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Abstract In this work, a central composite design

experiment was performed to estimate the effect of the

electroplating parameters (temperature of electrolyte,

cathodic and anodic pulse current densities, and cathodic

and anodic pulse lengths,) on four properties of hard

chromium electrodeposits. The studied responses were the

hardness (Hv), the roughness quantified by the two criteria

Ra (nm) and R (lm)), and the specific abrasive energy, Es

(lJ lm–3). Analysis of the responses using optimal path

technique did not lead to a common set of experimental

conditions which fulfilled the required properties. Thus, the

desirability function approach has been employed in order

to find the best compromise between the different experi-

mental responses. The optimal conditions are: electrolyte

temperature: 49.9 �C; cathodic pulse current density:

42.0 A dm–2; anodic pulse current density: 51.5 A dm–2,

cathodic pulse length: 6.23 s and anodic pulse length:

28.5 ms. Under these conditions, the estimated response

values are 738 Hv, 262 nm, 2.61 lm and 0.027 lJ lm–3

for hardness, Ra, R and specific abrasive energy respec-

tively, validated experimentally. The resultant coating,

examined by AFM, exhibits a nodular fine-grained

morphology.

Keywords Hard chromium � Pulse reverse plating �
Roughness � Specific abrasive energy � Central composite

design � Desirability

1 Introduction

Electrodeposited hard chromium has gained an outstanding

position in industry for its unique combination of wear

characteristics and/or corrosion resistance at low cost.

Currently many industrial fields, such as the automotive,

aerospace, mining, and general engineering, industries

have adopted electrodeposited hard chromium parts [1–4].

The thickness of the hard deposit varies markedly with the

application but is usually in the range 20–500 lm which is

appreciably thicker than that used for decorative chromium

(1 lm). Hard chromium is commonly produced from

chromic acid solutions, being fluoride free and containing

catalytic anions such as sulphates, at high current density

(20–50 A dm–2). In these operating conditions, the current

efficiency is low (10–20%) because of hydrogen evolution

and reduction of chromium (VI) to chromium (III) species

[5–7]. More than 50% of the electric charge is consumed

by the unwanted hydrogen and oxygen evolved on the

cathode and anode respectively.

Several investigations have been carried out to deter-

mine the effects of experimental factors such as plating

temperature and current density, on current efficiency and

coating properties such as microstructure, abrasion and

corrosion resistance [8–18]. Furthermore, a modification of
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the polarisation form (i.e. discontinuous with or without

inversion of current) presents several advantages. Com-

pared to direct current (DC) plating, pulse current (PC)

techniques offer the availability of additional process fac-

tors, which can be varied independently, and the possibility

of achieving higher instantaneous current densities [15–

18]. Leisner et al. have demonstrated that the use of low

frequency periodic current reversal of short duration during

the deposition process can increase the current efficiency in

the sulphate catalysed chromium bath and strongly influ-

ences the deposit structure [19–21]. Pulsed plated chro-

mium is often observed to have a crack-free structure and

lower hardness than chromium conventionally produced by

DC because of the low residual stress in the deposit.

Although a considerable literature exists concerning

pulse plating technology [22–27], there is relatively limited

research dealing with the tribological and surface proper-

ties of chromium layers deposited with this technique [28,

29]. The evaluation of the factor range for reversal pulse

plating (RPP) is difficult due to the numerous factors in-

volved (Fig. 1). When RPP is used, cathodic and anodic

current densities, cathodic (on time) and anodic (reverse

on) times as well as temperature can be varied indepen-

dently, forming a five-fold parameter space. Even though

some investigations have employed statistical methods to

optimise pulse-factors, these have been limited to optimi-

sation of the current efficiency during hard chromium

electrodeposition [19, 20].

The aim of the present work is to study the wear resis-

tance and surface microgeometric properties of hard

chromium electrodeposit under RPP using a chemiometrics

approach [30–35]. It is based on the use of experimental

design, which allows the simultaneous variation of all

experimental studied factors. To this end, a second order

design at five levels, based on fractional factorial design

25-1, was conducted to check the effects of the plating bath

temperature and four factors characterising the reversal

pulsing wave on the properties of the chromium coating:

hardness, roughness and specific abrasive energy.

Furthermore, the desirability function approach was ap-

plied to optimize the process under study in terms of

maximisation of the hardness and the specific abrasive

energy and minimization of the roughness [33–36].

2 Methodology and design of experiments

Experimental designs reduce the number of experiments in

comparison with the traditional methodology, and provide

information about how factors interact in a way that the

method of one factor at a time cannot determine.

A factorial portion of a central composite design was set

up to check the effects of the input variables and their

interactions on the properties of the chromium coating. The

variables Uj selected were:

– U1: Temperature of the plating bath (�C)

– U2: Cathodic pulse current density Jc (A dm–2)

– U3: On time or cathodic pulse length Tc (s)

– U4: Anodic pulse current density Ja (A dm–2)

– U5: Reverse on time or anodic pulse length Ta (ms),

As currently used in experimental design, natural

variables Uj were transformed into coded variables Xj [30–

35]. For this design, each factor, Xj, is encountered at five

levels (–a, –1, 0, +1, + a). To achieve a rotatable design, a
has to be set to 2 [33–35]. In addition, five replicates are

needed at the centre point to look for the uniform precision

property [33–35]. These replicates also permit calculation

of an independent estimation of the pure experimental error

variance. It should be noted that the principles governing

the construction of this experimental design can be found

in the specialised literature [33–35]. In order to define the

experimental domain explored, the level values of vari-

ables were selected based on realistic limits for common

pulse plating (Table 1). The output studied responses, no-

ted Y1, Y2, Y3 and Y4, were respectively: the hardness

(Hv), the roughness quantified by the two criteria (Ra (nm)

and R (lm)), and the specific abrasive energy, Es(lJ lm–3).

A second-order model with 21 coefficients, including

interaction terms, was assumed to describe the relationship

between each response Yi and experimental factors Xj:

Jc

Ja

Tc Ta

Time 

ytisnedtnerru
C

Fig. 1 Reversal pulse plating wave defined by Jc (A dm–2): cathodic

pulse current density, Tc (s): on time or cathodic pulse length, Ja

(A dm–2): anodic pulse current density and Ta (ms): reverse on time

or anodic pulse length

Table 1 Study domain for the studied factors

Variables Number of levels Center Uj(0) Step DUj

U1/�C 5 50 7.5

U2/A dm–2 5 42 6

U3/s 5 9 4

U4/A dm–2 5 42 6

U5/ms 5 30 10
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Yi ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b4X4 þ b5X5 þ b11X2
1

þ b22X2
2 þ b33X2

3 þ b44X2
4 þ b55X2

5 þ b12X1X2

þ b13X1X3 þ b14X1X4 þ b15X1X5 þ b23X2X3

þ b24X2X4 þ b25X2X5 þ b34X3X4

þ b35X3X5 þ b45X4X5 þ ei

where b0 is the constant of the model, bj the first degree

coefficients, bjk the cross-products coefficients, bjj the

quadratic coefficients and ei the random .

The estimation of the model coefficients required 21 trials.

However 31 trials have been carried out in order to estimate

the factor effect, the pure error and the lack of fit, and then to

be able to apply statistical tests to validate the models.

In this study, we were faced with five design variables.

Rather than using a classical representation commonly em-

ployed in the Response Surface Methodology (RSM) as a

contour plot (or three-dimensional plot), we chose to rely on

the methodology of ridge analysis. The principle of this

method is to determine the optimum path of the response

surface by tracing spherical surfaces, centred on the central

point of the experimental domain and with growing radius, and

calculating for each of these the maximum and the minimum

of the response surface. The output of the analysis is a set of

coordinates of maxima or minima along with the predicted

response, Y, at each computed point of the path [31, 33–35].

As one might expect, the optimum values (maxima or

minima) for the responses do not occur at the same operating

conditions but rather at widely separated points in the studied

domain. This means that one must look for a compromise

between conflicting criteria. Therefore, the optimization of

the chromium coating properties requires a multicriteria

decision making approach. This has been accomplished

using Derringer’s desirability function [36]. In short, the i

estimated responses, i = 1–4, are transformed to a dimen-

sionless desirability scale di, defined as partial desirability

function. The scaling is done so that di ranges between

di = 0, for a completely undesired response, to di = 1 for

fully desired response above which further improvements

would have no importance. Therefore, the individual desir-

ability functions are combined into an overall desirability

function, D, that weights the responses together, with one

single criterion. The values of D computed from the ob-

served responses allow location of a near-optimum region.

For data calculation and treatment Nemrod W software

[37] was used.

3 Experimental

3.1 Samples

Chromium was deposited on low carbon steel discs

(˘ = 12 mm, Swork = 1.13 cm2) from a commercial

sulphate catalysed chromium bath purchased by Atotech

(250 g L–1 CrO3, 3 g L–1 H2SO4). Before plating, the steel

substrate was mechanically polished with 1200 paper fol-

lowed by 6 lm, 3 lm diamond finishing , and then de-

passivated in HCl 2mol L–1.

A depositing thickness simulation using the Castor Elec

3D software, developed by the CETIM—France [38],

permitted us to achieve deposit uniformity. The calculation

of the current distribution by the boundary element method

(BEM) [39, 40] allowed us to predict the profile change of

the cathode during the electrodeposition process and to

design the most appropriate electrolyser outfits and tools to

obtain uniformity of the chromium thickness. Towards this

end, an auxiliary electrode (low carbon steel ring with

internal diameter 19 mm—external diameter 27 mm—

thickness 2 mm) was introduced to the periphery of the

cathode disc, to decrease the non-uniformity of the local

current density (Fig. 2). The auxiliary electrode and the

cathode were positioned in an insulating support, as in

Fig. 3. Preliminary tests established a good correlation

between the measured and calculated deposit thicknesses.

Before optimisation, the non-uniformity of the layer could

reach 30–45%, as the thickness at the edge was 41.1–

42.5 lm, while in the centre the thickness was near

27.7 lm, and after optimisation, the values varied in the

range 23.0–23.5 lm.

3.2 Measurement procedures

3.2.1 Roughness

A large number of useful factors are available to charac-

terize the microgeometric properties of electrodeposit [41,

42]. The surface roughness average, Ra, and the mean value

of the roughness, R, were taken as parameters defined as

the arithmetical mean of the departures of the roughness

profile from the mean line along the measurement and the

average height of the motifs respectively. These definitions

are set out in Eqs. (1) and (2):

15
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Distance from the centre of the cathode disc / mm
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T

without auxiliary electrode

with ring auxiliary electrode

Fig. 2 Chromium thickness profile on the cathode with and without

auxiliary electrode (ring- diameter 17 mm)
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Ra ¼
1

L

Z x¼L

x¼0

z xð Þj j dX ð1Þ

and

R ¼ 1

n

Xi¼n

i¼1

Ri ð2Þ

where z(x) is the profile value of the roughness profile, L

the evaluation length, Ri the height of the roughness design

and n the number of Ri values .

The roughness was measured using an interferometer

(WIKO optical device NT 2000).

3.2.2 Microhardness

The microhardness measurements were made using a

SHIMADZU HMV-M3 testing machine at a load of 50 g.

3.2.3 Scratch test

The sclerometer principle is illustrated in Fig. 4. It

consists of scoring a studied surface with a diamond

indenter with specific geometry (conical in our case).

This apparatus allows us to simulate the mechanisms of

abrasion on the surface of materials. This process gives

information on the dynamic behaviour of surfaces during

a scratch by measurement of normal and tangential

forces.

The test conditions imposed on the indenter are: a nor-

mal force of 5N, a displacement of 1 mm and a scratch

velocity of 250 lm s–1. The 3D scratch morphology was

obtained using an optic profilometer (WIKO NT2000). The

volume Vr was calculated using image analysis software.

The specific abrasive energy Es (lJ lm–3) is the energy

needed to remove a volume of material:

Es ¼
R l

0
Ft xð Þ � dx

Vr
ð3Þ

where Ft is the tangential force, Vr the material volume

removed and l, the length of the scratch.

3.3 Surface morphology techniques

Chromium topography images were obtained with a

Nanoscope AFM (Digital Instrument Model di-3100) in

air with a tapping mode using silicon tips (Model TESP)

of 10–15 lm lengths. This model has a rectangular

shaped cantilever 125 lm long with ca. 50 N m–1 force

constant and ca. 325 kHz resonant frequency. The cone

half angles were 10 degrees at the side, 25 degrees at

the front and 10 degrees at the back. Typically a 1–3

lines s–1 scan speed was used for scanning on a

50 · 50 lm2 area and 512 sampling numbers were

used for each line.

4 Results and discussion

4.1 Response models and validation

Table 2 shows the second order design in coded variables

and the obtained responses Yi. The 31 observed responses

are used to compute the model coefficients using the least

square method [30–35]. The equations of the fitted models

are:

Ŷ1 ¼ 678:8� 17:1X1 þ 13:0X2 � 38:1X3 þ 19:0X4

þ 4:2X5 þ 5:9X1X2 � 22:6X1X3 � 19:1X2X3

þ 20:9X1X4 � 46:6X2X4 � 7:3X3X4 � 22:4X1X5

� 15:4X2X5 � 17:2X3X5 � 54:2X4X5 þ 7:3X2
1

� 39:3X2
2 � 13:7X2

3 � 3:3X2
4 � 36:3X2

5

ð4Þ

Scratch depth 

Fn

Indenter 
Sample 

Scratch length 

Fn

Ft Material removed 

Fig. 4 Principle of the sclerometer

Titanium Contact

Isolating support

Auxiliary electrode (ring)

Cathode

Fig. 3 Experimental cathodic support
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Ŷ2 ¼ 353:0� 0:3X1 � 7:5X2 � 1:8X3 � 9:7X4 � 5:1X5

� 7:9X1X2 þ 64:1X1X3 � 8:7X2X3 þ 35:2X1X4

þ 27:9X2X4 þ 54:2X3X4 � 20:9X1X5 � 18:7X2X5

� 33:7X3X5 � 22:6X4X5 þ 3:2X2
1 � 4:9X2

2

� 18:0X2
3 � 4:3X2

4 þ 2:5X2
5

ð5Þ
Ŷ3 ¼ 3:51þ 0:26X1 þ 0:18X2 þ 0:04X3 � 0:06X4

� 0:11X5 þ 0:05X1X2 þ 0:21X1X3 � 0:07X2X3

þ 0:19X1X4 þ 0:16X2X4 þ 0:39X3X4 � 0:01X1X5

þ 0:01X2X5 � 0:16X3X5 � 0:12X4X5 þ 0:03X2
1

þ 0:10X2
2 � 0:11X2

3 � 0:13X2
4 þ 0:19X2

5

ð6Þ

Ŷ4¼ 0:0130�0:0010X1þ0:0007X2þ0:0003X3

þ0:0033X4� 0:0018X5þ0:0004X1X2þ0:0015X1X3

�0:0019X2X3þ 0:0041X1X4�0:0050X2X4

�0:0014X3X4� 0:0074X1X5þ0:0023X2X5

þ0:0016X3X5� 0:0050X4X5þ0:0026X2
1

�0:0002X2
2þ 0:0020X2

3þ0:0020X2
4þ0:0023X2

5

ð7Þ

Table 3 summarizes the analysis of variance (ANOVA)

for the four responses. As can be seen, the regression sum

of squares is statistically significant and none of them have

a significant lack of fit [32–35]. These results are confirmed

by the high values of the multiple correlation coefficient

Table 2 Experimental design in coded variables and measured responses

Ni X1 X2 X3 X4 X5 Y1 Y2 Y3 Y4

Hv Ra R Es

1 –1 –1 –1 –1 1 690 618 4.18 0.025

2 1 –1 –1 –1 –1 416 298 3.43 0.008

3 –1 1 –1 –1 –1 593 435 3.74 0.020

4 1 1 –1 –1 1 701 270 4.08 0.014

5 –1 –1 1 –1 –1 495 278 3.12 0.011

6 1 –1 1 –1 1 482 341 3.43 0.007

7 –1 1 1 –1 1 701 196 2.73 0.044

8 1 1 1 –1 –1 491 310 3.58 0.019

9 –1 –1 –1 1 –1 645 230 2.48 0.032

10 1 –1 –1 1 1 658 222 2.85 0.012

11 –1 1 –1 1 1 593 339 3.15 0.026

12 1 1 –1 1 –1 705 293 3.76 0.038

13 –1 –1 1 1 1 645 227 2.78 0.029

14 1 –1 1 1 –1 650 529 4.72 0.048

15 –1 1 1 1 –1 571 346 3.82 0.010

16 1 1 1 1 1 387 353 4.61 0.013

17 –2 0 0 0 0 709 357 3.29 0.019

18 2 0 0 0 0 725 380 4.21 0.026

19 0 –2 0 0 0 468 331 3.60 0.010

20 0 2 0 0 0 593 341 4.50 0.012

21 0 0 –2 0 0 717 263 3.21 0.020

22 0 0 2 0 0 549 304 3.15 0.020

23 0 0 0 –2 0 632 345 3.46 0.015

24 0 0 0 2 0 717 332 2.79 0.025

25 0 0 0 0 –2 590 358 4.83 0.028

26 0 0 0 0 2 495 373 3.93 0.014

27 0 0 0 0 0 675 353 3.49 0.015

28 0 0 0 0 0 701 359 3.46 0.013

29 0 0 0 0 0 675 348 3.20 0.014

30 0 0 0 0 0 689 332 3.57 0.015

31 0 0 0 0 0 636 368 3.60 0.010
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squares (R2): 0.92, 0.97, 0.94, 0.95 for Ŷ1, Ŷ2, Ŷ3 and Ŷ4

respectively. It should be noted that the R2 values represent

the percentage variation in the responses explained by the

deliberate variation of the factors in the course of the

experiments. From the overall results it can be concluded

that each second order model is adequate and can be used

as a prediction equation in the studied domain.

The optimum paths of the response surfaces for the fitted

models are shown in Figs. 5–8. Examination of the ob-

tained graphs allows us to deduce a set of coordinates

corresponding to maxima for Ŷ1 and Ŷ4, and minima for

Ŷ2 and Ŷ3 at the boundary of the studied domain (at a

distance of 2 from the centre). These results are reported in

Table 4.

Table 3 Analysis of variance (ANOVA) for the responses Ŷ1, Ŷ2, Ŷ3 and Ŷ4

Sources of variation Sum of square Degrees of freedom Mean square F. Ratio Test F*

Hardness/Hv

Regression 2.56619 · 105 20 1.28309 · 104 5.6816 H.S.

Residual 2.25832 · 104 10 2.25832 · 103 5.6253

Lack of fit 2.01904 · 104 6 3.36507 · 103 5.6253 N.S

Pure error 2.39280 · 103 4 5.98200 · 102

Total variation 2.79202 · 105 30

Roughness average/Ra

Regression 2.01475 · 105 20 1.00737 · 104 17.8271 H.S

Residual 5.65079 · 103 10 5.65079 · 102 4.5511

Lack of fit 4.92879 · 103 6 8.21465 · 102 4.5511 N.S

Pure error 7.22000 · 102 4 1.80500 · 102

Total variation 2.07126 · 105 30

Roughness/R

Regression 10.0773 20 0.5039 7.2546 H.S

Residual 0.6945 10 0.0695 3.9581

Lack of fit 0.5944 6 0.0991 3.9581 N.S

Pure error 0.1001 4 0.0250

Total variation 10.7718 30

Specific energy of abrasion/Es

Regression 3.03037 · 10–3 20 1.51518 · 10–4 9.0422 H.S

Residual 1.67568 · 10–4 10 1.67568 · 10–5 5.8282

Lack of fit 1.50368 · 10–4 6 2.50613 · 10–5 5.8282 N.S

Pure error 1.72000 · 10–5 4 4.30000 · 10–6

Total variation 3.19794 · 10–3 30

* H.S: significant at the level 99%; F0,01(20,10) = 4,41

N.S: non significant at the level 95%; F0,05(6,4) = 15,21

Fig. 5 (a) Optimum path of the

response surface Ŷ1 where

ordinates represent the optimum

response reached on the built

spheres for radius R indicated in

abscissas; (b) co-ordinates of

the points of plot (a) for each

factor in coded variables. The

right part of both plots refers to

the maximisation of the

response; the left part of the

plots refers to the minimisation

of the response
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By inspection of Table 4 it can be concluded that the

individual analysis of the responses does not lead to clear

common experimental conditions. Therefore a multicriteria

methodology that looks for certain compromise experimental

conditions fulfilling the expectations of the analyst is required.

4.2 Optimization

The search for experimental conditions, which optimize

simultaneously the four responses, leads us to use

desirability functions as proposed by Deringer and Swich

[36].

For the four estimated responses, one-sized transforma-

tions are used and are shown in Figure 9, which also shows

the undesirable responses and the fully desired responses.

Taking into account all the requirements for the four

responses, we opted to compute an overall desirability

measure D as a weighted geometric mean of the desir-

ability values for individual parameters. At this stage, it is

to be noticed that for tribological applications, the

Fig. 8 (a) Optimum path of the

response surfaceŶ4 where

ordinates represent the optimum

response reached on the built

spheres for radius R indicated in

abscissas; (b) co-ordinates of

the points of plot (a) for each

factor in coded variables. The

right part of both plots refers to

the maximisation of the

response; the left part of the

plots refers to the minimisation

of the response

Fig. 7 (a) Optimum path of the

response surface Ŷ3 where

ordinates represent the optimum

response reached on the built

spheres for radius R indicated in

abscissas; (b) co-ordinates of

the points of plot (a) for each

factor in coded variables. The

right part of both plots refers to

the maximisation of the

response; the left part of the

plots refers to the minimisation

of the response

Fig. 6 (a) Optimum path of the

response surface Ŷ2 where

ordinates represent the optimum

response reached on the built

spheres for radius R indicated in

abscissas; (b) co-ordinates of

the points of plot (a) for each

factor in coded variables. The

right part of both plots refers to

the maximisation of the

response; the left part of the

plots refers to the minimisation

of the response
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surface roughness average and the specific abrasive energy

are considered among the most pertinent parameters.

Therefore we choose to attribute different weights for the

four studied responses: three for Ŷ2, two for Ŷ4, and one

for Ŷ1 and Ŷ3. Consequently, the function D, over the

experimental domain, is calculated using the equation:

D ¼ ðd1 d3
2 d3 d2

4Þ
1=7: ð8Þ

The value of D is highest at conditions where a com-

bination of the different criteria is globally optimal. After

calculation by NEMROD software, the optimal experi-

mental conditions are obtained (Table 5). Under these

conditions, the estimated response values are 738 Hv,

Table 4 Set of co-ordinates corresponding to maxima for Ŷ1 and Ŷ4 and minima for Ŷ2 and Ŷ3 at the boundary of the studied domain (at a

distance 2 from the centre)

X1 X2 X3 X4 X5 U1 U2 U3 U4 U5

�C A dm–2 s A dm–2 ms

Ŷ1 1 –0.1 0.7 1.5 –0.6 57.5 41.4 11.8 51.0 24.0

Ŷ2 0.5 –0.3 –1.5 0.8 –0.2 53.8 40.2 3.0 46.8 28.0

Ŷ3 –0.3 –0.5 –1.3 1.5 0.1 47.8 39.0 3.8 51.0 31.0

Ŷ4 1 –0.3 0 1 –1.2 57.5 40.2 9.0 48.0 18.0

Fig. 9 Transformation

response Ŷi into desirability

values di: (a) the hardness (Hv),

(b) the roughness criteria Ra

(nm), (c) the roughness criteria

R(lm) and (d) the specific

abrasive energy, Es (lJ�lm–3)

Table 5 Optimal conditions

Xj Uj

Temperature of the plating bath (�C) –0.015 49.9

Cathodic pulse current density Jc (A dm–2) –0.006 42.0

On time or cathodic pulse length Tc (s) –0.692 6.23

Anodic pulse current density Ja (A dm–2) 1.585 51.5

Reverse on time or anodic pulse length Ta (ms) –0.149 28.5

Fig. 10 Graphical representation of the overall desirability function

D. X2 is plotted against X4 maintaining U1 at 50 �C, U3 at 6.2 s and

U5 at 28.5 ms

850 J Appl Electrochem (2007) 37:843–852

123



262 nm, 2.61 lm and 0.027 lJ lm–3 for hardness, Ra, R

and specific abrasive energy respectively, validated

experimentally.

The resulting contour plot from modelling the overall

desirability function can be seen in Figure 10 which shows

a rather flat area around the optimal conditions, which

means that the optimum is not just one point but a volume

around this point. This volume can be roughly defined by

giving a range of variation of each variable in accordance

with the results of the desirability study (Table 6). This

illustrates the robustness of the predicted optimal

conditions.

4.3 Surface morphology

In order to assess surface morphology, the chromium

coatings were analysed by AFM. It is important to point out

that, as a part of this study, a relatively smooth surface (i.e.

fine-grained deposit) is needed to ensure a low coefficient

of friction without further mechanical treatment.

Figure 11a–c display three typical morphologies. The

deposits exhibit a distinctively rough surface structure.

Separate crystallites are clearly visible. The surface mor-

phology appears to be a set of continuous mounds, which

are strongly affected by the experimental conditions. The

grains are pyramidal, square or nodular in shape in

accordance with the variations of the pulse factors. On the

whole, it seems that a decrease in the reverse time (or in

the reverse current) promotes the growth of large separate

Table 6 Range of variables around the optimum

Low limit Upper limit

Xj(–) Uj(–) Xj(+ ) Uj(+ )

Temperature of the plating

bath (�C)

–0.240 48.2 0.350 52.63

Cathodic pulse current density

Jc (A dm–2)

–0.008 41.95 0.283 43.70

On time or cathodic pulse

length Tc (s)

–0.900 5.4 –0.500 7.0

Anodic pulse current density

Ja (A dm–2)

1.450 44.70 1.800 52.8

Reverse on time or anodic

pulse length Ta (ms)

–0.165 28.35 0.200 32.00

Fig. 11 The tapping mode atomic force microscopy (TM-AFM)

images of chromium electrodeposits obtained at various operating

pulse plating conditions. Scan size is 50 · 50 lm. (a) experi-

ment N1—U1 42.5 �C, U2 at 36 A dm–2, U3 at 5 s, U4 at 36 A dm–2

and U5 at 40 ms, (b) experiment N16—U1 57.5 �C, U2 at 48 A dm–2,

U3 at 13 s, U4 at 48 A dm–2 and U5 at 40 ms, (c): experi-

ment N25—U1 50 �C, U2 at 42 A dm–2, U3 at 9 s, U4 at 42 A dm–2

and U5 at 10 ms, (d) experiment under optimum conditions—U1

50 �C, U2 at 42 A dm–2, U3 at 6.2 s, U4 at 51.5 A dm–2 and U5 at

28.5 ms
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crystallites (Fig. 11c). In addition, the morphology of the

electrodeposit obtained under the optimal conditions

(Table 5) has been analysed (Fig. 11d). The coating

exhibits a nodular fine-grained morphology which agrees

with the values of the roughness parameters.

It is noteworthy that, for all the pulse plating experi-

ments, there is no evidence of any microcracking unlike in

DC plating coatings [13–15]. This can be explained by the

re-oxidation of hydrogen dissolved in the deposit, during

the reversal step, thus reducing the tendency for cracking.

5 Conclusion

In this study a central composite design experiment was

used to check the effect of the electroplating parameters

(electrolyte temperature, cathodic and anodic pulse current

densities, and cathodic and anodic pulse lengths) on four

properties of hard chromium electrodeposits, namely the

hardness (Hv), the roughness quantified by the two criteria

Ra (nm) and R (lm)), and the specific abrasive energy,

Es (lJ lm–3). Individual analysis of the responses revealed

that there were no common experimental conditions which

fulfilled the required properties. Therefore a compromise

was reached using the desirability function.

Its coordinates are: temperature of the plating bath:

49.9 �C; cathodic pulse current density: 42.0 A dm–2;

anodic pulse current density: 51.5 A dm–2, cathodic pulse

length: 6.23 s and anodic pulse length: 28.5 ms. Under

these conditions the estimated response values are 738 Hv,

262 nm, 2.61 lm and 0.027 lJ lm–3 for hardness, Ra, R

and specific abrasive energy respectively. The corre-

sponding coating, examined by AFM, exhibits a nodular

fine-grained morphology.
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