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Multilayer nanocomposite coatings of Zn-Ni-SiO, were deposited galvanostatically on mild steel (MS)
from Zn-Ni bath, having Zn** and Ni**ions and uniformly dispersed nano-SiO, particles. The corrosion
characteristics and properties of multilayered nanocomposite (MNC) coatings were evaluated by elec-
trochemical polarization and impedance methods. Such deposition conditions as, bath composition, cy-
clic cathode current densities (CCCD’s) and number of layers were optimized for peak performance of
coatings against corrosion. A significant improvement in the corrosion performance of MNC coatings
was observed when a coating was changed from a monolayer to multilayer type. Corrosion rate (CR)
of MNC coating decreased progressively with number of layers up to an optimal level, and then started
increasing. The increase of CR at a higher degree of layering is attributed to diffusion of layers due to a
very short deposition time, failing to give the enhanced corrosion protection. The formation of layers,
inclusion of silica particle in MNC coating matrix were confirmed by SEM and XRD study. At optimal
current densities, i.e. at 3.0-5.0 A/cm®, the Zn-Ni-SiO, coating having 300 layers, represented as (Zn-
Ni-Si0,)3.0/5.0i300 s found to be about 107 times more corrosion resistant than a monolayer Zn-Ni-SiO,
coating, developed from the same bath for the same time. The reasons responsible for the extended
corrosion protection of MNC Zn-Ni-SiO, coatings, compared to corresponding monolayer Zn-Ni and
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(Zn-Ni-Si0,) coatings were analyzed, and results were discussed.
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INTRODUCTION

Electrochemical deposition of metals and alloys
is an integral process for the obtaining of nanosized
features. Electrodeposition, electroless deposition,
and displacement reactions used to deposit metals,
alloys, and metal-matrix composite materials are
controlled by electrochemical reactions. Electro-
chemically prepared nanomaterials are characterized
by at least one dimension in the nanometer range,
include  nanostrutured  thin-film  multilayers,
nanowires, nanowires with nanometric layers, nano-
tubes, nanosize particles embedded into metal matri-
ces. Owing to the nanometric nature of the structure,
the physical properties of nanomaterials can be sig-
nificantly different from bulk materials having the
same composition. Electrodeposition relates to the
reduction of metal ions with an impressed current
(or potential). In contrast, electroless and displace-
ment processes occur without an impressed current
(or potential). Magnetic compositionally modulated
multilayered thin films and nanowires are typical
examples of electrodeposited nanostructured materi-
als [1]. Electrochemical deposition has appeared not
only as a cost-effective alternative to vapor-
deposition methods for thin films, but also as an
atvantageous method for nanotechnology to deposit
nanostructured layers onto irregular substrates and
into deep recesses, enabling unique materials such as
nanotubes and wires to be manufactured.

A new type of coating systems, the so-called
compositionally modulated multilayer (CMM) alloy
coatings, or alternatively, cyclic multilayer alloy
(CMA) coatings has gradually became of interest
amongst researchers, because these layered-structure
coatings possess improved properties or novel phe-
nomenon such as increased mechanical strength,
micro-hardness, giant magneto resistance and corro-
sion resistance. CMM coatings consist of a large
number of thin laminar deposits of metal/alloy lay-
ers, and each layer has its own distinctive role in
achieving the preferred parameters. These multilay-
ered or layer-by-layer deposits have attracted the
attention of both the scientific and engineering
communities due to their widespread applications.
One of the first examples of CMMs was demon-
strated by Blum in 1921, when alternate Cu and Ni
layers, tens of microns thick, were deposited from
two different electrolytes. The resulting Cu/Ni multi-
layer improved the tensile strength of the electrode-
posits compared to elemental copper deposits [2].
Today, CMM materials that are of interest in other
systems include not only mechanical properties
[3-4] (e.g., fracture and tensile strength, hardness)
but also magnetic and corrosion properties [5-7].
Among the various methods for producing metallic
nanocomposite coatings, electrodeposition technique
seems to be the most convenient, and today it meets
the requirements of many new materials with im-
proved properties. Further, the process design of
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Fig. 1. Current pulses used for deposition of monolayer (direct current) and multilayer (pulsed current) coatings.

electrodeposition is guided by end applications and
its corrosion protection behavior.

Generally, the corrosion resistant coatings on
mild steel are represented by zinc based coatings.
Although zinc coatings provide excellent corrosion
protection, there is an increasing necessity for its
improvement. Several methods are tested and proven
to enhance the corrosion protection of normal Zn
coating, like alloying with Ni. Fe, Co, Mn metals
[6-8]. The corrosion performance of monolayer
Zn-M (where M = Fe, Ni, Co and less commonly
Mn) coatings have been improved substantially by
CMA coating technique. Several reports are avail-
able for CMA Zn-M alloy coatings [6-9]. Fei et.al.
have deposited CMA Zn-Fe coatings galvanostati-
cally, and observed that they exhibit better corrosion
protection than corresponding monolayer alloys.
Venkatakrishna et.al, have reported the improved
corrosion performance of CMA Zn-Co coatings
compared to monolayer coatings. Chawa et.al. [10]
reported the corrosion resistance of Zn-Co CMA
coatings from zinc sulphate and nickel sulphamate
baths demonstrating its better corrosion resistance,
compared to monolithic Zn-Co coatings of similar
thickness. Recently, Liao et al. [11-13] have studied
both CMA coatings of Zn/Zn-Fe and only Zn-Fe
systems. Kirilova et al. [14-15] reported CMA coat-
ings of Zn-Co from single bath technique (SBT).
Thangaraj et al. optimized a chloride bath for the
production of Zn-Fe CMA coatings over MS, and
showed that coating were found to have ~ 45 times
better corrosion resistant than monolithic Zn-Fe
coatings of the same thickness [9].

Deposition of many Zn-based composite coat-
ings, such as Zn-TiO,, Zn-Al,O;, Zn-yttria-
stabilized zirconia, Zn-Ni-SiC, Zn-SiO, has been
reported and their corrosion resistance was evaluated
and results were found to be encouraging [16-17].
Experimental studies revealed that these coatings
offer improved corrosion resistance in comparison
with pure zinc coating. Though improvement in cor-
rosion resistance of CMA coatings of Zn-M alloys
were widely reported, very little was done with re-
gard to optimization of the deposition condition of
multilayered composite coatings. In the light of de-
velopment of Zn-based composite coatings and mul-
tilayer coatings of Zn-Ni alloys, it has been tried to

develop multilayer composite coatings of Zn-Ni. i.e.
Zn-Ni-Si0, composite, by addition of nanosized
SiO, particles into the electrolytic bath of Zn-Ni.
Deposition conditions and bath compositions were
optimized for production of MNC on MS for peak
performance against corrosion. Experimental studies
have been used to optimize the deposition conditions
for peak performance of the coating against corro-
sion, and to analyze the factors responsible for en-
hanced corrosion protection. Electroplates were ex-
amined using SEM and XRD, and results were dis-
cussed.
1. EXPERIMENTAL METHODS

A Zn-Ni alloy bath was prepared using analyti-
cal grade reagents and deionized water. The compo-
sition of the bath used in the present study is:
NiS0O,.6H,O 100g/L, ZnSO,.7H,0O 100g/L, sodium
acetate trihydrate 75g/L, citric acid 2g/L. and thia-
mine hydrochloride 0.5g/L.. The bath pH was main-
tained at 3.0 = 0.05 and adjusted using dil. H,SO,
and dil. NaOH. All depositions were accomplished
over MS panels over known active surface area
(25 mm x 30 mm). The optimization of plating pa-
rameters for deposition of CMA Zn-Ni coatings was
reached by the method reported in [7-9]. The com-
puter controlled DC Power Analyzer (N6705,
Agilent Technologies) was used as a power source
to develop the multilayer coating from single elec-
trolytic bath. The compositional modulation in alter-
nate layers was affected by pulsing the current. The
present study is aimed at modulation in composition
using square current pulses, shown in Fig. 1. The
Zn-based composite coatings were electrodeposited
by adding a fixed quantity (5 g/L) of commercial
grade SiO, nanopowder (Sigma Aldrich). Zn-Ni bath
after stirring with silica powder for 24 h (for homog-
enization) was used for electroplating. Later, deposi-
tions were carried out under steady conditions of
agitation, using a circulation pump to avoid settling
down of the composite particles due to gravity. The
composition and deposition conditions were opti-
mized by conventional Hull cell method [18].

Monolayer Zn-Ni-SiO2 coatings were developed
at different c.d.’s and their corrosion resistances
were evaluated in 5% NaCl solution, as a typical
corrosion medium. All coatings were plated onto



polished MS during 10 min (~ 20 um thickness), for
comparative purposes. After air drying the electro-
plated coatings were subjected to electrochemical
corrosion tests using potentiostat/galvanostat (Ver-
saStat-3, Princeton Applied Research). All potentials
expressed in this work are measured with referring
to saturated calomel electrode (SCE). The formation
of MNC coatings was confirmed using Scanning
Electron Microscopy (SEM, JEOL 6380 LA). The
X-ray diffraction (XRD) study was used to analyze
the phase structure of the deposits in alternate layers
of nanocomposite coatings. MNC coatings with al-
ternate layers of alloys having different composition
are represented conveniently as: (Zn-Ni-SiO5)ipm
(where 1 and 2 indicate the cyclic cathode current
density (CCCD’s) and ‘n’ is the number of layers
formed during total plating time. i.e. 10 min).

2. RESULTS AND DISCUSSION
2.1 Deposition of monolayer Zn-Ni coatings

Monolayer Zn-Ni alloy coatings were electrode-
posited from the optimized bath using direct current
(DC) without pulsating the cathode current. i.e., be-
tween c.d. 1.0 to 5.0 A/dm’. The deposits were
found to be bright and uniform and their corrosion
characteristics were studied, It was observed that at
c.d. = 3.0 A/dm* the monolayer Zn-Ni alloy was
found to be more resistant to corrosion.

2.2 Deposition of monolayer Zn-Ni-SO, coatings

A known quantity of SiO, (5 g/L) is dispersed
into the optimized Zn-Ni bath. Similarly, monolayer
Zn-Ni-Si0, composite coatings were developed
from the bath at different c.d.’s using DC without
modulation in composition over wide range of c.d.;
and their corrosion behaviors were evaluated. The
composite coatings were also studied for their com-
position, hardness and corrosion behavior, and are
reported in Table 1. It shows the wt. % Ni in the
composite coatings developed at different c.d.’s, in
comparison with that in the monolayer Zn-Ni alloy
coating (given in the parenthesis). It may be ob-
served that monolayer coatings are harder than the
corresponding binary alloy coating. It occurs due to
the added mechanical strength to the coatings,
caused by the embedded SiO, nanoparticles into the
metal matrix. Further, the corrosion resistance of
monolayer nanocomposite coatings is found to be
slightly higher than that of Zn-Ni alloy. The im-
proved corrosion resistance of the monolayer com-
posite coatings may be attributed to the combined
effect of its increased nickel content and presence of
silica particles. [20] The silica particles are consid-
ered to act as the barriers for electron movement in
COrTosion process.
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2.3 Deposition of multilayer nano-composite
Zn-Ni-S O, coatings

It is well known that in the case of electrodepos-
ited Zn-Ni alloys a small change in the Ni content
results in significant changes in properties, due to
the change in phase structure, and many experimen-
tal investigations has supported this behavior [6-8].
Precise control of CCCD’s, allows the development
of layered coating with different compositions. It
eventually leads to coatings with improved func-
tional properties. Accordingly, to begin with, multi-
layer nanocomposite (MNC) Zn-Ni-SiO, coatings
with 10 layers (5 sets each) at different CCCD’s
were developed and their corrosion protection effi-
ciency was evaluated. A total of 10 layers have been
arbitrarily taken for the comparison purpose. MNC
Zn-Ni-Si0, coatings at different CCCD’s combina-
tions were developed, i.e. at 2.0/5.0 and
3.0/5.0 A/dm”.

2.3.1 Optimization of CCCD’ s for nano-composite
Zn-Ni-S O, coatings

Among many combinations of CCCD’s tried,
the coatings developed with difference of 3.0 A/dm’
and 2.0 A/dm’ between C.D’s were found to be
more encouraging. In an effort to increase further the
protection efficiency of MNC coatings multilayer
coatings have been made in the range of
2.0-5.0 A/dm’ and 3.0-5.0 A/dm’ as CCCD’s.

2.3.2 Optimization of the number of layers
in multilayer coatings

Generally, improvement in the properties of
electrodeposited multilayer coating depends upon a
variety of factors, such as a choice of electrolyte,
bilayer number and thickness of each layer. Accor-
dingly, the corrosion performance of multilayer
coatings can also be increased substantially by in-
creasing the number of layers (usually up to an op-
timal limit), with no loss in demarcation between
each layers. Therefore by selecting 2.0/5.0A/cm” and
3.0/5.0A/cm’ as two sets of CCCD’s, CMA Zn-Ni
alloy and MNC Zn-Ni-SiO, coatings were developed
with different number of layers. i.e. 20, 60,120,300
and 600 layers, for the comparative purposes. Ta-
fel’s extrapolation methods were used for determina-
tion of the corrosion potential, corrosion current
density, i. and corrosion rate, and are reported in
Table 2.

It may be observed that the CR’s of the coatings
decreased progressively up to 300 layers in each set
of CCCD’s, and then started increasing to a higher
number of layers. i.e. to 600 layers. The MNC coat-
ings having (Zn-Ni-SiO;)3/5;300 configuration exhib-
ited the least CR and has been taken as optimal con-
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Table 1. Corrosion data and deposit characters of monolayer Zn-Ni-SiO, coatings at different current densities

Current density Wt. % Vickers hardness Eyvs. SCE i CR x 107
A/dm? of Ni Voo (volts) (uA/cm?) (mmy™")

2.0 1.8 (1.1) 155 -1.015 9.69 14.34

3.0 2.3 (1.6) 170 -1.030 7.35 11.83

4.0 29(2.1) 200 -1.038 8.74 13.93

5.0 3.52.4) 210 -1.039 10.44 15.44

Table 2. Relative account of CR’s of monolayer and multilayer coatings under different conditions of layering
Coating Number E,vs. SCE i CR x 107

configuration of layers (volts) (pA/cmz) (mmy'l)
Monolayer (Zn-Ni) alloy — -1.005 12.23 18.08
Monolayer (Zn-Ni-SiO,) alloy — -1.030 7.35 11.83
10 -0.881 10.2 13.6
20 -0.864 9.46 12.6
. 60 -0.919 7.42 9.88
CMA (Zn-Nizs 120 20.889 497 6.62
300 -0.911 0.92 1.22
600 -0.919 8.87 11.8
10 -1.048 3.744 5.53
20 -1.050 2.019 2.98
MNC(Zn-Ni-SiO5)ys 60 -1.053 1.646 243
120 -1.049 1.148 1.69
300 -1.049 0.256 0.37
600 -1.030 7.371 10.89
10 -1.081 3.061 4.53
20 -1.073 1.495 2.20
MNC (Zn-Ni-SiO,)ss 60 -1.072 1.251 1.84
120 -1.072 0.419 0.62
300 -1.072 0.071 0.11
600 -1.082 6.490 9.60

figuration. It may also be noted even in CMA type. Decrease in corrosion rate at higher degree of

(Zn-Ni),;s coatings, the CR decreased with an in-
crease in a number of layers and reached its optimal
value of 300 layers, shown in Table 2. The decrease
CR at a higher degree of layering may be attributed
to very short relaxation time for metal ions to set
free from the effect of c.d., failing to bring clear de-
marcation between the layers [19]. Potentiodynamic
polarization behavior of multilayer Zn-Ni alloy and
MNC (Zn-Ni-Si0O,) coatings is given in Fig. 2a &
2b, respectively. The corrosion data given in
Table 2 reveals that (Zn-Ni-SiO,),/3/300 With 300 lay-
ers shows about 107 times higher corrosion resis-
tance than a monolayer (Zn-Ni-SiO,) coating, and it
is 11 times higher corrosion resistant than even
CMA (Zn-Ni) alloy coating.

The corrosion data on a monolayer and multi-
layer Zn-Ni-SiO, coatings in comparison with the
data on the monolayer and multilayer Zn-based alloy
coatings are given in Table 2. The potentiodynamic
polarization behaviors of the monolayer and multi-
layer Zn-Ni-Si0O, coatings are shown in Fig. 3a. The
shift in i, value towards lower c.d. side indicates
that the corrosion protection efficiency increases as
coating changes from a monolayer to multilayer

layering may be explained through the electro-
chemical impedance study, using AC signal of small
amplitude (£10 mV). The corresponding Nyquist
diagrams, shown in Fig. 3b reveal that the polariza-
tion resistance of the coatings increases in the order
of (Zn—Ni—Si02)3,5/300 > (Zn—Ni—Si02)3 > (ZI’I-Ni)g.
The impedance data points corresponding to MNC
(Zn-Ni-S10y)35300 coating is modeled into an
equivalent electrical circuit using Zgmpwin SOftware
(interfaced with the instrument) and is shown in
Fig. 4. It may be observed that circuit elements like
solution resistance (R;), electrical double layer ca-
pacitor (Cy) and charge transfer resistance, R fol-
lows almost Randles circuit with an additional con-
stant phase element (CPE), may be owing to an ad-
ditional capacitor due to layering.

2.4 X-ray Diffraction Sudy

X-ray diffraction patterns of Zn-Ni alloy coat-
ings developed at different c.d.’s used to produce
their multilayer coatings are shown in Fig. 5a. At
2.0 A/dm® and 3.0 A/dm? y-phase of the alloy and
Zn,o; peaks is predominant. In the case of deposits
obtained at 5.0 A/dm” and 6.0 A/dm?, a clear sup-
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(@ (b)
Fig. 2. Potentiodynamic polarization curves of (a) CMA Zn-Ni alloys and (b) MNC (Zn-Ni-SiO,) at different degree of layering.

(@) (b)
Fig. 3. Comparison of potentiodynamic polarization behaviors (a), and Nyqiust behaviors (b), of monolayer (Zn-Ni), (Zn-Ni-SiO,)
and MNC (Zn-Ni-SiO,) coatings (all under optimal conditions).

Fig. 4. Equivalent circuit modeling for Nyquist plot of MNC Zn-Ni-SiO, coating using Zmpwin Software.

(@ (b)

Fig. 5. Powder X-ray diffraction patterns of (a) monolayer Zn-Ni alloy and (b) monolayer Zn-Ni-SiO, composite coating.
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Fig. 6. SEM images of (a) SiO, nano powder; (b) surface morphology (Zn-Ni-SiO,) showing SiO, particles and (c) cross section of

MNC coatings of (Zn-Ni-SiO,) having 10 layers.

pression of y-phase may be observed, with appear-
ance of two new ZnsNiz; o) and Znyg, phases. This
evidences to the influence of the c.d., and hence the
nickel content of the alloy on a phase structure of the
alloy in the individual layers.

The deposition of an alloy coating with an indi-
vidual layer thickness in nano/micrometric level is
responsible for the improved corrosion resistance. In
the case of Zn-Ni-SiO, nanocomposite coatings, as
shown in Fig. 5b, the presence of SiO, in the coa-
ting matrix is indicated by low intensity peak that
appeared at a reflection angle, 20 in the range of
20-25°, irrespective of the c.d. at which they are de-
posited. Hence, it may be inferred that the phase
structure of the nanocomposite coating remains un-
altered with c.d. It indicates that the phase structure
of the MNC caused only by silica is not altered by
deposition parameters like c.d., and concentration.
Further, the improved hardness and corrosion behav-
ior of the MNC coatings is due to the inclusion of
silica partials in the layered structures of the coat-
ings [20].

2.5 Scanning Electron Microscopy Study

The surface morphology and cross sectional
view of electrodeposited MNC coatings of (Zn-Ni-
Si0,), as examined under SEM is shown in Fig. 6.
Spherically shaped particles in Fig. 6a show
nano/submicron size of the silica particles used in
the present study. Fig. 6b is the surface morphology
of electroplated monolayer (Zn-Ni-SiO,) coating,
demonstrating the occlusion of silica particles into
the coating. In Fig. 6c, the cross section SEM image
of MNC (Zn-Ni-SiO,) with 10 layers coated on mild
steel is shown. The layers with different composi-
tion/phase have appeared with clear contrast. The
bright regions represent layers of one composition
and the dark regions represent another set of layers.

CONCLUSIONS

¢ An electrolytic bath has been optimized for the
deposition of Zn-based alloy composite coating on
MS in terms of its bath composition and operating
parameters.

e Zn-Ni-SiO, can be electroplated successfully
onto MS by dispersing SiO, particles into Zn-Ni bath
using proper bath ingredients.

® The corrosion resistance of the monolayer Zn-
Ni-SiO, composite coatings can be improved with
multilayered coating technique by optimizing
CCCD’s and number of layers.

¢ The analysis of electroplates confirmed the in-
corporation of SiO, nanoparticles in the coating ma-
trix, supported by SEM and XRD studies.

e Under optimal conditions, the MNC Zn-Ni-
Si0O; coatings are found to be about 107 times higher
corrosion resistant than the monolayer Zn-Ni-SiO,
coatings, which are about 1.5 times higher corrosion
resistant than the monolayer Zn-Ni alloy coatings.

® Decrease in CR at higher degree of layering is
attributed to less relaxation time for redistribution of
metal ions in the diffusion layer during plating.

® The constant low intensity peaks correspond-
ing to Si0O,, observed in each c.d.’s confirm that its
phase structure is not altered by deposition parame-
ters like c.d., concentration. Hence, the improved
hardness and corrosion behavior of the MNC coat-
ings are due to the inclusion of silica partials in the
lattice structure.
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MHOrOCIIOMHbIE HAHOKOMIIO3UTHBIC MOKPBITUS W3
Zn-Ni-SiO, oca)xaaauch raJlbBaHOCTATUYESCKUM METOJ0M
Ha Huskoyraepoauctyio cranb (HC) u3 Bannsl ¢ Zn-Ni B
npucyrerBur Zn’Ni*’ HOHOB W PaBHOMEPHO IHCIICPIH-
poBaHHBIX HaHO-Si0, wacTtun. Koppo3noHHBIE XapakTe-
PHCTHUKH W CBOMCTBa MHOTOCIIOMHBIX HAHOKOMITO3UTHBIX
(MHK) mnokpsITuii OLIEHMBAJIUCH BJIEKTPOXUMHYECKOM
HoJIIpU3aluedl U METOAOM HMIIEIAHCOB. Y CIIOBUSI OCaX-
JIEHHS TaKue, KaK COCTAaB BaHHBI, IUKIMYECKAs ITIOTHOCTh
karoaHbix TOKOB (LIIIKT) u komu4ecTBO CIIOEB ObLIH
ONTUMU3UPOBAHBI C MEIBI0 MOJNYYCHHS MAaKCUMAJIbHO
KOPPO3HOHHOCTOMKUX MOKPBITHA. 3HAYUTENHLHOC YIyd-
IICHUEC aHTUKOPPO3UUHBIX CBOMCTB MHOTOCIIOWHBIX HAHO-
KOMIIO3UTHBIX TOKPBITHIA HAONIOJAIOCh TIPU  3aMEHE
MOHOCJIOWHBIX TOKPBITHH Ha MHOrocioiHbie. CKOpPOCTh
koppoaupoBanust (CK) MHK mokpeiTuii yMeHbIIaIach
MTOCTYTIATENIFHO B COOTBETCTBHHU C KOJIMYECTBOM CIIOEB 10
ONTUMAJIFHOTO YpPOBHS, a 3aTeéM HayWHala YBEIH-
guBaThcs. YBenmuenne CK Ha 0Oojiee BBICOKOM YpOBHE
HacJTanmBaHMs CBs3aHO ¢ AuQdy3ueit cioeB u3-3a KOpoT-
KOT'O BPEMEHU OCaXKIICHHSI M HEBO3MOXKHOCTH CO3JaHUS
AHTUKOPPO3UHHON  3amuThl. DOpPMHpPOBAHUE  CIIOEB,
BKITIOUCHHUS CHJIMKOHOBBIX 4actull B Marpuiie MHK mok-
peiTHIl ObUTO TOATBEpkacHO ¢ momornbio SEM u XRD
aHamu30B. [IpM ONTUMANBHBIX 3HAYCHUSX IUIOTHOCTH
TOKa, TO ecThb 3,05-5,0 Alem?, nokpbiTue U3 Zn-Ni-SiO,
cocrosimiee u3 300 cimoeB, 0003HaueHHBIX Kak (Zn-Ni-
Si02)3.055.0300, B 107 pa3 mpeBOCXOIUT TO aHTHKOP-
PO3UIHOCTH MOHOCIOHHOE MOKphITHE U3 Zn-Ni-SiO,,
00pazoBaHHOE B TOW € CaMOW BaHHE U 3a TO e BpeMSl.
IIpuuunbl yBenuueHHOW 3ammThl OT Kopposun MHK
MOKpbITUH 13 Zn-Ni-Si0, 1Mo CpaBHEHHIO C COOTBET-
CTBYIOIIUMHM MOHOCIOWHBIMU TMOKPHITUAMU M3 Zn-Ni u
(Zn-Ni-SiO,) mnpoaHamU3UPOBaHBI U PE3yNbTaThl OIH-
CaHBbI.



