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Abstract

The in¯uence of plating conditions on the cathode e�ciency of zinc barrel electroplating and the quality of
deposited layers for low cyanide electrolytes is analysed. The investigations are carried out using factorial design
methodology. The ®rst part of the study shows how electrolyte components, such as brightening agent, sodium
carbonate concentration, sodium hydroxide concentration, sodium cyanide concentration and zinc metal content,
in¯uence cathode e�ciency and the morphology and the texture of the zinc electrodeposits. A mathematical model
that ®ts experimental data is suggested and the pseudo three-dimensional plot of yield as a function of electrolyte
composition for three signi®cant component mixtures, brightening agent, sodium cyanide concentration and zinc
metal content, is represented. The second part of the study shows how varying six process parameters in¯uences
current e�ciency and metal thickness distribution. For the range studied, e�ciency is a�ected by workload volume,
current density, perforation and part size, but not by rotation speed and quantity of charge.

1. Introduction

Zinc electroplating is extensively used in the fasteners
when components are subject to the risk of atmospheric
corrosion. In these applications, it is necessary to
electroplate thick layers of zinc, typically 10 lm, and
this is achieved with acid as well as alkaline solutions.
Intricately shaped pieces are usually plated in alkaline
cyanide electrolytes where cathodic polarization is
higher and more uniform thickness is obtained. Plating
techniques are commonly subdivided into rack, barrel
and `high rate' plating [1]. Barrel plating has long been
used for mass producing large numbers of small parts
because it is cheaper and more convenient than racking
procedures [2]. The nonconducting barrel, usually plas-
tic, is round or hexagonal with holes drilled in it. It is
partially or fully immersed in a vat containing anodes on
two sides of the tank (Figure 1) and rotated horizon-
tally. The workload, consisting of identical small parts
to be plated, can be considered to be a porous electrode.
The workload is tumbled inside the barrel, permeated

and covered by the electrolyte to expose the parts to
plating conditions. Current is often fed to the workload
through a ¯exible dangler contact that is dynamic
relative to the parts. Barrel plating conditions are
di�erent from other plating processes because of the
shape of the cathode (porous electrode), current ¯uctu-
ations corresponding to the intermittent contact of
tumbling parts with the electrical lead and mass transfer
exchange.
To plate parts correctly, it is important to determine

the factors that a�ect cathodic e�ciency, including the
properties of zinc deposits and methods needed to
optimize processing. Over the last three or four decades,
many theories have been advanced as to what takes
place in the plating barrel [3±7]. Statistical studies have
been carried out to determine not only the factors
a�ecting metal distribution [8±11] but also the optimum
conditions required for barrel plating [11±14]. However,
a review of the literature reveals little information on the
factors that in¯uence cathodic e�ciency during barrel
plating [9, 11, 12]. Although cathodic e�ciency is
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important for all types of metal plating, it is even more
important in zinc plating because commercial zinc
electroplating in barrels is widespread and because of
the endemic problem of hydrogen embrittlement of steel
parts [13, 15±17].
Plating factors are generally divided into three cate-

gories: (i) equipment factors, including the type of barrel,
size of holes, rotation speed, load size, (ii) plating
condition factors, such as apparent current density,
electrolysis time, thickness of the deposit, and hydrody-
namic conditions, (iii) electrolyte composition factors.
Most of the previous studies on barrel plating

investigated each parameter one at a time while keeping
the others constant. We have viewed the problem from a
di�erent angle. Because parameters in a plating opera-
tion are numerous and coexist in complex relationships,
the factorial design seems the most suitable experimental
approach for studying zinc barrel plating. It is impos-
sible to study all the numerous variables at once.
Therefore, this study was divided into two parts. In
the ®rst part, we determined the e�ects of solution
factors only, including the in¯uence of the components
of a low cyanide zinc electrolyte on cathodic e�ciency
and the morphology of electrodeposits. In the second
part, cathodic e�ciency and metal thickness distribution
as a function of equipment and plating conditions were
studied.

2. Experimental details

2.1. Plating facilities

The experimental study was carried out on a laboratory
scale with an electrolytic cell that is a reproduction of an
industrial one (1/1000). The dimension for the pilot
plant is based on a constant ratio of the number of
amperes per volume and charge per surface. To reduce
the number of variables, plating was performed using
the same type of barrel, cathode substrate, anode

geometry and plating preparation procedure. A small
horizontal-type cylindrical barrel, with integral-mesh
moulded baskets (e�ective capacity of 0.282 L, 0.03 or
0.5 mm2 perforations) was used. The barrel was
equipped with a ¯exible dangler contact to carry the
current to the plating arrangement. The barrel was fully
immersed in a cell containing 1.5 L plating solution at a
temperature thermostatically controlled within 1 �C and
stirred with a pump. The rotational speed of the barrel
was adjustable. A precalibrated, digital coulombmeter
was connected in series with the barrel to measure the
coulombs passed during each plating period.
All samples were pretreated before electroplating by

soaking them in an alkaline solution to remove phos-
phate ®lms and grease, then by cleaning them electro-
lytically and ®nally by dipping them in an acid. Parts
were then rinsed, dried and carefully weighed. At the
end of the plating cycle, the weight gain of parts was
determined. Cathodic e�ciency was calculated by com-
paring actual weight gain with that predicted from a
knowledge of the total coulomb charge passed. In all
cases, duplicate tests were run.
The anodic system was composed of high-grade zinc

anodes in steel containers, ®tted in anode bags to
prevent the ®ne particles formed at the anode from
migrating to the cathode and thus increasing plating
roughness. A preliminary study was made to determine
the anode area (steel to zinc anode ratio) needed to
maintain a stable zinc concentration in the system.
Solutions were analysed before and after electrolysis. In
all cases, the change in electrolyte composition was
found to be insigni®cant.
Low cyanide concentration plating solutions were

prepared with commercial grade chemical products
(ZnO, NaOH and NaCN) and an organic brightener
supplied by the Continentale Parker Company.
In the ®rst part of the study (in¯uence of electrolyte

components), small steel rivets (grade XC38) were
selected as test parts. A load of two hundred rivets
(S � 4:8 dm2) was used since this is an optimum number
for obtaining uniform thickness during barrel plating.
The current density was 10 mA cmÿ2. The plating time
was 42 min for each test (for a theoretical thickness of
12 lm).
Two batches of thin-wire, carbon-steel cotter pins,

having the same speci®cations apart from size
(Spin1 � 0:92 cm2, Spin2 � 3:57 cm2), were used in the
second part of the study.

2.2. Characterization of deposits

Deposits were examined by scanning electron micros-
copy (Cambridge Stereoscan 120 microscope) to deter-

Fig. 1. Schematic cross section of zinc plating reactor.
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mine surface morphology and by X-ray di�raction
(Philips X-pert MPD) to determine their preferred
orientation relative to the ASTM standard for zinc
powder.
To determine some of the physical factors that

in¯uence zinc metal distribution in barrel loads, the
variation coe�cient V, percentage of standard deviation
from the mean, was determined as

V �
������������������������������������������������������
��d ÿ d1�2 � � � � � ��d ÿ dn�2

nÿ 1

s
� 100

�d

with di the individual coating thickness, n the number of
measurements and �d the average coating thickness. The
procedure involved sampling 30 parts from the barrel
load, using a Fisherscope 1600 X-ray ¯uorescence
apparatus.

3. Results and discussion

3.1. In¯uence of the electrolyte composition on cathodic
e�ciency g and on morphology of deposits

3.1.1. Cathode e�ciency
The constituents of the low cyanide electrolyte that have
the greatest and least in¯uence on cathode e�ciency, g,
over the ranges studied are identi®ed. The nature of
plating experiments lends itself to an experimental
design. A fractional factorial design called 25ÿ1, using
fewer runs than a full design, and involving ®ve factors
with each factor at two levels [18, 19], is chosen. That
design comprises 16 experiments (Table 1) and is con-
structed by setting 5 = 1234. The notation for the

mathematical treatment uses respectively, a `)1' and a
`+1' to indicate the low level and high level of the
variable. Table 2 depicts the ®ve factors studied which
are brightening agent (A), sodium carbonate concentra-
tion (C), sodium hydroxide concentration (H), sodium
cyanide concentration (N) and zinc metal content (Z),
and their settings in the factorial test matrix. Several
authors have described the test program in detail [18, 19].
Experiments are carried out in a random order to avoid
uncontrolled e�ects on results.
E�ects on results are normalized and given as

percentage change in the test results when going from
the de®ned lower level to the de®ned higher level factor.
The Yates algorithm was used to estimate the factorial
e�ects and construct the associated analysis of variance
(ANOVA) table.
Table 3 gives the results of the factorial analysis.

Comparing the estimates suggests that sodium carbonate
(C) and caustic soda (H) are not signi®cant factors for the
range studied. Therefore, it is di�cult to establish their
accurate functions. We focused on those e�ects that are
reasonably large in magnitude, including the main e�ects
of a brightening agent (A � ÿ12:9), sodium cyanide
concentration (N � ÿ3:0) and zinc metal content
(Z � 4:8), but also appreciate interactions (AZ � 4:4)
and (AN � ÿ2; 4). Therefore, the response g can be
represented by a ®rst order model, that ®ts the data [18]:

g � 82:3ÿ 12:9� Aÿ 3:0� N � 4:8� Z

� 4:4� AZ ÿ 2:4� AN

An additional `center point' experiment was run to
validate this model. The comparison between the
experimental response (82.2) and the theoretical one

Table 1. Factorial experimental design 25)1 with the generator I = 12345

Test 1+ 2+ 12+ 3+ 13+ 23+ 45+ 4+ 14+ 24+ 35+ 34+ 25+ 15+ 5+ I+

2345 1345 345 1245 145 145 123 1235 235 135 124 125 134 234 1234 12345

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 1 1 1 1 1 1 1 )1 )1 )1 )1 )1 )1 )1 )1 1

3 1 1 1 )1 )1 )1 )1 1 1 1 1 )1 )1 )1 )1 1

4 1 1 1 )1 )1 )1 )1 )1 )1 )1 )1 1 1 1 1 1

5 1 )1 )1 1 1 )1 )1 1 1 )1 )1 1 1 )1 )1 1

6 1 )1 )1 1 1 )1 )1 )1 )1 1 1 )1 )1 1 1 1

7 1 )1 )1 )1 )1 1 1 1 1 )1 )1 )1 )1 1 1 1

8 1 )1 )1 )1 )1 1 1 )1 )1 1 1 1 1 )1 )1 1

9 )1 1 )1 1 )1 1 )1 1 )1 )1 )1 1 )1 1 )1 1

10 )1 1 )1 1 )1 1 )1 )1 1 1 1 )1 1 )1 1 1

11 )1 1 )1 )1 1 )1 1 1 )1 )1 )1 )1 1 )1 1 1

12 )1 1 )1 )1 1 )1 1 )1 1 1 1 1 )1 1 )1 1

13 )1 )1 1 1 )1 )1 1 1 )1 1 1 1 )1 )1 1 1

14 )1 )1 1 1 )1 )1 1 )1 1 )1 )1 )1 1 1 )1 1

15 )1 )1 1 )1 1 1 )1 1 )1 1 1 )1 1 1 )1 1

16 )1 )1 1 )1 1 1 )1 )1 1 )1 )1 1 )1 )1 1 1
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(82.3, calculated from the ®rst order polynomial) con-
®rms that the response g is a ®rst order function of the
three factors.
The results require interpretation. An additive in the

electrolyte should change the mechanism of the cathode
process. Its action, connected to the variation in the
partial coverage for Hads and ZnIads, increases the
cathodic overvoltage and favours hydrogen discharge
at the electrode. The additive therefore diminishes
current e�ciency. The e�ects of sodium cyanide (N)
and zinc (Z) which, respectively, show a negative and a
positive slope, are akin to thermodynamic consider-
ations and indicate the importance of local pH near the
cathode [20]. It is well established that changes in
cathodic e�ciency are primarily a�ected by the interre-
lation of cathode reactions, metal deposition, and
hydrogen evolution. The local pH increase resulting
from solvent reduction, modi®es the equilibrium. Re-
sults con®rm observations of other investigators [21, 22]
that it is necessary to maintain an adequate [Zn]/
[NaCN] ratio.

Within what limits then must the constituents be
controlled to maintain maximum e�ciency? Contour
plots are helpful in answering this question (Figure 2).
They show what may happen if variables are changed
together, and deal with the optimization of system
performance. To optimize cathodic e�ciency, it is
suggested that the cyanide and brightener agent are set
to a lower level and the zinc metal to a higher level.
However, adding no brightener alters the appearance of
the metal deposit. A compromise must be reached
because zinc coatings must resist corrosion and have
adequate decorative properties, even if the vast majority
of these types of parts are functional.

3.1.2. Morphology of deposits
The e�ect of the electrolyte composition is characterized
by studying the deposit morphology using plating
solutions of various compositions. Three aspects have
been identi®ed (Figure 3): (i) zinc platelets, (ii) entangled
needles, (iii) uniform and bright ®ne grain ®lm obtained
for zinc electrodeposits prepared in an electrolyte with

Table 2. Levels for the electrolyte parameters

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5

B C H N Z

Brightening Sodium Sodium Sodium Zinc

agent carbonate hydroxide cyanide concentration

content concentration concentration concentration /mol L)1

/ml L)1 /mol L)1 /mol L)1 /mol L)1

Low level )1 0.0 0.00 1.88 0.41 0.15

Central level 1.0 0.28 2.00 0.51 0.19

High level +1 2.0 0.57 2.12 0.61 0.23

Table 3. Results and e�ects of the constituents of the low cyanide electrolyte upon the cathodic e�ciency g

Test g1 g2 gaverage Response notation E�ects Signi®cant*

/% /% /%

1 77.4 77.1 77.3 Mean���� I���� 82.3

2 67.2 66.7 67.0 B���� 1���� ÿ12:9 yes

3 50.7 50.3 50.5 C���� 2���� 0.2 no

4 83.6 83.1 83.4 H���� 3���� 0.9 no

5 56.9 56.5 56.7 N���� 4���� ÿ3:0 yes

6 82.4 82.1 82.3 Z���� 5���� 4:8 yes

7 71.7 71.1 71.4 B C���� 12���� )0.1 no

8 66.4 66.2 66.3 B H���� 13���� 0.6 no

9 94.7 94.3 94.5 B N���� 14���� ÿ2:4 yes

10 95.9 96.2 96.1 B Z���� 15���� 4:4 yes

11 95.5 95.8 95.7 C H���� 23���� 0.3 no

12 95.8 95.7 95.8 C N���� 24���� )0.1 no

13 95.5 95.7 95.6 C Z���� 25���� 0.7 no

14 95.6 95.9 95.8 H N���� 34���� 0.8 no

15 93.1 92.7 92.9 H Z���� 35���� )0.2 no

16 95.7 95.0 95.4 N Z���� 45���� 0.8 no

*After analysis of variables (ANOVA)
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an additive. Figure 4 compares the crystal morphology
of coatings produced from solutions without an addi-
tive. The high cyanide content changes a coarse-grained
deposit into a ®ne-grained surface (micrographs 4(c) and
(g)). Cyanide content seems to a�ect the growth rate
resulting in a limitation of the average size of germs
during coalescence periods. These deposits are charac-
terized by pronounced �1 1 �2 0��2 1 �3 1� preferred orien-
tations. The changes in morphology and orientation
may be directly related to the [Zn]/[NaCN] ratio. Even if
sodium carbonate does not signi®cantly in¯uence the
morphology for the range studied, it seems to increase
the �1 1 �2 0� texture. For all morphologies studied, we
observed a crushing of crystallites due to a mechanical
e�ect that is speci®c to the plating technologies studied.
Adding small amounts of brighteners to the electro-

lyte bene®cially a�ects zinc morphology. Grain re®ne-
ment is improved due to the high nucleation density.
Moreover, adding brighteners considerably modi®es the
polarisability of the electrochemical system as more
hydrogen evolves. The surface has a mirror appearance
and only some holes, 0.1 lm in diameter, which dem-
onstrates the presence of evolved hydrogen (Figure
3(c)).The brightener molecule, composed of nitrogen
atoms, is probably cationic, considering the alkaline
character of the electrolyte. It adsorbs onto anionic sites,
since the electrolyte's pH is greater than the isoelectric
point of zinc (� 9:2) because the zinc surface has an
excess of negative charges. The growth of the crystals
therefore is inhibited, bidimensional nucleation reduces
grain size, and the �1 0 �1 0� orientation is favoured. It is
possible to incorporate the brightener into the deposit.
To verify this, the surface of zinc deposits prepared from
four electrolytes without any additive or with 1, 2 and
5 ml Lÿ1 of brightening agent (Figure 5), were analysed
using `glow discharge optical spectrometry'. The con-

centration pro®les of elements such as carbon, nitrogen,
zinc and copper, are determined. For these surface
analyses, zinc is deposited onto a copper substrate to
avoid the in¯uence of the steel substrate, the source of
carbon. No carbon trace is recorded for the copper
substrate, but a background noise of nitrogen is revealed
and corrected. Figure 6 shows that both C and N tracers
are incorporated into the zinc deposit. Their quantities
are proportional to the bulk concentration of additives,
which are incorporated as the plating layer forms.

3.2. Experiment design for equipment and
plating condition factors

3.2.1. Cathode e�ciency
The second part of this paper deals with cathodic
e�ciency and variation in deposit thickness for barrel
loads as a function of equipment and type of load.
Previous investigations have indicated that equipment
factors are as important, and in some cases more
important, than solution and plating conditions [2, 8]. In
the ®rst part of this study, we showed that statistical
methods are useful for determining which variables
in¯uence cathodic e�ciency the most. Therefore, a
similar approach in the second part of the study was
used. Six factors were studied workload volume (V),
rotation speed (R), electrical charge (Q), current density
(I), perforation size (P) and part size (S). Table 4 gives
their settings in the factorial test matrix. A 26ÿ2

fractional design was chosen, constructed by setting
5 = 123 and 6 = 124, generating relations I =
1235 = 1246. This con®guration provides ®rst order
estimates (main e�ect of the variables) without the
interaction of two factors. The complete de®ning rela-
tion for this design, obtained by taking the generators
®rst one at a time and then by multiplying them

Fig. 2. Pseudo three-dimensional plot of response (cathode e�ciency) as a function of composition for a three-component low cyanide zinc

plating electrolyte.
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Fig. 3. SEM observations of zinc deposits ± low cyanide zinc plating electrolyte: i � 10 mA cmÿ2 after electrolysis with 25.2 C cmÿ2, (a) (Zn
0.23 mol Lÿ1 + NaOH 2.13 mol Lÿ1 + NaCN 0.41 mol Lÿ1 + Na2CO3 0.57 mol Lÿ1), (b) (Zn 0.16 mol Lÿ1 + NaOH 2.13 mol Lÿ1 +

NaCN 0.61 mol Lÿ1) and (c) (Zn 0.15 mol Lÿ1 + NaOH 2.13 mol Lÿ1 + NaCN 0.61 mol Lÿ1+ commercial brightener 1 ml Lÿ1). Scalebars:
(a) 50 lm; (b) 50 lm; (c) 20 lm.
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Fig. 4. SEM micrographs of deposits from various low cyanide zinc electrolytes under intentiostatic control (i � 10 mA cmÿ2 after electrolysis

with 25.2 C cmÿ2).
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together, is therefore I = 1235 = 1246 = 3456. This
de®ning relation is the key to determining all the
relationships that exist between the confounding pat-
tern.
Cathodic e�ciency and the variation in thickness are

quanti®ed. Ignoring interactions among three or more
factors, and using the complete generating relations, the
sixteen e�ects of the test variables on cathodic e�ciency
g are given in Table 5. Only workload volume (V),
current density (I), perforation size (P) and part size (S),
have important e�ects on the response. Cathodic e�-
ciency does not depend on rotational speed (R) and
electrical charge (Q). Therefore, the seven sets of two-
factor interactions confounded in groups of two or three
are simpli®ed, and only two factor interactions associ-
ated with these four parameters are underlined:

g � 85:1ÿ 2:6� V ÿ 3:9� I � 2:4� P � 2:9� S � 1:7

� IS � 1:3� VP ÿ 1:5� VI � 1:3� VS ÿ 1:0� PS

The e�ects of increasing barrel load and the current
density associated with the interaction cause a subse-
quent decrease in e�ciency. This phenomenon can be
explained by an increased depletion of zinc in the near
vicinity of the workload, causing a drop in the zinc/
cyanide ratio and by the local increase in the cyanide ion
concentration, which tends to diminish the dissociation
of complexed metal ions. The e�ects of perforation size
and part size show a positive slope. It appears that
the larger the holes, the greater the cathode e�ciency.
The perforation e�ect may be explained by an increase
in the exchange of the metal-depleted solution from
inside to outside the barrel. There is a direct relationship
between the size of parts and the volume of the load in
the barrel. If the parts are small, the density of the
workload is high and parts cannot tumble freely in the
barrel. This may lead to decreased e�ciencies and
inconsistency from part to part.
Barrel rotation speed and electrical charge do not

signi®cantly a�ect cathode e�ciency for the range
examined. Thus, it is reasonable to speculate that the
composition equilibrium resulting from the mass ex-
change from inside to outside the rotating barrel is
rapidly obtained. However, if this state induces a
di�erence in composition that is a function of exchange
speed, increasing barrel perforations and apparent
density of the load, should increase cathode e�ciency.

3.2.2. Metal thickness variation
There are two distinct types of variation in deposit
thickness. Variation in local thickness for a single part,
and variation in individual average thickness between
one part and another. However, variation in local

Fig. 5. GDOS concentration pro®le of carbon and nitrogen obtained

on zinc deposits from electrolytes (a) without additive, (b) with 1 ml

Lÿ1 of brightening agent (c) with 2 ml Lÿ1 of brightening agent,

(d) with 5 ml Lÿ1 of brightening agent.

Fig. 6. Plot of concentrations of carbon (d) and nitrogen (s) in zinc

deposits against brightener concentration in the zinc plating

electrolyte.
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thickness for a single part is a serious plating problem,
since in most speci®cations it is not local thickness but
minimum individual average thickness that is an oper-
ational requirement. The variation in thickness between
one part and another is therefore important to platers.
This aspect of plating has been discussed by many
workers [8±10] who have tried to determine the e�ect of
distribution of variations in barrel design, character of
component, and thickness of deposit. Equipment factors
such as rotation speed, or plating conditions such as
current density, were not examined. Therefore, we will
study the physical factors that strongly in¯uence thick-
ness variation. The array con®guration is the same as
before (Table 6); Table 7 depicts results. It can be seen
that there is no apparent connection between metal
variation and cathode e�ciency. Thickness does not
signi®cantly vary for the range of current density, speed
of rotation and perforation size ranges examined. The
electrical charge and part size show negative slopes of,
respectively, ÿ0:9 and ÿ1:4, while the main e�ect of
workload volume is positive (+1.1). The e�ect of these
three parameters must therefore be assessed jointly
rather than individually. The interaction e�ect must also
be examined. It appears that the higher the workload,

the lower the electrical charge, and the lower the higher
the variation. These e�ects are not surprising and are
principally due to the loss of electrical continuity.

4. Conclusion

This study aimed at analysing how the composition and
physical factors of a principal low cyanide solution
in¯uence the processing of a zinc deposit. The ®rst part
demonstrated that an experimental design can be
implemented to determine the e�ects of electrolyte
components on cathodic e�ciency and deposit mor-
phology during zinc electroplating. By using mathemat-
ical relationships, interactions between variables that
would go unnoticed in one-at-a-time experimentation
can be discovered. Brightening agent, sodium cyanide
concentration and zinc metal content strongly in¯uence
cathodic e�ciency. The morphologies of deposits vary
with the change in concentrations of the solution
components.
The additive has an inhibiting action on growth and

favors bidimensional germination. Without additives,
deposits are ®ne-grained with a decrease in e�ciency. By

Table 4. Factorial experimental design 26)2 with the generators I = 1235 = 1246 = 3456

Test 1���� 2���� 12�
35�
46����

3� 13�
25����

23�
15����

5���� 4���� 14�
26����

24�
16����

6���� 34�
56����

134���� 234���� 45�
36����

I����

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 1 1 1 1 1 1 1 )1 )1 )1 )1 )1 )1 )1 )1 1

3 1 1 1 )1 )1 )1 )1 1 1 1 1 )1 )1 )1 )1 1

4 1 1 1 )1 )1 )1 )1 )1 )1 )1 )1 1 1 1 1 1

5 1 )1 )1 1 1 )1 )1 1 1 )1 )1 1 1 )1 )1 1

6 1 )1 )1 1 1 )1 )1 )1 )1 1 1 )1 )1 1 1 1

7 1 )1 )1 )1 )1 1 1 1 1 )1 )1 )1 )1 1 1 1

8 1 )1 )1 )1 )1 1 1 )1 )1 1 1 1 1 )1 )1 1

9 )1 1 )1 1 )1 1 )1 1 )1 )1 )1 1 )1 1 )1 1

10 )1 1 )1 1 )1 1 )1 )1 1 1 1 )1 1 )1 1 1

11 )1 1 )1 )1 1 )1 1 1 )1 )1 )1 )1 1 )1 1 1

12 )1 1 )1 )1 1 )1 1 )1 1 1 1 1 )1 1 )1 1

13 )1 )1 1 1 )1 )1 1 1 )1 1 1 1 )1 )1 1 1

14 )1 )1 1 1 )1 )1 1 )1 1 )1 )1 )1 1 1 )1 1

15 )1 )1 1 )1 1 1 )1 1 )1 1 1 )1 1 1 )1 1

16 )1 )1 1 )1 1 1 )1 )1 1 )1 )1 1 )1 )1 1 1

Table 5. Levels for the plating conditions parameters

Factor 1

V

Factor 2

R

Factor 3

Q

Factor 4

I

Factor 5

P

Factor 6

S

Workload Rotation Electric Current Perforation Pieces

volume speed charge density size size

/% /rpm /C dm)2 /A dm)2 /mm2

Low level )1 25 5 1500 0.5 0.03 small

High level +1 50 10 3000 1.0 0.50 big
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adjusting the solution, it is possible to control cathodic
e�ciency and to some extent the structure of deposits
and thereby their properties.
The second part of the study shows how physical

factors such as equipment and plating conditions a�ect
cathodic e�ciency and scatter. Equipment and plating
conditions are as important as the solution for cathodic
e�ciency. Cathodic e�ciency is not a�ected by rotation
speed and electrical charge but does depend on how full
the barrel is, current density, perforation size and part
size. The variation in thickness, on the other hand,
increases as the workload volume increases. It is also

a�ected by the electrical charge and part size, but does
not depend on rotational speed, current density and
perforation size. The physical factors that improve
current e�ciency do not improve thickness variation.
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Table 6. Results and e�ects of the plating conditions upon the cathodic e�ciency g

Test g1 g2 gaverage Response notation E�ects Signi®cant?*

/% /% /%

1 86.7 86.6 86.7 Mean���� I���� 85.1

2 90.7 90.5 90.6 V���� 1���� )2.6 yes

3 80.0 79.6 79.8 R���� 2���� 0.2 no

4 80.5 80.3 80.4 Q���� 3���� 0.3 no

5 66.5 66.6 66.5 I���� 4���� )3.9 yes

6 88.4 88.8 88.6 P���� 5���� 2.4 yes

7 75.5 75.5 75.5 S���� 6���� 2.9 yes

8 92.0 91.9 92.0 VR+QI+PS 12+35+46 1.7 yes

9 79.9 79.8 79.8 VQ+RP���� 13+25���� 0.3 no

10 90.5 90.2 90.4 RQ+VP���� 23+15���� 1.3 yes

11 84.4 84.4 84.4 VI+RS���� 14+26���� )1.5 yes

12 89.8 90.2 90.0 RI+VS���� 24+16���� 1.3 yes

13 89.5 89.2 89.4 QI+PS���� 34+56���� )1.0 yes

14 91.5 91.8 91.6 VQI���� 134+���� )0.2 no

15 87.4 87.9 87.6 RQI���� 234+���� )0.1 no

16 88.5 88.3 88.4 QS+IP���� 36+45���� 0.3 no

* After analysis of variables (ANOVA)

Table 7. Results and e�ects of the plating conditions parameters upon the coe�cient of variation Cv

Test Cv1/% Cv2/% Cv(average)/% Response notation E�ects Signi®cant?*

1 5.7 5.9 5.8 Mean���� I���� 7.7

2 7.9 8.2 8.1 V���� 1���� 1.1 yes

3 8.3 8.6 8.5 R���� 2���� )0.0 no

4 11.9 11.5 11.7 Q���� 3���� )0.9 yes

5 11.7 11.9 11.8 I���� 4���� 0.4 no

6 6.4 6.5 6.5 P���� 5���� )0.2 no

7 12.0 11.1 11.6 S���� 6���� )1.4 yes

8 6.7 6.4 6.5 VR+QI+PS 12+35+46 )0.3 no

9 6.5 6.3 6.4 VQ+RP���� 13+25���� 0.2 no

10 4.6 4.6 4.6 RQ+VP���� 23+15���� )0.6 no 
11 9.6 9.6 9.6 VI+RS���� 14+26���� 0.2 no

12 6.9 7.1 7.0 RI+VS���� 24+16 ���� )0.6 yes

13 4.9 4.7 4.8 QI+PS���� 34+56���� )0.1 no

14 6.6 6.7 6.6 VQI���� 134���� 0.2 no

15 6.8 6.9 6.8 RQI���� 234���� 0.1 no

16 7.6 7.4 7.5 QS+IP���� 36+45���� 0.0 no

* After analysis of variables (ANOVA)

 An additional run has been carried out to determine whose of these two interactions are responsible for the observed results. The new estimates

are: RQ � ÿ0:4 and VP � ÿ0:2
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