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Microjoining Process in Electronic Packaging and

Its Numerical Analysis

Yasuo TAKAHASHI* and Tie GANG ** -

Abstract

The present study was carried out for the purpose of understanding interfacial deformation processes during

solid state inner lead bonding, which is used in electronic packaging. At first, the representative microjoining

processes are summarized by showing some photos and illustrations. After that, the interfacial deformation

between the electric pad and the inner lead is analyzed, using numerical simulations. In particular, two effects of

the bump thickness and the mechanical property on the interfacial extension are analyzed. The numerical simu-
lations are carried out by using a finite element method (FEM), which can be applied for large deformation of

rate sensitivity materials.

KEY WORDS: (TAB) (Inner lead bonding)(Middle lead bonding) ( Numerical simulation) (Bump)

( Interconnection) ( Interfacial deformation) (Bonding temperature) (Pad) (Fine lead)

1. Introduction

Electronic packaging generally consists of the
interconnection (microjoining) within an IC package and
the assembly of various chips, components and LSI or
IC packages onto the print circuit board (PCB). The
latter is manufactured by various microsoldering pro-
cesses such as reflow soldering, vapor phase soldering
and so on. The minimum size level of the solder joints
on the PCB being less than a few hundred gum. On the
other hand, the size of microjoining processes within the
IC package is now form 30um to 80 um as a pitch
distance. The dimension will decrease more and more,
because of necessity of high density interconnection. In
the present review, the trend of the microjoining process
within the IC package is summarized and its numerical
simulation is described.

2. Microjoining process used in electronic packaging
Microjoining processes used for the interconnection
between IC chips and the lead frame (electric circuit) within
the IC package are usually classified into three kinds of
microjoining processes, i.e., wire bonding (WB), tape au-
tomatic bonding (TAB or tape carrier packaging), and flip

chip attachment as illustrated in Fig. 1.

The wire bonding is now a very popular process be-
cause of its flexibility to changes in the electric circuit de-
sign. It is not too much to say that the wire bonding is the
most frequently used among all welding processes used
today. The minimum diameter of wire is 10 #m and the
pitch distance is 40 gm % 2),

TAB, which is illustrated in Fig. 2, is also very often
used for the inner lead bonding for LCD (liquid crystal dis-
play) and ASIC (custom IC) (see in Fig. 3). TAB is usually
carried out by a gang bonding. The pitch distance and the
width of leads in TAB inner lead bonding are, respectively,
being 40 4m and 10 xm as shown in Fig. 4.

Recently, the flip chip bonding as shown in Fig. 5 is
very actively being researched because of the necessity of
high density packaging and chip size packaging (CSP). Flip
chip bonding is usually carried out by solid (Au) balls, sol-
der balls, or sometimes anisotropic conductive adhesive
with micro capsule Ag filler 3). The range of ball diameters
is usually from 200 to 300 um, regardless of the kinds of
ball-material. Flip chip bonding by solder balls can be said
to be the finest microsoldering. the thermal stress during
using the flip chip bonded IC becomes a serious problem
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Fig.1 Microjoining for interconnection within IC package.

Bonding tool (for gang bonding)

Tape carrier

Fig.2 Schematic illustration of TAB process.

for relaibility, because the flip chip attachment is a very
compact interconnection without any lead. On the other
hand, in WB and TAB, wires and leads used can be useful
to relax the thermal strain.

In the present paper, the inner lead bonding in TAB pro-
cess is mainly discussed, based on the numerical results.
The purpose of the present study is to understand the mecha-
nism of the solid state microjoining process and the inter-
facial extension which produces metallic bonds.

One of the authors has carried out the numerical stud-
ies for solid state welding and joining processes 4-6), and

(a) for LCD
20 mm
Polyimide film (ta (b) for Custum IC
0ly1l
Y&‘n e 1‘/pe)TABlad

Aubump A pad
(d)

Fig.3 Photos of TAB film and schematic illustration of
interconnection by TAB process. (a) for LCD, (b) for
ASIC, (c) illustration of inner lead bonds,and (d) illus-
tration of cross section of TAB lead, Au bump, Al pad
and IC chip. The white circle in (b) denotes the position
of inner lead bonding.

analyzed the mechanism of interfacial extension along the
bond-interface, because the interfacial extension breaks the
oxide film on the bonding surface into small pieces when
creating the metallic bond 7). The interfacial extension is
closely related with thesurface exposure v, which is an
important parameter for representing the degree of bond-
ing between metal surfaces, and is given by
Py
1!’=(1—Gd)'i:L£;_', 6))

where G, is the ductility of surface contamination or oxide
film, and ¢; is the interface extension (strain). Therefore,
knowledge of the local interfacial extension during solid
state microjoining is very important in researching the bond-
ing mechanism. Furthermore, the computer simulation
makes it possible to visualize the lead deformation and
makes it easy to understand the bonding process.



. Thermal adhesive
Adhesive  Af pag IC chip Heat spreader

Resin
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Bumpless inner lead bonding

(@)

Solder ball

Fig. 4 Example of TAB bumpless bonding. (a) Tape ball
grid array (TBGA) package and (b) photo of bumpless
inner lead connections, the position of which is denoted
in (a) by mark * 2),

Fig. 5 Schematic illustration of flip chip bonding within
BGA package.

3. Pull Strength of TAB in Experimental Results
Fig. 6 shows scanning electron' microphotographs
after TAB inner lead bonding (gang bonding), in which (a)
is for the solid state bonding of gold plated copper lead to
gold bump on aluminium pad and (b) for the liquid phase
bonding of tin plated copper lead to gold bump on alu-
minium pad. In(b), Sn and Au eutectic structure is pro-
duced around the bonded zone and the fillet and the mark
made by melting is observed at the both sides of TAB leads.
Fig. 7 shows the pull strength of TAB inner lead bond-
ing under the condition of the tool head temperature T, =

Trans. JWRIL, Vol. 30,(2001), No. 1

Fig. 6 TAB inner lead bonding (gang bonding without
ultrasonic vibration). Straight bumps are formed on
pads before bonding. Tool head temperature 7, =
773 K. (a) Au/Au bonding, W = 20gf/lead (P
=258 MPa). t = 1.0, and (b) Sn plated lead/Au

bump bonding, W = 10 gf /lead (P = 129 MPa) and

t= 0l1s.
Bonding load W (gf/lead)
0 10 20 30 40 50
12 T T T T T
[ Tr=713K Solid state Au/Au bonding
10 t=1.0s
s [ :
2 g [ Leadis peeled off. |

|

I~ Bump is peeled off, B
i

1

Lead is

6 |- peeled off. um

Lead is 38 um
fractured. Lead #

Pull strength
T

|

|

|

| \
Liquid phase

Au/Sn plated lead bonding 20 4m

1 ] 1 1 I ! !
0 100 200 300 400 500 600 700 800

Bonding pressure P (MPa)

Fig.7 Pull strength of TAB inner lead bonding which has

been shown in Fig. 6, depending on bonding pressure.
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Fig. 8 Pul strength of TAB inner lead bonding with bump,
depending on deformation ratio. ( 7, = 773 K)

773 K and the bonding time ¢ = 1.0 s, together with the
illustration about sizes of lead and bump used in the bond-
ing tests. As seen in Fig. 7, the pull strength of the Au/Au
bonding under the solid state condition is much larger than
that of liquid phase (Sn/Au) bonding. The lead was peeled
off as the bonding pressure P decreased. However, if P
was higher than a certain value marked by the dotted lines
in Fig. 7, the bump was broken or peeled off from the Al
pad on the Si substrate (IC chip). Therefore, only the
experimental points in the left hand side of the dotted lines
show the bond-strength of the TAB inner lead bonding.
Also, as the bonding pressure increases, the lead and bump
is largely deformed, resulting in a low pull strength. There-
fore, there is a optimal bonding pressure and as can be
seen in Fig. 7, it is around P = 400 MPa for solid state
inner lead bonding.

In fact, the pull strength depends on the deformation
ratio rather than the bonding pressure, as shown in Fig. 8.
The maximum strength is observed at the deformation ra-
tio of 10 %, although the maximum strength in the liquid
phase bonding occurred at a slightly smaller deformation
ratio of 7.5 %. Bonding with a pressure of approximate
400 MPa should be carried out with a bonding time less
than 1.0 s. However, as P increases, it becomes more dif-
ficult to control the bonding process during such a short
time, especially for gang bonding. So, it is usually carried
outinz=0.5sto 1.0 s. In the numerical simulation per-
formed in the present study, P = 392 MPaand ¢t =0s to
1.0 s were adopted as a standard.

As mentioned above, the pull strength largely depends
on the bonding condition. In general, the bondability in
microjoining of electronic packaging does not only depend

Bonding tool

Pad Substrate

Fig.9 Schematic illustration about simple model of inner
lead bonding with flat tool.

Constant load

N

| Bonding toot

F E

Lead

Ho/2 Ho/2

Fig. 10 Schematic illustration of initial mesh division on the

cross section Q in Fig. 9.

on P and ¢ but also the various parameters such as the bond-
ing (specimen) temperature T, the bump (or pad) thickness
é, , the pad mechanical properties and so on. It is, there-
fore, necessary to take into account these parameters in the

numerical simulations.

4. Modeling of Inner Lead Bonding

Because the actual microjoining processes are complex,
being affected by various parameters, it is very difficult to
simulate it exactly. It is, thus, necessary to simplify it so
that a specific parameter effect can be isolated, for example,
the effect of bump thickness on the interfacial deformation
can be discussed.

Fig. 9 shows a simple model of the inner lead bonding
without ultrasonic vibration. Various bonding tools have
been developed®) but we treat only a flat tool in the present
study. TAB leads are usually made of copper plated with



gold but it is assumed that both lead and pad are made of
gold (same metal). It is also assumed that the substrate is
too hard to deform and the cross section of the lead is a
square. The lead height H, is 10 #m. This value is equiva-
lent to the minimum width of inner leads in TCP. The sub-
strate is usually heated at 473-623 K and also the bonding
tool is kept at about 773 K. Because of the heat input, tem-
perature differs somewhat between lead and pad but the
temperature of lead and pad is assumed to be constant at
573 K.

In our previous study[6], the deformation processes dur-
ing wire thermocompression bonding were numerically ana-
lyzed and it was suggested that a fixed interface is more
adequate than a slidable interface for predicting the bond-
ing processes, i.e., once a wire contacts a pad, they are fixed
to each other. In thermosonic bonding, local interface slid-
ing must be produced by ultrasonic vibration at the begin-
ning of bonding but the interface cannot slide after the ad-
hesion is achieved. Therefore, in the present study, it is
assumed that the interface between lead and pad (or bump)
cannot slide during bonding,.

The cross section Q in Fig. 9 is modeled by the finite
element method which has been detailed elsewhere 4 6). The
plane strain condition is assumed, where the deformation
of lead and pad in the longitudinal direction of lead (the z
direction) can be neglected. This is the valid when the bond-
ing tool head is long enough in the z direction compared
with the lead width, for example when the tool head is twice
or more longer than the lead width. When the tool head
length is close to the lead width, the strain rate in the z
direction should be taken into account. However, even if
the assumption of plane strain is adopted, the useful infor-
mation will be obtained as stated below.

The initial mesh division in Q is shown in Fig. 10, where
the z direction is perpendicular to the sheet. Because of sym-
metry, only the right hand side of the cross section Q was
considered. The bonding load was assumed to be constant

during bonding. In calculation, the displacement rate vec-
tors “ (ix,4y) on the tool interface FE were assigned so
that the summation of the nodal forces applied on the FE
could be finally equal to the constant load. In that stage, the

x components u, were all zero because of the tool con-

straint and the y components %, were set to be equal to

each other. The boundary condition on the FE satisfied the
constant load and the tool constraint.
Fig. 11 schematically illustrates nodal points at the in-

terface between lead and pad (or bump) in (a) and also de-
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Fig. 11 Schematic illustration of bonding interface by FEM.
(a) Nodal points and segment number at the bonding
interface and (b) definitionof segment extension.

fines the interface-segment extension ¢ in (b). The calcula-
tion procedure has been detailed elsewhere 4 5. 6, 9),
Both lead and pad (or bump) exhibit visco-plasticity

and the strain rate 7 is given by

F=Ap[1+B exp(—CE)]B%;;E (g_)n exp(-;Qj—,) ,
€))

where & is the equivalent stress, £ is the equivalent strain,
k is Boltzmann's constant, R is the gas constant, T is the
bonding temperature in Kelvin and other constants are listed
in Table 1.

The flow chart for computer simulation is shown in Fig.
12. One house code finite element model which the au-
thors had developed was used for calculation 4). It can
treat very large deformation because it consists of eight-
node isoparametric elements and Lagrange multipliers are
taken into account. The converged solution was obtained
by repeatedly solving the stiffness equation with respect to
the perturbation A{y } of the displacement rate vector {u },
where the components of the perturbation A{y } were as-
sumed to be small deviations Ay from true values ;. The
bonding load W), is given by the bonding tool. The sum-
mation of the y direction nodal reaction forces at the inter-
face between wire and tool (tool interface) is balanced by
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Table1 Material constants of gold lead.

Name Symbol Value Unit
Frequency factor D, 0.1x 10‘4 m2s1
Constant A, 8.38 x 107 |
Constant B 1.5 x 102
Constant c 1.0x 102
Burgers vector 2.88 x 10-10 m
Activation energy (0] 1329 kJ mol-!
Stress exponent n 6.57
Melting temperature T, 1336 K

Shear modulus G(T) Nm~2

G(T) = ag(T/Ty)* + b T/ T+ ¢

whete ag=-9.9x10", bg=-62x10° ¢g=3.1x10"

Input of data

| Assumption of a proper displacement rate vector {u }]
v

| Calculation of element stiffness equations l
1

LFormation of overall stiffness matrix ]
T

l Calculation of perturbation a{u} |

{uhem
{ul gt @ra{u}

the bonding load W, but the individual reaction force value
changes along the tool interface and is initially unknown.
The y direction nodal forces at the tool interface cannot be
given in advance as a boundary condition. Thus, a proper
nodal displacement rate ; with the same value was given
to the nodal points at the tool interface and was fixed as
the boundary conditions because it was known that the
nodal points at the tool-interface can move with the same
velocity in the y direction.

Fig. 13 is an illustration for explaining the relative
difference in size between lead and bump. We here intro-
duce the size ratio, §,/H, , where &, is the initial thickness
of bump as shown in Figs. 3 and 4. If we keep H, constant
and change only §, then an increase in the size ratio means
the bump becomes thicker. On the other hand, if we fix J,
and change only H, , then the lead becomes smaller as the
size ratio increases. A decrease in lead size is the same as
an increase in bump thickness, if we consider the size ef-
fect in terms of 8,/ H,,. In other words, we can obtain the
same interfacial deformation behavior due to thickening a
bump (or pad), if we use finer TAB leads. Therefore, if we
use &, / H, then the size effect of lead and bump can be
non dimensionalized.

In order to discuss the effect of pad mechanical prop-
erties on the interfacial extension, we introduce the pa-
rameter M , which is given by

M=Aop [ Aol or Aop /AL, 3

Summation of nodal force
at bonding too! , >Fpoqal

0.999< ZFnodal 4 .001
Load

[ Calculation of stress and strain rate |

[ Time increment At |
t=t+ At

[ Renewal of coordinates of nodal points |

Output of result

Fig. 12 Flow chart of computer simulation.

where the letters P, L and B in the subscripts mean pad,
lead, and bump, respectively. A p is, therefore, 4, of pad.
The strain rate in Eq. 2 largely depends on many material
constants. Taking into account all of them will be a diffi-
cult job. Thus, in the present study, the influence of con-
stant 4, on the strain rate was taken into consideration.
Table 2 shows the change in the values of the equiva-
lent stress ¢ in pad (or bump) with M values. The & in
pad gives the same steady state strain rate produced by &
=100 MPa for the lead. If M = 1 then both & are 100 MPa.
As M increases, pad becomes soft and 7 in pad decreases.
M value increases approximately to 102 as the flow stress
of pad falls to half. Further, we define the compression
ratio AH/H,, , where H, is the initial lead height (width)
and AH is the reduction of H, after deformation. The pa-
rameter AH/H,, is useful when the interface extension and

the stress distribution are compared.



o, = const.

Pad

Smaller \,A ;°
i3
1

Larger

Fig. 13  Schematic illustration of relative size change
between lead height H, and pad thickness &,
and definition of compression ratio (reduction)
AH/H,.

Table 2 Equivalent stress value for pad or bump required to

give the steady state strain rate attained for lead applied

by 100 MPa.
Y o for steady state (MPa)
Lead Pad (or Bump)

10° 122

10* 24.6

102 100 49.6

1.0 100

1072 201.6

5. Numerical Results and Discussion

(1) Effect of Bump Thickness

Fig. 14 shows an example of the deformation process
of lead and bump for §,/H, = 0.5 (numerical result). The
numbers at the top of each figure represent the absolute
values of the displacement rate vector at the interface be-
tween tool and lead. As seen in Fig. 14, the bump is gradu-
ally indented by the lead with time and the lead exhibits
the bulge-deformation. The bump-indentation becomes
striking as 6,/H, increases but the bulge-deformation of
the lead is evident as M decreases.

Fig. 15 shows the segment (interface) extension along
the bond interface between lead and bump (or pad). The
interface extension is largely affected by the parameter 4,

Trans. JWRIL, Vol. 30,(2001), No. 1

1.75 x10°4 (m/s)
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Fig. 14 Calculated results of deformation processes during
TAB inner lead bonding.(M = 1).
(a) AH/H,, = 0.00%, t=1.00x1020s,
(b) AH/H, = 4.96%, ¢=1.33x101ls,
(c) AH/H, =9.95 %, t=7.38x10"1s.

/H,,. The segment extension exhibits the maximum value
at N, = 8, but as §,/H, increases, the extension becomes
large at the center area, N, = 1 to 4 of the bonded interface
as seen in Fig. 15 (a). This means that the increase in J,
facilitates the interfacial extension. In other words, the ad-
dition of the Au bump onto the electronic pad of the Si chip
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Fig.15 Distribution of segment extension along bond-
interface. (a) §,/H, = 1.0, and (b) §,/H, = 0.1.

makes it easy to produce the interconnection between the
Si chip and the TAB lead. It is, thus, guessed that the
bumpless inner lead bonding introduced in Fig. 4 was very
difficult 2), in which the ultrasonic vibration was introduced
in order to decrease the flow stress for pad deformation by
increasing the interface temperature (or soft Al pad must
be used).

Fig. 16 shows the distribution of the equivalent stress
depending on §,/H,. The center of the lead exhibits high
stress levels in all figures. Also, as §,/H, increases, the
stress concentration at the corner junction of the lead con-
tacting the pad is reduced and the stress on the center area
(N, =1 to 6) of the interface between pad and lead rela-
tively becomes high and uniform. As a result, the increase
of §,/H, facilitates the interfacial extension at the center
area. Further, it is found that the stress distribution on the
substrate is influenced by the thickness 6, i.e., the flow of

W sso<o

300<5 =350
[ 250 <% <300
200 s < 250

150 < 0 =200
100 <o =< 150

50=< o =100

©

Fig. 16 Distribution of equivalent stress, depending on §,/H,, .
(a) 6,/H, =1.0, (b) 6,/H, =0.5 and (c) ,/H, =0.1.
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Fig. 17 Distribution of equivalent stress to the substrate,

stress from lead to the substrate can be improved by the
bump. In other words, if a thick bump is used then the
stress concentration produced at the lead edge can be dis-
persed by the bump and absorbed into the substrate. On
the other hand, in the bumpless pad, the stress concentra-
tion cannot be dispersed through the pad and is directly
applied to the substrate. Fig. 17 shows the stress distribu-
tion along the interface between the bump and the sub-

strate.

(2) Effect of mechanical properties of pad

Bumpless bonding is largely influenced by the me-
chanical property of the pad (or lead frame for outer lead
bonding). Thus, in the present study, the effect of pad me-
chanical properties on the interfacial extension between
lead and pad is discussed, based on the numerical results
simulated under the condition of §,/H, = 0.1 (H, =10 um,
6, = 1.0 um).

Fig. 18 shows the effect of M values on the deforma-
tion pattern of lead and pad. A large value of M is means a
soft pad material. AH/H,, is kept roughly at 10%. As M
increases, the bond interface becomes to be expanded eas-
ily and the pad is largely deformed and heaped up (swol-
len) at both sides of the lead. On the other hand, the bulge-
deformation of the lead is more striking at M = 10-2.

Fig. 19 shows the segment extension along the bond
interface between lead and pad. As M increases, the inter-
facial extension becomes large and exhibits the maximum
value near the edge of the lead (N, = 8). The compressive
behaviors (minus extension) are observed at the edge of
the lead. This is due to the constraint of the hard substrate
and the swelling of pad material at both side of the lead.

Trans. JWRI, Vol. 30,(2001), No. 1
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Fig. 18 Comparison of deformation patterns with change

in M value.



Microjoining Process in Electronic Packaging and Its Numerical Analysis

25¢

¥ [ P=392MPa .
= 20F T =573K M =10
<

15¢

10

5L AHH,~10%

Segment extension
o
T

(50/Ho =01
_10' R | 1 1 l 1 1 1 I 1
1 2 3 4 5 6 7 8 9 10

Segment number  N;

Fig. 19 Distribution of segment extension along bond
interface, depending on M value.

Fig. 20 shows the equivalent stress distribution affected
by M values. AH/H,, is approximately kept at 10 %. There
is one point which is largely different from Fig. 16. It is
the change in the stress distribution within the lead. As M
increases, the stress becomes higher at the bottom of lead
and this change facilitates the interface extension. Also, M
value which is much greater than unity means that the pad
is soft and the flow stress required for the pad deformation
becomes low. Therefore, the pad can be easily extended.

However, the pad is also softened by raising the sub-

strate temperature or decreasing the shear modulus G.

Therefore, the parameter M should be redefined by

AoP'fI:’

A,p 8 4
AOL'fL s ( )

AoL - 81

where the subscripts P and L denote pad and lead, respec-

tively, g is expressed by

g=(G"" /Ty -exp(-Q/RT) , )

and also f is given by

f=exp(-Q/ RT). (©)

Equation (4) implies that M can be increased by selec-
tively increasing the pad temperature. For example, if the
substrate (or pad) temperature is be higher than that of the
lead temperature, then large interfacial extension can be
produced and the deformation damage of the lead becomes

Woso-:

I 300 < 5 <350
El250=5 <300
200 < 3 < 250
150 = o < 200
100 < 5 s 150
50s g <100

I__—l 0so =50

(MPa)

(a) P =392 MPa
T=573K

8,/Hy = 0.1
AH/H =10 %

®)

10

Fig. 20

(d)

Distribution of equivalent stress,
depending on M value.

(M =102, (b)M =107
()M =10* (d)M =10°.



smaller 10). The increase in the substrate temperature
makes it easy to produce the bumpless bonding. Or, the
ultrasonic vibration can be applied into the interface as a
friction energy at the beginning of bonding to increase the
temperature at the bonding interface. As a result, preferen-
tial extension is produced at the interface and the good
adhesion is attained[2]. It is not necessary to soften the
pad itself as a material. As stated above, solid state
microjoining is largely influenced by various factors but
we are able to obtain a bond-strength much greater than
that of the liquid phase microjoining as shown in Figs. 7

and 8.

6. Concluding Remarks

In this paper, the representative microjoining process
used in electronic packaging were firstly introduced and
their characteristics were summarized. The numerical simu-
lation of TAB inner lead bonding was carried out and the
deformation process during bonding was discussed, based
on the calculated results. As mentioned above, the bond-
ing process largely depends on various governing factors
such as the bonding pressure, temperature, pad or bump
thickness, and pad mechanical properties. The numerical
simulation carried out in the present study will be helpful
to optimize these factors. The main results obtained are as
follows:

1) The bond-strength of solid state microjoining is much
greater than that of liquid phase microjoining and can be
obtained with the adequate bonding condition.

2) ATAB lead is often deformed like a bulge and the pad
surface is swollen at the both sides of the lead edge in the
actual TAB lead bonding. These phenomena are well simu-
lated by the numerical model proposed in the present study.
3) As the size ratio of §,/H, increases, the interfacial ex-
tension increases. When §,/H,, = 0.1, the interface exten-
sion in the vicinity of the lead center is less than 2% in spite
of the reduction AH/H, = 10 %. On the other hand, when
é,/H, = 1.0, the interfacial extension is close to 8 % (see
Fig. 14).

4) The pad thickness also influences the stress distribu-
tion. As the pad is thickened by the formation of the bump,
the stress at the lead edge is dispersed into the bump and
the damage to the substrate during bonding is reduced.

5) The stress distribution is largely influenced by the dif-
ferences of temperature or mechanical property between
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lead and pad. As M decreases (temperature of pad is lower
than that of lead), a stress concentration is produced under
both sides of the lead edge. On the other hand, as M in-
creases, the stress concentration is reduced.

6) Alarge M value produces a large interfacial extension.
The maximum interfacial extension becomes much greater
than the value of the compression ratio AH/H,. For ex-
ample, a lead reduction of only AH/H, =10% produces the
maximum interfacial extension of 25% for M = 10* (see
Fig. 19).
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