the base metal is estimated from A4 measured at 77 K as
shown in Fig. 13.

A contact spot at which completely and incompletely
bonded parts coexist is shown in Fig. 14 (b). In this case,
when the electric resistance measurement is carried out at
very low temperature, the electric resistance of the
incompletely bonded part becomes much higher than
that of the completely bonded part, and almost all current
flow lines pass through the completely bonded part. On
the other hand, at very high temperatures, the difference
in the electric resistance between the completely and
incompletely bonded parts becomes small, and flow lines
pass through the incompletely bonded part as well as the
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completely bonded. That is, for the contact spot as shown
in Fig. 14 (b), the rise in temperature has virtually an
effect similar to the increase in the true contact area Sy,
and results in the decrease in 4 from egs. (7) and (8).

Thus, the dependence of A4 on the temperature of
measurement can be qualitatively accounted for by the
model of the bond interface as shown in Fig. 14.

5. Conclusions

In the present investigation, experimental equations
which give the constriction resistance as a function of area
and number of true contact spots have been obtained
from a model experiment. The equations obtained have
been applied to the diffusion-welded joint of a com-
mercially pure titanium in order to examine the micro-
structure of the bond interface by the electric resistance
measurement across the bond interface. Results obtained
are summarized as follows:

(1) The equations obtained are described as follows:

_ e (NT S
Rc—ﬁs( 5 SM—1.21) (16)

for (S3;/S) < 1/4, and

. _P /S a( /5
RC—\/ES{ Sur f:an S0t -1
—~0.842 (1 :/S—?) | — (17)

for (Sys/S) > 1/4, where R is the constriction resist-
ance, p the resistivity, S the apparent contact area,
Sy the area of true contact spots and n the number
density of true contact spots. If the electric resist-
ance of bond interface AR is caused only by the
constriction resistance (AR = R), parameter A
= (AR-S/p) depends only on (Sy;/S) and n as seen
from egs. (16) and (17).

(2) Parameter 4 for the diffusion-welded joint of tita-
nium decreased with the rise in the temperature of
measurement, suggesting that the electric resistance
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of bond interface was influenced considerably by
factors other than the constriction resistance. The
temperature dependence of 4 became smaller with
the increase in welding temperature and time.

(3) The temperature dependence of 4 can be explained
by the model that true contact spots of three types
are formed at the bond interface as shown in Figs. 14
(a), (b) and (c) : (a) completely bonded spot having
properties identical with those of the base metal, (b)
intermediate spot at which completely and incom-
pletely bonded parts coexist and (c) incompletely
bonded spot including defects such as microvoids and
titanium oxides. Among these, (b) and (c) spots can
cause the temperature dependence of A as described

_in (2), if their electric resistance is influenced signifi-
cantly by the titanium oxide; for the electric resist-
ance of the oxide generally decreases with the rise in
temperature. The model of the bond interface shown
in Fig. 14 has been supported by the comparison of
experimental A values with those calculated from
area and number of true contact spots observed on
the fractured surface.
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