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Abstract

An investigation was carried out on the influence of electrodeposition conditions on the properties of cyclically
modulated Ag–Sb alloys, such as internal stress, microhardness, roughness, electrical contact resistance, wear
resistance and plug-in forces. Pulses of different amplitude and duration were used, leading to different composition
and thickness of the deposited sublayers, and the resulting changes in the coating properties were demonstrated. The
possibility of depositing coatings free of internal stress is shown. The electrical contact resistance does not depend
on the multilayer structure of the coating, but on the type and properties of the upper sublayer. The microhardness
of the multilayer coatings increases with the increase in their antimony content. It decreases for very short pulses
whereby the effect of the higher current density cannot be realized. The wear resistance of the multilayer coatings
displays values between those of the respective monolayer coatings deposited under the conditions of separate
sublayer deposition. It increases at a very small sublayer thickness, at decreasing contribution of the higher current
density and at lower stress values of the multilayer coatings. The roughness of the coatings is not influenced by their
multilayer structure, and the plug-in forces increase with the reduction of the sublayer thickness to about 0.03 lm.

1. Introduction

Interest in the electrolytic deposition of silver–antimony
alloys is based on the possibility of depositing layers of
improved mechanical and tribological properties com-
pared to pure silver coatings [1–3], and of studying the
self-organization phenomena under electrochemically
well controlled conditions [4].
A series of previous papers presents investigations on

the electrodeposition of silver [5], on the phase and ele-
mental compositionof thedepositedalloy [6], on the struc-
ture of the electrodeposits [7–9], on the cathodic current
oscillations with time under potentiostatic conditions [10,
11], on the influence of convection [12], as well as on the
electrical [13] and mechanical properties of the deposited
alloys [14]. The propagation of waves of different phases
on the electrode surface during deposition results in the
spontaneous development of multilayer systems of inter-
esting and unexpected properties [11, 13]. The phases of
the silver–antimony alloy differ in colour, thus allow-
ing the visualization of the developing surface structures
and the deposited multilayer structures, respectively.
Multilayer structures can be obtained by applying

appropriate current pulses or by modification of the
electrolysis conditions. These multilayer structures are
expected to show better properties of the coatings than
the separate metals.

This paper describes the electrodeposition of cyclically
modulated silver–antimony alloys; their properties are
compared to those of the respective thick alloy layers.

2. Experimental details

The investigations were carried out with a ferrocyanide–
thiocyanate electrolyte for silver–antimony deposition [2,
4, 6–14]. The method of preparation and the electro-
chemical properties of this electrolyte were described re-
cently [5]. The silver cyanide complex was formed by
boiling together AgNO3, K4Fe(CN)6 and K2CO3 for
several hours. After cooling and removal of the iron
hydroxide precipitate, the solution was analysed and used
in different concentrations for the preparation of the ele-
ctrolyte. The electrolyte composition is given in Table 1.
Measurements were carried out on internal stress, IS

(FEM, Stalzer [18]), electrical contact resistance, RX

(Burster, Resistomat 2323), Vickers microhardness, Hv
(Leitz, Durimet II and Reichert–Jung, Micro-Duromat
4000E Polyvar), wear resistance, A (Boch–Weinmann
test, Erichsen, Modell 317), roughness, Ra (Perthen,
Perthometer), and the plug-in forces, F (FEM, Steck-
kraftmessgerät). The methods of measurement of the
deposit properties were described in detail in a previous
paper [14].
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The alloy electrodeposition was performed galvano-
statically on copper substrates by means of a pulse
generator (Pragmatic Instruments, Pragmatic 2411A)
and a bipolar operational amplifier (Kepco, BOP 20-10
M). In most cases, the current parameter were chosen so
as to ensure the development of equally thick sublayers
of the respective alloys. By decreasing the thickness of
these sublayers, coatings of different overall composi-
tion were obtained and their properties were investigat-
ed. The internal stress was monitored in situ during
deposition and the rest of the layer parameters with the
exception of electrical contact resistance and plug-in
forces, were measured after deposition on the same
samples, thus allowing direct comparison of the results
of all measurements.

3. Results

3.1. Internal stress

By variation of the electrolysis conditions, internal stress
of different values and signs could be developed in the
alloy layers [14]. It was shown that at metal ion

concentrations CAg ¼ 16 g dm)3 and CSb ¼ 7:5 g dm)3

and current density, J, of 0.5 A dm)2, layers of negative
(compressive) internal stress, are deposited, which is due
to codeposition of antimony and to extension of the
silver lattice.
At a higher current density (J ¼ 0:75 A dm)2), the

silver lattice is saturated with antimony, a new antimo-
ny-richer phase is deposited, and the compressive stress
decreases. With further increase of J (1 A dm)2), the
compressive stress changes into tensile stress [14]. Under
such conditions, one can observe the formation and
propagation of dynamic space–time structures on the
electrode surface [4, 7–12, 14]. They consist of phases
with different Sb-content and can be observed as waves,
targets and spirals with different numbers of arms. The
origin is an electrochemical instability induced by
natural convection in the electrolyte [12].
The parameters of the current pulses for the cyclically

modulated alloys were chosen in such a way that the
respective sublayers corresponded to the above two
cases [15]. Internal stress (IS) measurements in cyclically
modulated layers using different methods are described
in [16, 17]. Using the apparatus constructed by Stalzer
[18], which operates on the principle of the one-sidedly
galvanized bendable cathode, the IS changes can be
monitored in situ during the deposition of the multilayer
coatings. The results of the stress measurements are
presented as the output voltage of the sensor, which is
more informative than the calculated IS values [14].
Figure 1 shows the electric signal detected by the

sensor for the two thick alloy layers and for the
multilayer coating, respectively. Under identical condi-
tions, IS is proportional to the slope of the respective
curve. The internal stress of the first sublayers corre-

Table 1. Electrolyte composition

Component Concentration/g dm)3

Ag 16

K4Fe(CN)6 � 3H2O 70–90

K2CO3 20

KSCN 150

KNaC4H4O6 � 4H2O 60

Sb as K(SbO)C4H4O6 � 1/2H2O 5.0–7.5

Fig. 1. Time dependence of the sensor signal during IS measurement of thick alloy layers and multilayer coatings. CAg ¼ 16 g dm)3;

CSb ¼ 7:5 g dm)3. Curves: (a) 1 A dm)2, IS ¼ þ2:86 kp mm)2; (b) 0.5 A dm)2, IS ¼ �0:57 kp mm)2; (c) 10 min, 1 A dm)2 and 20 min,

0.5 A dm)2. Inset: cross-section of the multilayer coating (1 kp¼ 9,80665 N).
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sponds to the stress of a thick alloy coating of the same
composition. The stress in the next sublayers is influ-
enced by the previous sublayers and a change is
observed in the slope of the respective parts of the
curves.
The cross section of the same multilayer sample is

shown as an inset in Figure 1. Despite the high current
density in the initial stage, deposition of the more
precious silver prevails until its concentration at the
surface of the cathode decreases to zero and the process

becomes diffusion-controlled. Only then does the anti-
mony deposition become noticeable. During this initial
period, changes are also observed in the trend of the
sensor signal curve, which takes its stationary shape
(corresponding to the bulk deposit) only after the
transition of the internal stress from compressive to
tensile.
Figures 2 and 3 show the IS curves for shorter

electrodeposition periods and their gradual approach
to a straight line. The respective cross sections (insets in

Fig. 2. Time dependence of the sensor signal during IS measurement of thick alloy layers and multilayer coatings. CAg ¼ 16 g dm)3;

CSb ¼ 7:5 g dm)3. Curves: (a) 1 A dm)2; (b) 0.5 A dm)2; (c) 5 min, 1 A dm)2 and 10 min, 0.5 A dm)2. Inset: cross-section of the multilayer

coating.

Fig. 3. Time dependence of the sensor signal during IS measurement of thick alloy layers and multilayer coatings. CAg ¼ 16 g dm)3;

CSb ¼ 7:5 g dm)3. Curves: (a) 1 A dm)2; (b) 0.5 A dm)2; (c) 1 min, 1 A dm)2 and 2 min, 0.5 A dm)2. Inset: cross-section of the multilayer

coating.
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Figures 2 and 3) demonstrate that the multilayer system
becomes finer. The IS values of the multilayer system are
situated between the stress values of the separate alloys
and the influence of the higher current density is
responsible for the positive (tensile) IS in this case.
Similarly to the sublayers presented in Figures 1–3,

the sublayers of the multilayer systems in Figure 4(a)–
(c) are of thickness in the macroscopic range. With
further decrease of the cyclic modulation period, chang-
es in IS are detected, which reflect the increased
influence of the higher current density, that is, of the
tensile stress resulting from the latter (Figure 4(d)–(e)).
This means that, under the chosen deposition condi-
tions, the compressive stress in the sublayers deposited
at a low current density cannot compensate the tensile
stress in the sublayers deposited at high current density.
At periods shorter than 1 s (Figure 4(f), (g)) the

system fails to follow the pulse shape and the predom-
inant tensile stress decreases. The short high current
density pulse seems to be insufficient to ensure the
deposition of the antimony-rich phase and deposition
takes place at an intermediate current density, which is
closer to the low current density.
Similar results are also observed under other electro-

lysis conditions. Figure 5 shows the behaviour of ano-
ther electrolyte (CAg ¼ 16 g dm)3, CSb ¼ 5 g dm)3),
prepared by using the complex silver salt KAg(CN)2
[14], whereby the deposition is realized at J ¼
0:25=1 A dm)2. In this case, due to the lower CSb, the
thick alloy coatings deposited at a high current density
exhibit compressive stress [14]. Again, the results show
that the internal stress of the thick sublayers correspond
to that of the thick alloy coatings (Figure 5(a)–(c)). By
reducing the electrodeposition period, the increasing
influence of the compressive stress is noticed (due to the
high current density) (Figure 5(d)–(g)) and at very short

periods, corresponding theoretically to sublayer thick-
ness in the nanometric range, a stress decrease is again
detected, as if the high current density cannot produce
its effect (Figure 5(h), (i)).
It is known that during pulse deposition higher J can

be applied for a shorter time. Figure 6 shows a case of
application of the high current density of 2 A dm)2, the
low current density being 0.25 A dm)2. The duration of
the pulses is chosen so that to ensure the pure silver
sublayer deposited at low current density to be theoreti-
cally ten times thicker than the antimony-rich sublayer.
For curve (a) (Figure 6), this would correspond to a
sublayer thickness ratio of 2 lm to 0.2 lm, and for
curve (d) – to a ratio of 0.1 to 0.01 lm. The antimony
codeposited at the high current density induces a high
tensile stress in the layer, as compared to the very low
tensile stress upon deposition of pure silver layers at low
current density. With increase in sublayer number this
effect initially increases due to the rising number of the
interfaces (curve (b)). At very short pulses the high
current density is not effective and the tensile stress
decreases (curves (c) and (d)).

Fig. 4. IS changes depending on the pulse duration. CAg ¼ 16 g dm)3;

CSb ¼ 7:5 g dm)3. Current density ratio 1 A dm)2/0.5 A dm)2. Pulse

durations: (a) 10 min/20 min, (b) 5 min/10 min, (c) 1 min/2 min, (d)

6 s/12 s, (e) 1 s/2 s, (f) 250 ms/500 ms and (g) 100 ms/200 ms.

Fig. 5. IS changes depending on the pulse duration. CAg ¼ 16 g dm)3;

CSb ¼ 5:0 g dm)3. Current density ratio 0.25 A dm)2/1 A dm)2. Pulse

durations: (a) 550 s/250 s, (b) 275 s/125 s, (c) 138.5 s/62.5 s, (d) 55 s/

25 s, (e) 27.5 s/12.5 s, (f) 13.85 s/6.25 s, (g) 5.5 s/2.5 s, (h) 2.75 s/1.25 s

and (i) 1.138 s/0.625 s.

Fig. 6. IS changes depending on the pulse duration. CAg ¼ 16 g dm)3;

CSb ¼ 7:5 g dm)3. Current density ratio 0.25 A dm)2/2.0 A dm)2.

Pulse durations: (a) 800 s/12 s, (b) 400 s/6 s, (c) 200 s/3 s and (d)

40 s/0.6 s.
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Figure 7 shows the influence of the thickness ratio of
the two types of sublayers on IS. The total period of the
two current pulses is 200 s and it is repeated 18 times in
the course of the experiment. Eighteen pairs of sublayers
of different thickness for different time ratios are

deposited. Increasing the ratio of the two pulse dura-
tions, that is, the thickness of the sublayers in favour of
the antimony-richer sublayer, the influence of the latter
increases and the internal stress corresponds to the
compressive stress of the thick alloy monolayer coatings
deposited at high current density [14]. This conclusion is
additionally confirmed by the cross-sections of the
coatings (Figure 8(a)–(d)). Since the deposition time in
these experiments is 1 h, the increase in the time ratio of
high to low current density leads to multilayer coatings
of greater total thickness.
Similar changes are observed when the deposition

time for a sublayer pair is decreased to 20 and 2 s. A
larger number of sublayer pairs (180 or 1800, respec-
tively) were deposited for the same total deposition time.
The dependence of the internal stress on the higher
current density, that is, on the higher antimony content
in the alloy is similar. The influence of the higher current
density is not so clearly expressed when the deposition
time for a sublayer pair is 2 s, it seems to be hampered
by the very short pulse duration. The separate sublayers
deposited at pulse periods of 2 and 20 s are sufficiently
thin and cannot be observed in the optical microscope.
The results show that the high current density

influences significantly the internal stress of the sublayer
of high and intermediate thickness when the pulse
duration ratio of the high current density to the lower

Fig. 7. IS changes depending on the pulse duration ratio: CAg ¼
16 g dm)3; CSb ¼ 5:0 g dm)3. Ratio of the current densities

1.0 A dm)2/0.25 A dm)2. Frequency 5 mHz. Sum of both pulse

durations ¼ 200 s. 18 sublayer pairs. Pulse durations: (1:7) 25 s,

1.0 A dm)2/175 s, 0.25 A dm)2; 613 nm/sublayer pair; 11.04 lm. (3:5)
75 s, 1.0 A dm)2/125 s, 0.25 A dm)2; 927 nm/sublayer pair; 16.65 lm.
(5:3) 125 s, 1.0 A dm)2/75 s, 0.25 A dm)2; 1195 nm/sublayer pair;

21.5 lm. (7:1) 175 s, 1.0 A dm)2/25 s, 0.25 A dm)2; 1508 nm/sublayer

pair; 27.15 lm.

Fig. 8. Cross-sections of the multilayer coatings from Figure 7. Ratio of the pulse durations: (a) 1:7, (b) 3:5, (c) 5:3 and (d) 7:1.
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one is 7:1. At shorter pulses, the high current density is
not effective and the compressive stress is reduced. In the
other limiting case of pulse duration ratio of 1:7, the
influence of the higher current density is not well
expressed and the stress of the coating is independent
of the sublayer thickness; practically unstrained coatings
are obtained.
At a similar current density ratio, the thickness ratio

of the separate sublayers is responsible for the IS value
in the multilayer coating (Figure 9). By an appropriate
choice of the pulse duration ratio, IS can be modified in
such a way as to obtain layers of positive or negative
stress, and even completely unstrained coatings. The
time ratios presented in the figure correspond to the
lower part of the total curve. However, it should be
taken into account that the sublayer stress is influenced
by the stress in the previous layers of the coating, so that
the curve slope for the thick multilayer systems may
slightly differ from the slope of the respective parts of
the curve in Figure 9.
The IS measurements lead to the conclusion that the

internal stress of the multilayer coating of the silver–
antimony alloy can be modified conveniently by an
appropriate variation of the pulse parameters.

3.2. Electrical contact resistance

The contact resistance, RX, of 6 lm thick multilayers was
measured by the Burster microohmmeter Resistomat
2323 on brass contact pins of diameter 4 mm and length
14 mm at a force of 2 N. RX strongly depends on the type
of the highest sublayer in the system. The separate
sublayers were of equal thickness and were deposited at
current densities of 1 and 0.5 A dm)2, respectively.
Figure 10 shows the results obtained for RX from

measurements against gold-plated samples. The first
point on the curve corresponds to multilayer systems of
sublayer thickness of about 1 lm and the last point to

the theoretical thickness of 1 nm. The measurement on
coatings with a thicker sublayer was irrelevant. In this
case, RX of the respective alloy phases would be
measured, as described elsewhere [14]. The results show
that RX is of approximately constant value and is
independent of the number, that is, of the thickness of
the deposited sublayers. The deviations are due to
changes in the surface layer. The value of RX corre-
sponds to an alloy composition which, in the case of the
thick monolayer coatings, is deposited from the same
electrolyte at a current density of about 0.75–
0.8 A dm)2 [14].

3.3. Microhardness

The alloying of silver with antimony aims at the
enhancement of the hardness and wear resistance
[1–3]. For thick alloy coatings, it was established [6,
14] that the increase in current density, leading to the
rise in antimony content in the coating, results in the
increase in hardness of the deposited layer. This
increased hardness can be attributed to the incorpora-
tion of antimony in the silver lattice, forming a solid
solution (a-phase) and the consequent increase of the
silver lattice parameter [6]. After saturation of the silver
lattice with antimony leading to increase in the com-
pressive stress in the deposited layers, a new antimony
rich phase is deposited, resulting in reduction of the
internal stress and of the microhardness of the deposited
layers [14].
In multilayer coatings with thicker sublayers, the

highest sublayer has a major influence on the micro-
hardness. The Vickers microhardness, Hv, of the depos-
ited coatings was measured in three different positions
set at a distance of 2 cm from each other along the
sample. Each point of the curves in the respective figures
represents the average of at least nine measurements.
Figure 11 shows the Hv values for three different

ratios of J. The pulse durations were chosen so that the
thickness of the separate sublayers is approximately the
same. The IS changes of the multilayer coatings at a
current density ratio J1:J2 ¼ 1 A dm)2: 0.5 A dm)2 are
presented in Figures 1, 2 and 3. The highest sublayer
was always the silver-richer sublayer. In curve (a) it
corresponds to a current density of 0.5 A dm)2 and
shows considerably higher Hv values than the almost

Fig. 9. IS changes depending on the pulse ratio (t1:t2) at a total period

(t1 þ t2) of 200 s. CAg ¼ 16 g dm)3; CSb ¼ 5:0 g dm)3; KAg(CN)2
electrolyte. Ratio of the current densities 1.0 A dm)2/0.25 A dm)2.

Key: (a) frequency 5 mHz; 175 s, 0.25 A dm)2/25 s, 1.0 A dm)2; (b)

frequency 5 mHz; 25 s ‚ 175 s, 0.25 A dm)2/175 s ‚ 25 s, 1.0 A dm)2.

Fig. 10. Contact resistance of the 6 lm thick multilayer coatings

depending on the number of sublayers. CAg ¼ 16 g dm)3; CSb ¼
7:5 g dm)3. Ratio of the current densities J1:J2 ¼ 1 A dm)2/

0.5 A dm)2. Ratio of pulse durations: t1: t2 ¼ 1:2.

1146



pure silver sublayer deposited at 0.25 A dm)2, which is
clearly evidenced by the thick sublayers. The compar-
ison of the two curves (b) and (c) for the low current
density (0.25 A dm)2) again reveals the influence of the
already deposited layers on the subsequently depositing
ones, as already established from the stress measure-
ments. Despite the fluctuations in the experimental
values at decreasing antimony content in the multilayer
coating due to the contribution of the lower current
density, lower values are detected for the microhardness
of the multilayer coatings.
The change in microhardness at considerably shorter

pulses is shown for another electrolyte in Figure 12.
Because of the smaller thickness of the coatings, the
measurements are conducted at a load of 2p on the cross
section of the samples. When the sublayers are of the
same thickness, the increase in their number leads to
a decrease in the microhardness (curve (a)). This is
probably related to a decrease in the antimony concen-

tration in the coating. Higher microhardness values are
registered in the multilayer coatings at pulse parameters
leading to another thickness ratio of the separate
sublayers and to an increased total antimony content
(curve (b)).

3.4. Wear resistance

Similarly to the measurements of the thick alloy coatings
[14], the wear resistance, A, of the multilayer coatings
was determined by the method of Bosch–Weinmann.
Figure 13, curve (a) shows the results obtained by the
use of an electrolyte of standard composition (16 g dm)3

Ag and 7.5 g dm)3 Sb). The two curves A–A
(0.5 A dm)2) and B–B (1.0 A dm)2) show the respective
values for thick alloy layers typical of the current
densities applied. Despite fluctuations, the values are
averaged between the two limiting cases. Substantial
changes in wear resistance depending on the number of
sublayers are not observed. It was already shown that
the alloys deposited at a higher current density are of
lower wear resistance due to the contribution of the
antimony-richer phase [14]. Here, the influence of the
higher current density is also manifested in the reduced
wear resistance of the multilayer coatings compared to
those deposited at lower current density. This means
that the deposition of multilayer coatings from silver–
antimony alloy aimed at increasing the wear resistance
of silver would be reasonable only at a very low
antimony content in the alloy.
Such a case is realizable at different current densities

of the same ratio, for example, 0.5 A dm)2: 0.25 A dm)2

(Figure 13, (b)). In this case, high wear resistance is
achieved and its values at extremely low sublayer
thickness seem to be slightly increased.
The wear resistance also increases with reduction in

the high current density contribution and probably with
increase in the silver-richer phase in the coating. The
results show that higher wear resistance is detected for

Fig. 11. Microhardness by Vickers of the multilayer coatings depend-

ing on the number of sublayers. CAg ¼ 16 g dm)3; CSb ¼ 7:5 g dm)3.

Loading 10 p. Ratio of the current densities: (d) J1:J2 ¼ 1 A dm)2/

0.5 A dm)2; t1: t2 ¼ 1:2; 22 lm (see Figures 1–3). (j)

J1:J2 ¼ 1 A dm)2/0.25 A dm)2; t1:t2 ¼ 1:4; 26 lm. (m) J1:J2 ¼ 0.5 A

dm)2/0.25 A dm)2; t1:t2 ¼ 1:2; 23 lm.

Fig. 12. Microhardness by Vickers of the multilayer coatings depend-

ing on the number of sublayers. CAg ¼ 16 g dm)3; CSb ¼ 5:0 g dm)3;

KAg (CN)2 electrolyte. Loading 2 p. Measurement in the cross-section

of the deposit. Vickers microhardness of the copper substrate

Hv0.002 ¼ 112 kp mm)2. Ratio of current densities: (m) J1:J2 ¼
0.25 A dm)2/1.0 A dm)2; t1:t2 ¼ 2.2:1; 17 lm and (d) J1:J2 ¼ 0.5 A

dm)2/0.25 A dm)2; t1:t2 = 1:2; 12 lm.

Fig. 13. Wear resistance depending on the number of sublayers. For

curve (a): (d) CAg ¼ 16 g dm)3; CSb ¼ 7:5 g dm)3; J1:J2 ¼ 1 A dm)2/

0.5 A dm)2; t1:t2 = 1:2: average thickness 22 lm. For curve (b): (m)

CAg ¼ 16 g dm)3; CSb ¼ 5:0 g dm)3; KAg (CN)2 electrolyte; J1:J2 ¼
0.5 A dm)2/0.25 A dm)2; t1:t2 ¼ 1:2; average thickness 12 lm. (A–A)
0.5 A dm)2; (B–B) 1.0 A dm)2.
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the unstrained layers, while for layers of high compres-
sive stress the wear resistance is considerably lower.

3.5. Roughness

The roughness, Ra, of the multilayer alloy coatings
differs slightly from that of the monolayer alloys
deposited in the presence of antimony. By codeposition
of antimony, due to the effects of brightening and of
grain size reduction, layers of considerably higher
smoothness were obtained as compared to the pure
silver coatings [14]. No dependence of the roughness of
the multilayer alloy coating on the number of sublayers
was established. In all cases the Ra value of the deposits
was less than 1 lm.

3.6. Plug-in forces

The measurement of the plug-in forces, F, was carried
out on contact pins and jacks using a set up constructed
by FEM, similarly to the measurements on the thick
alloy coatings [14]. The negative sign of the forces in this
study corresponds by definition to the introduction of
the pin into the jack. The reduction in the sublayer
thickness enhances the plug-in forces. Figure 14 shows
the dependence of F on the sublayer number, thus
revealing the influence of the increased number of
interfaces. A maximum in F is observed at a sublayer
thickness of about 0.03 lm and the values decrease
again with further reduction of the pulse duration. This
is probably due to the worsening of the effect of high
current density at the extremely short pulses and to the
formation of more homogeneous layers under such
conditions.
It can be concluded that at an antimony concentration

of 7.5 g dm)3 and at very high number of the sublayers,
the initially increasing plug-in forces decrease at con-
stant roughness and wear resistance, at reduced micro-
hardness and unchanged contact resistance. The internal
stress can be modified arbitrarily by appropriate vari-
ation of the deposition conditions.

4. Conclusions

In electrolytic deposition of multilayer systems based on
silver–antimony alloys, coatings of modified properties
can be obtained. The internal stress of the first thick
sublayers corresponds to the internal stress of the thick
alloy layers, and the internal stress of the subsequent
sublayers is influenced by the previous ones. The
influence of the antimony-richer sublayer increases up
to certain limits with reduction in sublayer thickness,
whereupon at very short current pulses the effect of the
higher current density cannot be realized.
By variation of the pulse parameters, the internal

stress of the multilayer systems can be conveniently
modified in order to obtain coatings of compressive
stress, tensile stress or unstrained coatings. The electrical
contact resistance is of approximately constant value
regardless of the sublayer thickness. The microhardness
of the multilayer systems increases with the increasing
contribution of the higher current density, that is, with
increasing antimony content in the multilayer coating.
At very short pulses a reduction is observed in the
microhardness, which is attributable to the deleterious
effect of the higher current density.
The values of the wear resistance are between those of

the thick alloy coatings deposited at the respective
current densities. In some cases at very short pulses the
wear resistance increases. It also increases with reduc-
tion in the contribution of the high current density. The
unstrained coatings are of higher wear resistance.
The roughness of the multilayer coatings corresponds

to the roughness of the deposited alloys in the presence
of antimony and is not influenced by the sublayer
thickness.
The plug-in forces of the multilayer coatings increase

with reduction in the sublayer thickness. At very short
current pulse durations, they again decrease due to the
effect of the higher current density.
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