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On the mechanism of microcrack formation
in nanocrystalline Fe–Ni electrodeposits
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The microstructure and internal stress of nanocrystalline Fe–13% Ni alloys electrodeposited

onto a steel substrate were examined. A deposit growth was accompanied by the formation

of microcracks and a reduction in stress level; during an increase in deposit thickness from

0.1 to 50 lm, the internal stress decreased from 1450 to 90 MPa. An explanation of crack

formation was proposed on the basis of Griffith’s theory of fracture. A critical deposit

thickness prior to crack propagation, predicted from the mechanism proposed, was in good

agreement with the values obtained from in-situ measurements of stress evolution and from

direct microscopy observations. The results showed that the thickness of deposits exerted

crucial influence on their fracture resistance.
1. Introduction
Electrodeposition is an effective way to manufacture
nanocrystalline materials. It has been successfully
used to obtain nanocrystalline Ni—Fe alloys in a wide
range of concentrations of both elements. It is known
that the nanocrystalline structure leads to enhance-
ment of the magnetic properties of alloys rich in Ni
[1]. Conversely, the nanocrystalline structure gives
the alloys rich in Fe a high wear resistance exceeding
the level achieved for tempered steel [2].

A major drawback in the electrodeposition of
nanocrystalline materials is the generation of high
internal stress (macrostress). This factor is of special
importance since, according to the coalescence theory
of stress origin, there is a correlation between internal
stress and grain size [3]. Therefore, in many cases, the
various components are added to the electrolyte to
reduce the stress level [4]. The evident result of stress
generation is the formation of microcracks. It is obvi-
ous that, in many applications, the microcracks limit
the exploitation of deposits; they may cause localized
corrosion or a decrease in fatigue life, or in extreme
cases they may lead to deposit spallation from the
substrate [4]. A knowledge of the magnitude of the
internal stress generated and the mechanism of de-
posit cracking are therefore important to the design of
the deposition parameters and to the control of the
mechanical properties of electrolytic metals and
alloys.

In this study, we present an analysis of microcrack
formation in Fe—13% Ni nanocrystalline alloys de-
posited onto steel substrate. On the basis of in-situ
stress measurement and microstructural characteriza-
tion an explanation of the deposit fracture is pro-

posed.
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2. Experimental procedures
The electrolyte used for alloy deposition was com-
posed of nickel chloride and ferrous chloride with
concentrations of 200 g l~1 and 300 g l~1, respectively.
The pH was kept constant at a level of 1.5 by adding
hydrochloric acid. Fe—Ni alloys were deposited onto
a steel substrate at an electrolyte temperature of 25 °C
and at a current density of 150 mA cm~2. The substrate
was prepared by mechanical polishing using SiC pa-
per of up to 800 grit, followed by chemical polishing
in 10% hydrochloric acid. The microstructural char-
acterization was performed on planar and cross-
sectional polished sections using optical micro-
scopy, and on carbon replicas using transmission
electron microscopy (TEM). To increase the image
contrast, the replicas were shadowed with thin plati-
num film.

The internal stress was measured in-situ using
a device based on the flexible-beam technique
[5, 6]. The value of an average stress r generated
in the deposit was calculated according to the
formula [7]
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where z is a displacement of the coated part of the
substrate with a length of ¸; t

4
and t

-
are thicknesses of

the substrate and deposit, respectively, and E is
Young’s modulus for the carbon steel substrate. Assu-
ming a constant deposition rate, the deposit thickness
was calculated from a metallographic cross-section
after completion of measurement. The experimental
details of stress measurement have been published

elsewhere [8].
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3. Results
3.1. Microstructure of electrodeposits
Fe—Ni electrodeposits obtained under the conditions
of this experiment contained approximately 13% Ni
and were represented by a solid solution of Ni in a-Fe.
An average microhardness measured using a Vickers
indenter under a 100 g load on polished cross-sections
at varying distances from the substrate—deposit inter-
face was 647 HV with a standard deviation of 9 HV.
No evident changes in microhardness versus deposit
thickness were detected.

The growth surface of the deposit was flat with
a mirror-like appearance. Observations using optical
microscopy revealed the presence of microcracks
(Fig. 1a). In a planar view, the microcracks exhibited
a characteristic pattern. A closer examination revealed
that this pattern is formed by the superimposed net-
works of microcracks. In Fig. 1a, at least three net-
works are seen, each with a different intensity, presum-
ably caused by the differences in crack width. The
parts of those networks are labelled 1, 2, and 3 in
Fig. 1a, in the direction of decreasing intensity.
A cross-sectional observation showed that the micro-
cracks were oriented perpendicular to the substrate—
deposit interface, and to a first approximation they
were evenly distributed over the deposit thickness
(Fig. 1b). At the magnification used with the optical

Figure 1 Optical micrographs of Fe—Ni deposit: (a) planar view of
the growth surface showing the network of microcracks (surface
without etching); (b) cross-sectional view after etching with 3%
nitric acid in ethanol, showing the microcracks oriented prepen-

dicular to the substrate.
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microscope, which was not high enough to distinguish
clearly between the ferrite and cementite in pearlite,
it was impossible to establish the correlation be-
tween the phase component of the substrate and
the density of microcracks in the adjacent part of
the deposit. On the assumption, however, that the
pearlite is one structural component, the microcrack
density over both the ferrite and the pearlite areas was
the same.

Because the deposits were very brittle, an attempt to
prepare thin foils for TEM was unsuccessful. TEM
observation of growth morphology of the deposit us-
ing the carbon replica technique revealed nano-sized
growth features. In Fig. 2a, some of them are indicated
by arrows. The grain size estimated from those fea-
tures is in the range 20—50 nm. This is in general
agreement with the conclusion which can be obtained
from observation of the carbon replica of an etched
cross-section (Fig. 2b). Moreover, the cross-sectional
view revealed the lamellar substructure of the deposit.
The individual layers with thicknesses of 100—400 nm
were oriented perpendicular to the growth direction
and exhibited features which were similar in shape and
size to those observed in the planar view (Fig. 2a). The
formation of such a lamellar structure is explained by
some workers to be the result of periodic changes in
the pH of the electrolyte and occlusion of hydroxides

Figure 2 TEM images of Fe—Ni films obtained using carbon rep-
licas: (a) planar view of growth surface in the region between
microcracks showing the individual crystallites with a size between
20 and 50 nm; (b) cross-sectional image showing the morphology of
individual microcracks and the microstructure of lamellar deposit
(before preparation of replica, the deposit was etched with 3% nitric

acid in ethanol to reveal the microstructural features).



on the growth surface [2, 9], or periodic incorporation
of trace amounts of metallic impurities [10].

3.2. Stress generation during growth of
electrodeposits

The deflection of the flexible beam of steel with
a length ¸"57—59 mm and a thickness t

4
"

0.345—0.353 mm during one-side deposition of Fe—Ni
alloy is shown in Fig. 3. The direction of bending
towards the coated side supports the origin of tensile
stress in the deposit. For the conditions of this study,
the total beam deflection z, measured in situ during
deposit growth, did not exceed 2 mm. To diminish the
influence of small differences in size of individual
beams, the modified deflection is plotted in Fig. 4 as
z(t

4
/¸)2.

The measured values of beam deflections were then
used to calculate the average stress according to Equa-
tion 1. As Young’s modulus for the steel substrate,

Figure 3 Schematic diagram of the flexible beam of carbon steel
used for stress measurement (dimensions: total beam length,
a&80 mm; length of coated part, ¸"57—59 mm; beam thickness,
t
4
"0.345—0.353 mm; beam width, 10 mm; total deflection,

z(2 mm).

Figure 4 The beam deflection measured in-situ during deposition of
Fe—Ni alloy at a temperature of 25 °C and a current density of

150 mAcm~2.
Figure 5 The stress measured in-situ during the growth of
Fe—Ni alloy at a current density, I

$
, of 150 mAcm~2 and an

electrolyte temperature of 25 °C. Curve 1 is described by the
equation r (MPa)"1173.4t~0.08

-
(lm); curve 2 is described by

r (MPa)"1190.9t~0.68
-

(lm).

a value of 2]105 MPa has been taken [11]. The
average stress plotted as a function of deposit thick-
ness is shown in Fig. 5. There it is seen that, in general,
the continuous reduction in stress from 1450 to
about 90 MPa took place as the deposit grew from
0.1 to 50 lm. However, a closer analysis of the
initial periods of deposit growth revealed that two
stages on the stress curve can be distinguished (Fig. 5,
inset). To separate these stages, the experimental
points were described by two power relationships
using the least-squares method. The first, which is
expressed as

r (MPa)"1173.4t~0.08
-

(lm) (2)

and is shown as curve 1 in the inset of Fig. 5, covers
the deposit thicknesses between 0.1 and 1.03 lm.
Curve 2 is described by the formula

r (MPa)"1190.9t~0.68
-

(lm) (3)

and covers the deposit thicknesses in the range
1.03—50 lm. To estimate the goodness of the fit of the
curves to the experimental points, the standard devi-
ation of experimental values of r from the corres-
ponding values of r obtained from Equations 2 and
3 was used. The values of 59.5 and 69.8 MPa obtained
for standard deviations of curves given by Equations
2 and 3, respectively, show that the fitted curves de-
scribed the experimental data well.

3.3. Analysis of deposit fracture
Microscopy observations of the growth surfaces of
Fe—Ni thin films formed during the initial stages of
electrodeposition confirmed that they were crack free.
Only the deposits thicker than approximately
1$0.2 lm contained microcracks. This corresponds
to the deposit thickness at which the rapid stress relief
was detected (Fig. 5).

In order to explain the microcrack formation, Grif-
fith’s theory of brittle fracture was applied [12]. To
adjust this theory to brittle deposits with a high level
of hardness, the dependence between the fracture

stress r and the critical crack length c was expressed
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Figure 6 The plots of experimental values of internal stress versus
deposit thickness r"f (t

-
) and the calculated fracture stress versus

crack length r"f (c). The thickness at which the deposit fracture
was observed microscopically is indicated.

by the modified Griffith’s formula
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where E is Young’s modulus and c
%&&

is the effective
surface energy. The modification of the original Grif-
fith’s formula [12], applicable to perfectly brittle ma-
terial, is expressed by a change in the surface energy
component c

4
to c

%&&
, which includes a plastic defor-

mation of the material [13]. Since the values of E and
c
%&&

for Fe—13% Ni alloy with such a specific micro-
structure were not available, in further calculations
they were substituted by the literature data for ferrite.
Thus on the assumption that E"2.1]105 MPa [11]
and c

%&&
"14 J m~2 [13], Equation 4 can be written as

r (MPa)"967.4c~0.50 (lm) (5)

Equation 5 is graphically shown in Fig. 6. In this
figure, the stress measured in the deposit is also pre-
sented; the continuous part of the curve r"f (t

-
) de-

scribes the stress in the deposit before cracking
(0.1—1.03 lm), and after crack formation (greater than
1.03 lm). According to the experimental curve
r"f (t

-
), the deposit cracking took place at a stress

level of 1170 MPa and at a deposit thickness of
1.03 lm. For the same stress of 1170 MPa, the curve
r"f (c) gives the value of 0.68 lm for critical crack
length. At the bottom of Fig. 6, the deposit thick-
ness close to 1$0.2 lm is marked, which is the
point at which the first microcracks were observed
microscopically.

4. Discussion
Both the observations of this study and the literature
data [14] indicate that cracking takes place after the

electrodeposit reaches a certain critical thickness. For
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Fe—Ni alloys manufactured at the conditions of this
experiment the critical thickness was a 1$0.2 lm, as
estimated microscopically. This value is in good agree-
ment with the thickness at which rapid relief of inter-
nal stress took place, as seen on both plots: the flexible
beam deflection (Fig. 4) and the stress evolution dur-
ing deposit growth (Fig. 5). It is interesting to note
that, despite the great simplification of the fracture
mechanism achieved by applying Equations 4 and 5,
the plots of measured stress r"f (t

-
) and calculated

fracture stress r"f (c) are located in coordinate sys-
tems close to each other. Also, the value of critical
thickness estimated from the fracture stress, i.e.,
0.68 lm, is of the same order of magnitude as that
evaluated from the internal stress plot and from direct
observations.

According to the earlier explanations, the deposit
fracture was caused by a gradual increase in stress
during deposit growth. When the stress exceeded the
fracture strength of the deposit, the cracks propagated.
However, literature data are divided on the issue of
the existence of stress maximum at thicknesses com-
pared with the critical thickness [15, 16]. Further-
more, our measurements did not reveal the maximum
on the stress curve within the thickness range
0.1—50 lm. Thus, the question arises: at what deposit
thickness should the stress maximum during elec-
trodeposition be expected?

A precise measurement showed that the stress max-
imum is almost entirely caused by the extrinsic stress
component which is affected by the substrate and
should be expected in the vicinity of the substrate—
deposit interface before the formation of misfit dis-
locations. For a particular case of electrodeposition of
Ni on Cu, a stress maximum close to 2000 MPa was
located at a thickness well below 20 nm [17]. The
intrinsic stress component is then developed, which is
affected by deposition parameters [3, 8]. It should be
mentioned at this point that our experimental set-up
allowed a starting measurement in the deposits with
a minimum thickness of 0.1 lm. Therefore, we must
assume that the stress shown in Fig. 5 entirely repres-
ents the intrinsic component. A lack of stress max-
imum at a thickness of 1 lm thus indicates the necess-
ity of other mechanisms of microcrack formation.
Such a simple explanation is proposed in this study.

The stress curve in Fig. 5 shows that, despite the
high value of stress in deposits with thicknesses below
1 lm, the cracks did not propagate and the deposits
grew in a compact form. It is suggested that the reason
for such behaviour is the fact that the deposit thick-
ness was smaller than the critical crack length neces-
sary, according to Equations 4 and 5, for crack propa-
gation at the existing stress level. The evolution of
stress represented by curve 1 in Fig. 5 is commonly
observed in the compact deposits. For coarse-grained
and crack-free deposits, the microstructural changes
which accompany such stress evolution have been
discussed elsewhere [3]. It is possible that, if the de-
posit had a hypothetically high fracture strength, the
fracture would not take place at a thickness of about
1 lm and the stress evolution would be described by

the extrapolation of curve 1 beyond a thickness of



1 lm, labelled hypothetical in Fig. 6. The fracture of
brittle deposits at a thickness of about 1 lm caused
a rapid decrease in stress, as shown by curve 2. Thus,
for the deposits in the thin-film range, the thickness is
an additional factor affecting the fracture resistance of
the deposits.

Although the deposit fracture explained here is re-
lated to the internal stress development characteristic
for electrocrystallization, the existence of critical film
thickness was also observed for the other systems and
techniques of deposition [18]. There are also data
relating the density of microcracks to the yield
stress of the substrate [19, 20]. According to this
finding, some nonuniformity in crack density should
be seen over the ferrite and pearlite regions. Unfortu-
nately, our micrographs do not show such evidence.
The only difference in crack density was caused by
changes in deposition parameters, as reported else-
where [8].

5. Conclusions
Deposition of Fe—13% Ni alloys with a Vickers hard-
ness of 647 HV and a grain size of approximately
20—50 nm, from chloride electrolyte without addi-
tions, was accompanied by the generation of high
internal stress, leading to fracture of the deposit. The
formation of microcracks caused a relief of internal
stress; an increase in deposit thickness from 0.1 to
50 lm resulted in a decrease in internal stress from
1450 to 90 MPa.

The deposit fracture was not related to the existence
of a maximum on the internal stress—thickness curve.
It was shown that the crack propagation occurred
when the deposit thickness exceeded the magnitude of
critical crack length estimated on the basis of Griffith’s
theory of fracture. The critical thickness of deposits
predicted from the proposed mechanism, i.e., of
0.68 lm, is in good agreement with the value of ap-

proximately 1 lm estimated from in-situ measurement
of internal stress evolution and from the direct micro-
scopy observations of the growth surface.
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