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Copper and aluminium electric corrosion rates are investigated experimentally at room temperature and at
temperature 100 °C. It is founded that copper corrosion is higher than aluminium corrosion, and ratio of electric
corrosion rates, kcu/kai , decreases with temperature increasing. It is calculated that copper corrosion rate is
approximately equal to aluminium corrosion at temperature about 300 °C due to Cu?* ions are less mobile than
Cu* ions. It is obvious physically: the higher temperature is, the grater atoms’ displacements in crystal lattice, Cu
atoms can diffuse without two electrons, and Cu?* ions more strongly interact with crystal lattice than Cu* ions.
Literature data analysis shows than Cu rich intermetallic compounds (IMCs) are formed faster in Cu-Al system at
temperature lower than 400 °C, and the Kirkendall plane shifts toward Cu side, but Al rich IMCs are formed
faster in Cu-Al system at temperature higher than 475 °C, and the Kirkendall plane shifts toward Al side. It is
concluded that Cu?* ions diffuse in IMCs at temperature higher than 475 °C, but Cu* ions diffuse in IMCs at
temperature lower than 400°C. A theoretical method to calculate intrinsic diffusivities ratio in double multiphase
systems is proposed. The method involves the Kirkendall plane displacement and the general phases thickness
only. Intrinsic diffusivities ratios in the Al-Cu system are calculated using literature experimental data. Diffusion
activation energies and pre-exponential coefficients for the Cu-Al system are calculated combining literature
experimental results. Analysis of literature data shows that the Kirkendall shift changes sign at temperature about
460°C in the Cu-Al system because of intrinsic diffusivities ratio, Dcu"/Dar”, dependence from temperature. Such
result agrees with copper and aluminium electric corrosion rates investigation.
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Introduction pad (=1 um thickness) can prevent gold and copper
corrosion, because intermetallics formation rate in Au-Al

The Cu-clad Al (CA) wire, where the CA wire isan ~ SyStem is much more higher than intermetallics
Al wire coated with Cu (= 15um thickness), is widely formation rate in Cu-Al system, so it is possible to use
used for electronic parts as a conductive material in the ~ CU Instead of Au for wire bonding in microelectronics
automobile industry. The CA wire utilized near the motor ~ Packaging, and Cu has higher electric conductivity,
in the automobile is heated at temperatures of about 373-  nigher thermal conduction, and lower material cost than
473 K (100 - 200°C). Intermetallics can formed at the Au [2]. It was founded experimentally, that copper

Cu/Al interface and grow gradually during heating at electrip cqrrosion i§ higher than_ aluminium electric
such temperatures. The IMC layers are brittle and corrosion in approximately two times at temperatures

electrically resistant. As a consequence, the growths of 1658 than 40 °C[3, 4], so thin Al layer can prevent copper

the IMC layers deteriorate mechanical and electrical ~©l€ctric corrosion.

properties of the CA wire. Therefore, for assurance of the _ Besides, one of the most common reasons for chip
reliability of the product, information on the growth failure is due to the soldered copper/tin based contacts,

behaviour of the IMC layers during heating is essentially ~ that is, the soldered contacts are the weakest part of the
important [1]. chip and this is related, in particular, to intermetallics and

Otherwise, it was proved experimentally that thin Al the Kirkendall-Frenkel porosity formation in the contact
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Fig. 1. Scheme of experimental equipment (T = 100 °C).

zone [5]. The temperature range is from room
temperature up to 250°C (typical range of packaging and
operation of the integrated circuits) [6, 7].

Hydrostatic pressure of Argon gas (= 10 MPa) can
decrease Kirkendal-Frenkel porosity formation, but
practically can’t decrease mutual diffusion coefficients
[8]. Hot isostatic pressing (p = 100 MPa, Argon) removes
porosity due to homogenisation heat treatment in alloy
CMSX4 and superalloy CMSX10 [9].

Electric current can destruct wire bonding in
microelectronics packaging, so we planned to investigate
copper and aluminium electric corrosion at room
temperature and at temperature 100 °C. Direct current
can dissolve metal anode into electrolyte, and we planned
to do experiments under the same conditions: initial radii
of Al and Cu anodes should be approximately equal,
electrolyte concentration should be the same, anodes
lengths immersed into electrolyte should be equal,
graphite cathodes should be the same, direct electric
current value should be practically the same.

I. Experimental results of copper and
aluminium electric corrosion
investigation at temperature 100 °C

Experiments were carried at room temperature [3, 4]

10-3kg . 12.103
63.55-10 Am 3.05A-1.2-103s

and at temperature 100 °C. Cylindrical anodes (99.99 %
Cu and 99.99 % Al) were used for copper and aluminium
electric corrosion investigation. Sodium chloride (NaCl)
solution was used as electrolyte (Fig. 1).

Direct electric current and anodes mass decreasing
were measured. Rate of anode dissolving into electrolyte
can be calculated using Faraday’s law of electrolysis:

dm _ MI 2
dt_ZF’dm:p'L'ﬂ-'d(R (t))7 1)

where m is the anode mass dissolved into the electrolyte,
t is the time of experiment, M is the molar mass, | is the
direct electric current value, F is the Faraday constant
(F=96500 C mol™), z is the charge of ions, R is the
anode radius, L is the anode length immersed into the
electrolyte.

Electric current value did not change, so one can
calculate:

L MIt
FapL(R2(t =0)—R2(t))

)

where p is the anode density. Charges of copper and
aluminium ions were calculated:

Z =
Cu 3ky 2 2
F.7-89-10 L, - (R (t=0)-RZ (t
3Lcu " (Rey t=0-Rg, (t)

z

—-3kg 3
27.10 %O|-3.15A-1.2'1Os

where Lew = La = 4'10'2 m, Rocu = 2.27 mm, Roal = 2.6
mm, la=3.15 A, lcy = 3.05 A, so copper dissolved into
NaCl solution as Cu* and Cu®* ions (copper dissolved

Al = Sky 2 2
F.7z-2.7-10 L (R2 (t=0)—R2 (t
3bar (R (t=0)-Ry (1))

1+2

~1.47 ~——
5 (3)
~2.85%=3, 4)

into NaCl solution as Cu* ions at room temperature), and
aluminium dissolved into NaCl solution as AI** ions.
Anodes radii decreasing kinetics is shown on Fig. 2.
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Experiments were carried during ti;=5 min, t;= 10 min,
ts= 15 min, and ts= 20 min. Experimental results are as
follows: Ricy= 2.2 mm, Rocy=2.12 mm, Rsc,= 2.03 mm,
R4cy=1.92 mm; Ryia= 2.56 mm, Roa=2.51 mm,
Rsa= 2.45 mm, Rsa= 2.38 mm. Measurement precision

2+
cut+cl” =cuct 4 ©Y

cult 421 = CuCl, + A+ +3c1™ = AlCl,

+2CI~ =CuCl,, N

was 0.01 mm or 10 micrometer. We carried additional
experiments, but result was the same.

Chemical reactions are more complicated at 100°C
than at room temperature [3, 4] near positive electrodes
(anodes):

cut—e” =cu?t

®)

0,c0
¢'C|—_e—:C|0’C| +Cl :CIZT.

R mm A - Cu
IL o - Al
2.6
]
]
L =
24 Jﬁ o
A
2.2 —
A
A
2.0 B
1 A
— 1 1 1 1 >
0 5 10 15 20 t, min

Fig. 2. Al and Cu anodes radii decreasing kinetics at T = 100 °C.

Chlorine gas and boiling water were formed near
anodes.

Chemical reactions took place near negative
electrodes (cathodes):
Na* —e~ = Na?,
2Na+2H,0 =2NaOH +H, T. ©6)

Hydrogen gas and boiling water were formed near
cathodes.

Anodes radii decreasing rate constants can be
calculated as average value of four experiments:

2 4 o
4R — 3 R
0 i=1|
4

2 1
i=1

{1.25 at room temperature},

~ . _9 2
Cu ~1.154-10 " m“ /s, @

* *

Qp—Qny))
DOCue Al Cu%ﬂ_);In

4
4Rg_'leiz 102
= 1= ~ . B )
kAI_ 7 ~8.42-10 m</s
2 G
=1
{7.29 at room temperature},
kCu ~1.37k Al {1.72 at room temperature T,=27°C}, (8)
so copper electric corrosion is higher at room

temperature T1 = 27°C, aluminium electric corrosion is
higher at temperature T, = 100°C, and ratio of electric
corrosion rates, kcu/ka , decreases with temperature
increasing. We can conclude that Cu?* ions are less
mobile than Cu* ions. It is need to point out that ke, and
ka have dimensionalities as diffusion coefficients, m%/s,
because of the anodes cylindrical shape. Such result
allows us to calculate:

*

k D
Sy~ —S4 1) =3 —0CU | = 0.6:Q, - Qg = 2.9kJ /mol , ©)
Al Dl Doal Doal
Dy D~ 2900J / mol
0Cu _ Cu 1 T, =TT 583K ~310°0C
& —0.55 CU (1) =1=T3 0.6R
Al , Pal : (10)

S0 Qal > Qcu because Cu* ions have higher mobilities
than AI®* ions.
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I1. Method

The Kirkendall shift , Xk, can be calculated in such a
way [10]:

2 *
* * D * * D
x2 - 2408 PAS \/DA)t:[l_ DA] g, B 1, (11)
T

Dg T DA

or [11]:

. 2
D/j .
* * 1_ A * *
Xz _Z(DB_DA)Zt_( DB 2DBt, DB >1, (12)

*

“ z(Dy+Dy) 1+D%* z Dy

B

or [12]:

(D, - D)? p.\Y D, D;
XZ=2"B A t—|1-—A| 2Bt —B>]
D D

A (13)
D T A

B

Egs. 11, 12, and 13 give exactly the same result in
the case Dg'=D," and slightly different results (on

approximately 15 percents) in the case Dg"= 2Da".
Intrinsic diffusivities ratio D"a/D"s can be calculated
using Darken’s method [13]:
D" = CiDa+ (1-C)D"s = Di/AC;, Ci= Cg, (14)

D, _ DX, a-C)Wz | (15)

D;  Dt+C X V7

where D;" is the mutual diffusion coefficient in phase i,

Di = Di"AG; is the mutual diffusion penetrability in phase
i, Ci is the average concentration of substance B in phase
i, ACi is phase i’s homogeneity range. It was
experimentally obtained [8] that /Dt is approximately

equal to general diffusion zone width, so we can get
finally:

N
. DX =X @-C )T
&z =t <1

N
Do X, +Cx 7
=

where N is formed phases quantity, X; is phase j’s
thickness, Ci is is the average concentration of substance
B in phase i.

Ci =Cs, (16)

I11. Analysis for the Al-Cu system

Five phases are formed in AI-Cu system at
temperatures from 400°C to 535°C [14] and at
temperatures from 210 °C to 270 °C [1]: 6-phase (phase
1) CuAl; (C1 = 2/3), n2-phase (phase 2) CuAl (C, = 1/2),
Co-phase (phase 3b) CusAlz (Cap, = 3/7), d-phase (phase
3a) CusAly (Csa = 2/5), and vyz-phase (phase 3) CusAls
(C3=4/13~0.31~ 1/3, C = Ca)). Authors obtained [14]:

=k - ~ —_ _1
D1 — 5.6x10 5 g 127 6kmol 1/(RT)mz /s: D* _ 2_2)(10—4e 148.5kJmol /(RT)m2 /s

5=

% _ -1 g™ . _ -1
D3b :16X1026 230.5kJmol /(RT)mZ /s . D3a — lelo 4e 138.1kJmol /(RT)mZ/S

: (A7)

= * i o -1
D3 :85)(10 Se 136kJmol /(RT)mZ /S

We can see that Q1< Q. Qi1<Qs and Q3<Q:
because of Ki>K;, Ki>Ks, Kz>K; , and Dgi=Do2=Dgs.
Phase j’s rate formation is K. We are interested in
intermetallics disappearance rate analysis, so we can
consider phases CusAlz (phase 3b), CusAl, (phase 3a),

3b, 3a, and 3 as “phase 2” [1]. Three phases are formed
in Al-Cu system at temperatures from 175°C to 225 °C
[2] and at temperatures from 300°C to 400°C [15]:
CuAl,, CuAl, and CugAls. Some experimental results are
listed in Table 1, so Xi>X;, X1> Xz, but Xp<Xs,

and CugAls as one “phase 3” with average Al because of, maybe, high ordered phase CuAl (body-
concentration C3~ 1/3. Authors [1] considered phases 2, centered orthorhombic crystal structure) like phase
Table 1
Phases 1, 2, and 3 formation rates comparison in Al-Cu system
Ky, Ko, Ks, Kizs,
Authors Tec | tho| x10% | ok | oot | o | R R Rl B
m?/s m¥/s m¥s m¥s i ’ 2 *
1.Funamizu and Kazp= Ki23p=
Watanabe [14] 515 40 6990 630 3030 26730 111 | 23 | 48 8.9
2.Gueydan et al.[15] 400 24 1400 300 760 6800 4.7 18 | 25 8.9
3.Moisy et al.[16] 350 2 860 100 370 3400 8.6 23 | 3.7 9.2
4.Moisy et al. [16] 300 2 77 18 55 420 4.3 14 | 31 7.6
5.Goh et al.[2] 225 480 - - - 0.715 - - -
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CuZn. It was reported that diffusivity of Cu is higher We can use Eq.14 to calculate mutual diffusion
than diffusivity of Al at temperatures 300°C =+ 350°C coefficients in each phase at temperature 100°C:
[16].

2 1
Dy =C;Dgy +(1-Cp)Dpy = (5 137+ )Dy <1.25D

Al
1 1
D, =C,Dg, +(1-C,)Dy =| 5:1.37+2 | Dy ~119D,, (18)
=CgDg, +(1-C5)Dy I_( 1.37+ )D | 112D,

D3 3

D D Otherwise, it was reported that diffusivity of Al is
SO X, ~ | =X;=~1.06X,: X, ~= /—2X3 ~1.03X;: higher than diffusivity of Cu at temperatures

D, D, 475 °C + 535 °C, and the markers moves toward Al side
X1 > X > Xz, and Al rich phases are formed more [14].

quickly, because Al-atoms and Cu-atoms move in Authors [14] didn’t calculate ratio D"a/D"cy . We can
opposite directions, vacancies can disappear near analyse described experimental results in Al-Cu system
dislocations at Cu side (sinks) and appear near (T,=515°C = 788 K, t = 40h, Xk~ I1um,

dislocations at Al side (sources), dislocations can climb X1+ Xz + Xap+ Xaa+ X3= 127 um):
([17], Fig.6.24), and Kirkendall plane shifts toward Cu
side.

Do (1, 51500y ~ X1 X Xan # Xy # X =X UoCNT_ g ggr, Dy g, (19)
Dy Xy + X, + Xy + Xgp + Xy +C, X A7 Déy

Markers were in phase 3b ({o-phase CusAls, it is difficult to identify them by SEM and EDS [1]. Ratio
monoclinic crystal structure). CusAl, phase has y-brass D*a/D"cy depends on temperature (Ts= 475 °C = 748 K,
type crystal structure, a=8.70 A, like phase 3, CusAlg, t =190 h, Xk = 2um, X1+ Xo+ Xzp+ Xza+ Xz= 113um):
a=8.69 A [14]. Phases 3, 3a and 3b are very similar, so

Diu (7 _ g75oc) ~ Xot Xat Xay + X5, + X5 X, (1—0.4)\7 0,969y, = 2 _1.032. (20)
Dy Xy + X, + Xy + Xgy + Xy +0.4CX A7 Dgy

We can  find additional two points X1+ Xo+ Xap+ Xza+ Xz= 180um; T3=495°C =768 K,

(T1:535 °C =808 K, t=40h, Xk = 20.5 um, t=40h, Xk=5 um, X1+ Xo+ Xap+ Xza+ X3 le],um,):
Deu (1 _s35ecy o Kot Xa ¥ Xop 7 X5, + X, X 067 0.814;y, =1.228 - (21)
Dy Xy + Xy + Xy + Xgp + X, +0.4X 7
Bev (7, —ag9500y » X Xa T Xoy X5, + X, X 067 0.916;y, =1.092 - (22)

D,, Xy + X, + Xy + Xg, + X5 +0.4X N7

We can use these four points to calculate by the least square method:

2.( 1000 1000
4Z{R_I_Iny j Zlny Z

N ~—13.4kJ / mol

4. (1000 ’ 4.1000 ’ , 23
4Z[RTJ _[ZRT.J =

AQ =Q, _ch =

724


https://www.jstage.jst.go.jp/search/global/_search/-char/en?item=8&word=Yasuhiro+Funamizu

Intrinsic Diffusivities Ratio Analysis in the Al-Cu System

2
4.(1000 | & 4,1000 < 1000
2. 2Ny =2 or 2
=\ RT; ) i3 i RT; =
Y, = €xp 3 ~exp(2.2) =9
41000 1000 (24)
4 _ )
) 5 J
D; ™) D;AI e(QAI chU)(RT) zge—13.4kJ/mol(RT)
DCu DOCu
, (25)
*
13400J / mol
Al _ o T . ~ 460°
DT(rS)_ys_lj 5 2InS 733K ~ 460~ C | (26)
Cu
S0 QaL<Qcu because CU?* ions have less mobilities Do1= Doz~ Do [14].
than al®* ions, and we can conclude that the kirkendall
shift changes sign at temperature about 460°C. ]
Conclusions
IV. Diffusion activation energy Copper corrosion is higher than aluminium

calculation in the Cu-Al system

Authors [16] didn’t calculate diffusion activation
energies and the pre-exponential factors, so we can do it
using calculated data by k. p. gurov’s and a. m. gusak’s
method or “constant flux method” [3,4,18-23] (Table 2)

RT1T2 D; (T2)

T I ( J’

Q 2 @)
DOI = DI (rl)e%ﬂ—l) = Dlﬁz)e%ﬂ—z)

—5 ,~136.7kJmol - 1/(RT) 2,

Q =

D1 4.3x10

—8 ,~108.8kJmol - 1/(RT) 2, (28)

D2 6.6x10

-1
_9 6X10 —7 —1196kJm0I /(RT)mZ /S

corrosion, and ratio of electric corrosion rates, kcu/Kai ,
decreases with temperature increasing. Copper corrosion
rate is approximately equal to aluminium corrosion at
temperature about 300 °C due to Cu®* ions are less
mobile than Cu* ions. It is obvious physically: the higher
temperature is, the grater atoms’ displacements in crystal
lattice, Cu atoms can diffuse without two electrons, and
Cu?* ions more strongly interact with crystal lattice than
Cu*ions.

Cu rich intermetallic compounds (IMCs) are formed
faster in Cu-Al system at temperature lower than 400 °C,
and the Kirkendall plane shifts toward Cu side, but Al
rich IMCs are formed faster in Cu-Al system at
temperature higher than 475 °C, and the Kirkendall plane
shifts toward Al side. Cu?* ions diffuse in IMCs at
temperature higher than 475 °C, but Cu* ions diffuse in
IMCs at temperature lower than 400 °C.

Diffusion activation energy of Al is less than
diffusion activation energy of Cu at temperature higher
than 475°C and Cu?* ions have less mobilities than Al%*.

The Kirkendall shift changes sign at temperature
about 460 °C in the Cu-Al system because of intrinsic

) ) diffusivities ratio, Dc,"/Da”, dependence from
Equatlc_)ns 28 correspond to obtained results [14] temperature. Such result agrees with copper and
(eQS.17). it should be Q1< Q2 Q:<Qs and Q3<Qz  gyminjum electric corrosion rates investigation.
because of Ki>K; Ki>Ksz and Ki3>K; if
Table 2
Diffusion penetrabilities calculated using “constant flux method” in Al-Cu system (authors’ method [14]
is grounded on Heumann’s method, and we assume AC1=~ AC2~ AC;= 0.01).
. D1 D, Ds,
Authors T.°C th x1028 m?/s x1028 m?/s X108 m?/s
Funamizu and Watanabe [14] 515 40 1800 300 800
This work 515 - 1300 400 1140
Gueydan et al. [15] 400 24 - - -
This work 400 - 270 130 180
Moisy et al. [16] 350 2 - - -
This work 350 - 150 50 90
Moisy et al. [16] 300 2 - - -
This work 300 - 15 8 12
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M.B. fpmoinenko
AHaJti3 BiqHOIIeHHs BHYTPIIHIX koediunienTiB 1udy3ii y cucremi Al-Cu

Kuigcobruii HayioHanvHull yHigepcumem mexHono2itl ma Ousaity, axyivmen puHKy, iHQpopmayitinux ma iHHO8AYIUHUX
mexnonoeiti, Yepracu, Yrpaina, yarmolenko.mv@knutd.edu.ua

ExcrnieprMeHTaNbHO MOCTIHKEHO EJIEKTPHYHY KOpPO3io Miji Ta alrOMiHII0 MpW KIMHATHIN TemIiepaTtypi Ta
npu temnepatypi 100 °C. OrpumaHO Takuii pe3ynbTaT: eNeKTPUYHA KOPO3is MiJi 3HAYHO IMIBUIIA, HIX
eNIEKTPHYHA KOPO3isl alfoMiHif0, ane BifiHOmEeHHs KoedinieHTiB kopo3ii, Keu/Kal , 3MeHIyeThCs 31 301IbIICHHAM
Temieparypu. OOUHCIICHO, 1110 eNeKTPUYHA KOPO3is MiJi Ta allOMiHiI0 MPUOIM3HO OJHAKOBA MPHU TeMIepaTypi
300 °C, tomy 1m0 ioan CU?* MeHIn pyxiusi, Hixk ionn Cu*. ®i3MYHO 1€ 0OYEBUIHO: 3 M ABMILEHHIM TEMIIEPATYPH
30UTBIIYETHCS aMILTITYa KOJMBAaHb aTOMIB y KpHCTaNiuHiil rpanui, aromu CU MOXyTh AnQyHIYBaTH 0€3 JBOX
€JIEKTPOHIB, a B3aeMojlis i0HiB CUZ* 3 KPHCTANIMHOIO TPAHUIIECIO 3HAYHO CUIIBHIIIA, HixK B3aeMois ionis Cu*. Jlns
aHaiizy OyJI BUKOPUCTaHI JIITepaTypHi eKCIIepIMEHTalIbHI JTaHi.

Kiarwuosi cioBa: Mifp; amoMiHil; enekTpois; audys3ist; iHTepMeTalliin; KIHeTHKa YTBOpEeHHS (as3.
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