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Electrodeposition from a sulfamate bath has been used to produce single layer and
discretely stepped electro-composites consisting of a metallic nickel matrix with second
phase alumina (α-Al2O3) particles. Light optical microscopy (LOM), scanning electron
microscopy (SEM), quantitative image analysis (QIA), and micro-indentation techniques
were used to characterize the deposits. As previously seen, an increase in bath particle
loading and decrease in plating current density increased the volume percent of alumina
incorporated into the coating, with a maximum of 40 vol % being attained. For samples
deposited above 1 A/dm2, a direct relationship between the alumina volume percent and
coating hardness was seen due in part to the related decrease in interparticle spacing (IPS)
at the higher vol %. However, the strengthening mechanism of the electro-composites may
be more complex with both the metallic nickel grain structure and IPS being factors, as
seen for samples deposited at 0.5 A/dm2. The incorporation of alumina into the
electrodeposited nickel was also observed to affect the as-plated surface structure of the
coating. Due to the particles inhibiting the formation of pyramidal features found on the
surface of pure nickel electrodeposits, the electro-composite surfaces were observed to be
relatively flat. Also, structure within the metallic nickel matrix appeared due to rapid growth
of the nickel coating around the inert particles when plated at high current densities. In
addition, discretely layered functionally graded materials were produced without
alterations to the original deposition procedure of the single layer deposits. It was found
that the various processing stages needed to produce the stepped coatings did not affect
the structure or properties of the individual layers, when compared to that of the
corresponding single-layered electro-composites. C© 1999 Kluwer Academic Publishers

1. Introduction
Graded coatings have been produced by various meth-
ods such as thermal plasma spray [1, 2], physical va-
por deposition [3], chemical vapor deposition [4–8],
and electro-deposition [9–12]. Processing drawbacks
such as restrictions on size or shape of the compo-
nent being coated currently limit the first three meth-
ods [13]. Electro-deposition, however, is a fabrica-
tion technique that combines the ability to deposit
on both complex shapes and large sizes with the ad-
vantages of low cost of equipment and raw materials
and production at ambient temperature and pressure.
In addition, changing the volume percent inert par-
ticle in the electro-deposited coating, critical to pro-
ducing graded materials, can easily be accomplished
through manipulation of processing parameters [9–11,
14–21]. This was observed by varying the current den-
sity and particle loading in the bath [9]. Plated from
a sulfamate electrolyte solution, both single layer and
discretely-stepped electro-composites were produced
that consisted of a co-deposited metallic nickel matrix
with second phaseα-alumina particles (Ni-Al2O3). The

single layers were relatively uniform and contained well
dispersed particulates with a maximum of 40 vol %
alumina. Further, discretely-stepped, layered electro-
composites were produced with the same relative ease
without modification to the deposition process. The ob-
jective of this paper is to further characterize these
nickel-alumina electro-composites coatings, both ho-
mogeneous single layer and discretely-stepped, using
microscopy and quantitative image analysis techniques.
In addition, the mechanical property of hardness is in-
vestigated and related to the structure of the deposits.

2. Experimental
The sulfamate bath composition and parameters used
for deposition can be found in Table I. The current den-
sity was varied from 0.5 to 25 A/dm2 with bath loadings
of 75, 150, and 225 g/l ofα-alumina particles. Their
average size was 0.6–0.8µm. Details of the deposition
procedure are reported elsewhere [9].

Following deposition, samples for microstructural
characterization and cross-sectional micro-indentation
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tests were sectioned with a low speed diamond saw
and mounted in cold setting epoxy. The samples were
ground to 1200 grit finish with silicon carbide papers
and polished to 0.05µm colloidal silica using stan-
dard metallographic procedures. To observe coating mi-
crostructure, a solution of 25% water, 25% acetic acid,
and 50% nitric acid was used as an etchant.

Deposit microstructures were characterized through
use of light optical microscopy (LOM) and scanning
electron microscopy (SEM). Relative reflectivity of the
sample surfaces was measured by interfacing an Olym-
pus Exposure Control unit, used to determine the ex-
posure time for photography, with a light optical mi-
croscope. A polished substrate was focused and the
light intensity set so that the exposure time indicated
1.0 seconds. Without re-adjusting the intensity, sam-
ple surfaces were then focused and the exposure time
recorded. An increase in exposure time indicated that
less light was received by the detector, and hence, a
rougher surface.

The volume percent of alumina incorporated into
the coating was determined through quantitative image
analysis (QIA). This was conducted using a LECO 2001
image analyzer. Coating thickness was measured using
a digitizing pad interfaced with a light microscope and

TABLE I Electrolyte bath composition and process parameters

Sulfamate bath composition
400 g/l Nickel sulfamate tetrahydrate [Ni(NH2SO3)2 · 4H2O]
30 g/l Boric acid powder [H3BO3]
5 g/l Nickel (II) chloride hexahydrate [NiCl2 · 6H2O]
0.5 g/l Sodium laurel sulfate [(CH3(CH2)10CH2OSO3Na]
0.1 g/l Coumarin [C6H4OCOCHCH]

Temperature: 50◦C± 2◦C
pH: 4.0± 0.3
Mechanically agitated at 400 rpm

Figure 1 (a, b) SEM micrographs of the as-plated electro-composite surfaces showing the relatively smooth nickel matrix of the samples deposited
at 0.5 A/dm2. (c, d) SEM micrographs of the as-plated electro-composite surfaces showing some structure in the nickel matrix due to fast growth of
the coating. Samples deposited at 5 A/dm2. (e, f) SEM micrographs of the as-plated electro-composite surfaces showing some structure in the nickel
matrix due to fast growth of the coating. Samples deposited at 20 A/dm2. (Continued).

interparticle spacing was determined by the mean lin-
ear intercept method on scanning electron micrographs.
Microhardness measurements were conducted on pol-
ished cross-sections of the coatings in accordance with
ASTM standard E-384. A Knoop indenter was used
with a load of 100 g held for 15 seconds. Averages were
calculated from 15 to 20 measurements per sample.

3. Results and discussion
3.1. Single layer deposits
3.1.1. Structure
Some of the as-plated surfaces of the electro-
composites are shown in Fig. 1. Overall, they are rela-
tively flat with entrapped alumina particles on the sur-
face. In some areas, holes can be seen in the matrix,
presumably from partially entrapped particles losing
adhesion and falling out of the coating subsequent to
deposition. For samples deposited below 1 A/dm2, the
nickel matrix was relatively smooth, while above this
current density, some structure can be observed within
the matrix (arrows in Fig. 1d and f). This structure
within the matrix is attributed to the growth and co-
alescence of the depositing nickel around the particles.
Since the alumina particles are inert, the nickel ma-
trix can not plate onto them, but instead, must plate
around them. Therefore, it is the difference in the rate
of coalescence of the depositing nickel layer on top of
the particle at the various current densities that gives
this appearance, as schematically illustrated in Fig. 2.
At the higher current densities, the nickel adatoms are
being incorporated faster than they can diffuse across
the surface. This results in growth of nickel around the
particle becoming rough and the formation of a ridge,
as seen schematically in Fig. 2c and experimentally in
Fig. 1d and f. At the lower current densities, the coating
deposits at a much slower rate, thus allowing surface
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Figure 1 (Continued).

diffusion to occur and a smoother appearance to be at-
tained, Figs. 1b and 2f.

Missing from the electro-composite surfaces are the
pyramidal features found on the surface of the nickel
electrodeposits [22]. These structures were observed
to grow on favorably oriented crystals in order to give
the fastest growth rates [23–25]. With an increase in
current density, an increase in the size of the structures
was seen both visually and through their relative reflec-
tivity measurements. Fig. 3 shows these measurements
for as-plated and polished electro-composites, as well
as the nickel electrodeposits. With an increase in the
exposure time, less light is being detected, indicating a
decrease in the reflectivity of the sample and a rougher
surface. As-plated, the electro-composites are seen to
have a higher exposure time than the pure nickel sam-
ples deposited between 0.5 and 10 A/dm2. This effect
was attributed to the roughening of the surface due to

particle incorporation, in conjunction with the parti-
cles on the surface. By contrast, for samples deposited
from 15 to 25 A/dm2, the exposure time is lower than
that for the pure nickel deposits, even with particles on
the surface. The incorporated alumina was seen to in-
hibit the growth of the pyramidal shapes, and hence,
produce a relatively flatter surface when compared to
the nickel electrodeposits of the corresponding current
density. Also, the volume percent of particles incorpo-
rated into the coating had only a minor effect on the
reflectivity. As seen from the polished surfaces, only
a slight increase in exposure time was noted for an
increase in volume fraction of particles incorporated.
Therefore, it is assumed that it is the particles’ effect
on the pyramidal growths of the coating that caused the
change in exposure time.

Typical light optical micrographs of polished electro-
composite cross-sections can be seen in Fig. 4. The
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Figure 2 Schematic illustrating the different surface morphologies of the electro-composites deposited at different current densities. A high plating
rate (current density) is observed in (a), (b), and (c). A slower plating rate is found in (d), (e), and (f).

Figure 3 The relative surface reflectivity for both sets of electro-
composites and electro-deposited nickel as a function of current density
indicated by exposure time.

microstructures reveal a relatively uniform distribution
of alumina within the matrix. Agglomeration of the par-
ticles was observed and found to have an average “clus-
ter” size of approximately 1µm. Etching of the matrix
structure proved difficult because the etchant preferen-
tially attacked the interface between the ceramic parti-
cle and the matrix, thus suppressing the grain structure.
A similar effect was observed by Greco and Baldauf
[14]. Nickel electro-deposits showed columnar grains
in cross-section for samples deposited above 1 A/dm2

[9, 22]. The grain widths were observed to increase with
current density, Fig. 5. However, it is not clear if a
similar trend will be found in the electro-composites,
as the existing evidence in the literature shows con-
tradictory behavior. For example, transmission elec-
tron microscopy (TEM) analysis [10] showed that the
presence of alumina particles did not produce a strong
global change in the nickel matrix grain size. Thus, the

electro-composites will have similar columnar grain
widths when compared to corresponding nickel elec-
trodeposits. In contrast to these observations, Hayashi,
Maeda, and Furukawa [15] found that the addition of
alumina particles effectively refined the nickel matrix
grain size. Their method of analysis was through LOM,
but no micrographs were provided. Finally, Bazzard and
Bowden [26] suggested that incorporation of inert par-
ticles will increase the local cathode current density,
resulting in an increase in the matrix grain size.

The amount of incorporated alumina increased with
a decrease of plating current density and increased bath
loading, Fig. 6. This finding was in agreement with
that found by other researchers [9–11, 14–21] who pro-
posed that increasing the number of effective collisions
between the particles and the cathode surface per unit
volume of deposited matrix will increase the amount in-
corporated into the coating. This can be accomplished
by using a slower plating rate, i.e. lower current density,
or increasing the number of particles suspended in the
electrolyte. With a change in the volume percent of par-
ticles in the coating, it is expected that a concomitant
change in the interparticle spacing will occur, provid-
ing the particle size does not change. Fig. 7 shows the
interparticle spacing of the samples as a function of the
inverse square root of the volume percent. The closed
circles represent the spacing as obtained using the lin-
ear intercept method on scanning electron micrographs
of the coatings. The open circles represent the spacing
as obtained from LeRoy’s Equation [27]

IPS= (0.77 · d)/v1/2
f

whered is the average agglomeration size of the alu-
mina particles andvf is the volume percent alumina in
the coating. The results obtained for both methods are
similar.
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Figure 4 LOM micrographs of the polished cross-sections of various electro-composite samples showing the changing volume percent of alumina.
(a) 4.1, (b) 16.6, (c) 32.8 and (d) 38.9 vol %.

Figure 5 Cross-sectional columnar grain width as a function of the plat-
ing current density for electro-deposited nickel.

3.1.2. Properties
Fig. 8 shows the hardness of the electro-composites
as a function of the current density and bath loading.
It can be seen that there is a concomitant increase in
the hardness with increased volume percent alumina in

Figure 6 Volume percent alumina incorporated as a function of current
density and bath loading.

the coating. This is due to the rigid particles inhibit-
ing plastic flow of the softer matrix. Assuming that
the inert particles did not affect the microstructure of
the deposits, i.e. increase/decrease the columnar grain
widths, the columnar grain widths will be larger than
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Figure 7 Interparticle spacing (IPS) as a function of volume percent
alumina incorporated. Measured values show good agreement with cal-
culated ones.

Figure 8 Knoop hardness as a function of current density and bath
loading.

Figure 9 Hardness as a function of the reciprocal square root of the IPS
showing a relationship exists between the two.

the distance between the incorporated alumina parti-
cles. Therefore, it might be expected that the inter-
particle spacing (IPS) is the controlling length scale
with regards to the hardness. Fig. 9 shows this cor-
relation exists. However, the data does not extrapo-
late to the correct hardness for pure nickel electrode-

posits. One possible explanation is that the harden-
ing produced in the composites is not caused entirely
by the dispersed particles, but additional factors may
have arisen from the nickel matrix grain structure being
altered.

A case for this may be made by examining the vol-
ume percent of alumina incorporated and the corre-
sponding hardness measurements of various samples.
At 1 A/dm2 with 225 g/l alumina in the electrolyte
solution, samples were produced with approximately
40 vol % alumina and a resulting hardness of 650 HKN.
However, samples deposited at 0.5 A/dm2 with a bath
loading of 150 g/l attained a hardness of 710 HKN with
only 32 vol % alumina in the deposit. This increased
hardness may be attributed to the difference in struc-
ture of the deposited nickel matrix. It has previously
been shown that at this relatively low current density
(0.5 A/dm2), a banded or laminar type structure was
seen in cross-section for the nickel electrodeposits, as
compared to the columnar grains found for the higher
current densities [22]. The strengthening mechanism
of this nickel deposit was unresolved, but believed to
be due in part to a combination of finer grain size, as
well as the incorporation of foreign ions plated into
the coating that occurs at these lower current densities.
A similar strengthening may also be present for the
nickel-alumina electro-composites plated at 0.5 A/dm2.
Fig. 9 also shows this ambiguity as the samples plated at
0.5 A/dm2 do not comply with the relationship between
hardness and IPS. Therefore, a more complex relation-
ship may exist for the strengthening mechanism of the
electro-composites, with both the IPS and grain size
being factors.

3.2. Graded electro-composites
3.2.1. Structure
Through manipulation of processing variables, dis-
cretely graded electro-composites, with layers of vary-
ing volume percent of alumina, were produced. Table II
shows a summary of the processing variables for the
stepped composite. A characteristic micrograph of the
as-plated cross-section can be seen in Fig. 10. The struc-
ture consists of an inner, pure nickel layer and two
electro-composite layers with increasing volume per-
cent of alumina (15 and 30%). Table III summarizes
the results obtained from the processing of the stepped
structure. As observed, the deposition rates for the indi-
vidual layers were not affected by the various fabrica-
tions steps and the layer thickness measurements were
in good agreement with those specified prior to depo-
sition. In addition, the incorporation of alumina par-
ticles was not influenced by the change in processing

TABLE I I Electrodeposition parameters for stepped structures

Current density Bath loading Deposition time
Field (A/dm2) (g/l) (min)

1 15 0 25
2 15 150 25
3 0.5 150 480
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Figure 10 Light optical micrograph of a polished cross-section of a stepped electro-composite coating.

TABLE I I I Summary of measurements for the stepped coating

Aim Measured
thickness thickness Aim Measured

Field (µm) (µm) volume % volume %

1 40 39± 2.8 0 0
2 40 43± 3.2 15 14.6± 0.7
3 40 45± 5.1 30 33.1± 1.2

TABLE IV Summary of microhardness for stepped coatings

Field Expected HKN Measured HKN

1 293 301± 9
2 422 427± 8
3 710 703± 11

conditions. A visible interface between the individu-
ally deposited layers was not observed on the as-plated
structure, Fig. 10. However, the interfaces can be seen
to be linear in the etched microstructure (Fig. 11). By
observing the interface between the pure nickel coat-
ing and the composite layer containing 15 vol %, it
appears that the columnar structure is continuous from
one layer to the next. The structure of the interface
between the two composite layers could not be ob-
served due to the poor etch of the higher volume percent
deposit.

3.2.2. Properties
Fig. 12 shows the characteristic hardness profile of the
discretely graded structure. The hardness of the ho-
mogeneous single electroplates and the corresponding
layer within the stepped-structure are in good agree-
ment (Table IV). This suggests that the microstructures
and properties of the individual layers have not been
altered in producing the stepped composites.

Figure 11 Scanning electron micrograph of an etched cross-section of
a stepped coating.
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Figure 12 Knoop hardness profile for a stepped electro-composite.

4. Summary
Single layer and discretely-stepped electro-composite
coatings were produced from a sulfamate bath. The
platings consisted of a co-deposited metallic nickel ma-
trix with second phase alumina particles. As previously
seen, the volume percent of alumina incorporated into
the coating was observed to increase with an increase
in bath particle loading and decrease in current den-
sity. This increase in volume percent of alumina led to
a decrease in interparticle spacing and a concomitant
increase in the coating hardness. However, the strength-
ening mechanism of the deposits may have a more com-
plex relationship with both the metallic nickel grain
structure and IPS being factors. The incorporation of
alumina into the electro-deposited nickel was also ob-
served to affect the structure of the coating. The forma-
tion of pyramidal features found on the surface of pure
nickel electro-deposits was inhibited due to the incor-
porated alumina, thus causing the electro-composites
to be relatively flat. Also, when plated at high rates,
structure within the metallic nickel matrix on the as-
plated surfaces appeared due to rapid growth of the
nickel coating around the inert particles. In addition to
the single layered electro-composites, discretely lay-
ered functionally graded materials were also produced
without altering the original deposition procedure from
the single layer deposits. The structure and properties
of the individual layers within the coating, when com-
pared to the single layer coatings, were not affected by
the different processing techniques.
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