JOURNAL OF APPLIED ELECTROCHEMISTRY 15 (1985) 879886

Recovery and recrystallization of electrodeposited
bright copper coatings at room temperature. 1.
Microhardness in relation to coating structure
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The electrolyte composition effect on the microhardness of bright copper coatings electrodeposited
from sulphuric acid electrolytes was established. It is shown that the sulphuric acid content and the
type of brightener agent strongly influence the rate of decrease of microhardness of deposited
coatings with time. The systematic quantitative and qualitative investigations performed in situ
determined the microhardness changes on the one hand, and the change in microdeformations,
dislocation defects, crystallites size and texture of copper coatings on the other hand, thus demon-
strating unambiguously the correlation betweeen them. The decrease in copper coating microhard-
ness is explained by the occurrence of recovery and recrystallization processes at room temperature.

1. Introduction

It is known that the physicomechanical proper-
ties of metals are a function of their crystal
structure. This also holds for the interconnec-
tion between microhardness and structure of
galvanic coatings. A number of studies have
shown the influence of the preparation con-
ditions of such coatings on their physico-
mechanical properties. Thus it has been
unambiguously established [1-8] that copper
coatings which are fine-grained, have large num-
bers of microdeformations and a more definitely
oriented texture have higher microhardness.

It has also been shown that many of the
properties of galvanic copper coatings [9],
including microhardness [10, 11], undergo sub-
stantial changes within a relatively long period
of time (from several days to several months)
after preparation. This process of ‘ageing’ has
been explained by the partial decrease of pack-
ing defects and crystal lattice deformations
(generated by high deposition overpotential,
adsorption and incorporation of different sur-
factants) and the increase in lattice perfection. In
fact, for all the investigations cited, indirect
arguments have been forwarded to explain the
change in galvanic coating properties (including
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microhardness) during the period following elec-
trolysis.

Since microhardness and its decrease after
obtaining copper coatings with enhanced micro-
hardness are especially important for some
specific areas of application, it is the aim of
the present study to perform a systematic analy-
sis, with the help of suitable X-ray structural
methods, of the structure defining parameters,
i.e. size of coherent diffraction regions (D,,,),
density of dislocations (g), probability of the
appearance of twin defects (B), microdefor-
mations (Ad/d,,;) and texture, as well as their
connection with the change of microhardness
with time.

2. Sample preparation

The samples to be studied were cut from a foil
deposited on a cylindrical, copper-plated steel
cathode (with a diameter of 50 mm and cylinder
length 120mm) in a 1.3-litre bath with hori-
zontally placed anodes (a commercial bath of a
scale 1:1000 was reproduced). The cylinder was
rotated at a rate of 60 rpm. Before each plating
of the bright copper coating with enhanced
microhardness, the cathode surface was polished
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mechanically, degreased and passivated so that
the plated coating could be removed easily. The
cathode current density was 12 Adm~2 and the
plated copper coating thickness was 140 +
2 um. The temperature was varied between 23
and 28° C. The coatings were obtained from the
electrolyte proposed in [12] which contained:
CuSO, - SH,0, 220g1~'; H,SO,, 30gl';
NaCl, 50mgl~'; and THB-I and THB-II,
3mll~L*

3. Determination of Dy, ¢, B and Ad/d,,,

For X-ray determination of crystallite size and
microdeformation by the approximation method
of Hall [13], it is necessary to use different reflec-
tion orders k! from a family of crystallographic
planes {hk!}. Thus the influence of anisotropy
of the elasticity module E,,, and packing defects
can be eliminated.

The connection between the average effective
crystallite size D,;; and the microdeformations

Ad G

Ehkl

i M

in the same direction is given by the expression

B cos 0 1 < 26 ) (sin 9hk1>
i © Dy Ev A @

where & is the Laue breadth of the stress distri-
bution function, 6 is the Bragg angle, A is the
wavelength, and f is the diffraction expansion
arising from the small size of the crystallites and
their microdeformations. The last term is cal-
culated from the expansion (B) of the sample
studied, which includes both the diffraction
expansion and the expansion determined by the
geometry of photographing (b): '

B = (B — b)(B* — b} €)

An estimation of the geometrical expansion, b, is
obtained by a model sample of the same material
annealed so that its crystallites have an average
size of 1 ym and no microdeformations.

The diffraction lines 111 and 222 of the copper
samples were measured. The investigation was
performed with a Philips X-ray unit. CoKp-
radiation isolated by a curved crystal mono-

* THB-I and THB-II are the trade names of industrial
brightener agents. Bulgarian Patent No. 48537/18.07. 1980.

chromator of LiF was used. The Laue width B
was directly determined from the X-ray line
profile.

The probability of packing twin defects was
determined from the {111} line profile asym-
metry by the method of Cohen and Wagner [14]:

ACG(20°)“1 = ﬁ(“tgem) 4

For this purpose the displacement of the centre
of gravity, ACG(26°) in relation to the line
maximum, was calculated.

The dislocation density ¢ was determined by
the method of Williamson and Smallman [15]

3n
e = D? (5
where n = 1/3.

4. Physicomechanical properties of plated
copper coatings

The addition of brighter agents determined
the plating of copper coatings with the fol-
lowing properties (average values are cited):
brightness = 93% (measured in comparison to
a silver mirror by a ‘Dr Lange’ unit); levelling =
88% (measured by a ‘Perthen’ profilograph-
profilometer);  microstresses = +45kgcm?
(measured by a spiral contractometer type
‘Brenner-Senderov’); microhardness (HV) =
240kg mm~? (measured by a Leitz micro-
hardness meter at indentor loading of 100 g);
wear resistance = 72mm’ per 1000 cycles (the
Taber factor of wearing was determined by a
‘Taber’ abraser, model 503 STANDARD by the
losses in sample weight in mg per 1000 cycles of
erasement).

It is interesting to note that the microhardness
and wear resistance of matt copper coatings
plated from the same electrolyte (without bright-
ener agents) are correspondingly 90-100kg
mm 2 and 111 mm?* per 1000 cycles.

The fact that the copper coatings were
obtained mirror smooth eliminated the need for
any special preliminary treatment of the sample
before measuring the microhardness. The latter
was simultaneously measured on reference
samples as well as on samples (35 x 35mm)
further investigated in a X-ray diffractometer
and a texture goniometer.
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Fig. 1. (a) Potentiodynamic (current, I — overpotential, ) curves of the process of electrodeposition of copper coatings
from: 1, basic electrolyte (220g1™! CuSO, » SH,0O + 30gl" H,S0, + 50mgl™!' NaCl}; 2, basic electrolyte + 3mil™!
THB-1 + 3mli~! THB-IL. (b) Double layer capacity, C, versus potential, ¢, corves obtained on a copper electrode in: 1,
supporting electrolyte of InH,SO,; 2, InH,S0, + 3mli~' THB-I + 3ml!l™' THB-IL

5. Results and discussion

The increase by a factor of 2.5 in the microhard-
ness of the copper coatings in the presence of
brightener agents, as well as the abrupt improve-
ment of the physicomechanical propertics
enumerated above, coincide with the resuits
presented in Fig. 1. As can be seen in Fig, la, the
addition of brightener agents strongly inhibits
the electrode process as a consequence of the
high adsorption of the agents (confirmed also by
the substantially decreased capacity of the elec-
tric double layer found upon adding brightener
agents, Fig. 1b) efficiently blocking [16, 17} a
considerable part of the electrode surface
(degree of filling & = 70%). The adsorption of
these agents determines the decrease in size of
the coherent diffraction area by more than one

order of magnitude, as well as the increase in
number of copper crystallite lattice defects
(Tables 1 and 2).

The different rate of decrease in the bright
copper coating microhardness after electro-
deposition for the material investigated by us
was of particular interest. Depending on the
sulphuric acid content in the basic electrolyte as
well as on the component ratio of the brightener
agents, different rates of decrease in coating
microhardness were observed. Fig. 2 illustrates
this dependence as a function of copper-plating
electrolyte sulphuric acid content. Fig. 3 shows
the results for a constant sulphuric acid content,
30g 17!, and varying composition of THB-IL!

T (The composite agents of THB-IL, i.c. THB, -1I and THB,-
11, differ only by the hydrocarbon chain length.)
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Table 1. Change of the siructure characteristics and microhardness of bright copper coatings plated from an electrolyte
( containing THB,-11) determining the rapid decrease of the microhardness with time. ( The data given are obtained with Sample

162.)

Day after Dyt B Dyy1actual Adjdy, Q HV

deposition A) (A) (x10%) (x 107" em~?) (kg mm™?)
1 2000 0.003 7000 3.79 6.26 234
2 2000 0.002 3500 3.62 5.78 230
3 2000 - - 3.55 5.40 228
4 2000 - - 237 4.95 210
5 1180 0.001 1400 2.09 1.94 191
6 - - - - 1.94 180
7 1280 0.001 1500 0.77 0.26 176
8 - — - - - 158
9 - - - - - 145

10 - - - - - 134

The weight concentrations of THB,;-II and
THB,-II were identical. In both cases the con-
centration of copper sulphate was 220g 17! and
the concentration of sodium chloride 50 mg1~".

The technological requirements of deposited
copper platings do not allow microhardness
under 170-180kgmm~2 — the zone marked by
a dotted line on Fig. 2. It is evident from the
same figure that when THB¢-II is employed
(sulphuric acid content 60-80 g1~', curves 3 and
4), the time interval in which the microhardness

drops under the dotted line is 72 and 48 h respect-
ively. At a sulphuric acid concentration of
40gl™!' this period increases to about 140h
(curve 2), while at a concentration of 30g 1"
this period is of the order of more than 500h
(curve 1).

When depositing coatings from a basic electro-
lyte containing 30 g1~! sulphuric acid, the period
of transition to under-optimal microhardness
(Fig. 3) 1s about 160 h for variant THB,-IT and
about 500h for THB-II, depending on the

Table 2. Change of the structure characteristics and microhardness of bright copper coatings plated from an electrolyte
(containing THB,-II) determining the slow decrease of the microhardness with time. ( The date given are obtained with Sample

163.)
Day after Dy B Dy1gemal Adjd,,, 4 Hv
deposition A) A) (x10%) (x 107" em~?) (kg mm=?)
5 2000 0.001 2600 3.26 2.98 226
6 2000 0.001 2600 3.18 2.83 234
7 2000 0.001 2600 3.04 2.59 230
8 1600 0.001 2000 2.53 1.75 227
9 1400 0.001 1680 2.40 1.61 224
13 950 0.001 970 1.69 0.801 223
14 1100 0.001 1180 1.58 0.699 221
15 1500 0.001 1830 1.52 0.648 210
16 1100 0.001 1180 1.15 0.370 202
17 1400 0.001 1680 1.08 0.326 193
19 1280 0.001 1500 0.87 0.212 177
20 1650 0.001 2050 0.70 - 168
25 - - - - - 146
26 - - - - 140
27 - - - - - 137
28 - - - - - 137
29 - - - - - 137
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Fig. 2. Change of microhardness (HV) with time (days) of
bright copper coatings obtained in the presence of 3mli™"
THB-I1 + 3mil™' THB-II + 220gl~! CuSO,- 5H,0 +
50mgl™' NaCland: 1, 30g1™' H,S0,; 2, 40g1~! H,S0,; 3,
60gl~' H,80,; 4, 80gl ~' H,S0,.

length of the polyether component hydrocarbon
chain in the brightener composition. (Fig. 3
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shows the curves of sample numbers 162 and 163
which are typical representatives of the samples
exhibiting ‘rapidly’ with (THB,-II) and ‘slowly’
(THB;-IT) dropping microhardness obtained by
us.) The period of time necessary for obtaining
constant, time unchanging microhardness of
bright copper coatings (~ 135kgmm~?) for
both variants of THB-11 is ~250h for THB,-11
and ~ 650 h for THB,-II.

According to literature data and concepts
for materials similar to ours (electrodeposited
copper and other metals) [6, 810, 18] the
factors which determine this process are: high
super-saturation, great energy excess of dis-
charged particles during deposition of galvanic
coatings as well as the presence of a great
number of vacancies, dislocations and other
lattice defects.

In our case (overpotential,  ~ 250mV), the
ratio between the rates of nucleation and growth
changes substantially, giving preference to
nucleation [19], which further favours strongly
the formation of practically all kinds of growth
defects. This assumption is confirmed by the
results obtained by X-ray structural investi-
gations (Tables 1 and 2). (According to our data
and that in the literature, the crystallite size of
copper coatings plated from basic electrolyte

1 5 0
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' Time [days]

Fig. 3. Change of microhardness with time of bright copper coatings obtained from an electrolyte with composition 220 g1~
CuSO, - 5H,0, 30gl~! H,S0;, 50mgl~! NaCl and: 0, 3mll~' THB-T + 3mll~! THB,-I; @, 3mil™! THB-1 + 3mll™!

THB,-IL.
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Fig. 4. Determination of the microdeformations Ad/d,;, and
crystallite size D,,, from the broadening of diffraction lines
111 and 222. The data refer to: 1, 6th day; 2, 13th day; 3, 19th
day.
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with no additives is ~ 1-30 um; dislocation den-
sity ¢ ~ 108 — 10°cm™%, and microdefor-
mation Ad/d,;; ~ 1/5 x 1072 [20)).

The separation of effective crystallite size Dy
and strain Ad/d,,, is made by plotting § cos 8/4
against sin 8/4 (Fig. 4). The slope of the graph is
a measure of the strain, and the intercept on the
B cos 8/4 axis gives the reciprocal of the crystal-
lite size. A tendency towards a decrease in the
microdeformations and a change of crystallite
size in copper coatings with time are evident.

The results obtained from the data treatment
of the X-ray structural analysis (Tables 1 and 2)
show that the crystallite size changes con-
tinuously during the period of considerable
decrease in microhardness.

Wilson and Tomassen [21] have demonstrated
that the microhardness of copper and other
metals deteriorates to the same degree as their
diffraction lines narrow. On the basis of this idea
we measured the X-ray line 222 by employing
CoKu radiation. The results are presented in Fig.
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50 HV =190 kq mm2 23rd day
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400
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Fig. 5. Change in broadening of
diffraction line 222 of a sample
with slowly decreasing micro-
hardness. The connection is
shown between line broadening
and the change in sample micro-
hardness with time (after the 1st,
5th, 14th, 17th, 23rd and 27th

n7 125 125 17

28 day).
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5 and show the relationship between microhard-
ness and diffraction line broadening. A con-
tinuous change in the parameters discussed is
evident.

Systematic studies of texture changes with
time for the same samples are presented in the
next paper [22]. In all cases a texture with main
texture components (311>, (111> and (110>
was established immediately after plating. When
their microhardness fell to ~ 140kgmm 2 a tex-
ture with main components {100}, {110 and
111> was found. A quantitative measure for
the texture components {42k /> is their volume
fractions M,,,. Some indication of how M,,,
changes with time can be obtained from Fig. 6a,
b. It is also evident from Fig. 6 that the change
in microhardness with time is linked with a
change in microdeformations (strain) and dis-
location density.
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6. Conclusion

It can be concluded on the basis of the above
results that there exists a definite connection
between the change in microhardness on the one
hand, and the changes in crystallite size, texture,
microdeformations and dislocations in copper
coatings on the other hand. Moreover, it is
established that these processes are exception-
ally strongly influenced by plating conditions,
particularly by the sulphuric acid content in the
electrolyte and the organic compound structure
of the brightener agents. The sulphuric acid con-
centration is probably of substantial importance
for the form and quantity of the organic com-
pounds encountered in the copper coating lattice
to lead to considerable deformations there. This
further determines the extent of the recovery and
recrystallization processes, causing in turn a
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Fig. 6. The change in volume parts M,,, of the texture components, microhardness (1), microdeformations (2), and
dislocation density (3) vs time of copper coatings displaying a ‘rapid’ (a) and ‘slow’ (b) decrease in microhardness.
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strong change in the microhardness of bright
copper coatings within a definite period of time.

By comparing the quantitative and qualitative
results registered in situ after studying the micro-
deformations, dislocation defects, crystallite
sizes and the characteristic changes in the
texture of copper coatings along with the change
in microhardness, the correlation is unambigu-
ously demonstrated. To further elucidate the
conncction between the physicomechanical
properties and structure, in particular the link
between microhardness and structure of bright
copper coatings, it is necessary to investigate the
processes occurring in copper coatings at room
temperature, concentrating specifically on the
processes of recrystallization.
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