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Microstructural parameters such as coherent domain size, microstrain, dislocation density and tex-
ture of electrolytically plated Ni±Mn±S layers were investigated by X-ray analysis. Structural pa-
rameters, layer composition and the macroproperties are discussed and explained. With the help of a
statistical regression analysis the correlation coe�cient r2 and its relationship with the investigated
parameters is determined. It is shown that the microstructural parameters play an important role in
determining the macroscopic properties. The manganese concentration is shown to in¯uence the
structural parameters, but no in¯uence of sulphur is found. It seems that a relationship of the
structural parameters with the macroscopic properties is valid in general and is not a special case.
There structural correlations can be used in general for processing electrolytic deposits for required
applications.
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1. Introduction

The e�ect of manganese on the electrocrystallization
mechanism of nickel deposits was reported earlier
[1, 2]. Sulfamate electrolytes were used and it was
found that manganese plays an important role in the
incorporation of S, C, H and O in the deposits. By
varying the parameters in pulse plating studies, the
e�ects of the individual factors responsible for the
incorporation of manganese were investigated. It is
known that deposition of manganese takes place at a
strongly negative potential ()1.18V), making the si-
multaneous deposition of both Ni and Mn di�cult. It
was assumed that the incorporation of manganese
does not take place by typical electrochemical metal
ion transfer but probably due to a speci®c surface
reaction occurring at the hydrogen-saturated Ni-
cathode [2, 3].

Our interest in studying the role of manganese on
the electrolytic deposition of nickel arose through
reported results from several authors [3±5], who
showed that the incorporated manganese had a pos-
itive e�ect on the physical and mechanical properties
of heat-treated nickel ®lms such as tensile strength,
yield point, ductility and microhardness. The authors
concluded, that sulphur was the main factor causing
embrittlement in the deposits and that a certain
amount of Mn (Mn : S � 25 : 1 [4] or 5 : 1 [5]) is
necessary to avoid sulphur-embrittlement. Because of
its large a�nity, manganese reacts at elevated tem-

peratures with sulphur and the migration of sulphur
towards the grain-boundaries is inhibited. After heat
treatment, we agree with the other authors that NiS
layers without manganese develop sulphur embrit-
tlement. Sulphur was incorporated in the deposits by
addition of CHT (2,4-dichloro-5-sulfamoylbenzoic
acid) [6] to the electrolyte. The NiS-deposits maintain
excellent properties below 260 °C such as micro-
hardness, wear-resistance, internal stress and ductility
[7, 8].

Later the morphology and texture of the deposits
were investigated [9, 10]. The texture, which is espe-
cially sensitive to any change in the deposit, can be
regarded as one of the most important structural
parameters in describing the state of the deposit. The
texture index TI describing the degree of preferred
orientation in the deposits was used. A possible re-
lation between texture index, composition, structural
parameters and macroproperties of the plated ®lms
was investigated. It was shown that the texture index
can be used as a criterion in predicting material
properties [9]. The investigation also showed that
recrystallisation rate was dependent on initial texture
parameters, probably together with other structural
parameters, a ®nding which is essential with regard to
the microhardness and ductility within a wide tem-
perature range.

So far methods of investigation using microstruc-
tural characteristics to predict the mechanical and
physical behaviour of an electroplated material have

JOURNAL OF APPLIED ELECTROCHEMISTRY 29 (1999) 51±57

Ó 1999 Kluwer Academic Publishers. 51



hardly been used. Such methods are necessary for a
quantitative description of the microstructure in
order to predict macroscopic properties. Only recently
the X-ray di�raction technique has been used [11, 12].
Many material properties are anisotropic and are
in¯uenced by the crystal-orientation in the material.
Some of these properties are Young's modulus, the
electrical conductivity and the magnetic permeability.
The most important parameter in describing the
anisotropy is the texture [13], which describes the
preferred orientation of crystallites in a given mate-
rial and at the same time the deviation from a sta-
tistically random structure.

The investigation of structural parameters, the el-
emental- and phase-analysis of the Ni±Mn±S deposits
makes it possible to answer the questions about the
®nal macroscopic properties of a given deposit. Sul-
phur embrittlement is only a speci®c part of the
recrystallization process, which occurs at high tem-
peratures in Ni-based materials. It is, therefore, im-
portant to determine the factors in¯uencing of the
rate and degree of the recrystallization, which dete-
riorate the mechanical and technological properties
of the material. The objective of this paper is to dis-
cuss the in¯uences of structural parameters on de-
position parameters and the role of each plating
parameter in determining the ®nal properties of the
deposits. Control of the plating process to the speci®c
demands on the deposits then becomes feasible.

2. Experimental details

Thin foils of 5 nm thickness were electroplated using
a conventional nickel sulfamate electgrolytic bath:
80 g dm-3 nickel, 35 g dm-3 boric acid, 3 g dm-3 NiCl2.
5 g dm-3 manganese in the form of mangaese sulfa-
mate or manganese chloride and either 0.1 or
0.4 g dm-3 of the sulphur±containing substance CHT
(2, 4-dichloro-5-sulfamoylbenzoic acid) [6] were ad-
ded. The deposits were produced with direct current
and pulsed current parameters were: 10ms pulse
duration, switch time 0.2±5ms, duty cycle H from 2
to 50%, mean current density (Dk) 1±5Adm)2 and
pulse current density (Ip) from 10 to 50Adm)2. The
manganese content was measured with AAS, sulphur
was estimated by combustion in oxygen (Leco CS
225), the Vickershardness (HV0,1) was measured with
a load of 100 g with Durimet 2 (equipment from
Leitz), the ductility with a mechanical bulge tester
(ball diameter 8mm, rate 440mm s)1) according to
DIN 50102 speci®cations.

The X-ray investigations were made with a Sie-
mens D-5000 di�ractometer equipped with an open
asymmetric Eulerian cradle for measuring stress and
texture. Measurements for the pro®le analysis were
made using (h±2h) Bragg±Brentano geometry and a
focussed symmetric CuKa radiation beam. The step
width used was 0.02° in 2h. The measuring times were
dependent on the intensity of the (2 0 0)-interference
and ranged from 12 to 28 s per step. A Ni ®lm was
used as standard, deposited electrolytically from a

sulfamate bath without additives after heat treatment
for 2 h at 690 °C [14]. The X-ray texture analysis of
the electroplated Ni±Mn±S deposits were carried out
using the Schulz technique [15]. The pole ®gures of
the lattice-planes (1 1 1), (2 0 0) and (2 2 0) were
measured in the range v £ 75°.

3. Method and interpretation of the X-ray results

The X-ray di�raction line pro®le analysis is a method
for characterizing the microstructure in polycrystal-
line materials. Both small domain sizes, coherent
scattering regions, and variable lattice strains lead to
a broadening of the interference lines [16±19]. For the
structural investigations it was assumed that the de-
posits were homogeneous, but practically these de-
posits are nonhomogeneous and the average values of
the defect density were determined. The Ni±Mn±S
deposits were investigated by the Voigt method [20±
22]. This is a single line analysis, which allows quick
calculation of the microstructural data with only one
line pro®le of the deposit and one line pro®le from a
standard probe. The physical, true pro®le f is deter-
mined with the typical parameters of the broadened
pro®le h and the standard pro®le g. These parameters
were calculated after approximation of the pro®les
with a Voigt function, which is a convolution of
Cauchy and Gauss functions. Domain size broaden-
ing tends to give a Cauchy line and microstrain
broadening produces a Gaussian line. By mathe-
matical means, the integral width value can be split
into Gauss- and Cauchy parts calculated for the
physically true pro®le f of the sample. From the in-
tegral width of the Cauchy part (index C) in pro®le f,
the domain size D is calculated as

D � k
bC f cos h

�1�

where k is the wavelength of the used X-ray radiation
and h is the Bragg angle.

The integral width of the Gaussian part (index G)
of the pro®le f gives a measure of the microstrain:

e2

 �1=2� bG f

4 tan h
�2�

With the knowledge of he2i1=2 and D [10, 23, 24] the
dislocation densities of polycrystalline metals can be
estimated using the relation

q � k
b

e2

 �1=2

D
�3�

where k � 2Ö3 and b is the Burger's vector.
The estimation of dislocation densities in electro-

lytic deposits is, however, still a practical problem
with great di�culties, because the in¯uence of grain
boundaries and incorporated atoms (manganese and
sulphur) on the microstrain cannot be neglected.
Possible interpretation is to characterize the ratio
he2i1=2=D as growth limiting defects.

In Table 1 the electrolytic conditions are listed: the
kind of current density (d.c. or pulse current), the

52 N. ATANASSOV AND H. W. SCHILS



mean current density Dk, the pulse current density Ip,
and the concentration of the sulphur containing ad-
dition CHT. Also listed are the most important
compounds of the layer composition, the amounts of
manganese and sulphur incorporated, and the char-
acteristic values of the X-ray analysis as the halfwidth
2w and b and their ratio 2w/b. The amount of man-
ganese incorporated varies from 0.08 to 0.61%, al-
though the amount of manganese in the electrolyte is
always 5 g dm)3.

The upper part of Table 1 lists samples, plated
with higher d.c. current and higher pulse current
density. In samples of this kind, a larger amount of
both manganese and sulphur is incorporated due to
the higher overvoltage. These samples have a larger
line width than the second group (nearly a factor of
two), but the ratio 2w/b does not di�er much. These
values ¯uctuate midway between a Cauchy and a
Gaussian distribution. This distribution shows that
the line broadening caused by domain size and mic-
rostrain is nearly the same for both groups. A ten-
dency of domain-size-broadening for the upper group
is favoured only slightly.

A full interpretation and mapping of potential
correlations between various parameters is not simple.
Therefore, we have chosen a statistical method, which
makes it possible, by regression analysis, to analyse
the relations among the measured parameters. Cor-
relation between individual factors is described by the
method of least squares. This means that for a linear
dependence all the points investigated lie on a re-
gressional straight line. The correlation coe�cient r2 is
1 in this case. The correlation coe�cient r2 becomes
small with the scatter of the data points from the re-
gression straight line. For practical purposes in these
complex materials and many seemingly diverse pa-
rameters, a correlation coe�cient r2 higher than 0.8
represents a strong correlation. According to Fig. 1
there exists an unambiguous relation between the
half-intensity peak width (Table 1) and the previously
measured microhardnesses [1].

The investigated Ni±Mn±S deposits show h1 0 0i
®bre texture (Fig. 2), which is often accompanied by
a h2 2 1i-twin texture (Table 2) [25±28]. In one single
case, a h1 1 0i ®bre texture was observed. The Table
presents the texture positions as well as the pole
densities of the experimental pole ®gures. The ac-
companying texture index TI describes the sharpness
of the texture, without regard to the individual dis-
tributed orientations. In the case of nonsystematic
distribution, the TI value is 1 and for a perfect single
crystal the value is unlimited [9, 28]. An evaluation of
the preferred orientation is simpli®ed by the fact that
practically all the samples contain h1 0 0i texture. The
texture index of the investigated Ni±Mn±S deposits
varies from 1.11 to 8.16 with an almost random
crystal distribution (1.11) and a very sharp ®bre tex-
ture (8.16), compared to most electrolytic deposits.

4. Results and discussion

In Table 3, three di�erent groups of parameters are
presented. The ®rst group concerns the composition
of the deposits, the second the structural parameters

Table 1. Deposition conditions, layer composition and line pro®le values of the Ni±Mn±S layers

Sample Electrolytic conditions Layer composition Line pro®le values

Dk DC Ip CHT S Mn b 2w 2w/b
/Adm)2 /Adm)2 /g dm)3 /ppm /%

1 5.0 DC 0.4 510 0.61 1.0850 0.7995 0.7369

2 5.0 50 0.1 200 0.37 0.9243 0.6644 0.7188

3 5.0 50 0.4 400 0.53 1.0235 0.7626 0.7451

4 2.5 50 0.4 290 0.44 0.9974 0.7465 0.7484

5 5.0 50 0.4 320 0.46 0.9468 0.7112 0.7512

6 5.0 10 0.4 340 0.39 0.9099 0.6871 0.7551

7 2.5 50 0.4 250 0.31 0.8975 0.6812 0.7590

8 5.0 DC 0.4 600 0.45 0.8319 0.6320 0.7597

9 1.0 50 0.4 280 0.11 0.5876 0.4589 0.7810

10 2.5 50 0.1 180 0.18 0.5302 0.4146 0.7820

11 5.0 DC 0.1 230 0.23 0.5311 0.4236 0.7976

12 1.0 10 0.4 240 0.09 0.5100 0.4062 0.7965

13 1.0 50 0.4 280 0.10 0.4772 0.3830 0.8026

14 2.5 DC 0.1 150 0.14 0.4517 0.3612 0.7996

15 1.0 50 0.1 140 0.08 0.4368 0.3541 0.8107

Fig. 1. Relationship between microhardness HV and 2w (full
width at half maximum) and b (integral breadth).
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and the third presents the macroscopic properties. As
can be seen from Table 3, the amounts of Mn and S
incorporated in the layers vary within wide ranges.
The sulphur concentration lies between 140 and
600 ppm, and is related to the CHT-concentration in
the plating electrolyte. At low CHT concentration
(0.1 g dm)3), the sulphur content lies in the range of
140 to 230 ppm. At higher CHT concentration
(0.4 g dm)3), 240 to 600 ppm of sulphur is incorpo-
rated in the deposits. Similarly, the Mn content shows
a large variation from 0.08 to 0.61%. In this case the
Mn concentration is related to the mean current (Dk)
and pulse current (Ip) densities during plating. Higher
current densities lead to a higher Mn content in the
deposits. Obviously this is caused by the lowering of
plating-potential to a value nearer to the deposition
potential of Mn. Large variations of the domain size,
structural defect and the degree of preferred orien-
tation are observed in the structural parameters. Even
though it is not an easy task to estimate the deposi-
tion-overpotential for pulse-plating, there exists a
clear tendency towards decreasing domain size with
increasing Dk and Ip as well as overpotential.

From Table 3 two types of deposit are clear. One
is characterized by high values of structural defect
parameters such as microstrain and dislocation den-
sity. These deposits possess higher microhardness,
smaller domain size and lower value of texture index.
In the second group, the deposits have fewer struc-
tural defects, larger domain size, and higher value of
texture index. A central question is: `How strong is
the relationship among the parameters, such as elec-
trolytic conditions, layer composition, structural pa-
rameters, and macroscopic properties'?

It is likely that both the Mn concentration and the
deposition conditions (overpotential, values of Dk

and Ip) a�ect the separation into the two groups. At
present it is di�cult to say whether the higher values
of the overpotential (which shifts the deposition po-
tential in the direction of manganese deposition) is
the only cause of the large content of the Mn in the
layer. The other possibility is the large amount of
hydrogen development at the cathode. The hydrogen
development lowers the barrier potential to Mn de-
position [2, 3].

For a detailed analysis of the experimental data,
the statistical regression analysis was used. Table 4
shows the linear correlation coe�cients r2 of the
di�erent groups of parameters, such as layer com-
position, structural parameters and the mechanical
properties. Here it is possible, on one hand, to ex-
amine the in¯uence of layer composition on the
structural parameters and, on the other hand, the
mechanical properties and to separate and quantify
the in¯uence of the structural parameters on the
mechanical properties.

The results clearly show correlations among the
depositedMn content on themicrostrain e (Fig. 3) and
on the dislocation density q (Fig. 4). The deposition of
foreign atoms occurs dominantly in the grain bound-
aries and, therefore, the results of the dislocation
density q can be considered as growth limiting defects.

The in¯uence of Mn on domain size (r2 � 0.78)
and texture index (TI) (r2 � 0.74) cannot be easily
interpreted. The current parameters Dk and Ip in¯u-

Fig. 2. The (1 1 1) pole ®gure of sample 12 shows a typical (1 0 0)
®bre texture: (a) The 3D-(1 1 1) pole ®gure; (b) intensity against
angle w of the (1 1 1) pole ®gure.

Table 2. Texture components of the Ni±Mn±S layers

Sample Preferred orientation Texture index Pole density

h2 0 0i h1 1 1i h2 2 0i

1 h1 0 0� 2 2 1i 1.17 2.3 1.3 1.1

2 h1 1 0i 1.11 1.2 1.2 1.5

3 h1 0 0� 2 2 1i 1.27 2.8 1.4 1.3

4 h1 0 0� 2 2 1i 1.49 3.8 1.6 1.4

5 h1 0 0� 2 2 1i 1.50 3.9 1.8 1.4

6 h1 0 0� 2 2 1i 2.11 6.2 2.2 1.6

7 h1 0 0� 2 2 1i 2.10 5.9 1.9 1.6

8 h1 0 0� 2 2 1i 2.43 7.2 2.3 1.7

9 h1 0 0� 2 2 1i 4.03 11.5 2.8 2.0

10 h1 0 0� 2 2 1i 4.13 11.6 2.9 2.0

11 h1 0 0i 3.17 9.7 2.5 1.8

12 h1 0 0i 4.71 12.3 3.0 2.0

13 h1 0 0i 6.09 15.0 3.0 2.3

14 h1 0 0i 6.95 18.8 3.8 2.5
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ence the incorporation of Mn and the domain size,
and gives an indirect correlation between them. A
similar explanation may be given for the correlation
between the Mn content and texture index of the
layers. Larger domains have a higher degree of ori-
entation and stronger TI [9]; this is veri®ed by higher
values of r2.

The in¯uence of incorporated Mn on microhard-
ness has been reported [3, 29]. The correlation between
incorporated Mn and microhardness found from our
data (r2 � 0.87) con®rms this quantitatively.

In the case of sulphur, a di�erent situation exists.
As seen from Table 4, no direct correlation exists
between the amount of incorporated sulphur and the
other parameters. This ®nding is surprising, because
this is not reported in the literature.

The obtained linear correlation between Mn and q
is a synonymous proof of the in¯uence of Mn on the
structure, while the low values of r2 in respect to the
amount of incorporated sulphur show that it is not
able to play such role on the structure. An direct in-
¯uence of S-containing CHT additive, may exist on
the rate and mechanism of electrochemical processes,
on which the structural parameters of the layers also
depends.

The in¯uence of the current conditions, alloy
components and the structural parameters on the
ductility cannot be clearly interpreted. The content of
the incorporated alloy components, sulphur
(r2 � 0.17) and manganese (r2 � 0.43) has no linear
relationship with the ductility.

Nevertheless, as it seen in Table 3, there is an ap-
parent tendency for an increase in ductility with de-
crease in Mn and S amount. This can be related to the
weaker incorporation in grain bondaries.

It is not surprising that structural parameters do
not have a linear relationship with ductility, and the
correlation coe�cient values r2 vary between 0.53 to
0.62. For experimental ductility data, the measuring
conditions, ®lm thickness and macrodefects, such as
cracks and pores, are important.

In contrast, microhardness is not so dependent on
the distribution of alloy components in the grain
volume and the grain boundaries. In this case, an
unambigous correlation between di�erent parameters
and this important macroscopic property occurs. The
r2 values range from 0.80 to 0.89. For example, the
relationship between the microhardness and crystal-
lite size with a r2 value of 0.89 is clearly shown in
Fig. 5. The results suggest that the domain size has a

Table 3. Layer composition, structural parameters and mechanical properties of the Ni±Mn±S layers

Sample Layer composition Structural parameters Mechanical properties

S Mn Texture index D 103e 1010q HV0,1 Dct

/ppm /% /nm /% /cm)2 /kgmm)2 /%

1 510 0.61 1.17 14.1 4.36 31 650 1.6

2 200 0.37 1.11 15.5 3.11 20 585 0.9

3 400 0.53 1.27 15.7 4.30 27 542 2.2

4 290 0.44 1.49 16.4 4.26 26 575 2.7

5 320 0.46 1.50 17.7 4.07 23 530 1.3

6 340 0.39 2.11 18.9 3.98 21 508 2.0

7 250 0.31 2.10 19.6 4.01 20 507 2.2

8 600 0.45 2.43 21.4 3.67 17 502 2.8

9 280 0.11 4.03 37.3 2.63 7 394 2.3

10 180 0.18 4.13 42.8 2.27 5 387 4.5

11 230 0.23 3.17 48.5 2.51 5 440 4.5

12 240 0.09 4.71 50.7 2.34 5 335 4.0

13 280 0.10 6.09 58.8 2.19 4 298 6.1

14 150 0.14 6.95 61.8 1.95 3 320 7.3

15 140 0.08 8.16 72.4 1.98 3 286 3.3

Table 4. Correlation coe�cients r2 between the mechanical properties, structural parameters and contents of S and Mn

Layer composition Structural parameters Mechanical properties

S Mn TI D e q HV Dct

S ± 0.52 0.33 0.37 0.44 0.38 0.33 0.17

Mn 0.52 ± 0.74 0.78 0.85 0.90 0.87 0.43

TI 0.33 0.74 ± 0.94 0.77 0.75 0.88 0.55

D 0.37 0.78 0.94 ± 0.85 0.85 0.89 0.62

e 0.44 0.85 0.77 0.85 ± 0.94 0.80 0.53

q 0.38 0.90 0.75 0.85 0.94 ± 0.88 0.56

HV 0.33 0.87 0.88 0.89 0.80 0.88 ± 0.58
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lower limit of about 14 nm, corresponding to a
maximum hardness of 650 kgmm)2.

The statistical data show that all the structural
parameters are related to one another (Table 4). The
large in¯uence of the TI on D (r2 � 0.94) is evident,
while the in¯uence of TI on e (r2 � 0.77) and on q
(r2 � 0.75) is not so well established, but is still a
fact. The r2 values of the other structural parame-
ters, as calculated from the line broadening from the
X-ray di�raction lines, vary from 0.85 to 0.94 and

con®rm the inter-relationship of all structural pa-
rameters. The relationship between the domain size
and dislocation density q is very interesting. In spite
of the high value of the linear correlation between
these characteristics, Fig. 6 shows the presence of
two clearly delineated regions with di�erent slopes.
It can therefore by assumed that the in¯uence of
additional factor, the amount of incorporated Mn,
is signi®cant. At low values of Mn (<0.2%) q de-
creases relatively despite the unexpected jump in
domain size. In the second region of the relation-
ship, where Mn is present in large amounts, small
changes in D (14±21 nm) cause a rapid increase in
dislocation density, q.

These results show a complex in¯uence of di�erent
factors. These factors can in¯uence the formation of
Ni±Mn±S layers with determinate characteristics in
di�erent ways.
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