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Abstract

Grain size and texture of Ni electrodeposited from sulfamate baths depend greatly on current density. Increasing
grain size is observed with increasing current density and the deposit texture changes from Æ110æ at current densities
lower than 5 mA cm)2 to Æ100æ for higher current densities. Co-deposition of Mn modifies the deposit structure by
favoring the growth of the Æ110æ texture and decreasing the average grain size even as the current density increases.
While the average Mn film content increases with increasing current density, local Mn concentrations are a more
complex function of deposition parameters, as indicated by atom probe tomography measurements. In both direct-
current plated and pulse plated films, large variations on a nanometer scale in local Mn concentration are observed.

1. Introduction

The combination of high mechanical strength with
thermal stability and low residual stress in electrode-
posited (ED) Ni is highly desirable for many applica-
tions, though rarely achievable in practice. High
strength and hardness generally require extremely fine
grain sizes, which in turn lead to greater driving force
for recrystallization and grain growth, and therefore,
decreased thermal stability. Thus, nanocrystalline ED
Ni with yield strength of �1.5 GPa begins to recrystal-
lize at temperatures as low as 100 �C [1]. Previous work
has shown that incorporation of Mn into ED Ni
significantly increases yield strength and improves ther-
mal stability [2]. ED Mn-free Ni has a typical yield
strength range of 300–600 MPa and loses 60% of its as
deposited strength after a 1 h anneal at 400 �C [3]. ED
Ni–Mn, however, has a yield strength range of of
800–1100 MPa, and retains 80% of its strength even
after 1 h anneal at 600 �C [4]. Addition of Mn, however,
also dramatically increases the residual stress, thereby
limiting the thickness of the plated films. Recently, a
high strength, low residual stress Ni–Mn alloy with Mn
concentration of �0.4 at.% has been developed primar-
ily for high aspect ratio microsystem applications [2]. In
order to limit the film stresses accumulated during
deposition, pulse-plating conditions are used with the
hypothesis that they create a material that is composi-
tionally modulated at the nanoscale [5, 6]. The resulting
material is believed to consist of regions of high-stress

Ni–Mn separated by regions of low-stress Ni, but the
distribution of Mn has never been experimentally
observed and the compositional structure remains
hypothetical.
Understanding of the thermal stability of ED Ni–Mn

requires accurate description of the as-deposited struc-
ture, and in particular the effects of the deposition
parameters in order to compare the behavior of ED Ni
and ED Ni–Mn. Ni sulfamate baths are attractive for
electroforming and other applications that require thick
deposits as they produce low stress, high ductility and
higher purity Ni deposits than Watts baths, which are
predominantly used for decorative and protective Ni
coating [7]. For most ED metals, the texture is inde-
pendent of the substrate for films thicker than several
microns, and is rather controlled by pH, current density,
and presence of organic additives. In the case of Watts
Ni, two general growth regimes have been defined [8]: a
regime of ‘‘free’’ growth where the films develop a strong
Æ100æ texture, and a regime of ‘‘inhibited’’ growth
dominated by other orientations, including Æ110æ,
Æ211æ, or Æ210æ. Hydrogen adsorption on the growing
Ni surface is considered as one leading inhibition
mechanism [8]. Unlike Watts Ni, the texture and
microstructure of Ni sulfamate as a function of current
density, pH, and bath additives have not been exten-
sively investigated.
The present paper focuses on the effects of current

density and the presence of MnCl2 in the electrolyte on
the texture and microstructure of Ni ED. Analyses of
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the mechanisms responsible for the thermal stability will
be presented elsewhere [9].

2. Experimental

2.1. Electrodeposition

A detailed description of the electrodeposition method
used here is published elsewhere [2]. The deposition
parameters used to fabricate the sulfamate Ni and Ni–Mn
materials at constant current density (DC) are summa-
rized in Table 1. Pulse plated (PP) Ni–Mn materials
were produced with a square waveform from the same
electrolyte with added MnCl2Æ4H2O. In the first step of
the pulse plating waveform, a current density i1 of
3 mA cm)2 was applied for t1=4.4 s, while for the
second step i2=15 mA cm)2 and t2=0.667 s.
Blanket films with a thickness of 5–10 lm plated on

polished copper substrates were used to characterize the
grain structure and texture of the Ni and Ni–Mn
materials while thicker deposits (200–300 lm) were
fabricated for transmission electron microscopy (TEM)
observations. After plating, these thicker specimens
were freed from the underlying Cu by selective chemical
dissolution of the Cu.

2.2. Characterization

Specimen texture was determined using a Philips X’Pert
MRD X-ray diffractometer with a Cu anode operated at
45 kV and 40 mA. Pole figures corresponding to (111),
(200), and (220) reflections were collected for azimuthal
rotation of 0 £ / £ 360� and tilt angle of 0 £ w £ 90� in
5� increments. The experimental pole figures were
corrected for absorption and defocusing using a Ni
powder specimen [10]. Based on the experimental pole
figures (data only for w £ 80� was used), orientation
distribution functions (ODFs) were computed using the
BEARTEX program [11]; the ODFs were in turn used
for calculation of inverse pole figures. Mn concentration
was measured using a Kevex X-ray fluorescence spec-
trometer with a Mo/Nb anode set at 50 kV and a source
aperture of 50 lm.
A FEI DB235 dual beam focused ion beam scanning

electron microscope (FIB-SEM) was used to character-
ize the grain morphology of as-deposited films in cross-

section employing the ion beam-induced channeling
contrast imaging capabilities of the FIB instrument [12].
The depth of penetration of the ions is related to the
crystallographic orientation of individual grains. As
such, certain crystallographic orientations result in
stronger ion channeling and therefore deeper penetra-
tion of the ions into the sample. Deeper ion penetration,
in turn, produces fewer collectable secondary electrons,
so strongly channeling orientations appear dark as
compared to more weakly channeling orientations. The
amount of channeling is quite sensitive to small varia-
tions (1–2�) in orientation so that not only can grains of
different orientations be imaged, but small misorienta-
tions within a grain are visualized as well.
In-plane TEM samples were prepared by electropo-

lishing 3-mm discs using a solution of 10% perchloric
acid in methanol at )30 �C. TEM was performed using
a JEOL 2010F microscope operated at 200 kV.
Atom probe tomography (APT) specimens were

prepared in the form of sharp needles oriented so that
their axis was either parallel to the plating direction
(out-of-plane tip) or perpendicular to the plating direc-
tion (in-plane tip) (Figure 1). The out-of-plane tips were
prepared using precision dicing techniques to form small
posts with a cross-section of about 20�20 lm2, that
were thinned to the shape of a sharp needle using a
gallium focused ion beam. The in-plane tips were
prepared using standard electropolishing procedures
[13]. APT analyses were performed using a LEAP
microscope (Imago Scientific Instruments). The tips
were held at relatively high temperatures (between 60
and 80 K) during field ion evaporation to limit the
electric field applied on the tips, which were prone to
fracture due to the small grain size.

3. Results

3.1. Texture

The current density used for deposition of Ni sulfamate
films influences the deposit texture. At low current
densities (£5 mA cm)2), the Æ110æ orientation along the
plating direction dominates (Figure 2(a) and (c)). High-
er current densities (‡10 mA cm)2) favor the Æ100æ
direction along the plating direction (Figure 2(e) and

Table 1. Deposition parameters

Temperature 28±1 �C

pH 3.5

Bath

composition

1.35 M Ni-sulfamate

0.49 M boric acid

0.2 g l)1 sodium dodecyl sulfate

For Mn deposition, addition of

0.091 M MnCl2Æ4H2O

Current density 3–15 mA cm)2 (as indicated)
Fig. 1. Schematic of APT specimen preparation.
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(g)). Mn addition does not affect the texture of Ni
deposits at low current density. The Æ110æ direction is
still the dominant orientation along the plating direction
for current densities £5 mA cm)2 (Figure 2(b) and (d)).
Higher current densities used for deposition of Ni–Mn
deposits, however, promote the appearance of higher

index directions while maintaining the presence of grains
with the Æ110æ orientation along the plating direction
(Figure 2(f) and (h)). Similarly to Ni and DC Ni–Mn
plated at low current densities, pulse-plated Ni–Mn
deposits exhibit a strong Æ110æ texture as well
(Figure 2(i)).

Fig. 2. Texture (inverse pole figures) of Ni and Ni–Mn deposits as a function of current density. (a,b) correspond to Ni and DC Ni–Mn,

respectively, deposited at 3 mA cm)2; (c,d) 5 mA cm)2; (e,f) 10 mA cm)2; (g,h) 15 mA cm)2; and (i) illustrates the texture of PP Ni–Mn. For

reference, (j) is a schematic IPF corresponding to a Æ100æ equal area projection with indication the main orientations.
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3.2. Grain structure

The current density during deposition of Ni from Ni
sulfamate baths greatly influences its grain structure, as
shown by the cross-sectional FIB-SEM images, where
different grayscale shadings correspond to different
grain orientation as described above (Figure 3). In these
images, the blanket films are still attached to the copper
substrates (with a cube texture), which appear as
extremely coarse-grained regions at the bottom of each
micrograph. The structure of the deposits at the Cu
interface is initially equiaxed, but with continued
growth, rapidly evolves into columnar morphologies
characteristic of the bulk microstructure for all studied
conditions. The effect of current density is most visible
for pure Ni deposits. They exhibit significantly larger
grain sizes as current density increases to and above
10 mA cm)2. Figure 3(a)–(d) shows that many grain
extend through a large fraction of the film thickness
(�10 lm) of the deposits. In contrast to pure Ni, the
grain structure of DC plated Ni–Mn deposits remains
very fine for all current densities (Figure 3(e)–(h)).

Average grain sizes were obtained from TEM obser-
vations by line-intercept measurements. At low current
densities (£5 mA cm)2), the average in-plane grain
size of Ni is 80±27 nm. Higher current densities
(‡10 mA cm)2) lead to coarser grain structure, and the
in-plane grain size is significantly larger (290±20 nm at
15 mA cm)2). When plated at 3 mA cm)2, the structure
of DC plated Ni–Mn deposits is very comparable to that
of Ni with an average grain size at 3 mA cm)2 of
93±15 nm. High twin densities are observed in all
plated films, and Figure 4 compares the grain structure
as observed by TEM. The pulse-plated Ni–Mn films
(Figure 4(c)) exhibit a finer grain structure (average in-
plane size equal to 43±7 nm), than that of DC-plated
Ni (Figure 4(a)) and Ni–Mn (Figure 4(b)) both plated at
3 mA cm)2.

3.3. Mn distribution

The incorporation ofMn increases with increasing current
density. At 3 mA cm)2, the Mn concentration is 0.12
at.% as measured from ICP-OES. X-ray-fluorescence

Fig. 3. FIB-SEM images of cross-sections from Ni and DC Ni–Mn deposits for different current densities: (a,e) correspond to Ni and Ni–Mn

at 3 mA cm)2, (b,f) 5 mA cm)2, (d,g) 10 mA cm)2, and (d,h) 15 mA cm)2.
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measurements for Ni–Mn specimens plated at 5, 10, and
15 mA cm)2, yield concentrations of 0.29, 0.48, and
0.62 at.% Mn respectively, indicating a monotonic
dependence of theMnconcentrationwith current density,
as previously reported [4]. Since the overall deposit
thickness depends approximately linearly on current
density, integration of Faraday’s law indicates that the
pulse-plating process should result in Ni deposits with
�0.4 at.%Mn, as was confirmed by XRF measurements
which yielded 0.40±0.05 at.%.
When viewed via conventional electron microscopy

(TEM or SEM), the defect microstructures (twins, grain
boundaries, etc.) in Ni, DC plated Ni–Mn and PP
Ni–Mn films do not yield any evidence suggesting a
layered or compositionally modified material. APT

results clearly indicate that the Mn distribution is non-
uniform in PP and in DC plated Ni–Mn deposits. The
topology of the Mn concentration varies from sample to
sample; some samples exhibit a ‘layered’ structure, as
intended through the pulse-plating process, whereas
others present Mn concentrations that are modulated in
all directions. For instance, in the case of PP Ni–Mn, a
pattern was obtained from a tip in the out-of-plane
geometry with layers at about 45� to the plating
direction (Figure 5(a)). The concentration profile taken
along the direction parallel to the plating direction show
that the Mn concentration oscillates between 0 and
1.2 at.% with a spatial periodicity along the deposition
direction of about 10 nm. Another analysis of an
in-plane tip also indicates layering with a spatial

Fig. 4. TEM images of (a) Ni deposited at 3 mA cm)2, (b) DC plated Ni–Mn deposited at 3 mA cm)2 and (c) PP Ni–Mn.

Fig. 5. Three-dimensional reconstruction of Mn distribution in PP Ni–Mn. All atoms other than Mn have been removed from display for

clarity purpose. The arrow indicates the tip axis. In (a), it is parallel to the plating direction. In (b)–(f), the tip axis is orthogonal to the plat-

ing direction; because of the alignment of the tips, the information on the exact orientation is lost.
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periodicity of about 5–10 nm, and Mn concentrations
varying between 0 and 0.8 at.% (Figure 5(b)). However,
more commonly, APT analyses of in-plane tips exhibit
interconnected Mn ‘‘clouds’’ (Figure 5(c) and (d)), with
regions free of Mn and regions containing up to 6 at.%
Mn. Few analyses exhibit Mn distributions that appear
homogeneous (Figure 5(e)).
The DC Ni–Mn deposits have an overall lower Mn

concentration. Although the current density is main-
tained constant, the Mn atoms are clearly not uniformly
distributed. Typical reconstructions are shown in
Figure 6 where the regions of high Mn concentration
are between 30 and 50 nm apart.
No relationship could be established between the Mn

distribution and the presence of structural defects such
as grain boundaries. For example, Figure 7 shows two
slices taken from a three-dimensional reconstruction
containing grain boundaries. No Mn enhancement
exists at the outlined grain boundaries (black lines).

4. Discussion

4.1. Role of Mn

As seen on the cross-section images of Figure 3, any
equiaxed grain structure associated with a nucleation
layer at the Ni/Cu interface is very thin and all the films
exhibit a columnar grain structure. The effect of current
density on grain structure complements the trend ob-
served by Buchheit and co-workers, who reported a more
pronounced columnar structure with increasing grain size
as the current density was increased from 20 to
50 mA cm)2 [3]. Although the films used for cross-section
observations are thin, the grain structures in the bulk of

the blanket films are independent from the texture of the
underlying Cu substrate, as confirmed by texture analysis
ofmuch thicker films. Therefore, the texturesmeasured at
the deposit/solution interface reflect the structure of the
films during steady-state growth.
Current density effects with respect to texture of Ni

sulfamate is similar to that reported for the texture of Ni
Watts deposits. At the lowest current densities, the
appearance of fine grain, Æ110æ textured material is
typically associated with ‘‘inhibited’’ growth. As current
density increases, the growth mode transitions to ‘‘uni-
hibited’’ or free growth characterized by a coarser
grained, predominantly Æ100æ textured microstructure.
The principal difference between the DC plated Ni and
the DC plated Ni–Mn is that the Mn entirely suppresses
the development of the free growth regime at the higher
current densities; the net result being that the alloy
deposits are fine grain and either predominantly or, at
least significantly Æ110æ textured over the entire range of
current density examined. The mechanism of how the
presence of Mn++ ions in the Ni sulfamate electrolyte
inhibits the growth of Ni is unclear, although it has been
speculated that the incorporation of Mn into Ni films
does not result from electrochemical reduction but
rather by a surface reaction at the hydrogen-saturated
cathode [8, 14]. A further investigation that includes
variation in pH may clarify the inhibition mechanism.
In the case of the Æ110æ textured PP Ni–Mn films, most

of the plating time is spent at the lower current density,
3 mA cm)2, which leads to the Æ110æ texture in Ni
sulfamate. Similar to the DC plated Ni–Mn, the high
current density periods in the PP Ni–Mn deposits
contribute to the incorporation of Mn without changing
the film texture. The grain size is also consistent with the
structure observed at low plating current densities.

Fig. 6. Three-dimensional reconstruction of Mn distribution in DC plated Ni–Mn. All atoms other than Mn have been removed from dis-

play for clarity purpose.
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Moreover, the absence of correlation between the
position of Mn atoms and grain boundaries does not
indicate grain nucleation on Mn-associated impurities.

4.2. Direct current versus pulse plating

The more quantitative APT analyses were done to
determine if DC and PP Ni–Mn alloys exhibit differ-
ences in the Mn distribution. Randomness of the Mn
concentration was tested through the distribution of Mn
concentration measured in blocks of 1000 atoms. This
choice of number of atoms per block, i.e. 1000, is a
trade-off between concentration and spatial resolution;
the resolution needs to be as large as possible to measure
the variations of the small Mn concentration yet still
capture the variations over the small characteristic
length scales.
Figure 8 presents the expected (based on a random

solid solution) and experimentally determined distribu-
tions of Mn concentration in solution in both DC and
PP plated Ni–Mn deposits derived from the APT
analyses. They significantly differ from the expected
concentration distributions based on random solid
solutions that are indicated by the dashed lines. These
random distributions correspond to binomial distribu-
tions centered on the overall measured Mn concentra-
tions of the DC and PP Ni–Mn alloys, i.e. 0.17 and
0.45 at.% Mn. The v2-statistical test confirms with a
99.9% confidence the non-randomness of the Mn
concentration distribution in the as-deposited state.
Similar observations of non-uniform compositions have
been reported for ED Ni–Fe [15].
In the case of pulse plating, one would expect Mn

deposition to be diffusion-limited on the high value of

the pulse and therefore to deposit uniformly on the
surface; while the low value of the pulse would allow for
the diffusion of Mn towards the surface. It however does
not explain why Mn is also modulated in DC plated
films. Although Ni deposition is likely to be kinetically
limited because of the deposition parameters, local Mn
variations in bath chemistry and compositional oscilla-
tions in the bath just above the growing surface may
lead to the three-dimensional character of the modula-
tions. The difference between the Mn distribution in DC
and PP deposits needs to be investigated further by
analyzing in detail the relation between surface topol-
ogy, species diffusion in the bath, deposition flux and
therefore current density. Pulse plating, however,
appears to reduce the spatial periodicity of the Mn
modulations.
It was originally suggested that pulse-plating would

lead to lower stress deposits by a straightforward
modulation of the Mn composition, resulting in alter-
nating nanometer scale regions of high-stress (and high-
strength) sandwiched by lower stress, soft Ni regions of
similar dimensions [2]. The pulse plating conditions used
in this study were intended to produce a modulated
material consisting, at least in principle, of nanometer

Fig. 7. Slices through a reconstruction containing grain boundaries

(black lines) in PP sulfamate Ni–Mn. Ni atoms are blue, Mn atoms

are red and oxygen in green. The 3D slices are about 19�4�41 nm3.

Fig. 8. Mn concentration distributions in DC and PP Ni–Mn com-

pared to predicted distribution in case of random solid-solution

(binomial distribution).
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thick, discrete layers of Ni and Ni–Mn, with respective
thicknesses of 4.6 and 3.4 nm, according to calculations
of the Faraday currents. Parts of the Mn distribution
that appear layered have a periodicity that is consistent
with the expected value of 8 nm. The APT observations
however indicate that the stress relieving mechanism is
actually more complex, as pulse-plating appears to
smooth out the Mn concentration variations. While the
PP Ni–Mn deposits have comparable Mn concentration
to DC Ni–Mn deposits that have been plated at high
current density, their grain size is finer and their texture
is, in detail, different than that of DC Ni–Mn films.
These observations suggest that the relieving stress
mechanism may be linked to the precise nature of the
texture rather than to the spatial distribution of Mn.

5. Conclusions

Current density controls texture and grain structure of
Ni deposited from sulfamate baths at 28 �C, pH 3.5 in a
similar manner as the Watts Ni deposits plated at higher
electrolyte temperature. Average grain size increases and
the deposit texture changes from Æ110æ growth to Æ100æ
growth as current density increases. MnCl2 addition in
the bath modifies the texture of the films by favoring the
Æ110æ direction and leads to fine-grained materials at all
current densities. The overall Mn concentration scales
with current density, but the local Mn concentration
varies widely from �0 up to 6 at.% Mn for both the DC
plated and pulse-plated Ni–Mn deposits.
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