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IBSTRACT. The formation of intermetal-
{ftcompounds on a number of copper-
we alloys soldered with a variety of
containing solders has been studied
{rthe temperature range 150° to 250°C
2° to 482°F) for exposure times of up
$4000 h. Pure copper and the alloy
$155n-0.2P form a layer of the interme-
ic CusSn adjacent to the base metal
* Pida second layer of CugSns adjacent to
e-solder. The copper-nickel-tin alloys
6Ni-4Sn, Cu-9Ni-6Sn, Cu-9Ni-25n, Cu-
-8Sn, Cu-2 1Ni-55n, and Cu-23Ni-85n-
form the (Cu,Ni)Sns intermetallic
pound only. The thickness of the
femetallic layers is proportional to the

are root of the exposure time for

'metallic formation is dependent on
nicke] content . of the alloy and
bits a peak in the range of 6 to 9%
el. The details of the compositional
endence vary with solder composi-
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aloy-solder combinations. When
ered with 955n-5Ag, 95Sn-5Sb,
60Sn-40Pb solders, the rate of:
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tion and exposure temperature. The ratio
of parabolic rate constants (intermetallic
thickness/square root time) of alloys of
different nickel contents can be as large
as 35. The rates of intermetallic formation
with 105n-90Pb solder are lower than
those for high-tin content solders, and at
exposure temperatures of 225°C (437 °F)
and below, are much less sensitive to
base metal composition. The results have
important implications in the selection of
solders used in elevated-temperature ser-
vice.
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Intermetallic Formation in Soldered
Copper-Based Alloys at 150° to 250°C

The base metal nickel content and the solder tin content
‘greatly influence the rate of intermetallic formation

Introduction

Soldering of copper and copper-base
alloys is generally performed using tin-
containing solders. It is well known that
tin from the solder will react with copper
and copper-base alloys to produce inter-
metallic compounds at the interface with
the solder. The reaction may occur dur-
ing contact with molten solders or as a
solid-state reaction. The formation of
intermetallic layers has been studied for
copper in molten tin (Ref. 1), and copper
and copper alloys in molten tin-contain-
ing solders (Refs. 2, 3). Intermetallic for-
mation between copper in contact with
solid tin and tin-containing solders has
been studied extensively (Refs. 4-7).
Intermetallic formation has also been
studied in connection with its effects on
the solderability of plated copper,
exposed to elevated temperature or
stored for extended times at room tem-
perature (Refs. 8-10), and on the
mechanical properties of soldered joints
exposed to elevated temperature (Réfs.
11-15). These studies have been limited
to pure copper or in a few instances to
Cu-30Zn. The purpose of this study is to
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Table 1-—Composition and Condition of Base Metals

Alloy

Composition (wt-%) UNS No.
Copper (99.99%)

Cu-55n-0.2P C51000
Cu-1.9Be-0.4Co - C17200
Cu-6Ni-45n -
Cu-9Ni-25n C72500
Cu-9Ni-65n C72700
Cu-9Ni-65n C72700
Cu-15Ni-85n C72900
Cu-21Ni-55n -

Cu-23Ni-5Co-85n -

cast and wrought
cast and wrought HO4
cast and wrought
laboratory wrought P/M
cast and wrought HO4
cast and wrought
laboratory wrought P/M
commercial wrought P/M
cast and wrought
laboratory wrought P/M

Condition

Processing or Temper®

20% cold rolled

TM04
25% cold rolled

TMO02
25% cold rolled
25% cold rolled
TMO02
25% cold rolled

Tabie 2—Composition and Meltiy,

of Solder & Poingg

) Solidus Liquig
Solder Tempera- Tem s
Composition ture mPEra«
(wt-%) (°C) (08
100% Sn 232 m
955n-55b 232 2%
955n-5Ag 221
60Sn-40Pb 183
305n-70Pb 183
10Sn-90Pb 268
10Sn-88Pb-2Ag 268
55n-95Pb 305

(a)ASTM B601 temper designations.

characterize intermetallic compound for-
mation on a number of copper-base

. alloys soldered with a variety of tin-
containing solders and exposed at 150°
to 250°C, in order to gain an understand-
ing of the effects of base metal composi-
tion and solder alloy composition on the
rate of intermetallic formation.

The exposure temperatures used in
this study are generally higher than those
used in previous studies of intermetallic
formation in soldered copper-base alloys,
and above the range of temperatures in
which copper-base alloys have generally
been used. Copper-base alloys have usu-
ally been limited by a lack of elevated
temperature mechanical properties, and
in particular, stress relaxation resistance,
to:a maximum temperature of 150°C for
extended service. However, the devel-
opment of spinodally hardened copper-
nickel-tin alloys, such as Pfinodal®’ alloy
C72900, of composition Cu-15Ni-85n,
has extended the maximum long-term
temperature capability of high-strength,
copper-base alloys to 225°C or higher
(Ref. 16). The selection of solders suitable
for use with a copper-base alloy at these
higher temperatures requires that proper
consideration be given to intermetallic
formation at the interface between the
solder and the base metal during long-
term exposures.

Experimental Procedure
Materials

The copper-base alloys included in this
study contain nickel and tin as major
alloying additions, with nickel contents of
0 to 23 wt-% and tin contents of O to 8
wt-%. Beryllium-copper was also includ-
ed as a material commonly used at
150°C. The majority of the alloys were of
commercial manufacture including pure
copper, Cu-55n-0.2P, Cu-1.9Be-0.4Co,
Cu-9Ni-25n, Cu-9Ni-65n, Cu-15Ni-85n,
and Cu-21Ni-55n. The Cu-15Ni-85n alloy

Pfinodal® is a registered trademark of Pfizer, .

Inc. .
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is manufactured using a wrought powder
metallurgy process (Ref. 17) and the oth-
er materials are manufactured by con-
ventional casting and metalworking pro-
cesses. Additional materials of composi-

~ tions Cu-6Ni-45n, Cu-9Ni-65n, -and Cu-

23Ni-5C0-85n were prepared in experi-
mental quantities by powder metallurgy
techniques. Water-atomized powders
were prepared from high-purity raw
materials. . The powder was roll com-

"pacted and sintered, and this material

was brought to 100% density by addi-

tional cold rolling and annealing. The -

powder metallurgy processed copper-
nickel-tin alloys are typically of very high
purity. Iron is the major metallic impurity
and is present at alevel of 10 ppm or less.
The wrought and cast copper-nickel-tin
alloys contain 0.2 to 0.4% manganese and
traces of silicon. The fabrication pro-
cesses and material tempers are listed in
Table 1.

The solders evaluated include high-tin
content solders, high-lead content sol-
ders, and tin-lead, eutectic-forming sol-
ders.- All of the base metal materials were
evaluated with 955n-5Sb solder as repre-
sentative of a high-tin solder frequently
used in elevated temperature service
conditions. - All of the base metals were
also evaluated with a 10Sn-90Pb solder
representative of high-lead solders. A
number of the base metals were also
evaluated for intermetallic formation with
955n-5Ag and with 60Sn-40Pb solder.
One of the alloys, Cu-15Ni-8Sn, was
evaluated with four additional solder
compositions, pure tin, 705Sn-30Pb, 105n-
88Pb-2Ag, and 55n-95Pb, in order to
further characterize the effect of solder
composition on intermetallic formation.
The solders were of commercial purity.
The solder compositions included in this

_study are listed in Table 2 with the

liquidus and solidus temperatures of each
solder.

Sample Preparation .

Specimens of each base metal alloy
were prepared from strips of 0.18- to
0.25-mm (0.007- to 0.010-in.) thickness,

. rials were pickled in an aqueous solg

* top of the horizontal section when with

6-mm (0.25-in.) width, and 25-mm (
in.) length. The copper-nickel-tin
strips of the laboratory-prepared n

1—Scanning

0
o s S 20Ution
of 5% sulfuric acid with 2% nitric acid fo - T5NI-BSH

several seconds to clean surface Oxides
(The Cu-15Ni-85n alloy was prepareg
both with and without prior pickling wit
identical results.) Each was bent t4
produce an l-shaped specimen whig
would retain a thick layer of solder on

drawn from the solder bath. The spec
mens were ultrasonically cleaned in ace
tone and rinsed in methanol and deiop
ized water. The specimens were dried
and then dipped in an activated rosin |
(Multicore 366A). The solder was appliede
by dipping each specimen for 5 s int
ceramic crucible containing approxim
ly 1 kg (2.2 Ib) of solder maintained
temperature 30°C (54°F) above the [
uidus temperature of the solder. Soldel
temperature was monitored with 4
chromel-alumel thermocouple in a t
wall alumina tube placed in the mol
solder. Flux residues were removed frol
the specimens by ultrasonic cleaning i%Z—S -
acetone and rinsing with methanol an :Cu_gl\;f’é”s’z;”ﬁ
deionized water. i

The soldered specimens were sus
pended in air-circulating ovens at temper
atures of 150°, 175°, 200° and 225°C
(302°, 347°, 392° and 437°F), but nol
above the melting point (solidus temper]
ature) of the solder. Specimens Wef§
removed for metallographic examinatiof o of
after 5, 20, 100, 500, 1500, and 2800 o ﬁgutlog \;
4000 h of continuous elevated tempera 4r0v 3 dn trac
ture exposure. Additional testing Wac]' e C%n ’r*
performed with  10Sn-90Pb solder af Yer, base

f
250°C for times up to 500 h. 3 22& thf(

fisurements v
- #1840 scanniry

Soldered specimens, both as-solderé@nifications
and following elevated temperalUnesses of le
exposure,  were metallographlca_"‘ hemical ana
mounted and mechanically polished Wipounds was
0.25 micron diamond abrasive. The in€"§ron micros:
metallic layers between the solder anBiwavelength
the base metal were measured by 0Pi“Emical conce
microscopy at a magnification of 40078 htermetaliic

e a filar eye
sion. In gene
rmetallic laye
five measurer
E specimens v
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ing a filar eyepiece with 2.5 microns/
fision. In general, the thickness of the
lermetallic layer was taken as the mean
ifive measurements. In some instances,
e specimens were etched in an aque-
solution of 20 g/L FeCls, 40 g/L
INO; and 4 mL/L HNOs, in order to
ove contrast between the interme-
layer, base metal, and solder, as well
o show the grain boundaries of the
ise metal. Additional layer thickness
asurements were made using a JEOL
840 scanning electron microscope at
nifications of 1000 to 5000 for layer

temperatu® knesses of less than 5 microns.
-allographical’ § Chemical analysis of the intermetallic
' polished with Pmpounds was performed by scanning
sive. The inte” Fittron microscopy using both energy
e solder a"C §l wavelength dispersive x-ray analysis.
rred by Opnca| $tmical concentration variations within.
stion of 4 ntermetallic layer were characterized

fag

2718

for a number of specimens by these
methods.

The intermetallic layers formed on
pure. copper, Cu-9Ni-6Sn, and Cu-15Ni-
85n were further characterized by x-ray
diffraction analysis. Samples of base met-

al strip 25 mm (1 in.) square were dipped

in pure molten tin, heated at 150°, 175°
or 200°C to form intermetallic layers, and
then immersed in 30% HNO; to remove
the remaining surface layer of tin. In addi-
tion, powder samples were prepared by
sintering of uncompacted pure copper,

" Cu-9Ni-65n, and Cu-15Ni-85n powder,

infiltrating with molten tin, heating at 175°
or 225°C to form the intermetallic layer
and crushing and screening the material to
—325 mesh powder. X-ray diffraction was
performed using monochromated copper
K, radiation with 0.03-degincrements of 2
# and a 2-s count time.

oK

Iﬁkm MEQS

1—Scanning electron micrographs of intermetallic layers formed after 4000 h at 150°C between 955n-55b and A—pure copper;

2—Scanning "electron micrographs of intermetallic layer formed after 4000 h at 150°C between 955n-55b and—A—Cu- 1.9Be-0.4Co;

Results
Kinetics of Intermetallic Layer Growth

The analysis of intermetallic layer
growth is concerned primarily with mea-
surements of total intermetallic thickness.
Scanning electron micrographs of some
typical intermetallic layers formed on
pure copper and Cu-15Ni-85n are shown
in Fig. 1. Similar micrographs of Cu-9Ni-
65n and Cu-1.9Be-0.4Co are shown in
Fig. 2. It is apparent that the interface
between the solder and the intermetallic
layer is not planar, a result also found in
previous studies on pure copper. (The
small, dark particles in the solder are
embedded diamond, an artifact of pol-
ishing.) The measurements of mean inter-
metallic layer thickness are found to be
consistent with parabolic kinetics. As an
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Fig. 3—Intermetallic layer thickness versus square root of exposure time for four copper-base

alloys with 955n-55b solder at 150°C

example, the intermetallic layer thickness
is plotted versus square root of exposure
time in Fig. 3 for pure copper, Cu-1.9Be-
0.4Co, Cu-9Ni-65n, and Cu-15Ni-85n sol-
dered with 955n-5Sb and heated at 150°C
for various times up to 4000 h. The
standard deviation in the measured inter-
metallic layer thickness is also shown. The
- parabolic rate constant, k, in the equation
relating intermetallic layer thickness, x, to
exposure time, t, in the equation:

x = kt0>

is equivalent to the slope of the line giving
the best fit to the data and is calculated
for each condition using a statistical anal-
ysis described in the Appendix. The anal- -
ysis used determines the value of the
parabolic rate constant and also provides
a measure of the uncertainty associated
with that value.

The effect of base metal composition
on intermetallic formation for materials
soldered with 955n-5Sb solder is shown
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in Fig. 4 as a plot of the natural logarithm
of the parabolic rate constant for inter-
metallic layer growth, as a function of
nominal base metal nickel content (or
nickel + cobalt content). Results are
shown for exposure temperatures of
150°, 175°, and 200°C. The error bars
correspond to plus or minus two stan-
dard deviations. At each temperature,
there is a distinct maximum:in intermetal-
lic formation rate at a base metal nickel
content of between 6 and 9%. Although
the nickel and tin contents are not varied
independently, it is clear that tin content
of the base metal has relatively little
effect on the intermetallic formation rate.
Results for pure copper and Cu-55n-0.2P
shown in Fig. 4 are equivalent within the
indicated uncertainty in rate constant.
The results for three materials containing
a nominal nickel content of 9 wt-% are
shown in Fig. 4. The differences between
the three alloys with 9% nickel content
are relatively small and not significant in

all cases. Detailed analysis indicay
at each of the temperatures evjs
the Cu-9Ni-25n alloy exhibits ap, intuated,
tallic layer growth rate intermer.
between that of the two Cu_gﬁdlate
materials. These results show "%

=
=

N without
o of THO!

No

dence of intermetallic layer growth v
dependence on base metal tin Comefate L0 cal/me
The results shown in Fig, . :ivh’gher the

regraphed as an Arrhenius plot ip, F;é Sareiaered with
better illustrate the effect of tempery, .

on intermetallic layer growth. (Errq, b“‘? “W
are omitted for the sake of clarity ) Ta( ’
slope of each curve is proportiona] toy
activation energy for intermetallic la
growth. The copper alloys can be dividegged in Tabl
into three groups on the basis of g, ¢, 2257 an
tion energy behavior. The alloys whichf'perature,t
do not contain nickel have a COnstaydn in the rate
activation energy for intermetallic | e'b iposition.

growth over the temperature range jiherally large
150° to 200°C. The four alloys cohtaining L higher tin
6 to 9% nickel all show a lower activag & data suge
energy for the temperature interva| yghient matel
175° to 200°C, as compared to ¢di-85n-5Co
temperature interval of 150° to 175°c rapidly t
The three alloys containing 15% nicke| gterials. At

more exhibit a substantially higher activa stants, det
tion energy for the temperature intervgfup to 500 F
of 175° to 200°C, as compared to thege of interm:
interval 150° to 175°C. The activationfiickel conte
energies for pure copper and the nickel ‘fres, the va

"free alloys are in the range of 8800 to§iion rate w

12,600 cal/mol. The activation energiesained with
for the nickel-containing alloys rang'f'[ in comp
from 9900 to 35,000 cal/mol. £h higher tir

-The parabolic rate constants for interjlhe effects
metallic formation of a smaller group offrmetallic |
base metals soldered with another highsticular bas
tin content solder, 955n-5Ag, are showngshown in
as an Arrhenius plot in Fig. 6. The behavise for th
ior of the activation energy is very simlagribed (err
to that seen with 955n-55b solder. Thefr addition.
dependence of the parabolic rate congfh, 10Sn-8¢
stant on nickel content of the base metafe high-tin
for the 955n-5Ag solder is also similar tof intermetal
that for 955n-55b solder. At the 150°Gllithe paral
exposure temperature, the rate constanifintermedia
is greatest at a base metal nickel contener rate fc
of 9%, smaller at a nickel content of 0%t lower r:
and smallest at a 15% nickel content. Aljllic forr
175°C, the rate constant is greatest at aectic-cont:
9% base metal nickel content and simiel 60Sn-40
in value for the alloys containing 0% andgyi
15% nickel. At 200°C, the results for the
955n-5Ag solder differ from B
obtained with the 955n-55b solder in thatk 55n-95ph
the rate constant for Cu-15Ni-85n is S8 §pounds :
nificantly higher and is equivalent to theg 10Sn-90F
rate constant for Cu-9Ni-65n. 8 exhibits <

The results of intermetallic [2YeRis than tt
growth obtained with 60Sn-40Pb solde’§same nor
are shown in Fig. 7 for exposure tempefhe effect:
atures of 150° and 175°C. The depe™kmetallic f
dence of intermetallic formation rate ®fompositic
base metal nickel content is consiste™} e riot inv
with that of the high-tin content solder*
The rate constant is largest at a nic i |
content of 9%, much lower at 0%, 2"
lowest at 15%. At 175°C, the rate ©O"'%




!

indicateg thay At highest at 9% nickel and lowest at T T I | T -]
res eValuagg ickel. The activation energies for -
its an inter, &, emetalllc layer growth for the three T 95Sn-5Sb -1
ntermedlat‘ oS without a nickel addition are in the 3+ Solder _
G Cugng, 5, Lge O of 14,000 to 16,000 cal/mol. The
How ng ey yation energy for intermetallic layer Jd10
T growth - fewth for the Cu-15Ni-85n alloy is ) 3
4 tin contery, §:000 cal/mol. These values are mark- N
CoFigs 4y, |yh|gher than those for the same alloys -
Jlot in Fig, StglerEd with the high-tin content solder -
if ‘“mp“ratumgﬁured over the same temperature 1 -
h. (Error barg erval. -

The results of measurements of para-
ate constants for material soldered
i the high-lead solder, 105n-90Pb, are
fed in Table 3 for temperatures of
3ye,225° and 250°C. At'the 200°C test
1 perature there is no systematic varia-
in the rate constant with base metal
mposition. The uncertainty limits are
erally larger than those obtained for
higher tin content solders. At 225°C, -
ata suggest that the higher nickel
tent materials, Cu-21Ni-55n and Cu-
ZN[-SSn -5Co, form intermetaliic layers
s rapidly than lower nickel content i
gerials. At 250°C, the parabolic rate 1 L 1 1 1
onstants determined for exposure times Y S 10 15 20 25
’up to 500 h, indicate a distinctly lower ' Base Metal Composition, Wt. % (Ni+Co)

te of intermetallic formation in the high- Fig. 4 — Dependence of intermetallic formation rate on base metal composition for 955n-55b solder
inickel content materials. At all temper= 150°, 175° and 200°C

’E;res the variations in intermetallic for-

jon rate with base metal composition

ained with the 105n-90Pb solder are Temperature, °C
b2l in comparison with those obtained : 200 175 150
ih higher tin content solders. i

The effects of solder composition on
lermetallic layer growth rate for one
ticular base metal alloy, Cu-15Ni-8Sn,
shown in Fig. 8. The results indude
pse for the four solders previously
cribed (error bars omitted), as well as
Yir additional solders, pure tin, 305n-
olic rate con-fibh, 10Sn-88Pb-2Ag, and 5Sn- 95Pb The
he base metal i ee high-tin content solders show simi-
also similar to jt intermetallic growth rate behavior,
At the 150°CH ;h the parabolic rate constant for pure
rate constantfiintermediate between the somewhat
zickel content fher rate for 955n-5Ag and the some-
ontent of 0% dat lower rate for 955n-55b. The inter-
2l content. At fitallic formation rates for the two
greatest at 3 ftectlc-contalnmg solders, 30Sn-70Pb
nt and simil ¥ 60Sn-40Pb, are virtually identical
1ining 0% and pite the wide variation in tin contents
‘esults for the Yithe solders. A comparison of the three
from  those Bead content solders indicates that
solder in thet § 55n-95pb solder forms intermetallic
3Ni-85n is 9% finpounds at a much lower rate than
ivalent to the §¢ 105n-90Pb solder. The 10Sn-88Pb-
n. $8 exhibits significantly lower rate con-
retallic  [aye" s than the binary solder alloy “with
1-40Pb s0ld¢" ¥same nominal tin content.

»sure tempe’ the effects of solder composition on
. The depeé™ metallic formation rate for base met-
ation rate " #ompositions other than Cu-15Ni-85n 1 | 1
is consiste™ B not investigated in detail. A com- 0.0021 0.0022 0.0023 - 0.0024
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Fig. 6 —Arrhenius plot for intermetallic layer growth for copper-base

alloys soldered with 955n-5Ag
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Fig. 8 — Arrhenius plot for intermetallic layer growth for Cu-15Ni-85n with various solders
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Fig. 7—Arrhenius plot for intermetallic layer growth for copper-base
alloys soldered with 605n-40Pb A :

for all three solders. In contrast, Cu-Ji
9Ni-65n at 150°C exhibits a parabolic ratefer 500 h o
constant for 605Sn-40Pb solder which isgThe interm
approximately twice that for the high-tinggions of apy

high-tin content solders, and the differ-jacent to tl
ence is largest in the case of Cu-15Ni-85n.gt between

2Ag solder as compared to 10Sn-90Pbgated as (C
solder for Cu-15Ni-85n are also observedgpectively. !
for pure copper and Cu-55n-0.2P in limit3200°C  ex;
ed testing at 225°C. For pure copper, thegnposition .
rate constant is 1.08 um/+/h for 105n-§The ratio
88Pb-2Ag, as compared to 1.31 um/y/hiemetallic I
for 10Sn-90Pb. For Cu-55n-0.2P, the rategnstant valu
constant is 0.81 um/+/h for 105n-88Pb-fclayer of (
2Ag, as compared to 1.17 um/+/h forgI15Ni-85n

10Sn-90Pb. ' WEDAX ar

The thickness measurements made forgitions are

CusSn layers formed on pure copper andfmber of c¢
Cu-55n-0.2P are summiarized in Table 4
The results are listed as the ratio of thefer
mean CusSn layer thickness to the totla[
intermetallic layer thickness. The ratiog
does vary with exposure time initially I"§l
some instances, but remains re!ativeIY‘é
constant with time after a total interme;
tallic layer thickness of 5 to 10 microns 58
obtained. The ratio values listed are e 10. Ther
mean of the long time measurements I8, 3 mici
which the total intermetallic layer thick§v
ness is 10 microns or more. The pu¢gh
copper and Cu-55n-0.2P exhibit simia"§
behavior, and the differences betweer] Wuces loc
the two are likely within the experimen fligh-nicke
error. The 955n-55b and 955n-5A8 0" §




s have ratios of 0.3 to 0.5 and the

3 d05,1-40Pb solder has ratios of 0.25 to
—— 33 The 10Sn-90Pb solder shows high
- {aios at 200°C and above, indicating
- fyon has become the predominant
+ qtermetaihc layer formed at the higher
jposure temperatures.
10 o z :
4 2
r§ iwmposltlon and Structure of
b) | % 1 ﬂ‘eﬂnetalhc Compounds
1 § AAIthough the intermetallic compounds
a med by the “nickel-containing alloys
44 3 e all characterized as (CuNi)sSns, there
wp F § %¥considerable variation in the copper
r 3 id nickel contents of the intermetallic
+ 13 dijer formed with each alloy. In addition,
Ik 3 fpere may be considerable variation in
% {pmposition within a single intermetallic
. @ lyer. These compositional changes with-
L 0.1 1 certain intermetallic layers can be readi-
- yobserved by optical metallography of
+ pished cross-sections- and appear as
] Lo distinct layers of intermetallic forma-
0.0024 fon with distinctly different contrast. The
enomenon is prominent in Cu-15Ni-
- copper-bass Jand Cu-21Ni-55n alloys soldered with
P5n-55b  or -955n-5Ag  solder and
wposed at 150° or 175°C. At 200°C, the
fiermetallic layer is uniform in appear-
copper, Cu- fice. A composition profile across the
-0 are similar ntermetalhc zone formed between Cu-
ontrast, Cu- 15N| -85Sn and- 955n-5Sb solder at 175°C
»arabolic rate fter 500 h of exposure is plotted in Fig.
der which is J The intermetallic zone consists of two
r the high-tin fegions of approximately equal thickness.

Il of the base
ate constants
han with the
d the differ-
Cu-15Ni-85n.
r 10Sn-88Pb-
o 10Sn-90Ph
Iso observed

e region adjacent to the Cu-15Ni-8Sn
e metal has a nickel content of
etween 11 and 12 wt-%. The region
ifiacent to the solder has a nickel con-
ent between 3 and 5 wt-%. The compo-
iions of the two regions can be approx-
iated as (Cu4N|2)Sn5 and (CusNiq)Sns,
espectlvely Similar profiles obtained for
-0.2P in limit >_200°C exposure indicate a uniform
2 copper, the Omposition across the intermetallic lay-
/A for 105 g The ratio of nickel to copper in the
1.31 pm/\/h Hermetallic layer formed at 200°C has a
).2P, the rate Jinstant value across the entire interme-
r 105n-88Pb- lic layer of 0.21, the same as that of the
um//h for ’;15N| -8Sn base metal. The results of

iM/EDAX analysns of intermetallic com-

nts made for Bsitions aré summarized in Table 5 for a
» copper and | ;mber of conditions in which two dis-
4 in Table 4 it layers of the (Cu,Ni)¢Sns intermetallic
ratio of the Ber are observed. This type of double

to the tOt_ﬂl~Y€r is observed with high-tin solders

5. The ratio fdonly at 150°C for Cu-9Ni-65n and at
ne initialy in §0° and 175°C for Cu-15Ni-8Sn and
ns relatively {r2INi-55n. The composition profile of
otal interme” #9Ni-65n soldered with 955n-5Sb and
10 microns & fted at 150°C for 4000 h is shown in
isted are the 810, There is a rarrow intermetallic
Jrements'for er, 3 microns in” thickness, with an

- layer thick vated nickel content, located adjacent
e. The pu¢ Pthe base metal. The Cu-15Ni-85n alloy
xhibit simie #ldered with high-lead content solders
es betwee! Foduces localized intermetallic regions
experxmenta ligh-nickel content near the interface |
5sn-5Ag 59" P the base metal, during exposure at

Table 3—Intermetallic Formation Rates for Copper Alioys Soldered with 10Sn-90Pb Sclder

Base Metal

Cu (Pure)
Cu-55n-0.2P
Cu-6Ni-45n
Cu-9Ni-65n (P/M)

Cu-9Ni-65n (Cast and

Wrought)
Cu-9Ni-25n
Cu-15Ni-85n -
Cu-21Ni-55n
Cu-23Ni-85n-5Co

Parabolic Rate Constant at Indicated
Exposure Temperature (umy/F)

200°C

073 £ 0.12
0.68 + 0.08
0.80 = 0.32
0.44 = 0.14
0.77 = 0.25

0.36 = 0.07
071 = 0.12
0.43 =0.15
0.60 + 0.11

225°C

1.31+ 0.18
1.17 = 0.16
195 £ 1.12
0.93 + 0.30
1.20 + 0.60

0.61 £+ 0.21
0.98 + 0.29
0.67 £ 0.16
0.55 + 0.13

250°C
1.8 =09

2.08 = 0.27
2.38 £ 0.64

1.82 = 0.90
1.01 + 0.18
073 +0.23

Table 4—Relative Thickness of the Cu3Sn Intermetallic Layer

Ratio of CusSn Layer Thickness to
Total Intermetallic Layer Thickness

at Indicated Temperature (°C)

Alloy Solder 150 175 200 225 250
Pure Cu 955n-5Sb 0.38 0.42 0.43
955n-5Ag 0.32 0.33 0.38
60Sn-40Pb 0.30 0.30 .
105n-90Pb 0.46 0.54 0.68 0.50 0.73
Cu-55n-0.2P 955n-55h 0.30 0.40 0.50
955n-5Ag 0.30 0.45 0.46
60Sn-40Pb 025 . 030
10Sn-90Pb 0.36 0.44 0.65 0.77 0.77
95% Sn-5% SbJ Intermetallic | Cu-15Ni-8Sn
100 '
£ 80f i
- ‘ Cu
c N : N
)
] [ -
2 60|
o
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3
- 40} .
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Fig. 9—Composition profile of the intermetallic compound formed between Cu-15Ni-85n and
955n-55b solder after 500 h at 175°C
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Fig. 10— Composition profile of the intermetallic’ compound formed between Cu-9Ni-65n and

955n-55b solder after 4000 h at 150°C

200° and 225°C. Changes in contrast in
the intermetallic layer formed on Cu-
1.9Be-0.4Co are found to correlate-quali-
tatively with changes in tin concentration
as measured by SEM/EDAX, although no
quantitative analyses were performed.
In addition to the segregation within
the intermetallic, chemical segregation is
also observed in the solder and at the

2426 28KV
500 h at 175°C
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solder/intermetallic interface. In the case
of 60Sn-40Pb solder, the tin-depleted

zone of the solder is clearly seen as a

zone depleted of eutectic adjacent to the
intermetallic layer in Fig. 11. The 10Sn-
90Pb alloy exhibits a tin-depleted region
with a tin content of 4% adjacent to the
intermetallic interface formed with Cu-
15Ni-8Sn at 200°C. In the case of the

~106n WO25

Fig. 11— 5can;u'ng electl-'on miérogréph of the ih[erface of Cu- 15Ni-8Sn with 60Sn-40Pb solder after

" the solder interface, and also appears

105n-88Pb-2Ag solder, the silver rea
form particles of AgsSn intermety; st
. ) lic ¢ 0
pound, which may be obseryeq at qdary.
interface  of the solder 44 the o these .
(CuNijsSns intermetallic layer, apy; th@‘qﬁ for oy
in the 955n-55b solder is partially reje n eare all o
by the solder at the interf: e
Dy . : face with
intermetallic formation, as can he Sean 111
Fig. 9. At very high rates ot intermety; 3 Jiic surface .
formation, such as for Cu-9Ni-6sp, Sull) older was <
stantial quantities of antimony can ¢, Emetallic por
mulate at the solder interface ang hayg of tin with
been observed as a continuous layer d Jqders reveal
the 8 phase, of compositions 575n-430%N)sSns, a he
by weight, at the interface of CU‘9Ni~6g5epﬁ°” to this
with 955n-5Sb heated at 175°C (§5n phase i
1500 h. ion for Cu-ur
The morphology of the intermetyguder infiltrate:
layers vary from planar interfaces y;#eC for 500 h
layers of uniform thickness to wavy 4 for layer
dendritic interfaces which may appear gnfs, the tin is cc
regions that in-a cross-section seem ndformation of
to be connected. The nonuniform me lattice paran
phologies cannot be readily associatese obtained fre
with any particular solders or base met}e copper are
compositions. The nonuniformity tendnd a, = 4.188
to increase with increasing expostre tipgvariables for t|
and mean layer thickness. Another fe315Ni-8Sn  alloy
ture is the tendency for the intermetal} ¢, = 5.105
layer to crack and to debond from t§:4.210 +/— C
base metal during intermetallic formatiogned with Cu-
The detachment of the intermetallic layde variables si
by fracture near the interface with thise formed witi
base metal depends on the geometry §6Sn reacted .
Bbles similar
ion with pure

1 ities of ir
o to for:

o

Ly diffrac

be related to solder composition an
base metal composition. The high-leg:
solders tend to produce intermg
tallic layers that are more prodfussion
to interfacial fracture than do hight}
content “solders. Of the base rg\et Metal Compor
evaluated, the Cu-1.9Be-0.4Co is signifie major vari
cantly more prone to interfacial fractufly of intermet
than.any other base metal studied. Tfcomposition «
behavior is typified by the mic@position of th
graph shown in Fig. 2. The combindti@temperature.
of Cu-1.9Be-0.4Co and 10Sn-90Pb SO]d e variables are
is very susceptible to interfacial fracturgnt, the followi
Reliable parabolic rate constants coukds of each var
not be generated for this material com&practical. The
nation, due to excessive interfacial frafposition of th
ture. fis study can b
Although no measurements Weiitions in whic
made using Kirkendall markers, it is possignificantly af
ble to estimate the location of the orgith and those
interface between the solder and Ul Under condi
base metal on a number of specimens & formation ra
cold rolling a pure tin strip between Ml compositior
strips  of - copper-nickel-tin alloy. Aft,containing 30
heating of Cu-6Ni-4Sn and CuTtemperatures
65n specimens at 175°C and Cu-15105n-90Ph s¢
85n at 200°C, cross-sections show Mulated that th
gions in which intermetallic layer 8r0¥fe layer grow
has occurred between two adja®fhtermetallic le
regions in which no intermetallic CO%hich intermet
pound has formed at the boundary, P'five to base
sumably due to a thin oxide at the N solders cont:
face. The location of the original interfag
can be estimated with reasonable acc!

fsure temperal
$tulated that t!
¢y, and in all cases approximately €4'8usion of tin ti

[ —



silver reacts : Jntities of intermetallic compounds are
metallic to {nd 10 form on both sides of the
i ;oundary. These results indicate that
¢ { der these conditions the diffusion con-
YET. Antime, ‘;taﬂts for copper, nickel and tin in the n
wtially reJeCteé |jase are all of the same order of magni-
Tace with the Eude.f ‘ ) ] )
can be seen iy ] 412y diffraction analysx; of both inter-
of iﬂfefmetamc qetallic surfaces from which the overly-
FONi-6Sn, sub. §g solder was chemically stripped and
Ony can acq, grermetallic powders prepared by reac-
face and have gon Of tin with copper-nickel-tin alloy
uous layer o fgwders reveal only the presence of
ons 575n-43gy, gCu,NiJeSns, a hexagonal structure. One
of CU'9Ni-6Sn jception to this is that a trace of the
It 175°C gy ££usSn phase is detected by x-ray dif-
2action for Cu-9Ni-6Sn and Cu-15Ni-85n
Lowder infiltrated with tin and heated at

15°C for 500 h. Unlike the specimens
od for layer growth rate measure-
wents, the tin'is completely consumed by
¢ formation of  phase in this process.
Jf’e lattice parameters of the %-CugSns
hase obtained from powder samples for
re copper are ¢, = 5.100 +/— 0.006
and ao = 4.188 +/—0.004 A. The lat-

=

e intermetaljc
nterfaces wig
S to wavy
may appear g
tion seem not |
wniform mor.
fily associateq]
or base mety
iformity tengs
exposure time §ee variables for the n phase formed with
Another fezJi-15Ni-8Sn alloy at 175° and 225°C
e intermetalice ¢, = 5.105 +/—0.003 ~ A and
4270 +/—0.003 A. The 7 phase
ed with Cu-9Ni-6Sn at 175°C has
e variables similar to those of the 5
hase formed with Cu-15Ni-85n. The Cu-
h-65n reacted at 225°C has 7 lattice
riables similar to those obtained by
iction with pure copper.

-facial fracturefidy of intermetallic layer growth are
| studied. This§e composition of the base metal, the

the micro-gmposition of the solder, and the expo-
> combinationfre temperature. Although the effects of
in-90Pb solderfese variables are interrelated to a large
facial fracture fent, the following discussion treats the
instants couldffects of each variable in order, as much
1aterial combi¥is practical. The effects of base metal
sterfacial fracgmposition of the copper-based alloys
this study can be separated into those
eiditions in which base metal composi-
cers, it is possn significantly affects intermetallic layer
of the orign?liwth and those in which the effect is
slder and thefll. Under conditions in which interme-
specimens by ||lc formation rate is sensitive to base
between WOolal composition, such as for the sol-
1 alloy. Afte's containing 30% tin or more at expo-
and Cu-NFetemperatures of 150° to-200°C, and
and Cu-15NF 10Sn-90Pb solder at 250°C, it is
ons show ™tylated that the rate-controlling step
- layer growt" he layer growth is diffusion through
two  adjace™ e intermetallic layer. Under conditions
'metallic com 'which intermetallic formation is not
oundary, P’ Bsitive to base metal composition, such
e at the N For solders containing 10% tin o less at
iginal inter2Rogre temperature of 200°C or less, it
snable accurd”
dmately equ?

'ments  wereg

g gy

lifusion of tin through the solder. The

fostulated that the rate-controlling step .

effect of nickel content of copper-base
alloys on the rate of intermetallic forma-
tion with tin-containing solders has not
been studied previously in any detail. The
only such work of which the author is
aware is the unpublished results of Fister
and Breedis (Ref. 18) on binary copper-
nickel alloys containing 0 to 20% nickel,
which were electroplated with a 5-
micron-thick coating of 60Sn-40Pb solder
and exposed at 150°C for 96 h. Their
results show a maximum in intermetallic
formation rate at a nickel content of 9
wt-% and are in excellent quantitative
agreement with the results obtained in
this study for 60Sn-40Pb solder with pure
copper, Cu-9Ni-65n, and Cu-15Ni-85n.
The variation in intermetallic formation
rate with base metal composition can be
related to the changes in intermetallic
composition. It is likely that these changes
can affect the atomic structure of the
1-CugSns phase with substantial effect on
diffusion in this intermetallic phase. The
rapid diffusion in the copper-tin interme-

tallic formation has been related to struc-

tural vacancies and ordering within these
phases. Alloying of nickel with the CugSns
intermetallic compound may have impor-
tant effects on the concentration of
structural - vacancies which can be
detected by changes in relative intensity
of x-ray diffraction peaks. X-ray diffrac-
tion peak intensities of intermetallic pow-
der formed on Cu-15Ni-85n powder at
175°C do exhibit significant differences
from those formed on Cu-9Ni-6Sn or
pure copper, as well as those formed on
Cu-15Ni-85n at 225°C. The 7-CugSns
phase is closely related to the Bg structure
type which has copper at the 0, 0, 0 and
0, 0, V2 lattice sites and tin at the V3, 213,
%, and %4, V3, V4 sites. It is possible that
diffusion in" this structure is sensitive to
the degree of occupancy of the open
regions within the lattice centered at 13,
%3, Y4 and %3, V4, Y% lattice positions.
Unfortunately, the variation in x-ray dif-
fraction peak intensities, with nickel con-
tent of the alloy powder, could not be
consistently related to changes in occu-
pancy of these sites. At least part of the
difficulty in this analysis is that the inter-
metallic compound formed on each
powder particle, rather than being uni-
form in composition, has a double lay-
ered structure similar to that formed on
the soldered strip samples. A structural
analysis of vacancy concentrations and
ordering as a function of composition of
the 7(Cu,Ni)Sns phase is necessary to
explain the effects of base metal compo-

sition on intermetallic layer growth seen

in this study, since these effects can have
large effects on diffusion in intermetallic
compounds (Ref. 19). .
The results of this study show a defi-
nite relationship between the segregation
of nickel within the intermetallic layer and
the kinetics of intermetallic layer growth.
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For the Cu-15Ni-85n alloy, relatively low
intermetallic formation rates are obtained
at temperatures of up to 175°C with the
high-tin content solders and at 150°C
with the 605n-40Pb solder, under condi-
tions in which two distinct intermetallic
regions with differing nickel content are
formed. The absence of nickel segrega-
tion in the intermetallic layer at slightly
higher temperature is associated with
much higher rates of intermetallic forma-
tion. Similar -behavior is observed for
Cu-9Ni-65n with high-tin content solders
at 150°C. In the case of Cu-15Ni-85n
soldered with 955n-5Sb, there is a sub-
stantially lower activation energy for lay-
er growth associated with the tempera-
ture interval in which nickel segregation
occurs than there is for the temperature
range in which no nickel segregation
occurs. Additional experiments at tem-
peratures below 150°C are required to
establish whether the same relationship
exists for Cu-15Ni-8Sn soldered with
605n-40Pb, and Cu-9Ni-6Sn soldered
with 955n-55b.

The segregation behavior of nickel
within the intermetallic layer cannot be
explained simply by differences in diffu-
sivity of copper and nickel within the
intermetallic layer. An increase in nickel
content of the intermetallic layer adjacent
to the interface with the base metal

. would result from a lower diffusion coef-

ficient of nickel, as compared to copper,
in the intermetallic layer. However, this
would in general be seen as a continuous
decrease in nickel content across the
intermetallic layer. The observation of a
distinct boundary between layers of dif-
fering nickel contents suggests that at
175°C and below, the intermetallic com-
positions of nickel contents between
about 5 and 10% nickel are thermody-
namically less stable than those of higher
and lower nickel content. The observed
formation of an intermetallic layer with a
nickel-to-copper ratio higher than that of
the base metal alloy is sufficient to explain
a reduction in the intermetallic layer
growth rate. The high-nickel content
intermetallic layer has a low rate of
growth, which can be associated with the
low rate of intermetallic layer growth on
high-nickel content base metals. The rate
of growth of this layer limits the rate of
growth of the low-nickel content layer, in
that copper must be transported through
the high-nickel content intermetallic layer
before_reacting to form an additional
intermetallic layer of low-nickel content.
Experimental results shown in Table 4
indicate that the nickel-to-copper ratios in
the low-nickel content layer are in the
range of 0.09 to 0.16, which is similar to
that obtained for much thicker interme-
tallic layers of uniform composition pro-
duced under the same exposure condi-
tions on base metal alloys with 9% nickel.
Transport through the low-nickel content
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layer is, therefore, not a rate-limiting pro-
cess. Although the observed nickel segre-
gation in the intermetallic layer does
account for the associated low-rate con-
stants and activation energies for inter-
metallic layer growth, further study is
required to determine the cause of the
segregation itself.

Comparison of the intermetallic layer
growth rates of base metal alloys with the
same nickel content but with different tin
contents shows little or no effect of
variations in tin content of several per-
cent. This result is consistent with a most
simple model of intermetallic layer
growth in a binary system with a constant
diffusion coefficient of tin in CugSns (or
[Cu,NileSns), and fixed  intermetallic tin
compositions at the solder and base met-
al interfaces of Cq and C,, respectively.

" Equating the flux of tin through the inter-

metallic layer with its consumption to
form an intermetallic composition at the
intermetallic/base metal interface and
assuming no significant diffusion in the
base metal having tin content C;, no
volume changes and a limited composi-
tion range of the intermetallic layer (ie.,
[C1—Ca)<<[Cy~C3)), the compositions
can be expressed as mole fractions result-
ing in an expression for intermetallic layer
thickness, x, of

X _ [ 2D (C—Cy) (1—c3)] Y2
(C—C3)(1—-Cy)

in which D is the diffusivity of tin in the
intermetallic layer and t is the exposure
time.

An increase in Cs, the base metal tin
content, from 0 to 5 wt-% produces an
increase in the parabolic rate constant of
less than 2%, which is substantially less
than the uncertainty in experimental mea-
surement of the rate constant. The same
result is obtained by a somewhat differ-
ent means if copper is assumed to be the
diffusing species. Although more com-
plex models could be used to more
accurately model the intermetallic layer
growth, including the presence of the
eCusSn  intermetallic compound, this
would not alter the conclusion that the
variation in tin contents of the base metal
alloys in this study cannot be expected to
have any measurable effect on the rates
of intermetallic layer growth.

The nickel content of the base metal
alloy, in addition to its effect on the rate
of intermetallic formation, also affects the
formation of the e intermetallic phase.
The absence of an intermetallic ¢ phase
layer on any of the soldered nickel-
containing specimens following expo-
sures at 150° to 250°C can be the result
of either thermodynamic or kinetic
effects of nickel. A large decrease in
diffusivity in the ¢ phase with increased
nickel content could result in very small
layer thicknesses which are not detected.
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copper-nickel-tin powders exposed at
225°C does show traces of e under
conditions in which layer growth is termi-
nated by the complete consumption of
tin by the 5 phase. These results, under
conditions which are a closer approach
to equilibrium, indicate that the e phase is
not completely unstable in the presence
of these low-nickel contents. In the
absence of phase diagram data for the
copper-nickel-tin system at these temper-
atures, it is not possible to determine the
cause for the absence of the e intermetal-
lic formation with the nickel-containing
copper-base alloys in this study.

Solder Alioy Composition Effects

The most important effect of solder
alloy composition on intermetallic forma-
tion is related to tin content of the solder.
The high-tin content solders 955n-5Sb,
955n-5Ag, and pure. tin all exhibit similar
behavior with respect to intermetallic
formation. In comparison to the pure tin,
the 955n-5Sb solder exhibits a slightly
lower parabolic rate constant for inter-
metallic formation with Cu-15Ni-85n. This
could be associated with the antimony
content of the 5 intermetallic layer, lead-

- ing to a reduction in the interdiffusion

rate of the compound. In contrast, the
silverinthe 955n-5Ag solderisrejectedinto
the solder and tends to form the AgsSn
intermetallic layer distributed as discrete
particles visible at the interface of the
solder with the 7 intermetallic layer. These
relatively small differences between the

" on exposure temperature.

Table 5—Composition Analysis of Intermetallic Layers Showing Nickel Segregai‘zusr\ ;esolkizrr ]S}z!r;"-
; joave o

Composition of Zones %-;efmeta“l%, <

Adjacent to Base Metal or Solder 3}3"‘?’ V‘] ’(‘,i‘

- e e @) Tt

Temp./ Base Metal/ Intermetallic Thickness Composition L) -Stlh ransport «

Time Solder {(mum) Cu Ni Sn \(‘)P (erate'COF\U‘C
Ner gl )

150°C/  Cu-15Ni-8Sn/ 3 28 12 61 1s, flOwer’ ate

1500 h 955n-55b 3 Not measured  CurT5NI-8¢

op-2Ag soldh

75°C/  Cu-15Ni-85n/ 8 27 M 61 155 9 is not as

1500h  955n-5%b 9 35 3 61 1% by that preci

150°C/  Cu-15Ni-85n/ 3 30 10 60 15, fealic compo

1500 h 955n-5A8 5 35 3 62 ersed in the

ature e

175°C/  Cu-15Ni-85n/ 10 29 10 61 nte%rt of the

; ‘ ) :
1500 h Pure tin 10 34 4 62 _creaSEd rate
175°C/  Cu-15Ni-85n/ 2 26 13 61 i solder.

1500 h 605n-40Pb 55 32 6 62  lthe intermet
150°C/  Cu-9NH6Sn/ 4 30 8 61 Y idtprviney
| 4000h " 955n-55b 26 31 6 © 63 15, fenty higner

ting 10% or I

175°C/  Cu-21INi-55n/ 8 27 10 61 15h §s is clearly

1500 h  955n-55b/ 6 30 5 64 15 hi-85n alloy <

225°C/ Cu-15Ni-85n/ 4 24 18 - 58 1Py .Cu—BSn-Q.ZF
500 h 10Sn-90Pb 20 35 4 59 1pp fison of Figs

per or Cu

» : Eh 60Sn-40Pb

_ Alternatively, the e phase may be thermo- ~ 955n-5Ag solder and 955n-55b solder witifnts are only

dynamically less stable in the presence of respect to intermetallic formation witfed to those

nickel contents above a few percent. The Cu-15Ni-85n are not seen for pure coppegs. The increa
x-ray diffraction analyses of tin-infiltrated or Cu-55n-0.2P. The relative intermetalid i rates with

The high-lead content solders, 10Snmin interme
90Pb, 55n-95Pb, and 10Sn-88Pb-2Agin-40Pb com
form intermetallic compositions at a raigs electrodep
controlled by diffusion of tin through thdj heated at 1
solder. This'is supported by the relativdw that a 5-n
uniformity of intermetallic growth ratedplated lead t
for 105n-90Pb in contact with a widgtroplated tin
variety of base metals (Table 3), whidlhe rate of ir
have greatly different intermetali§. 20). The
growth rates when in contact with highfmation rate
tin solders (e.g., Fig. 5). An exception t&ht be ascribe
this may be alloys with greater than 15%uport of ti
nickel at 250°C, for which diffusiofiveen the so
through the intermetallic layer may bdned. Howev
sufficiently slow in comparison to lowefayer growth
nickel content alloys as to be ratgs not supp
controlling. In addition, control of layekmetallic forr
growth by diffusion through the solder fied. Another
supported by the observation of a largelys with the
ratio of eCusSn to total layer thicknes§ this increas:
for pure copper and Cu-55n-0.2P solde'ner and tin ir
ed with 10Sn-90Pb, as compared to thdthe lead cor
same base metals with higher tin conteMmosition mu:
solders. The growth of the 5 phase 1aYe8icould be de
is limited by tin diffusion through th,’x-ray analys
high-lead content solder, while the U
necessary for the growth of the ¢ phasé 5
obtained by decomposition of CugSns & of Exposur
the interface of the two intermetdlifhe offects o
layers. Further, the slightly lower tin.COtarmetallic f
tents of 59 to 60 wt-% of the "eq in relati
(Cu,Ni)gSns formed on Cu-15Ni-85n 50%r alloy com
dered with 10Sn-90Pb, as compared Jons it is p
60 to 62 wt-% for the n phase forMeRs o1htained 1
with higher tin content solders (Table 2 . by oth
also suggests that tin diffusion throU8%e activation

o=

o,

A ik b s sl



» solder is limiting the rate of interme-
aHIC fayer growth. The lower rate of
y metallic formation for the Cu-15Ni-
i alloy with 55n-95Pb solder as com-
ed to 105n-90Pb is also consistent
A1) / ith transport of tin through the solder as
Other e rate- controlling step. The reason for
lower rate of intermetallic formation
1Sh o Cu-15NI-8Sn in- contact with 105n-
Dapb -2Ag solder as compared to 10Sn-
1Sh b is not as obvious. However, it is
qely that precipitation of the AgsSn inter-
jetallic compound, seen as fine particles
gpersed in the solder following elevated
fomperature exposure, reduces the tin
jontent of the lead matrix, resulting in a
Jpcreased rate of transport of tin through
e solder.
1 The intermetallic formation rate for the
{par eutectic 605n-40Pb solder is fre-
] uently higher than that for solders con-
,mng 10% or less tin or 95% or more tin.
s is clearly seen in Fig. 8 for Cu-
FNi-8Sn alloy and can also be observed
ot Cu-55n-0.2P and Cu-9Ni-65n by com-
rison of Figs. 5-7. In the cases of pure
,opper or Cu-1.9Be-0.4Co in contact
jth 60Sn-40Pb, the parabolic rate con-
fints are only slightly higher as com-
ired to those for 955n-5Sb or 955n-
"“g The increase in intermetallic forma-
n rates with decreased tin content is
iher difficult to account for. Results of
her investigators (Ref. 6) show a maxi
um in intermetallic formation rate at the
5n-40Pb composition for tin-lead coat-
s electrodeposited on pure copper
id heated at 170°C. The same authors
ow that a 5-micron-thick layer of elec-
oplated lead between the copper and
ectroplated tin results in a 50% increase
Lthe rate of intermetallic layer growth
Bef. 20). The increase in intermetallic
fmation rate in the presence of lead
ight be ascribed to an increased rate of
insport of tin across the interface
ttween the solder and the intermetallic
imed. However, the parabolic kinetics
|layer growth for the lead-free solders
ies not support the conjecture that
lermetallic formation is surface reaction
ited. Another possibility is that lead
0ys with the intermetallic compound
d this increases the diffusion rates of
£oper and tin in the intermetallic layer. If
. the lead content of the intermetallic
r tin content fmposition must be quite low, since no
phase lave! kd could be detected by energy disper-
through the ¥e x-ray analysis.
/hile the tin
sy
:fe élihsffar fects of Exposure Temperature
intermetallic
wer tin con

TS
1Sh

15
1Sh

1Ph
TPh
e ——

b solder with
mation with
pure copper
intermetaliic
‘65n depend

Iders, 10Sn-
>n-88Pb-2Ag
ns at a rate
through the
the relative
rowth rates
vith a wide
le 3), which
intermetallic
<t with high-
2xception to
er than 15%
ch  diffusion
yer may be
on to lower
o be rater
trol of layer
the solderis
n of a larger
er thickness
-0.2P solder-
sared to the

The effects of exposure temperature
Yintermetallic formation have been dis-

of the T Hsed in relation to base metal and
5Ni-85n soF Ker alloy composition in the preceding
ompared [ ,‘llons It is possible to compare the
rase formé
rs (Table 5)
ion through

Phined by other investigators in terms
the activation energies. The activation

bt obtained for pure copper to those:

energy for intermetallic layer growth (to-
tal thickness) of 8800 to 12,600 cal/moil
for pure copper and Cu-55n-0.2P sold-
ered with 955n-55b measured in this
investigation are somewhat higher than a
value of 5800 cal/mol obtained for elec-
trodeposited tin on pure copper, but
lower than the activation energies in the
range of 14,000 to 19,000 cal/mol
obtained for interdiffusion of copper and
tin in the ¢ and 7 phases (Ref. 21). The
activation energies for intermetallic layer
growth for copper and Cu-55n-0.2P in
contact with 60Sn-40Pb solder of 14,000
to 16,000 cal/mol are higher than the
value of 9300 cal/mol obtained for elec-
trodeposited 60Sn-40Pb alloy over the
temperature range 70° to 170°C. These
differences are not surprising in view of
the different nature of these experi-
ments. The-electrodeposits are consider-
ably thinner than the solder layers used in

this study and also show high initial

growth rates over about the first 20 h
which are not found here.

Conclusions

1. Copper and copper alloys react
with tin-containing solders at elevated
temperature to produce intermetallic
compounds. The growth of the interme-
tallic layer follows parabolic kinetics and
depends on the base metal composition,
solder composition, and exposure tem-
perature.

2. The rate of intermetallic formation
between solders with 30% or more tin
and copper-base alloys containing O to

30% nickel exhibits a distinct peak at

nickel contents of 6 to 9%. Intermetallic
formation rates may vary by a factor of
35, depending on nickel content. At
150°C (302°F), the rate is lowest for
alloys containing 15% nickel or more. At
200°C (392°F), the rate is lowest for
nickel-free alloys.

3. Distinct nickel-rich and nickel-poor
layers of (Cu,Ni)Sns form at tempera-
tures of 175°C (347°F) and below on
nickel-containing, copper-base alloys in
contact with tin-containing solders. This
effect is prominent in alloys containing

15% nickel or more and is associated with

low rates of intermetallic layer growth for
these alloys.

4. The rate of intermetallic formation
between copper-base alloys and high-
lead content solder (10% tin or less) at
200°C is much less than that for the
high-tin content solders in this study. The
rate of intermetallic formation between
high-lead content solders and these cop-
per-base alloys is relatively insensitive to
base metal composition at 225°C (437 °F)
or below. )

5. For all the copper alloys in this
investigation, contact with 60Sn-40Pb sol-
der at 175°C produces a greater interme-
tallic formation rate than does contact

with solders containing 95% tin or
more.

6. Selection of solders for copper-
base alloys for applications at tempera-
tures of 150°C and above requires that
intermetallic formation be carefully con-
sidered. Lead-base solders with 10% tin
or less may be required to control inter-
metallic formation during extended ser-
vice at elevated temperatures.
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" Appendix

Statistical Analysis of
Parabolic Rate Constants

This appendix describes. the methods
used to analyze the intermetallic layer
‘thickness measurements in order to
obtain a best estimate of the parabolic
rate constant and to quantify the uncer-
tainty associated with that estimate. Due
to the large numbers of specimens in this
study arising from the combinations of
the base metal, solder composition,
exposure temperature and exposure
time, it is not practical to compensate for
the variability in thickness measurements
by computing the mean of a very large
number of thickness measurements per-

formed on each specimen. In general, the
number of thickness measurements were
limited to five for each specimen condi-
tion at the expense of some loss in
precision in determining the rate of inter-
metallic layer formation. In order to both
minimize and quantify the uncertainty in
intermetallic layer formation rate associ-
ated with both the limited number of
thickness measurements made and the
limited number of exposure times evalu-
ated, the following analysis of the inter-
metallic measurements has been used:

It is assumed that the intermetallic for-
mation can be described by diffusion-
controlled layer growth with parabolic
kinetics

x = kt"2 (1

in which x is the thickness of the interme-
tallic layer (or layers), t is exposure time,
and k is the parabolic rate constant.
Examination of the soldered specimens
prior to exposure indicated a negligible
quantity of intermetallic layers (less than 1
micron) formed during soldering, with the
exception of Cu-1.9Be-0.4Co soldered
with high-tin solders, which results in a 3-
to 6-micron-thick layer of intermetallic
compound as-soldered. In these cases, it
is assumed that the kinetics can be
described as

(C—xg)" = kt'4 @)

" in which xg is the mean initial intermetallic

layer thickness formed during soldering.
An analysis of measurements on 120
individual specimens indicates that the
standard deviation in the thickness mea-
surement gy can be expressed as a func-
tion of the mean thickness x by

oy = bx™ 3)

in which the exponent m has a value of
0.75 and the constant b has a value of 0.4
microns. (The value of m lies between a
value of m = 1 for a log normal distribu-

-period are shown as error bars in Figs. 3,

tion and m = O for a normal digmbu. -
This effect can be seen qualitative), , On)
2 as an increase in the standarg devin,ﬁg'
in intermetallic thickness measyre r:m
with increased mean layer thickneSsents

In order to determine the Darab _
rate constant for a normal distfibu(.o"c
Equation 1 was transformed to on,

)(/ _ k,(t/)O'S

@
in which
X = XO.ZS
t’ = t0.25
k’ = k0.25

The value of k” is determined as
which minimizes the standard error iy
expressed as ‘

D e e 2
e B |

L=1

in which n is equivalent to the number of}
specimens examined. An estimate of the}
uncertainty in k” is obtained as plus o
minus 2S,” limits. The values of k = xt-05{;
associated with these limits for a total of nj.To evaluat
measurements -are [k’ + 25,/(t"n)P3 e shape,

“and [k’ —2S,/(t'n)®*1*. These limits forfed by sub:

the parabolic rate constant using a valie el electroi
of t’ equivalent to the longest exposurefile reprod
e weld p
5 and 6, and are listed as uncertainty limis $#-80 base
in Table 3. bound the
This procedure for calculating parabol-fe could
ic rate constants, while somewhat morejyealed the
complicated than a simple linear regres-fce surface
sion analysis, does not unduly bias thefinal weld
calculated rate constant, due to a single, etallograpt
long-time measurement which has signifi-sierface sur
cant variation associated with it. Theggwas smos
characterization of intermetallic layerfad) welds
growth by a single parabolic rate con-ji
stant facilitates the description of thejull differe
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