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ABSTRACT

Bright Fe-Cr-Ni alloy coatings, with a composition 
similar to that of an 18/8 stainless steel, were 
successfully electrodeposited from a
sulfate-triethanolamine-sulfosalicylic acid electrolyte 
(8 g/l Ni, 4.1 g/1 Fe, 31.9 g/1 Cr, 130.2 g/1 
triethanolamine, 10.8 g/1 boric acid, 16.4 g/1 glycerin, 
and 66.8 g/1 sulfosalicylic acid). A copper rotating disk 
electrode was used so that the fluid behavior of the 
system could be controlled. The optimum conditions for 
18/8 composition were 40 °C, 16.7 A/dm2, a pH value of 2.1, 
and a disk rotational speed of 400 RPM. Coatings 3 /m 
thick, obtained under such conditions, exhibited mild 
cracking. A proof-of-concept demonstration was conducted 
by using the same conditions with a stationary mild-steel 
substrate on which 18/8 composition was also obtained.
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Chapter 1

INTRODUCTION

Metallic coatings are widely used in a diversity of 
applications such as corrosion control, repair of machinery 
parts subject to wear, deposition of conductors in 
electronic components, production of superconductors, etc. 
These coatings can be produced by numerous methods 
including hot dipping, plasma spraying, ion implantation, 
and electrochemical deposition. While no one process can 
adequately serve all applications, electrochemical 
deposition has several advantages which make it suitable in 
a number of situations. For instance, it is possible to 
repair on site, with this process, machinery parts without 
major disassembly. Moreover, in general, 
electrodeposition, as opposed to plasma arc spraying or 
welding, does not require high temperatures which may cause 
microstructural changes in the substrate. Another 
advantage of electroplating is that higher hardness are 
possible in the deposit as compared with thermal processes. 
Furthermore, electrochemical deposition is also 
characterized by the superior bonding obtained. Finally
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electrodeposition is often less costly than most other 
processes.

1.1 Scope
Electrochemical deposition of alloy coatings has been 

the subject of numerous papers. However, only a handful of 
them are concerned with the electrochemical deposition of 
the Fe-Ni-Cr ternary, which has been obtained from various 
electrolytes(1) such as fluoborate, citrate, sulfamate, and 
sulfate baths. While the electroplating of chromium can be 
achieved through hexavalent or trivalent baths, the 
Fe-Ni-Cr ternaries have been more successfully plated from 
sulfate baths using trivalent chromium, as revealed by 
Sarojama and Rama Char,C1) and Przywoski and Socha.(2) 
However, in spite of the success claimed by the 
above-mentioned researchers, no commercial process exists 
today to electrodeposit the alloy.

1.2 Purpose of the Study
The purpose of this study was to obtain stainless 

steel coatings, similar to the austenitic 18/8 stainless 
steel, using electrolytes similar to those proposed by 
Sarojama and Rama Char, and Przywoski and Socha, carefully 
controlling the fluid dynamic behavior in the



T-3772 3

electrolyte-electrode interphase region.
Moreover, unlike previous studies on stainless steel 

deposition, cyclic voltammetry was used to determine its 
feasibility as an analytical tool. The final objective of 
this study was to demonstrate that it was possible to 
obtain 18/8 type deposits on a stationary mild-steel sheet 
electrode.

1.3 Work Conducted
The work conducted and reported in this thesis was 

based on the results obtained by Sarojama and Rama Char and 
those of Przywoski and Socha. For this purpose, an 
electrolyte, based on the ones proposed by the 
aforementioned researchers, was investigated. Unlike 
previous studies, however, the fluid dynamics in the 
electrolyte was controlled. This was achieved with the use 
of a copper rotating-disk electrode, where the thickness of 
the boundary layer can be controlled. Under appropriate 
conditions, bright deposits with compositions similar to 
that of 18/8 stainless steel could be obtained. The 
optimum operating conditions for such composition were 16.7 
A/dm2, 40 °C (in the electrolyte), pH(27 °C)=2.1, and a 
disk rotational speed of 400 RPM. The deposition time was 
such that a constant number of coulombs per unit area (6667
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C/dm2) was applied in all tests. With this restriction, 
deposits of approximately 2.5 ^m with low microcrack density 
were obtained. In order to provide a proof-of-concept 
demonstration, the above electrolyte, was used, with the 
optimum operating conditions, to produce a similar deposit 
on stationary mild steel substrates. A special 
electrolytic cell configuration had to be designed and 
constructed for this purpose. With this cell, deposits 
which had an 18/8 stainless steel composition were also 
obtained. However, cracking in these deposits was more 
severe.

In addition to the above tests, cyclic voltammetry was 
used to provide a basis for elucidation of the electro
chemical processes associated with the electrodeposition.

1.4 Organization of the Thesis

The thesis consists of six chapters. The first chapter 
is an introduction to the topic selected and also the work 
reported in the thesis. In the second chapter, relevant 
literature relating to the electrodeposition of alloys is 
presented. The third chapter presents theoretical aspects 
related to alloy electrodeposition and a discussion of the 
rotating disk electrode. In the fourth chapter the 
experimental details of this study are given, as well as
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results of preliminary experiments performed. In Chapter 
5, results of the major tests conducted are presented and 
discussed. Chapter 6 is the conclusion of the thesis, and 
a summary of this research is provided along with the 
enumerated conclusions and ideas proposed for further work.
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Chapter 2

LITERATURE REVIEW

In this chapter a brief summary of the developments 
that have led to the present knowledge of the theory of 
alloy deposition is presented. In addition, recent studies 
concerning the electrodeposition of iron-chromium-nickel 
alloys are reviewed.

2.1 Electrodeposition of Alloys
In this section, highlights of Brennerzs(3) review on 

alloy deposition covering the period up to the early 
sixties have been summarized. Also, other relevant studies 
in the field are presented.

Modern electroplating is considered to have emerged in 
1840 when John Wright, an English surgeon, discovered that 
cyanides made possible the deposition of silver. The 
interest in deposition of alloys started almost 
simultaneously when De Roulz, a French researcher, 
developed processes to deposit brass and bronze. The 
electrolyte that he used is believed to have contained a 
copper cyanide complex and stannate(4). Thereafter,
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numerous patents and publications appeared and a great 
number of textbooks were published. The main interest in 
alloy deposition, however, centered around brass and gold 
alloys. This interest stemmed from the ability to produce 
alloys of different color shades for decorative purposes.

A great contributor to the theory of electroplating 
was Nernst who, through the use of thermodynamic 
principles, was able to develop a relationship between the 
equilibrium potential in an electrolytic cell and the 
activities of the different species in the electrolyte. 
Based on a paper written by Nernst which was published in 
1847(5), Brenner (3) reported on the chemical equilibrium 
of a mechanical mixture of two metals. According to 
Brenner, Nernst equated the electrode potentials of the two 
metals as follows :

RT P]/ RT P2'
= --- In —nlF Pi   In --- = E2

n2F P2

where, E = electrode potential of the metal
p' = electrolyte solution pressure of metal
p = osmotic pressure of metal ions in solution
n = valence of ions
1,2 = subscripts of the two metals.



T-3772 8

It is important to point out that the significance of 
the "electrolyte solution pressure of metal" is not clear 
in Brenner's review and he makes no attempt to discuss it.

From the above equation, the following relationship 
was obtained:

Pi' 1

r— 
- 

<Nai
_ Pi . _ P2 .

Brenner stressed that this relationship, however, 
applies only to the specific equilibrium condition.

Unfortunately, much of the work on electrodeposition 
of alloys that followed Nernst's paper lacked theoretical 
explanations of the processes involved and did not discuss 
the effects of the electroplating parameters.
Nevertheless, Robert Krenman published, in 1914, a 
booklet(6) which included scientific studies in alloy 
deposition. This booklet covered the electrodeposition of 
a number of alloys and discussed the effect of operating 
variables on the deposit. Moreover, these deposits were 
discussed taking into consideration microscopic 
observations. A great pitfall in these studies was 
Krenman's belief that a necessary condition for 
codeposition was that the electrode potentials of the 
metals were in the equilibrium condition (a condition
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postulated by Nernst). Moreover, he believed that the 
amounts of the metals in the deposit were proportional to 
the current densities of the metals when they were 
deposited individually. These ideas have been shown to be 
too simplistic(7).

In spite of advances in electrochemistry and in the 
elucidation of theories of hydrogen and metal overvoltage, 
no comprehensive textbook on the theory of 
electrodeposition of alloys appeared for almost half a 
century after Krenmanzs booklet. In the early sixties, 
however, Abner Brenner's "Electrodeposition of Alloys"(3) 
was published which is still one of the most complete and 
recent treatises on the theory of alloy deposition. In 
this comprehensive treatise, the effects of operating 
variables and bath composition, are discussed. Moreover, 
the structure and properties of electrodeposited alloys are 
covered. Furthermore, the role of the diffusion layer, the 
cathode potentials and the theory of complexing and 
addition agents is treated. In general, this work lays out 
the principles of alloy deposition and gives practical 
consideration and specific information on electrodeposition 
of alloys.

Another significant achievement in the study of the 
electrodeposition of alloys was the development of a
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mathematical model for the periodic electrodeposition of 
multicomponent alloys by M.W. Verbrugge and C.W. Tobias(8). 
This model was developed for a rotating disk electrode, 
where Butler-Volmer kinetics are applicable, and for which 
transient and convective mass transfer is considered. 
Furthermore, the activities of the individual species are 
also taken into consideration. With this model, the 
composition of the deposit, the ionic concentration 
profiles, and the current-potential relationships can be 
predicted. The investigators have tested the model using 
square and triangular wave forms and proposed an analogous 
model for controlled potential deposition. However, it 
requires numerous system parameters which are often not 
readily available.

2.2 Electrodeoosition of Iron-Chromium-Nickel Alloys
Reports on electrodeposition of iron-chromium-nickel 

alloys have appeared as early as 1938(9/10). However, it 
was in the late fifties, throughout the sixties and early 
seventies that most of the work on the electrodeposition of 
these alloys has been produced. Domnikov(9'11,12,13,14) 

has reported in the English language much of the studies in 
Fe-Cr-Ni alloy deposition that were conducted in East Block 
countries. Her reports covered studies in which sulfate,
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sulfamate, and chloride electrolytes were used. She also 
reported on electrolytes that contained hexavalent 
chromium. Other reports, in which the deposition of these 
alloys has been obtained from fluoborate(15), 
citrate(1 6 /i7), and sulfate electrolytes(18), have appeared 
in Soviet journals. Related investigations have also taken 
place in India where a sulfate-triethanolamine 
electrolytef1) was studied. Also, in India, a study of 
internal stresses in electrodeposited stainless steel(19) 
was carried out. In the United States, IBM^20) patented a 
process to produce iron-chromium-nickel alloys, rich in 
chromium, for electronic applications. The most recent 
study in the subject was reported in Poland(2) in 1986. In 
that study an electrolyte based on nickel, chromium, and 
iron sulfate salts and sulfosalicylic acid, used as 
complexing agent, was investigated.

In the section which follows some of the studies 
concerning the deposition of the Fe-Cr-Ni will be 
discussed. The section on sulfate electrolytes is covered 
more thoroughly since the electrolytes used in the present 
study are based on sulfate salts.
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2.2.1 Sulfate Electrolytes
Domnikov(9) reported that the first deposits of 

Fe-Cr-Ni alloys were obtained by Lanier(10) who used a 
"green modification" of chromium sulfate. Two decades 
later, Machu and E1-Ghandour(21) studied 
electrodeposition from an electrolyte containing 
sulfate salts of iron, nickel and chromium with boric 
acid and urea. These investigators were able to 
deposit coatings approaching an 18Cr/9Ni composition, 
in a pH range of 2.1-2.4, a current density range of 
10-15 A/dm2  and a temperature range of 40-45 °C.

A few years later, an electrolyte containing 
chromium potassium alum, nickel sulfate, Mohr salt, 
sodium fluoride, and sodium citrate was studied at 2 5 
°C and 40 °C. The anode used in this study( 9  f 22) had 
an 18Cr/9Ni composition. The optimum operating 
conditions at 25 °C were 15-16 A/dm2  and semi-bright 
coatings were obtained. At 40 °C the optimum 
conditions were 18-20 A/dm2. Under these conditions, 
bright but stressed coatings were obtained. Moreover, 
coatings with a thickness over 6  /jm had poor adhesion 
to a 18Cr9NiTi (grade "d") sheet steel substrate prior 
to heat treatment. In the study, the pH ranged from
1 . 6  to 1 .8 .
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In the late sixties an electrolyte containing 
chromium potassium alum, aminoacetic acid together 
with iron and nickel sulfates was developed to produce 
electrodeposited Fe-Cr-Ni coatings. Using such a 
bath(1 4 f23), studies on polarization behavior as well 
as effects of temperature (20-25 °C) and pH (1.5-2.5) 
were conducted. It was noted that chromium hydroxide 
formation occurred at a pH range (the temperatures of 
the pH measurements were not specified) between 2.3 
and 2.5, as well as when the coating thickness 
exceeded 50 /m. At pHs between 1.5 and 1.8 non-uniform 
coatings were produced. The optimum pH range was 
between 2.0 and 2.2. Furthermore, the effects of 
current density on microhardness and internal stresses 
were also studied. It was found that the magnitude of 
the internal stresses was a function of the current 
density. Moreover, there was a shift from compressive 
to tensile stresses as current density increased.

Other researchers have also performed studies 
regarding internal stresses in iron-chromium-nickel 
deposits. S. Gowri and B.A. Shenoi(19) used an 
electrolyte based on chromium potassium alum, nickel 
and iron sulfate, trisodium citrate, boric acid, 
sodium fluoride and glycine to obtain stainless steel
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coatings and study internal stresses. They found that 
the mean stresses were a function of current density 
and coating thickness. They noted that as current 
density increased, the mean stress increased up to a 
certain thickness. Thereafter, because of crack 
formation, mean stresses decreased. Mean stresses 
also increased with pH and this increase was 
attributed to the increase in the basic-inclusion 
content in the deposit. The electrolyte temperature 
also caused the mean stresses to increase. Moreover, 
at higher temperatures, the decrease in mean stress 
due to crack formation was not as rapid as the 
decrease at lower temperatures.

In the early seventies, Sarojama and Rama Chart1) 
reported on their investigation of an electrolyte 
which contained iron, nickel and chromium sulfates, 
boric acid as a buffering agent, and triethanolamine, 
as a complexing agent. The optimum electrolyte 
composition and operating conditions used by these 
investigators are shown in Tables 2.1 and 2.2, 
respectively. The tests were carried out at 40 and 60 
°C and they investigated a wide pH range. Figure 2.1 
shows the effect of triethanolamine concentration in 

the electrolyte on the deposit composition. Notice
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Table 2.1-Optimum composition (in g/1) for the electrolyte 
used by Sarojama and Rama Chart1) and for the 
one used by Przywoski and S o c h a ( z ) .

Reagent
Sarojama,
Rama Char (g/1)

Socha,
Przywoski (g/1)

Cr2 (S0 4 )3 l5 H 2 0 264.98
Cr2 (SO4 )2 18H20 214.85

NiS047H20 56.18 28.07
FeS047H20 27.80 21.46
Al. Sulfate* N/A
Boric Acid

(H3 BO3 ) 25.00 12.37
Ascorbic Acid 

(C6 H 8 06) 0.53
Glycerin 

(ch2 ohchohch2  OH) 8.42
Triethanolamine

(c6 h 1 5 no3) 149.14
Sulfosalicylic

Acid
(c 7h 606s h2°) 76.26

* Przywoski and Socha suggest a composition of 0.05 
moles/liter. However, they did not mention the hydration of 
this sulfate.
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Table 2.2-Optimum operating conditions for the electrolyte 
used by Sarojama and Rama Chart1), and for the 
one used by Przywoski and Sochat2'.

Condition
Sarojama, 
Rama Char

Socha,
Przywoski

Electrolyte
temperature 40 °C 3 0 °C
Deposition

time 5 min.

PH 2 . 0 1 . 8

Substrate Cu Cu

Agitation Nil Nil
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Figure 2.1-Effects of current density and triethanolamine
concentration on deposit composition as obtained 
by Sarojama and Rama Chart1). Fe 0.1M, Cr 0.8M, 
Ni 0.2M. Conditions as in Table 2.2. 
Triethanolamine concentration: (1 ) Nil, (2 ) 1 M, 
(3) 2M.
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that the addition of triethanolamine to the 
electrolyte increased the deposition of chromium. 
However, upon increase in triethanolamine 
concentration from 2M to 3M the curves for chromium 
cross at least twice. Hence a definite trend is not 
discernible. In the case of nickel, an increase in 
triethanolamine concentration from OM to 1M caused a 
decrease in nickel deposition, for any given current 
density. On the other hand, nickel deposition was 
more favorable at a triethanolamine concentration of 
2 M, than when the concentration of triethanolamine was 
nil. In the case of iron, deposition decreased as the 
triethanolamine concentration increased. Figure 2.2 
shows the effect of pH on deposit composition. One 
can see that at current densities above approximately 
15 A/dm2, the deposition of chromium decreased as the 
pH of the electrolyte increased. Nickel deposition, 
on the other hand, increased as the pH of the 
electrolyte increased. Iron deposition increased with 
increasing pH up to a value of 2. However, when the 
pH of the electrolyte reached 3 the deposition of iron 
dropped below that obtained at a pH of 1.5. Figure 
2.3 shows the effect of temperature on deposit 
composition. It can be seen that nickel and iron
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Figure 2.2-Effects of current density and pH on deposit 
composition as obtained by Sarojama and Rama 
Chart1). Conditions as in Fig. 2.1. pH: (1) 
1.5, (2) 2.0, (3) 3.0.
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Figure 2.3-Effects of current density and temperature on
deposit composition. Conditions as in Fig. 2.1. 
Temperature (1) 40 °C, (2) 60 °C.
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deposition is more favorable at 60 °C/ while chromium 
deposition is more favorable at 40 °C. Thicknesses 
over 25 fim were obtained using the electrolytes 
discussed above. However, the basic-inclusion content 
ranged from 0 to 4% at low current densities and up to 
1 2 % at higher current densities.

Socha and Przywoski(2) also used a sulfate 
electrolyte. However, instead of using 
triethanolamine as complexing agent they used 
sulfosalicylic acid. Table 2.1 shows the electrolyte 
composition for optimal deposits, and Table 2.2 shows 
the optimum operating conditions for the deposition of 
coatings with a composition comparable to a 18/8 
stainless steel. They studied the chromium, nickel, 
and iron content of the deposits and overall current 
efficiencies as a function of temperature, current 
density, and pH. Figure 2.4 shows the chromium, 
nickel and iron content of the deposits as a function 
of the pH of the electrolyte. Likewise, Figure 2.5 
and 2 . 6  show the behavior with respect to current 
density and temperature. Notice that at 20 A/dm2, 
unlike the results obtained by Sarojama and Rama Char, 
chromium deposits more favorably at the higher pH. On 
the other hand, the behavior with respect to
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Figure 2.4-Chromium, nickel, and iron contents of deposits 
as a function of electrolyte pH, as obtained by 
Przywoski and Socha (2). The electrolyte 
composition is shown in Table 2.1. The 
operating conditions were the following: current 
density, 20 A/dm2 ? temperature of the 
electrolyte, 30 °C; deposition time, 5 min.; no 
stirring.
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Figure 2.5-Chromium, nickel, and iron contents of deposits 
as a function of current density. Based on data 
obtained by Przywoski and SochaI2). The 
electrolyte composition is shown in Table 2.1. 
The operating conditions were the following: pH, 
1.8? temperature of the electrolyte, 30 °C; 
deposition time, 5 min.; no stirring.
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Figure 2.6 -Chromium, nickel, and iron contents of deposits 
as a function of temperature. Based on data 
obtained by Przywoski and Socha(2). The 
electrolyte composition is shown in Table 2.1. 
The operating conditions were the following: 
current density, 20 A/dm2; pH of the 
electrolyte, 1.8; deposition time, 5 min.; no 
stirring.
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temperature and current density agree with that 
obtained by Sarojama and Rama Char. Figure 2.7 shows 
the variation in cathodic efficiency with pH, current 
density, and temperature. These results also agree 
with the results obtained by Sarojama and Rama Char. 
Socha and Przywoski observed that the increase in 
deposition time in addition to increasing the 
thickness of the coating also affected its quality. 
They also claimed that crackfree coatings were 
obtained at thickness up to 8  /im. However, as the 
thickness increased cracks formed on the surface. 
Besides its role as a complexing agent, sulfosalicylic 
acid also influenced the quality of the deposits. In 
fact, these investigators observed that smoother 
surfaces were obtained with electrolytes that contain 
sulfosalicylic acid than with electrolytes that do 
not. Przywoski and Socha also studied ways to 
increase the brightness of the coatings. This was 
accomplished with additions of substances such as 
saccharin, glucose and lactose. The best results were 
obtained with saccharin which improved the brightness 
of the deposit by 20 to 23%, with respect to the 
silver scale. The additions of these brighteners 
decreased the cathodic efficiency slightly. Finally,
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Figure
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2.7-Overall cathodic current efficiency as a function 
of (a) pH, (b) current density, and (c) 
temperature. Based on data obtained by 
Przywoski and Socha(2). The electrolyte 
composition is shown in Table 2.1. The 
operating conditions were the following: (a) T = 
30 °C, 20 A/dm2; (b) pH = 1.8, T = 30 0 C; (c) 20
A/dm2, pH = 1.8; no stirring.
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they pointed out that when the chromium concentration 
in the deposits exceeded 18%, the o phase appeared in 
the deposit.

2.2.2 Sulfamate Electrolytes
Deposition of iron-chromium-nickel alloys has 

also been obtained from sulfamate electrolytes(13/24). 
The effects of nickel, iron, and sulfamic additions to 
the electrolyte were studied. The addition of iron 
produced an increase in iron content of the coating at 
the expense of chromium and nickel, which decreased. 
The current efficiency also increased but at the 
expense of coating quality. Nickel additions did not 
affect the current efficiency, but caused a decrease 
in chromium content of the coating. Sulfamic acid did 
not produce changes in the deposit composition. 
However, with this addition the coatings became more 
dense and the formation of hydroxides diminished.
This study also showed that while chromium deposition 
was favored at low temperatures, nickel and iron 
deposition improved at high temperatures.
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2.2.3 Tetrachromate Electrolytes
High Chromium (93 to 100 w%) deposits(11'25) have 

been obtained using a "self-regulating" tetrachromate 
electrolyte containing Cr03, CaC03, CaC04 •2H20 and 
iron and nickel sulfates. The coatings had good 
adhesion and a fine crystalline microstructure was 
reported. The pH of this bath, under optimum 
conditions, was 0.2 to 0.5, and the current density 
was 8-12 A/dm2. Under these conditions, deposits of 
93 to 100 weight % Cr were obtained. However, 
stainless-steel-composition coatings could not be 
deposited.

Additions of ammonium sulfate, magnesium sulfate, 
aluminum sulfate and ethyl alcohol(26) to an 
electrolyte based on the one above, permitted 
deposition of stainless steel. Coatings up to 4 mils 
(100/m) could be obtained. However, these deposits 
were plagued with a network of cracks.

2.2.4 Chloride Electrolytes
Deposits of 18Cr/9Ni have also been obtained with 

a CrCl3 ("green modification"), nickel and iron 
chlorides, sodium citrate and aluminum chloride 
electrolyte. In one study(12'27) using such an
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electrolyte, the effects of aluminum chloride were 
investigated, the results of that investigation showed 
that aluminum chloride enhanced the efficiency of the 
process while at the same time decreased the amount of 
nickel in the deposit. Also, aluminum chloride 
increased the hydrogen overvoltage. Moreover, it was 
shown that aluminum chloride acted as a buffer which 
maintained the pH near the cathode surface constant. 
The optimum operating conditions to obtain 18Cr/9Ni 
coatings were 25-35 A/dm2, 30 °C and a pH range of 0.2 
to 0.3.

It is interesting to mention that the coatings 
produced were magnetic and had a body centered cubic 
lattice. However, upon heat treatment the lattice 
transformed to face centered cubic and the porosity 
diminished. The maximum crackfree thickness (1 mil; 
25/m) was obtained on copper substrates.

Finally, IBm (20) has also used chloride 
electrolytes for the fabrication of electronic 
components. The deposits obtained were comparable to 
80-20, nickel-iron alloys.
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Chapter 3

THEORETICAL ASPECTS

This chapter begins with a discussion of the various 
mechanisms in the electrocrystallization process and how 
their intrinsic rates (current densities) are related to 
variables such as temperature, and overvoltage. The effect 
of electrolyte composition on alloy deposition is also 
reviewed together with studies on the effects of additives 
and complexing agents. Finally, a discussion of the 
features offered by a rotating disk electrode is presented.

3.1 Mechanisms
Five competing mechanisms can be identified with the 

electrocrystallization process. These are temperature 
dependent, and are also influenced by the composition of 
the electrolyte as well as the properties of the electrode. 
These mechanisms are related to the polarization of the 
electrode, and are manifested by the overvoltage which must 
be applied to the system.

The total overvoltage can be determined experimentally 
and separated into five components as shown in the
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following equation:

V tot = %0 + %c + %a + + %i (3-1)

where: Vtot = total overvoltage
?7q = ohmic overvoltage
77 c = concentration overvoltage
77 a  = activation overvoltage
77% = crystallization overvoltage
77 i  = inhibiting overvoltage

The influence of these mechanisms on alloy deposition 
will now be discussed.

3.1.1 Ohmic Resistance
Ohmic resistance is related to the 

specific conductivity of the bulk electrolyte. 
According to Ohm's law:

i = KE (3.2)
where: i = current density vector (A/cm2)

E = electric field intensity vector (V/cm)
K = specific conductivity of the bulk 

electrolyte (S/cm)

The specific conductivity "K” is a function of
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the number of charge carriers or ions in the 
electrolyte. Hence, conductivity is concentration 
dependent and for this reason it is usually 
normalized. Thus, the molar conductivity, A, for 
example, has units of S.cm2 .mol“ 1

The specific conductivity is related to the molar 
conductivity by the following equation:

A = K/C (3.3)

where "C" is concentration in mol/cm3

It is found that, in general, the molar 
conductivity decreases with increasing concentration.
A convenient representation of molar conductivity as a 
function of concentration is obtained by introducing 
its limiting value at infinite dilute solution, given 
by:

A = A 0  - (A + BA0)JC

where "A" and "B" are temperature dependent quantities 
and "Aq ” is the molar conductivity at infinite 
dilution (which is obtained by extrapolation to zero
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concentration). Since the molar conductivity depends 
on the concentration of the charge carriers in an 
electrolyte, the pH of the electrolyte would be 
expected to have a significant effect on conductivity, 
depending on the concentration of other cations in the 
electrolyte.

3.1.2 Concentration Polarization Mechanism (Mass 
Transport)

On the basis that the concentration profile in 
the near-electrode region of the electrolyte is 
linear, the current density for a given cation 
becomes(31):

DZF Cb - C0

i = ------------------- (3.4)
1 - t . S

where : D = diffusion coefficient
CB= bulk concentration of the ion 
Cq= concentration of the ion at the 

electrode surface 
t+= transport number
S = thickness of the diffusion boundary layer
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According to Newman(3 , in the special case when 
there are no concentration gradients, one may 
interpret the transport number as the fraction of the 
total current carried by that ion. This is evident 
from observation of the equation for the 
transport number (valid, in this case when only two 
types of ionic species are present):

Z+U+
t+ = --------------------  (3.5)

Z+U+ + Z_U_
where Z+ = charge number of cations

Z_ = charge number of anions
U+ = mobility of cations (cm2 -mole/J-s)
U_ = mobility of anions (cm2 -mole/J-s)

However, as Newman also indicates, when there are 
concentration gradients, the transport number cannot 
be interpreted in the sense indicated previously, 
because not all the ionic species may contribute to 
the current. Thus, for example, if only the cations 
are being transferred to the electrodes, the 
contribution of the cations would be 1 0 0 %. 
Nevertheless, its value as a transport property of the 
electrolyte is invariant.

Since the diffusion coefficient is a function of
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temperature, the intrinsic current density associated 
with this mechanism also varies with temperature. 
Finally, it is seen from equation 3.4 that the 
intrinsic current density is directly proportional to 
the concentration gradient and inversely proportional 
to the transport number and the boundary layer 
thickness.

3.1.3 Kinetic (Activation) Polarization Mechanism 
Electronation and de-electronation reactions 

take place within the electrode-electrolyte interphase 
region during electrodeposition. A generic example of 
an electronation reaction (or reduction) is:

0 + Z e “ - R  (3.6)

where: 0  ■ oxidized species 
R - reduced species 
e - electron
Z - number of electrons participating in the 

reaction

If the reaction above proceeds from left to right 
it is said to be an electronation reaction (or
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reduction). The rates at which these reactions occur 
can be expressed in terms of the current densities 
associated with the electrode on which they occur, 
and these currents are opposite in sign(28):

ie = ig e(”aez,?F/RT) (electronation) (3.7)
ijj = — ig e(adz^F/RT) (de-electronation) (3.8)

where: ie= electronation current density
i^= de-electronation current density 
i0= exchange current density 
ae= electronation transfer coefficient 
(%d= de-electronation transfer coefficient 
F = Faraday's constant 
R = gas constant 
T = absolute temperature 
rj = overvoltage

The overvoltage, is defined as the difference 
between the electrode potential, A$, and the 
equilibrium potential associated with the particular 
reduction/oxidation reaction, A$eg. Thus:

% = A@ - A$eq = 77À (see equation 3.1) (3.9)
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It is worth noting that the equilibrium and 
applied potentials are expressed as relative 
quantities because they are measured with respect to a 
standard reference electrode.

Since electronation and de-electronation occur 
simultaneously, there is a net current density which 
is the intrinsic current density associated with 
this activation process. This current density, which 
is the vector addition of equations 3.7, and 3.8, is 
given by the Butler-Volmer equation(28):

When the magnitude of the overvoltage is large 
one term or the other becomes predominant. Hence, in 
the case when the overvoltage is large and negative 
equation 3.8 is simplified to the Tafel equation 
for reduction, and becomes :

Note that the equation above is the same as 
equation 3.7.

If two or more reactions take place (under Tafel

i ss 1 q e F/RT) _ e (a^Zr/F/RT) (3.10)

(3.10b)
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behavior) at the electrode supplying the electrons, 
the reactions can be written as follows(28):

il=i()l 6 (-Qîl̂ ,,7i/RT) =iQ^ e(*^lF/RT)(A@ - A$eqi)

i2 =io2  e("a2F,7 2 /RT)=io2 e(“a2F/RT) (A$ “ A$eq2) (3.11)
in=ion e (_QjnF^n/RT) =i0n e(_Q5nF/RT) (A^ " A^eqn)

From the expressions above, one can see that if 

ioi > ^ 0 2  and if cki = o?2 , then metal 1 , present as a 
cation in the electrolyte, would deposit at a higher 
rate than metal 2. This situation is illustrated in 
figure 3.1a. Furthermore, as illustrated in figure 
3.1b, if i0i > io2 and , then the rate of
deposition of metal 1  will be greater than that of 
metal 2 , if the deposition overpotential is less 
negative than A$. When the deposition overpotential is 
more negative than A$ the situation is reversed and 
metal 2  deposits at a higher rate than metal 1 . 
Therefore, the overpotential applied to the electrode, 
with respect to a given metal species can determine 
the corresponding deposition rate. Note that 
temperature also affects the Tafel slope, and its 
influence can alter the ratio i2 /ii. A more detailed 
presentation on this subject is given by Bockris and 
Reddy( 2 8).
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Figure

Positive potential

At

log l
Log (deposition current density)

Positive potentiel

Log (deposition current density )

3.1-Alloy deposition of two metals for two 
hypothetical situations: i0i > io2 ' a l 
and igi > io2' a l > a2 (b); after Ref.

= <%2 (a ) , 28 .
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3.1.4 Crystallization Mechanism
According to GlasstoneC33), under certain 

circumstances (such as the deposition of a metal atom, 
resulting from the electronation of a cation on an 
electrode of a different material, for example), in 
order for an atom to find a stable lattice positions, 
it must overcome a hindrance which can require a 
significant change in energy. If this process is rate 
limiting and the mechanism involves the transfer of 
atoms from points where they are deposited to their 
final lattice position, the overvoltage is directly 
proportional to the current. At low current 
densities, the deposition of many metals satisfies 
this condition? however, this behavior is also 
identical to the charge-transfer mechanism (activation 
polarization) at low current densities. Therefore, 
these two mechanisms would became undistinguishable.

3.1.5 Inhibiting Mechanism
The adsorption of extraneous species onto the 

electrode surface may affect the electrode process and 
the nature of the electrochemical deposit. This topic 
has been discussed in detail by Vagramyan and 
Zhamagortsyans in "Electrodeposition of Metals and
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Inhibiting Adsorption"(29). Thus, only a brief 
discussion will be presented here.

The potential which must be applied before charge 
transfer can occur is associated with strong 
adsorption of surface active species in the 
electrolyte onto the electrode, and this phenomenon is 
known as inhibition. Furthermore, the potential 
necessary to overcome the inhibition is known as the 
inhibiting potential. Often, this potential 
influences the mechanism of the electrode process.

Two types of adsorption on a substrate can be 
identified: chemical adsorption (chemisorption) and 
physical adsorption. Physical adsorption is 
associated with weak Van der Wall's forces of 
electrostatic polarization and of electrostatic 
imaging. Chemisorption is identified with adsorbed 
species forming compounds with the substrate.
Chemical adsorption is characteristic of metals of the 
transition group and occurs mainly on metals with 
partially unfilled "d" levels. Both chemical and 
physical adsorption depend on the distance between the 
adsorbate in the electrolyte and its location relative 
to the substrate. This means that whether a species 
will be chemisorbed or physically adsorbed depends on
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which mechanism will reduce more effectively the free 
energy of the system at a given distance from the 
electrode.

The rate of electrochemical reaction depends on 
the number of active sites (sites free of adsorbed 
molecules). Hence in order for deposition to occur on 
the electrode, a suitable potential must be present so 
that electronated ions can be deposited within the 
voids of the adsorbed layers. The limiting 
current associated with inhibiting adsorption is given 
by the following approximate equation:

i - K.e(Aads/RT) (3.12)

where Aa(js is the energy barrier for transport of the 
metal ions through the pores of the adsorbed layer. If 

Aads is larger than the work of formation of a three 
dimensional nucleus, An, then the new nuclei should 
form on the electrode surface? i.e.: a coating is 
formed. When the electrode is polarized to a more 
cathodic potential, the energy barrier, Aads, 
decreases, and equation 3.12 becomes identical to 
equation 3.10b. Thus, once again, this mechanism 
cannot be distinguished from the charge transfer case
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3.2 Complexinq Agents
The standard equilibrium electrode potentials of Ni,

Fe, and Cr are -0.25, -0.44 and -0.74 V respectively. 
According to Brenner(3), in order to deposit an alloy the 
potentials of the metals to be deposited (when the cations 
are present at a particular activity) have to be close to 
one another. In fact, differences of more than 0.1 V make, 
in many cases codeposition impractical. In principle, 
these potentials can be controlled by adjusting the 
concentration of the metal cation in the electrolyte 
through the use of complexing agents. From the Nernst 
equation, it can be seen that the potential of a metal 
relative to its cation in the electrolyte is a function of 
the activity coefficient and concentration of the cation:

0.059.1og(C.fa)
E = E 0 ------------------------------------ (3.13)

n

where: C is the molar concentration, fa is the activity 
coefficient of the cation and n is the number of 
equivalents per mole. If the concentration is decreased 
ten times and for a cation with a single charge, the 
equilibrium potential will decrease by only 59 mV. Hence, 
changing the concentration of the cation is not, in many
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cases, a convenient method of changing its equilibrium 
potential. Complexing agents, on the other hand, provide 
more satisfactory means of controlling this equilibrium 
potential. In an organic electrolyte containing the 
"standard" amount of copper and lead, for example, the 
potentials of copper and lead are -0.35 and -0.55 V 
respectively. Thus, the potential difference between the 
two equilibrium values of the two .metals is only 0.2 V. In 
contrast, their difference in standard electrode potentials 
is 0.46 v(3).

Complexing agents can also be chosen so that they 
selectively affect the potential of only one of the 
electrode systems. Another possibility is to use several 
complexing agents in the same electrolyte to selectively 
affect the static potentials of particular metal species. 
Finally, the concentration of the complexing agent can be 
adjusted to make a certain metal less noble relative to 
another.

Complexing agents may be classified as organic, or 
inorganic, and whether they must be used in alkaline, 
neutral or acidic electrolytes. Lead in the form of 
plumbate is an example of an inorganic complex. Examples of 
organic complexing agents are amino acids, and amines.

An important characteristic of complexing agents is
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that they can be adsorbed at the cathode. While this may 
constitute an advantage, high molecular weight species 
which are strongly adsorbed, may cause the deposit to be 
cracked or be subjected to internal stress.

3.3 Addition Agents
Addition agents are in general present in the

electrolyte in small concentrations. Their function is to
improve the characteristics of the deposit. For example, 
they may contribute to grain reduction or in brightening of 
the coating. In general, because of their low 
concentration, they do not affect the concentration 
distribution of the metal ions, the conductivity, the 
viscosity nor the pH of the electrolyte. Moreover, they 
have little or no effect on the equilibrium electrode
potential. Addition agents may be detected in the deposit.
Although in the past there has been controversy over the 
mechanisms by which they are incorporated, a general 
consensus exists now that they become part of the deposit 
through a process of adsorption(3).

3.4 Rotating Disk Electrode
For research purposes, the rotating disk electrode is 

convenient because the fluid dynamic and transport
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characteristics can be conveniently modeled. The rotating 
disk electrode has been reviewed by Riddiford(30) and 
Newman(3!).

For a rotating disk electrode, the axial velocity of 
the fluid varies in the direction normal to the rotating 
disk surface. At the same time, there is no radial 
variation in axial velocity distribution. Hence, the mass 
transfer boundary layer remains uniform over the surface of 
the disk. Thus, for laminar conditions, the limiting 
current density, when no more than 3 ionic species are 
present can be approximated by the following 
expression(32):

iL = 0.620 ZFD2/3v "1/6w 1/2Cb (3.14)

where iL = limiting current density 
v = kinematic viscosity 
w = rotational speed 
CB = bulk concentration of the cation 
D = diffusion coefficient

At operating conditions well below the limiting 
current density, the current density becomes a radial 
dependent function(3 :
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i(r) = 0.5 iavg (l-r2/r02)1/2? ro>r^0

where i(r) = local current density

iavg = average current density 
r = radial distance 
r0= radius of the disk

When more than three ionic species are present, the 
numerical constant will not be 0.620, and it has to be 
calculated empirically.

A more complete discussion of the rotating disk 
electrode, is provided by Riddiford (30) and Newman(31).
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Chapter 4

DETAILS OF EXPERIMENTS

In this chapter, the apparatus and equipment used for 
conducting experiments is described first. This is 
followed by details of the procedures adopted in conducting 
three types of experiments/tests utilized in the research. 
Finally, in the last section, results of preliminary 
experiments are presented and discussed.

4.1 Apparatus and Equipment Used
In this investigation, three types of experiments were 

conducted: 1) deposition of Fe-Cr-Ni alloys at constant 
current density using the rotating disk electrode; 2 ) 
cyclic voltammetry, in which the rotating disk electrode 
was also used; and, 3) deposition at constant current 
density on mild-steel electrodes. In all these 
experiments/tests, quantities such as electrolyte 
composition, pH and temperature, were maintained 
essentially constant during a run. Figure 4.1 is a block 
diagram illustrating the sequence of procedures associated
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Figure 4.1-Flow chart of the procedures for cyclic
voltammetry, deposition at constant current 
density with the rotating disk electrode, and 
for deposition on mild steel electrodes.
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with these experiments. Figure 4.2 shows an overall view 
of the equipment used for deposition at constant current 
density on the rotating disk electrode and for cyclic 
voltammetry. A schematic of this equipment is also 
presented in Figure 4.3. A separate anode compartment was 
utilized in order to minimize oxygen contamination of the 
electrolyte. The electrolyte was sparged with nitrogen 
prior to the start of deposition. Thereafter, the nitrogen 
sparger was removed. The schematic of the system used for 
cyclic voltammetry experiments (Figure 4.2b) is illustrated 
in Figure 4.4. As before, the electrolyte was sparged with 
nitrogen prior to electrolysis. Finally, the equipment 
used for deposition of mild-steel electrodes is shown in 
Figure 4.5 and a schematic is presented in Figure 4.6. In 
this system, isolation of the anode was also provided. The 
electrolyte reservoir consists of two chambers connected by 
a microporous glass frit. A more detailed description of 
the apparatus and equipment now follows.

4.1.1 The Electrolytic Cells
Two types of electrolytic cells were used. An 

IBM Instruments cell, shown in Figures 4.2, 4.3, and 
4.4, was used for both deposition at constant current 
density with the rotating disk electrode and for
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Figure 4.2-Photograph of the equipment used for: (a)
deposition at constant current density on the 
rotating disk electrode, and (b) for cyclic 
voltammetry.
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î

Figure 4.3-Schematic diagram of the equipment used for
deposition at constant current density with the 
rotating disk electrode. (1 ) rotating disk; (2 ) 
rotator; (3) rotator controller; (4) anode ; (5)
anode isolator; (6 ) IBM electrolytic cell ; (7) 
water jacket; (8 ) constant temperature bath ; (9) 
circulation pump ; (1 0 ) galvanostat; (1 1 ) 
nitrogen sparger; (1 2 ) nitrogen gas.
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Figure 4.4-Schematic of the equipment used for cyclic
voltammetry. (1) rotating disk; (2) rotator; (3) 
rotator controller; (5) anode isolator ; (6 ) IBM
electrolytic cell reservoir; (7) water jacket; 
(8 ) constant temperature bath ; (9) circulation
pump ; (1 0 ) galvanostat; (1 1 ) reference
electrode; (1 2 ) computer.
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Figure 4 » 5-Photograph of the equipment used for deposition 
on mild-steel electrodes
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cyclic voltammetry. The cell shown in Figure 4.5 was 
used specifically for deposition of mild-steel 
electrodes. The IBM instruments electrolyte cell was 
provided with a water jacket so that the electrolyte 
could be maintained at a constant temperature. A 
volume of 50 ml of electrolyte could be accommodated 
in the cell. Since the currents utilized in the 
experiments were small (less than 50 mA) and the 
conductivity of the electrolyte was fairly large ( 2 0  

to 80 mS/cm), ohmic heating was not significant. A 
polycarbonate cap screwed onto the top of the cell 
provided for the feed-through of electrodes, or other 
measuring devices. An anode compartment consisting 
of a Pyrex glass tube with a microporous glass frit 
was provided so that oxygen gas bubbles produced by 
the anode could be isolated from the rest of the 
electrolyte containing the cathode. Similarly, in 
the cell used for deposition of mild-steel electrodes 
the anolyte and catholyte were separated by a 
microporous glass frit. In this manner, oxygen 
contamination of the catholyte was minimized.
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4.1.2 The Cathode
The primary cathode used was copper. Copper is 

a relatively noble metal and undesirable reactions 
with the electrolyte could thus be avoided. In 
addition, the elemental micro-analysis used to 
determine the relative amounts of the metals 
deposited could readily be conducted. The cathode 
construction is shown in Figure A.l and was used in 
all experiments performed with the rotating disk 
electrode. This electrode was custom-made. It was 
machined from copper rod, to the shape and 
specifications shown in Figure Al.1. The internal 
thread allows the electrode to be screwed onto the 
rotator. The electrode was encapsulated in epoxide 
resin. After the resin had hardened, the assembly 
was machined to the final dimensions shown in Figure 
A1.2. The groove shown in the figure allows for 
minimum eddy generation at the edge of the epoxide 
encapsulization. The area of the enclosed electrode 
face is 0.0018 dm2. A photograph of this electrode 
is shown in Figure 4.7. For the cyclic voltammetry 
experiments in which a mild-steel electrode was 
required, a mild-steel disk was soldered onto the 
face of the copper stub. As before, epoxide resin
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Figure 4 « 7-Rotator with rotating disk electrode attached at 
the tip (top), From left to right: anode for 
deposition of mild-steel electrodes, anode for 
rotating disk experiments and cyclic 
voltammetry, cathode for deposition of 
mild-steel electrodes, and cathodes for 
deposition on rotating disk electrode and cyclic 
voltammetry.
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was used for encapsulization, and the assembly was 
then machined to the same specifications as for the 
copper electrodes.

A primary planar mild-steel cathode was also 
used. The polished I" by 3” (25mm by 75mm) electrode 
was masked with 3M brand electroplating tape, such 
that a control region 1 0 mm by 1 0 mm was available for 
electrodeposition. This electrode is shown in Figure 
4.7.

4.1.3 The Anode
The anode used in conjunction with the rotating 

disc cathode consisted of a section of proprietary 
"DSA” material (ruthenium oxide coated titanium) 
supplied by Eltech Corporation. It was welded to a 
titanium rod as shown in Figure 4.7. The original 
DSA grid-like material, from which the section was 
taken, was used for deposition on the planar 
mild-steel electrode and this is also shown in the 
same figure.

4.1.4 The Rotator
The IBM Instruments EC219 rotator can be 

operated at rotational speeds between 10 to 6000 RPM.
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Electrical contact between the disc electrode and the 
power supply is made by a brush and slip ring on the 
shaft carrying the disc electrode. The end of the 
shaft is threaded to provide for the assembly of the 
electrode to the shaft.

4.1.5 The Thermostatino System
A circulating temperature water bath was 

utilized for both the water-jacketed IBM cell 
(Figures 4.3 and 4.4) and for the ancillary water 
bath used with the custom-built electrolytic cell 
(Figure 4.6). The device was a Haake FS-type F 423, 
with a Haake immersion heater; type F 4391. The 
water temperature could be controlled within a 
tolerance better than ±1 C. Water was pumped through 
the IBM cell jacket through an inlet in the top and 
returned to the circulating bath via an outlet in the 
bottom.

The custom-built electrolytic cell was placed in 
an auxiliary bath through which water was circulated. 
To prevent the cell from floating, a bracket was used 
to fasten it in place as shown in Figure 4.6. Water 
was also supplied by the Haake circulator described 
above. The electrolyte in the cell could be
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controlled to a tolerance of ±1 C. In Figure 4.5, it 
can be seen that the Haake unit is located on the 
floor, below the electrolytic cell. This arrangement 
provided for a large enough pressure-head for the 
return of the water to the Haake circulating baath.

4.1.6 The Galvanostat
A Princeton Applied Research (PAR) Model 173 

galvanostat/potentiostat was used in this 
investigation. In fact, the instrument can also be 
operated in a dynamic mode by providing suitable 
external signal. Thus, it can be used for cyclic 
voltammetry by supplying a ramp signal from the PAR 
Model 276 microprocessor interface programmed via a 
personal computer (PC). The scan rate (mV/s), is 
also assigned via the computer, whereby the slope of 
the ramp is appropriately set. The microprocessor 
can also process the measured potential of the 
cathode relative to a reference electrode, and the 
current flow to the system. The data acquired by the 
microprocessor can be subsequently manipulated, with 
the aid of the PC, to produce a polarization curve ; a 
plot of current versus electrode potential.

When the rotating disk electrode was operated in
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a solely galvanostatic mode, a Keithley Instruments 
225 Current Source was used. The current could be set 
with precision of ±1 mA.

A Hewlett-Packard 6284 D.C. power supply, with 
constant-current control, was used for the 
electrodeposition on the mild-steel planar 
electrodes. The current supplied to the cell was 
monitored by measuring the voltage difference across 
a 1 Ohm resistance shunt. A digital voltmeter was 
used, and 1 mV voltage drop corresponded to 1 mA in 
the circuit. The circuit diagram of this arrangement 
is shown on Figure 4.6.

4.1.7 Data Acquisition System
As described in the previous section, data 

transmitted from the PAR Model 173 via the Par Model 
276 interface was processed and stored with an Apple 
lie PC with the aid of software supplied by PAR.
This software also permitted the cyclic voltammetry 
experiments to be set from the keyboard of the PC.
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4.2 Procedure for Deposition at Constant Current Density 
Using the Rotating Disk Electrode
The primary objective of these experiments was to 

investigate the effect of current density on the relative 
amounts of nickel, chromium, and iron deposited on a 
rotating disk electrode. This effect was studied at 
selected electrolyte pH's, temperatures and rotational 
speeds. The rotating disk electrode was used to provide 
for non-ambiguos fluid dynamics in the vicinity of the 
cathode surface.

The second objective was to determine the thickness of 
the coatings produced. In Figure 4.1, it can be seen that 
steps conducted prior to alloy deposition, consisted of 
sample polishing, electrolyte sparging, deposition and 
cleaning of the sample for analysis. The deposits were 
analyzed by a Scanning Electron Microscope (SEM), coupled 
to an Energy Dispersive Spectrometer (EDS). The analysis 
revealed the elemental composition of the deposit. This 
analysis is facilitated if the substrate used is a material 
different to the metals to be deposited; since the presence 
of the substrate element in the spectra would otherwise 
confound the analysis. This was one of the reasons copper 
was selected as the substrate. Following this analysis, 
the specimen was dissolved in a small amount of sulfuric
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acid and a solution was prepared for chemical analysis by 
Atomic Absorption Spectrophotometry (AAS). Since the 
electrode was designed so as to allow reuse, the sample 
could then be repolished for use in other tests.

Details of the steps described above are presented 
below.

4.2.1 Polishing
Polishing was performed in order to obtain 

reproducible smooth, flat surfaces. The surface 
roughness of the electrode could be maintained from 
test to test. Polishing was performed in three 
stages: The first stage was conducted with 600 grit 
paper. This was followed by rough polishing with 
alpha alumina powder ( 1  /m)? and finally, fine 
polishing with gamma alumina powder (0.05 fim) .

4.2.2 Sparging
Prior to each experiment, sparging was performed 

in order to remove oxygen dissolved in the 
electrolyte. The gas used was nitrogen at 
approximately 50 ml/min for 10 minutes. Sparging was 
performed before as well as during deposition, for 
experiments conducted with the planar mild-steel
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electrodes. This was done in order to provide 
agitation of the electrolyte in addition to oxygen 
removal. The gas flow rate during such experiments 
was 1 0 0  ml/min.

4.2.3 Electrodeposition
Typically, the charge supplied to the cathode 

was twelve coulombs. Thus, the deposition time was 
determined by considering the area of the cathode 
(0.0018 dm2, for the rotating disc electrodes, and 
0 . 0 1  dm2  for the mild-steel planar electrodes), and 
the current density selected for the test. As 
mentioned previously, deposition was always conducted 
at constant current. All experiments were performed 
at ambient pressure (*= 620 mm Hg) . Variables such as 
temperature, and rotational speed (which in turn 
determined the thickness of the boundary layer) were 
selected appropriately. Since the amount of metal 
deposited was small (** 0 . 1  mg), and the mass of metal 
species in the electrolyte was large (*= 1 0 0  mg) , the 
concentration of the metals in the electrolyte 
remained essentially constant during the test. 
Finally, the pH of the electrolyte was also invariant 
because of the buffering action of the boric acid
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present in the electrolyte.

4.2.4 Cleaning
An ultrasonic bath containing methanol was used 

to clean the electrode after polishing, and after 
deposition prior to chemical analysis.

4.2.5 SEM Analysis
After the electrode (tip) was cleaned, the 

deposit was subjected to micro-elemental analysis. 
For this purpose, the Energy Dispersive Spectrometer 
of the JEOL JXA-840 Scanning Electron Microscope was 
used to detect the X-rays emitted, upon impingement 
of the electron beam on the surface of the deposit. 
These X-rays are used to determine the relative 
amounts of the elements present in the deposit.
Since the relative amounts may vary depending on the 
accelerating voltage used, this voltage had to be 
optimized so that consistent results could be 
obtained. Thus, for instance, if the voltage were 
high (20 to 25 kVj, the amount of substrate 
contributing to the signal would be larger than that 
if the voltage were 10 to 15 kV. Consequently, this 
larger amount of substrate diminished the number of
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counts detected from other elements, and therefore 
the precision of the results was decreased. If, on 
the other hand, the voltage was low (less than 10 kV) 
the interaction volume was too small, so that the 
number of counts detected was also small; which once 
again diminished the precision of the measurements. 
For the coatings in this study, which had an average 
thickness of 2 to 3 /m an accelerating voltage of 15 
kV was close to optimal, since the relative amount of 
substrate detected was in general less than 1 %. 
Moreover, adequate correlations (close to 1) were 
obtained by the least square method used by the 
available software package "SQ”. These correlations 
could be maintained even at low magnification. Also 
since there was a radial variation in composition of 
the deposits, low magnifications (45 to 55X) were 
generally used to provide an average composition.

The SEM was also used to examine the surface 
morphology of the coatings. For this purpose, 
however, lower accelerating voltages (from 5 to 15 
kV) were used since more details of the surface were 
revealed.
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4.2.6 Deposit Dissolution
After the deposit had been produced on the 

electrode and analyzed by the (non-destructive) 
procedure used in conjunction with the SEM, it was 
then dissolved in sulfuric acid, so that the actual 
mass of material deposited could be determined. The 
chemical composition of the solution prepared was 
analyzed with an Atomic Absorption Spectrophotometer 
(AAS) .

To dissolve the coatings, a solution containing 
2M H 2 SO4  and 1M KC1 was used at 50 to 60 °C. Figure 
4.8 is a schematic of the arrangement used for 
dissolution.

Normally, chromium, nickel and iron would 
dissolve in a solution containing 1M H 2 SO4  only. 
However, KC1 (which provided chloride 
complexing-ligand) and a higher concentration of 
h2S04 speeded the dissolution of the coating. This 
was desirable since prolonged heating of the 
electrode sometimes resulted in the failure of the 
epoxide resin insulator (this may have been, in part, 
due to the particular epoxide resin used).
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Figure 4.8-Schematic diagram of the equipment used for
sample dissolution. (1 ) hot plate; (2 ) sample 
vial; (3) electrode; (4) electrode holder/vial 
cap with hole for gas escape.
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4.2.7 Atomic Absorption Spectrophotometer Analysis 
Since the weight of the coatings obtained upon 

applying 1 2  coulombs of charge was in the order of 
0 . 1  mg, the weight of the deposit could not be 
determined, with the necessary precision, 
gravimetrically. Consequently, chemical analysis by 
AAS was used to determine the mass of the deposit.

After the deposit had been dissolved the 
solution was transferred to a 25 ml volumetric flask. 
Since approximately 10 ml of lixiviant was used (as 
described in the previous section), the volume was 
made up to the mark of the flask with deionized 
water. The concentrations of nickel and chromium 
were within the working range (< 5 ppm) for the AAS 
analyses. However, the concentration of iron was too 
high and part of the solution had to be diluted by a 
factor of 1 0 .

4.3 Procedure for cyclic voltammetry
The purpose of cyclic voltammetry was to determine 

whether it could be used to elucidate the mechanisms 
associated with the deposition process. Similar to the 
constant current experiments, the preparatory steps also 
required polishing of the electrode and sparging of the
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electrolyte. Since the mass of the deposit was not 
relevant in this test, the deposit was not dissolved. 
Figure 4.4 is a schematic of the apparatus utilized, and 
which has already been described.

Cleaning, polishing, sparging and temperature control 
procedures were the same used for deposition at constant 
current using the rotating disk electrode.

4.4 Procedure for Deposition on Mild-Steel Electrodes
The last phase of investigation was to determine if 

the results obtained with the copper rotating electrode 
could be applied for conducting deposition (of specified 
composition) on a stationary mild-steel electrode. Figure
4.6 shows the arrangement used for this study. Since the 
electrodes were stationary, stirring was provided by 
nitrogen gas at a flow rate of 1 0 0  ml/min (as described in 
section 4.2.2). The current supplied to the system was 
increased, so as to be consistent with the larger area of 
the cathode (0 . 0 1  dm2  versus 0.0018 dm2  for the rotating 
disk electrode). Thus, for the appropriate time of 
deposition, the charge supplied per unit area of electrode 
was equal to the charge per unit area supplied to the 
rotating disc electrodes. Apart from these considerations, 
the experiments were conducted as for the rotating disc
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experiments.

4.5 Preliminary Experiments
The main objective of these tests was to determine 

conditions which would allow an alloy with a composition 
comparable to that of an 18/8 stainless steel, to be 
obtained using a sulfate electrolyte. Initially, it was 
decided to attempt to duplicate the results obtained by 
Sarojama and Rama Char(1), who used a
sulfate-triethanolamine electrolyte, as well of those 
obtained by Przywoski and Socha(2), who used a 
sulfate-sulfosalicylic acid electrolyte. However, upon 
preparation of the electrolytes specified by these 
investigators, precipitation occurred. For this reason, 
after preparation of the electrolyte, the supernatant was 
sent to an outside laboratory for chemical analysis. The 
compositions determined are shown on Table 4.1.
Electrolyte I contained chromium, nickel, and iron sulfate 
salts and boric acid. Electrolyte II contained the same 
components as electrolyte I plus sulfosalicylic acid. 
Electrolyte III is discussed later on in this section. All 
subsequent experiments, with some exceptions, were 
conducted with electrolytes which were prepared using 
electrolytes I and II as ”stock solutions." In Chapter 3,
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Table 4.1-Composition in grains per liter of electrolytes I, 
II, and III.

Reagent
I

(9/1)
II

(9/1)
III

(9/1)
Cr2  (S0 4) 3 -nî^O N/A N/A 195. 0
NiS04 •7H20 N/A N/A 27.3
FeS04 -7H20 N/A N/A 25.0

Cr 37.6 36.4 N/A
Ni 4.2 4 . 2 N/A
Fe 4 . 6 4.7 N/A

Boric Acid 
(H3 BO3 ) 12.4 12.4

Sulfosalicylic
Acid

(C7 H 6 0 6 H2 0 ) 76.3
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it was shown that several variables play a significant role 
in the deposition of alloys. The pH of the electrolyte is 
a variable which deserves considerable attention because 
chromium, as pointed out in other investigations(1'2), can 
only be deposited within a narrow pH range. Thus, in order 
to determine the effect of boric acid on the pH of the 
electrolyte, small additions of this acid were made to 
samples of electrolyte I and II, and the corresponding pH 
behavior of each sample was recorded. The time interval 
between each addition was 10 to 15 minutes. Figure 4.9 
shows that up to a concentration of 28 g/1 , boric acid did 
not substantially affect the pH of electrolyte II. Thus, 
the pH remained at approximately 0.4. From prior work 
which had been conducted on an informal basis, it was 
observed that at this low pH the relative deposition of 
chromium was very low (less than 5%) and the quality of the 
coating was unacceptable. Aluminum sulfate additions, 
which followed the boric acid tests, did not alter the pH 
of the electrolyte as presented in Figure 4.10. Because of 
the previous addition of boric acid and subsequent aluminum 
sulfate addition the accrued composition of these reagents 
was 28 and 31.5 g/1 respectively. Following aluminum 
sulfate additions, glycerin was added in small increments 
(up to a concentration of 18.4 g/1) to the same electrolyte
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Figure 4.9-pH (20 °C) vs. boric acid concentration (g/1). 
Electrolyte I.
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Figure 4.10-pH (20 °C) vs. aluminum sulfate concentration 
(g/1). Electrolyte II with Fe, Ni, and Cr 
sulfates, sulfosalicylic acid, and boric acid 
(28 g/1 ).
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and again no change in pH occurred. In contrast, when 
triethanolamine additions were made, the pH of this 
electrolyte increased until a plateau around a pH of 3.2 
was reached, as illustrated in Figure 4.11. A similar 
behavior was subseguently observed in electrolyte I which, 
unlike electrolyte II, did not contain any sulfosalicylic 
acid. As presented in Figure 4.12, boric acid did not 
affect the pH of electrolyte I. However, a significant 
increase in pH occurred upon addition of triethanolamine as 
shown in Figure 4.13.

From Table 4.1, it is apparent that electrolyte II 
already contained sulfosalicylic acid, and thus it was not 
suitable for determining the effect of this acid on pH of 
the electrolyte. Therefore, in order to study the effect 
of sulfosalicylic acid, a new electrolyte containing iron, 
nickel, and chromium sulfates was prepared. This 
electrolyte was designated electrolyte III and its 
composition is also shown in Table 4.1. In contrast to 
triethanolamine, sulfosalicylic acid reduced the pH of the 
electrolyte. However, as shown in Figure 4.14, the 
decrease in pH is less than 1 pH unit.

The effect of triethanolamine was also investigated 
using cyclic voltammetry. For this purpose, electrolytes 
Dl, D2, D3, and D4, which had similar Cr, Ni, and Fe
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Figure 4.11-pH (20 °C) vs. triethanolamine concentration 
(g/1). Modified electrolyte II with 28 g/1 
boric acid, 31.5 g/1 aluminum sulfate, 0.5 g/1 
ascorbic acid, 76.3 g/1 sulfosalicylic acid.
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4.12-pH (20 °C) vs. boric acid concentration (g/1). 
Electrolyte I.
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Figure 4.13-pH (20 °C) vs. triethanolamine concentration
(g/1). Electrolyte I (with 28 g/1 boric acid).
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Figure 4.14-pH (20°C) vs. sulfosalicylic acid
concentration (g/1). Electrolyte III (Which 
contained Fe, Ni, and Cr sulfates only).
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concentrations as electrolytes I and II, and 
triethanolamine concentrations ranging between zero and 2 0 0  

g/1, were tested. Table 4.2 lists the concentrations of 
components of these electrolytes along with the respective 
electrical conductivity. The cyclic voltammograms obtained 
with these electrolytes are shown in Figures 4.15, 4.16, 
4.17, and 4.18. The electrode was cathodically polarized 
starting at essentially the rest potential, to values 
between -2 to -2.5 V (relative to the SCE) and for which 
currents between 8  to 70 mA were produced. It can be 
observed in each of these voltammograms that a linear 
polarization region is present. The tangents of these 
regions have been drawn on the voltammograms and the values 
are listed on the figures. These slopes (^A/mV) were 
plotted against the conductivity of the electrolytes.
Figure 4.19 shows that a linear relationship exists between 
the slopes and the electrical conductivity (EC) of the 
electrolyte (due to the changes in EC brought about by 
triethanolamine additions). Figure 4.20 shows that there 
is a linear correlation between the resistivity (inverse of 
the conductivity) and the pH of these electrolytes. These 
results can be interpreted as evidence of ohmic-control 
behavior in the regions of linearity. Moreover, it is 
clear that the addition of triethanolamine not only
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Table 4.2-Composition and electrical conductivity of 
electrolytes Dl, D2, D3, and D4.

Reagent
Dl

(9/1)
D2

(9/1)
D3

(9/1)
D4

(9/1)
Al. Sulfate 31.5 31.5 31.5 31.5

Cr 36.4 33.8 31.8 29. 9
Ni 4.2 3 . 9 3.7 3 . 4
Fe 4.7 4.3 4 . 1 3 . 8

Boric Acid
(H3 BO3 ) 28.0 26.0 24.5 23 . 0

Ascorbic Acid 
c6 h 8 ° 6 0.5 0.5 0.5 0 . 5

Glycerin
CH2 OHCHOHCH2 OH 18.4 18.4 18.4 18 . 4
Triethanolamine

c 6h 15no3 80.0 140.0 2 0 0  . 0
Sulfosalicylic

Acid
C7H6O6H2O 76. 3 70.8 66.7 62.6

Electrical
Conductivity 72.0 44 . 0 29.0 21.5

at 27°C (mS/cm)
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73 uA/»V

R o t .  » o e o d  l O O O  R P M  
S c o n ,  r o t #  2 0 0  m V / s  
c o n d u c t .  7 2 . 0  m 3 / *  
D M ( 2 7 * C )  «  0 . 4  
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Figure 4.15-Cyclic voltammogram of electrolyte Dl.
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Figure 4.16-Cyclic voltammogram of electrolyte D2 .
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R o t .  s p o o d  l O O O  R P M  
S c a n ,  r a t #  2 0 0  m V / a  
c o n d u c t .  2 9 . 0  aS/s 
P M ( 2 7 * 0  ■  1 . 4 0  
c o p p e r  e l e c t r o d e  j

E VS 3CE CMU)

4.17-Cyclic voltammogram of electrolyte D3.

E VS see CMU)

“  R o t .  s p e e d  1 0 0 0  R P M
1 1  u A / a V  s c a n ,  r a t e  2 0 0  a v / s  

c o n d u c t .  2 1 . S  a S / s  
P M ( 2 7 * C )  «  2 . 4 0  
c o p p e r  e l e c t r o d e

Figure 4.18-Cyclic voltammogram of electrolyte 04.



Sl
op

e 
of 

lin
ea

r 
re

gi
on

 
(u

A
/m

V
)

T-3772 84

90

80

70

60

50

40

D2

30 -

20 - 03

04

20 40
Conductivity m S /cm

60 80

Figure 4.19-Slope of the linear regions of the cyclic
voltammograms of electrolytes Dl, D2, D3, and D4 
vs. the electrical conductivity (27 °c) of these 
electrolytes.
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Figure 4.20-Resistivity (27°C) of electrolytes Dl, D2,
D3, and D4 vs. their respective pH (27 °C).
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increases the pH (decreases the hydrogen activity in the 
system) but also produces a significant decrease in the 
conductivity of sulfate-triethanolamine-sulfosalicylic acid 
electrolytes containing chromium, nickel, and iron.
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Chapter 5

RESULTS and DISCUSSION

In this chapter the results of cyclic voltammetry 
studies, electrodeposition on the rotating disk electrode, 
and electrodeposition onto mild-steel planar electrodes will 
be presented and discussed.

5.1 Cyclic Voltammetrv Studies
A cyclic voltammogram is a plot of the current response 

of an electrode, in contact with an electrolyte, when 
subjected to a potential which increases linearly to a 
maximum value and then decreases linearly back to the 
starting value. The rate of increase of the applied 
potential is usually the same as that for the decrease and 
is referred to as the scan rate (having units of mV/s for 
example). The potential of the working electrode (the 
cathode in this study) is measured relative to a calomel 
electrode.

Cyclic voltammograms of electrolytes IV, V, and VII, 
whose chemical compositions are shown in Table 5.1, were 
obtained for copper, mild steel, and Fe-Cr-Ni alloy coated
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Table 5.1- Compositions of electrolytes IV-VII.

Reagent
IV

(9/1)

V

(9/1)

VI

(9/1)

VII

(9/1)
Cr2 (S04 )3 •nH20 N/A* N/A N/A N/A

NiS04 ♦7H20 N/A* N/A N/A N/A
FeS04 -7H20 N/A* N/A N/A N/A
Al. Sulfate 31.5 30.9

Cr 28 . 6 30.1 31.9 31.9
Ni 3 . 3 3 . 4 3 . 7 8 . 0
Fe 3.7 3 . 8 4 . 1 4 . 1

Boric Acid 
(H3 BO3 ) 27.7 27.0 1 0 . 8 1 0 . 8

Ascorbic Acid 
(CsHgOG) 0.5 0.5
Glycerin

ch2 ohchohch2oh 18.5 17 . 7 18.8 16 . 4
Triethanolamine 

(c 6h 15n o 3) 2 0 0 . 0 155. 6 130.1 130 . 2
Sulfosalicylie 

Acid 
(C^HeOgHzO)

59 . 9 62.9 6 6 . 8 6 6 . 8

* An electrolyte in which the equivalent of 199 gpl 
Cr2 (304 )3 •nH2 0 / 28 gpl H 2 S04 *7H2 0 / 20 gpl FeS04 •7H20 was 
added to deionized water was first prepared. However 
dissolution was incomplete and the supernatent liquid was 
therefore removed. The other components were added to the 
liquid to produce the concentrates indicated. The metal 
content of this electrolyte was then analyzed for its metal 
content which are reported under Cr, Ni, Fe. Therefore, 
the content of the sulfates is shown as "N/A."
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mild-steel substrates. The variables studied were pH, 
substrate material, scanning rate, and disk rotational 
speed. Table 5.2 summarizes the operating conditions of the 
tests, pH and conductivity of some properties of the 
electrolytes used. In addition, the slopes of the linear 
regions (which will be explained later) found in all 
voltammograms are tabulated in this table. In the following 
sections a semi-quantitative discussion of these 
voltammograms will be provided.

5.1.1 Effect of pH Variation on Cyclic Voltammograms 
Figures 5.1a, 5.2a, and 5.3a show cyclic 

voltammograms obtained for electrolytes IV, V, and VII 
whose pH's (measured at 27 °C) were 3.2, 2.6 and 2.1 
respectively (the arrows shown in the figures 
represent the direction of the scan). The shapes of 
the curves are similar to one another and have three 
distinctive regions labeled À, B, and C.

In region A, as the cathodic potential of the 
electrode is increased (the potential becomes more 
negative) on the forward scan, there is little 
increase in cathodic current. At approximately -800 
mV, however, there is a significant increase in 
current as the potential is increased further, and in
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Table 5.2-Summary of cyclic voltammetry operating
conditions, electrolyte properties and slope 
determinations.

Cyclic Voltammetry Tests Temperature: 4 0 °C
el.
#

PH 
+/- 0. 05 

(27 °C)

condty.
mS/cm 

+/- 0 . 2  
(27 °C)

subs
trate

scan
rate
mV/s

RPM slope
/iA/mV

IV 3 . 2 2 2 . 0 copper 2 0 0 400 26
IV 3.2 2 2 . 0 copper 2 0 0 1600 30
V 2 . 6 23.0 copper 2 0 0 400 2 1

V 2 . 6 23 . 0 copper 2 0 0 1600 25
VII 2 . 1 24.5 copper 2 0 0 400 2 2

VII 2 . 1 24.5 copper 2 0 0 1600 33
VII 2 . 1 24. 5 m.steel 2 0 0 400 17
VII 2 . 1 24.5 m.steel 2 0 0 1600 23
VII 2 . 1 24 . 5 m.steel 50 400 2 2

VII 2 . 1 24 . 5 m.steel 50 1600 31
VI1 2 . 1 24. 5 coated* 2 0 0 400 18

* The substrate used was mild-steel coated with a Fe-Cr-Ni 
alloy at 16.7 A/dm2, 40°C and 400 RPM for 400 seconds; 
electrolyte VII.
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Tu#

2 6  u A / m V

- 2 0 0

-2O00

rotational sottd: 400 R.P.fl 
scanning rati: 200 av/s 
•iictrodi: coooir 
teieiraturi: 40 *C 
oH: 3.2

E VS SCE (MV) 
(a)

30 UA/mV 1

-2955

otationil solid: 1600 N.P.M 
scanning rat* 200 av/s 
ilictrodii c o o w f  
tiaoiraturi: 40 *C 
oH: 3.2

E US SCE (MV)

( b )

Figure 5.1-Cyclic voltammograms of electrolyte IV
[pH(27°C)=3.2], at a scan rate of 200 mV/sec. 
Obtained with a copper electrode at (a) 400 RPM 
and (b) 1600 RPM.



T-3772 92

coa.2=
rotstienil seetd: 400 K.P.M 
s c t n n i m  n t t :  200 iv/$ 
eltctrodt: eooetr 
tiiotnture: 40 *C«5 21 uA/mV

209
E US SCE < MU >

(•)

rotstionil sD«td: 1600 R.P.M. 
s c i n n i m  rmt# 200 iv/s 
elietrode: eeeeer 
teietnture: 40 *C

25 uA/eV
C D
X

E US SCE <nv>
( b )

Figure 5.2-Cyclic voltammograms of electrolyte V
[pH(27°C)=2.6] at a scan rate of 2 0 0  mV/sec. 
Obtained with a copper electrode at (a) 400 RPM 
and (b) 1600 RPM
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rotational soeed: 400 R.P.M 
scanning rate: 200 av/$ 
electrode: coooer 
temperature: 40 *C

LO
Ù_

22 uA/mV-T

000 E US SCE <nu>
(a)

LL

rotational soeed: 1600 R.P.M. 
scanning rate: 200 mv/s 
electrode: coooer 
temperature: 40 eC

33 uA/mV

E US SCE <MV>
(b)

Figure 5.3-Cyclic voltammograms of electrolyte VII
[pH(27°C)=2.1] at a scan rate of 200 mV/sec. 
Obtained with a copper electrode at (a) 400 RPM 
and, (b) 1600 RPM.
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region B a linear dependency of the current is 
obtained. The slopes of these linear regions are 
tabulated in Table 5.2. In section 4.5, it was 
previously shown that there was a linear correlation 
between the slopes of the linear regions of the scans 
obtained for electrolytes Dl, D2, D3, and D4, and 
their electrical conductivities. Moreover, there was 
also a linear correlation between the resistivities of 
these electrolytes and their corresponding pH's (see 
Figure 4.20). However, electrolytes IV, V, and VII 
exhibited only a slight increase in conductivity with 
a decrease in pH. Moreover, this decrease was 
insignificant compared to the D-series electrolytes 
when the pH was increased from 0.4 to 2.4.

Similar to the behavior exhibited by electrolytes 
Dl, D2, D3 and D4, cyclic voltammograms (at 400 RPM) 
of electrolytes IV, V, and VII also contained a linear 
region, B (Figures 5.1, 5.2, and 5.3). However, 
unlike the behavior of the electrolytes tested in 
section 4.5, the slopes of the linear regions did not 
decrease linearly with decreasing pH. Instead, these 
slopes were 26, 21, and 22 /iA/mV for the electrolytes 
whose pH's (27 °C) were 3.2, 2.6 and 2.1 respectively.

Figure 5.4 shows a plot of measured conductivity
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Figure 5.4-Conductivity as a function of pH(27 °C) for
electrolytes Dl, D2, D3, D4, II, IV, V, and VII.
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as a function of pH for electrolytes Dl, D2, D3, D4, 
II, IV, V, and VII. It is seen that above a pH (27 
°C) of 2 (electrolytes IV, V, VI, VII) the electrical 
conductivity of the electrolyte remained essentially 
independent of pH. It is not surprising, therefore, 
that there was no significant variation in the slopes 
of the linear region B, of the voltammograms.

In Region C deposition of the alloys takes place, 
and the behavior is non-linear. This region appears 
to be controlled by diffusion of species to the 
electrode since increasing the polarization potential 
produces increase in cathodic current which becomes 
progressively smaller. However, because of the 
codeposition of Fe, Ni, Cr and H 2 analysis of this 
region is not possible.

5.1.2 Effect of Disk Rotational Speed Variation on 
Cyclic Voltammograms

The rotational speed of the disk had variable 
effect on the slope of the linear region. Figures 
5.1b, 5.2b, and 5.3b, show cyclic voltammograms of 
electrolytes IV, V, and VII obtained at a disk 
rotational speed of 1600 RPM. The range of potentials 
in these voltammograms did not always coincide with
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the potential range of the voltammograms produced at 
400 RPM. The reason for this was that, as will be 
shown in section 5.2, the current densities of 
interest ranged from 2 to 20 A/dm2 which corresponded 
to a current range of 3.6 to 36 mA (for an electrode 
area of 0.0018 dm2). Thus, since the software used, 
limited the scan of the potential to 2000 mV, the 
cyclic voltammograms for experiments at 1600 RPM were 
conducted so that the potential range selected allowed 
the current range of interest to be examined. A 
comparison between the voltammograms of Figures 5.3a 
and 5.3b (electrolyte VII) shows an increase in the 
region B slope of about 50% when the rotational speed 
was increased from 400 to 1600 RPM. The corresponding 
increases in slope for electrolytes V, and IV were 2 0 
were 20 and 15% respectively. In this region, the 
current supported on the electrode at a given 
potential is the sum of the partial currents 
associated with the deposition of Fe, Ni, and Cr as 
well as the reduction of hydronium. The response of 
the current to rotational speed indicates that the 
reduction process on the electrode is controlled by 
mass transfer of the ionic species from the 
electrolyte to the electrode. However it cannot be
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interpreted as an indicator that the rates of 
deposition of the metal species and reduction of 
hydronium are increased equally. In fact, the 
increase of the slope in the region is most likely 
associated with an increase in hydronium reduction 
rate as a result of increase of mass transfer of this 
ion to the electrode.

5.1.3 Effect of Substrate Material on Cyclic 
Voltammograms 

Since the rest (zero current) potentials of the 
electrodes (copper, mild steel and stainless steel 
deposit on mild-steel) in conjunction with an specific 
electrolyte selected would, in general, be expected to 
be unique, their cyclic voltammograms would also 
manifest these differences. While the rest potential 
of the copper substrate in electrolyte IV was only +3 0 
mV, with respect to the calomel electrode, the rest 
potential of the mild-steel electrodes was closer to 
-500 mV in the same electrolyte. The rest potential 
was increased on mild-steel electrodes (became less 
negative— more electropositive) when these electrodes 
were coated with the Fe-Cr-Ni alloy. Specifically, 
after the mild steel substrate was coated by
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deposition from electrolyte VII for 400 seconds, at a 
current density of 16.7 A/dm2, a rotating speed of 400 
RPM and a temperature of 40 °C, the rest potential in 
electrolyte VII changed from approximately -500 mV to 
-420 mV. When the deposition time was increased to 
600 seconds instead, the rest potential measured was 
—350 mV .

The slope of the curve in region B was also 
affected by the substrate material used. For example, 
the slope of the linear region of electrolyte VII 
changed from 22 ^A/mV (Figure 5.3a), when the 
substrate was copper, to 17 pA/mV when the substrate 
was mild steel (Figures 5.5a). At 1600 RPM a decrease 
in slope was also observed (Figures 5.3b and 5.5b).

After the mild steel substrate had been precoated 
for 400 seconds with a Fe-Cr-Ni alloy (using 
electrolyte VII), a cyclic voltammogram with fresh 
electrolyte was obtained at 400 RPM. This 
voltammogram is shown in Figure 5.6. The slope of the 
linear region was 18 /iA/mV compared to 17 /iA/mV when 
the mild-steel electrode was uncoated (see Figure 
5.5a). Thus only a slight change in slope occurred.
On the other hand, the linear region in Figure 5.6 
extended to nearly -2000 mV, while the linear region
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rotational soeed: 400 R.P.M. 
scanning rate: 200 *v/s 
electrode: «lid steel 
teioerature: 40 *C 
oH: 2.1

>00
E US SCE <MU>
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.5-Cyclic voltammograms of electrolyte VII 
[pH(27°C)=2.1] at a scan rate of 200 mV/s. 
Obtained with a mild steel electrode at (a) 400 
RPM*, and (b) 1600 RPM.
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teioerature: 40 *C 
pH: 2.1

E US SCE <MU>

Figure 5.6 -Cyclic voltammogram of electrolyte VII
[pH(27°C)=2.1] at a scan rate of 200 mV/s. 
Obtained with a Fe-Cr-Ni alloy coated mild-steel 
electrode at 400 RPM.
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in Figure 5.5a extended to only, approximately -1200 
mV.

5.1.4 Effect of the Scanning Rate on Cyclic 
Voltammograms 
In order to determine if the voltammograms 

revealed more information at a reduced scan rate, the 
scan rate was reduced from 200 mV/s to 50 mV/s. 
Comparing Figures 5.5a and 5.5b with Figures 5.7a and 
5.7b, it is seen that the slope of the linear region 
increased when the scan rate was reduced. Note also 
that the reverse scan followed more closely the 
forward scan when the scan rate was 50 mV/s (see 
Figure 5.6a). However, more noise was present during 
the slower scan, obtained at 400 RPM, than for the 
corresponding voltammogram at 200 mV/s. Hence, apart 
from obtaining a polarization curve which 
approximates, more closely than the faster scans, the 
conditions during electrodeposition at constant 
current density, the lower scan rate did not yield 
voltammograms that could provide new information.
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rotational soeed: 400 R.P.M. 
scanning rate: 50 av/s 
electrode: sild steel 
teaoerature: 40 *C
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rotational soeed: 1600 R.P.M. 
scanning rate: 50 av/t 
electrode: aild steel 
teaoerature: 40 *C

49
X
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Figure 5.7-Cyclic voltammograms of electrolyte VII
[pH(27°C)=2.1] at a scan rate of 50 mV/s. 
Obtained with a mild steel electrode at (a) 
RPM., and (b) 1600 RPM. 400



T-3772 104

5.1.5 The Reverse Scans
In cyclic voltammetry the reverse scans can often 

provide valuable information on the reversibility of 
the electrode process (adsorption/desorption for 
example). In the case of deposition of Fe-Cr-Ni 
alloys on copper and mild steel substrates using 
sulfate-triethanolamine electrolytes, the reverse 
scans indicated that the electrode processes were 
essentially reversible. This observation can be 
verified by inspection of the voltammograms presented 
in the preceding sections and in particular at the 
high RPM where less noise due to hydrogen evolution 
was present. The only discernable feature of these 
scans is the anodic peak in the rest potential region 
(see Figures 5.1a, 5.1b, 5.2a, 5.2b, 5.3a, 5.3b, and 
5.6). The peak is related to the dissolution of the 
metal deposited during the forward scan.

5.2 Electrodeposition at Constant Current Density on the 
Rotating Disk Electrode.
In light of the numerous variables which can play a 

role in the deposition of Fe-Cr-Ni alloys, a simple test 
matrix was designed so that important variables such as 
temperature, pH, electrolyte composition, rotational speed,
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and current density could be studied. For this purpose, a 
copper rotating disk electrode was used as the primary 
substrate for deposition, and also to provide for well 
defined fluid-dynamic conditions at the electrode surface. 
Furthermore, for reasons which will be explained later, only 
electrolyte IV, with a pH(27°C) of 3.2, was used to produce 
deposits at various current densities, and at two 
temperatures (30 and 50 °C), and two rotational speeds (400 
and 1600 RPM). Since the deposits obtained with electrolyte 
IV were high in iron but low in chromium and nickel, 
experiments were conducted at a lower pH which produced 
substantial increase in chromium deposition. Finally, in 
order to enhance the nickel content in the deposit, the 
nickel concentration in the electrolyte was approximately 
doubled, compared to the concentration of nickel in 
electrolyte VII. These modifications produced coating 
compositions which were comparable to that of an 18/8 
stainless steel.

The following sections report on the tests conducted in 
regard to the effects of temperature, pH, current density, 
and nickel content of in the electrolyte, and the ultimate 
optimization of the system parameters to achieve an 18/8 
composition.
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5.2.1 Deposition from Electrolyte IV
In order to minimize hydrogen evolution, an 

electrolyte, based on electrolyte II, was prepared to 
determine its feasibility for deposition of Fe-Cr-Ni 
alloys. Triethanolamine at a concentration of 200 
g/1, was used to adjust the pH(27°C) to 3.2. In 
Figure 4.11, it can be seen that at this 
concentration, the pH is relatively insensitive to 
triethanolamine concentration. This new electrolyte 
was identified as electrolyte IV, and its composition 
is shown in Table 5.1. Since triethanolamine was used 
to adjust the pH of electrolyte IV, this electrolyte 
in addition to containing sulfosalicylic acid now 
contained triethanolamine. With this new electrolyte, 
the effects of rotational speed, temperature, and 
current density were now studied. Deposition was 
conducted at 30 and 50 °C; at rotational speeds of 400 
and 1600 RPM; and the current densities used were 
0.6 to 35 A/dm2; the deposition time for each 
experiment was adjusted so that the electrodes were 
subjected to 6667 Coulombs per dm2. The electrode was 
copper with an interfacial area of 0.0018 dm2. As 
already indicated, copper was used because of its 
inertness (electropositiveness) relative to the
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electrolyte used. Furthermore, SEM analysis was 
facilitated as explained in section 4.1.2.

Figure 5.8 shows the variation in nickel 
deposition with current density at 30 and 50 °C and 
400 and 1600 RPM. In agreement with other 
investigations(1#2) the nickel content of the deposit 
increased as the temperature of the electrolyte 
increased. Hence, more nickel deposited, for a given 
current, at 50 °C than at 30 °C. Furthermore, the 
nickel content of the deposit was higher at the lower 
current densities. Thus, deposits with a nickel 
content of up to 35 w% were obtained at 0.56 A/dm2  

(not shown in the Figure). On the other hand, at 
current densities above 5 A/dm2, nickel concentration 
in the deposit remained essentially constant (at 
values below 10 w% in all cases. A slight increase 
was observed, at 50 °C, when the rotational speed 
increased from 400 to 1600 RPM. The effect of 
rotational speed on nickel content at 30 °C, however, 
does not seem significant.

Similar to that uncovered by other investigators, 
the iron content of the deposit, as was the case for 
nickel, increased as temperature increased as shown in 
Figure 5.9. In addition, the iron content decreased



T-3772 1 0 8

S8§8
ill

CN O  00 CO ')■ CM

M6od»a UI |»>join V iq6i»M

o
CM

CO

9)
Ci>Q

CO

O
o
%o£
u

4-1o

Fi
gu
re
 

5.
8
-V
ar
ia
ti
on
 

in 
ni
ck
el
 
de
po
si
ti
on
 

wi
th
 

cu
rr

en
t

de
ns
it
y 

for
 

el
ec
tr
ol
yt
e 

IV 
[p

H(
27 

°C
)=
3.
2]
 
at
 

30 
and

 
50 

°C 
16
00
 

and
 

di
sk
 

ro
ta
ti
on
al
 

sp
ee

ds
 

400
 

and
 

RPM
 

to 
16
00
 
RP
M.



T-3772

H
O O • ■

-CO

oCM

CM JO

*5o
*  I

3 O
jü
1301O

mo> oen mGO g °
ysodea ui uoj| s wBw*

109

O

Fi
gu
re
 

5.
9-
Va
ri
at
io
n 

in 
ir
on
 

de
po
si
ti
on
 

wi
th
 

cu
rr

en
t

de
ns
it
y 

for
 

el
ec
tr
ol
yt
e 

IV 
[p
H(
27
 

°C
)=

3.
2] 

at 
3 

and
 

50 
°C 

and
 

di
sk
 

ro
ta
ti
on
al
 

sp
ee
ds
 

of 
40
0 

an
d 

16
00
 
RP
M.



T-3772 1 1 0

as the current density increased, however, the role of 
the rotational speed was not definitive.

Chromium content of deposits produced at 30 °C 
were higher than those obtained at 50 °C, as shown in 
Figure 5.10. The effect of rotational speed appears 
to be insignificant. For the most part, chromium 
content in the deposit increased as the current 
density increased. Unfortunately, the chromium 
content of the deposit did not exceed 13%. Moreover, 
at current densities above 2 0  À/dm2  (not shown on 
plot) the coating was severely cracked and poorly 
adhered to the substrate. The current efficiency for 
deposition of the alloys described above as a function 
of current density is shown in Figure 5.11 at the two 
temperatures (30 and 50 °C) and for the two disk 
rotational speeds (400 and 1600 RPM). It can be seen 
that the current efficiency is rather low, less than 
15% (because of hydrogen evolution), and varied 
slightly with current density. On the other hand, it 
was more sensitive to temperature. No trend in regard 
to the effect of disk rotational speed can be 
discerned. Figure 5.12 shows the corresponding 
variation in coating thickness with current density. 
The similarity of the curves in Figure 5.11 and 5.12
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is readily apparent; not surprisingly, since they 
represent the interrelationship between coulombs 
supplied to produce the deposit and its corresponding 
mass (calculation of coating thickness and current 
efficiency are covered in Appendix A2). Coating 
thickness (for constant charge deposition) varied from 
a minimum of 1.5 /m at 30 °C to a maximum of 3/m at 50 
°C.

5.2.2 Deposition from Electrolytes V and VI
Since the maximum content of chromium in the 

deposit was less than 13 w% and while at the same time 
the nickel content in the deposit was below 5 w%, it 
became apparent that deposition of an 18/8 stainless 
steel would not be feasible with electrolyte IV. 
Consequently, it was decided to investigate the 
deposition behavior of two additional electrolytes of 
lower pH. For this purpose, electrolytes V and VI 
were prepared. As before, the pH was adjusted with 
triethanolamine. The composition of electrolytes V 
and VI, with pH(27°C) values of 2.6 and 2.0, 
respectively are shown in Table 5.1. Figure 5.13 
shows the chromium content variation of the deposit as 
a function of current density for electrolyte V
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Figure 5.13-Variation in chromium content with cathodic 
current density for electrolyte IV [pH(27 
°C)=3.2] and V [pH(27 °C)=2.6) at 30 °C 
and 4 00 RPM.
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[pH(27°C)—2 .6] and for comparison electrolyte IV 
[pH(27°C)=3.2]. The chromium content in the deposit 
increased dramatically at the lower pH. Furthermore, 
chromium contents in the deposit well over 13 w% were 
possible, and values in excess of 30 w% were feasible. 
From Sarojama and Rama Char's data, shown in Figure 
2.2, at current densities above approximately 13 
A/dm2, the chromium content in the deposit decreased 
as the pH of the electrolyte increased. Since 
electrolyte V had a large concentration of 
triethanolamine (see Table 5.1), and Sarojama and Rama 
Char's electrolytes were also high in triethanolamine 
content (Table 2.1), a similar behavior with respect 
to pH changes would be expected for electrolyte V. In 
contrast, according to Przywoski and Socha's data, 
(Figure 2.4) the concentration of chromium in the 
deposit increased as the pH was increased. However, 
in this case the complexing agent used was 
sulf©salicylic acid rather than triethanolamine. 
Therefore, it is plausible that the response of 
chromium to pH changes may be related instead to the 
complexation behavior of chromium by triethanolamine 
and sulfolsalicylic acid, rather than their effect on 
the pH.
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While chromium content in the deposit increased 
with decrease in pH, the nickel content decreased, as 
shown in Figure 5.14, to values below 2.0 w % at the 
current density (5.5 A/dm2) where chromium content was 
close to 18 w% (Figure 5.13). Likewise, as a result 
of the increase in chromium deposition, the iron 
content decreased, as shown in Figure 5.15

It should be pointed out that while the chromium 
content of deposits produced from the electrolyte with 
a pH of 2.6 could be increased, the quality of the 
deposits and its adherence to the substrate 
deteriorated as the current density increased (in fact 
delamination of the deposit occurred). Moreover, the 
quality of the deposits was inferior, in all cases, to 
the quality of deposits obtained with the electrolyte 
whose pH was 3.2.

In contrast to the chromium deposition behavior 
observed when the pH of the electrolyte was decreased 
from 3.2 to 2.6 there was only a slight increase in 
chromium content of the deposit chromium deposition 
when the pH was decreased from 2.6 (electrolyte V) to 
2.0 (electrolyte VI), as shown in Figure 5.16. Once 
again, the deposits obtained with electrolyte VI had 
poor adherence. The current efficiency and average
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Figure 5.14-Variation in nickel content with cathodic 
current density for electrolyte IV [pH(27 
°C)=3.2] and V [pH(27 °C)=2.6]; at 30 °C and 400 
RPM.
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Figure 5.15-Variation in iron content with cathodic current
density for electrolyte IV [pH(27 °C)=3.2] and
V [pH(27 °C))=2.6] at 30 °C and 400 RPM.
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Figure 5.16-Variation in chromium deposition with cathodic
current density for electrolyte V [pH(27°C)=2.6]
and VI (pH(27°)=2.0) at 30 °C and 400 RPM.
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coating thickness as a function of cathodic current 
density, obtained for electrolyte VI, are shown in 
Figures 5.17 and 5.18 respectively. Note that the 
efficiencies and the average thickness obtained have 
similar values to those obtained for electrolyte IV at 
the same conditions (cf. Figure 5.11 and 5.12).

As a final comment, it is postulated that the 
stress developed in the deposit, and manifested by 
cracking and defoliation, is due to codeposited 
hydrogen dissolved in the electrodeposited coating.

5.2.3 Deposition from Electrolyte VII
Since the nickel content in the deposit produced 

with electrolyte V was below 2 w% at the current 
densities where a composition of 18 w% chromium was 
possible, nickel sulfate was added to the electrolyte 
to enhance the relative deposition of nickel. Nickel 
sulfate could be added until the concentration of 
nickel in the electrolyte was doubled (electrolyte 
VII), and no precipitation was detected. The deposits 
obtained with this modified electrolyte showed 
increase in nickel content. Figure 5.19 shows the 
variation in chromium, nickel, and iron contents with 
current density. From this Figure, it is apparent
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5.17-Variation in cathodic efficiency with cathodic 
current density for electrolyte VI [pH(27 
°C)=2.0]] at 30 °C and 400 RPM.

3 -

20
Cathodic Current Density (A/dm1)

Figure 5.18-Variation in average deposit-thickness with
cathodic current density for electrolyte VI
[pH(27°C)=2.0] at 30 °C and 400 RPM.
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Figure 5.19-Variation in chromium, nickel, and iron content
with cathodic current density. Electrolyte VII
[pH(27°C)=2.1]; at 40 °C and 400 RPM.
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that deposition of an 18/8 type stainless steel is 
feasible with this electrolyte at the conditions 
indicated. This increase in nickel content in the 
deposit is attributed to both the higher nickel 
concentration in the electrolyte, and to the increase 
in temperature from 30 to 40 °C. The variation in 
current efficiency and average coating thickness for 
electrolyte VII at the above conditions are shown in 
Figure 5.20 and 5.21 respectively. From Przywoski and 
Socha's(2) data (Figure 2.7a), as pH increases, 
current efficiency increases. Also, Sarojama and Rama 
Chart1) reported that at higher concentrations of 
triethanolamine (which increases the pH; up to a 
limiting value) the current efficiency was improved. 
Therefore, a decrease in current efficiency and 
thickness might be expected for electrolyte VII which 
had a lower pH than electrolyte VI. However, the 
increase in current efficiency (and average coating 
thickness), compared with electrolyte VI (Figures 5.17 
and 5.18), would appear to be a consequence of the 
increase in temperature (from 30 °C to 40 °C).

The deposits obtained with electrolyte VII were ge
nerally bright, and they had satisfactory appearance. 
Figure 5.22 shows the microstructure of these deposits
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Figure 5.20-Variation in current efficiency with cathodic 
current density for electrolyte VII [pH(27
°C)=2.1) at 40 °C and 400 RPM.
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Figure 5.21-Variation in average deposit-thickness with
cathodic current density for electrolyte VII
[pH(27 °C)=2.1] at 40 °C; 400 RPM.
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obtained at two current densities and the same 
operating conditions as Figure 5.19. Figure 5.22a 
shows a deposit obtained at 16.7 A/dm2, and which had 
a composition similar to that of an 18/8 stainless 
steel. Note that some staining occurred. Figure 
5.22b shows the same deposit at a higher 
magnification. An increased nickel content in the 
deposit caused an improvement in the adherence of the 
coating; except at the current densities of 11.1 A/dm2  

(15 w% Cr / 7.5 w% Ni) where delamination occurred.
This delamination, (which was typical of the deposits 
obtained with electrolytes V and VI) is shown in 
Figure 5.22c.

5.3 Electrodeposition on Mild Steel Electrodes.
Although electroplating Fe-Cr-Ni alloys on a rotating 

disk electrode is tractable because of its well defined 
fluid dynamic behavior, in a practical situation, when a 
repair without disassembly would be required, this 
arrangement would be untenable. Hence, in order to simulate 
a more realistic situation the cell described in section
4.1.1 was utilized. This cell construction allowed 
deposition of larger cathodic areas, 0 . 0 1  dm2, compared to 
an area of 0.0018 dm2  available with the rotating disk
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electrode. Moreover, since deposition of stainless steel 
finds more application on mild-steel substrates than on 
copper substrates, experiments were performed with planar 
mild-steel electrodes. The composition of the material used 
is shown in Table 5.3. The operating parameters used in 
these experiments were the same as the ones in Figure 5.19 
(except for the rotational speed), namely 16.7 A/dm2, 40 °CZ 
and an electrodeposition period of 400 seconds corresponding * 
to the time necessary to apply 6667 C/dm2  (the same charge 
per unit area was used for the rotating disk electrode 
experiments). Agitation in the electrolyte was provided by 
a bubble sparge of nitrogen at a flow rate of 1 0 0  standard 
cubic centimeters per minute to both the catholyte and the 
anolyte chambers. For comparison purposes, two surface 
finishes were utilized. Selected electrodes were polished 
with gamma alumina powder (0.05 /m) and others were ground 
on a surface grinder. The surface finish of the latter 
sheets was 3 /4 in (0.076/im) RMS. The purpose of the surface 
finish was to simulate the surface of a machine part whose 
surface was prepared with a grinding wheel. Table 5.4 shows 
the results for both the polished and the surface-ground 
samples as well as those obtained with a rotating disk 
electrode for identical operating parameters. As shown in 
the table, the compositions of the coatings obtained on the
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Table 5.3-Emission spectrographic analysis of mild-steel 
electrode used in this investigation

Element Comp.(PPM) Element Comp. (PPM)
Ag < 1 Mo 2 0 0

As < 2 0 0 Nb 2 0

B 50 Ni 50
Ba 30 Pb 1 0

Be < 2 Sb 1 0

Bi < 1 0 Sc < 1 0

Cd <50 Sn < 1 0

Co 50 Sr < 1 0 0

Cr 150 Ti < 2 0

Cu 2 0 0 V 50
Gel 70 W <50
Ge < 2 0 Y < 1 0

La < 2 0 Zn < 2 0 0

Mn 300 Zr 2 0

Element Comp. (w%) Element Comp. (w%)
Ca <0 . 0 2 Mg <0 . 0 2

Fe > 2 0 C 0.05*

♦Obtained by interstitial analysis.
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Table 5.4-Microelemental composition of coatings (in
weight%; analyzed by SEM) obtained on mild-steel 
planar electrodes and on copper rotating disk 
electrodes.

Sample # 1 2 5 8 A B
Surface
Finish

ground 0.05/im 7 AI2 O 3

Substrate mild-steel copper
Electrode
Area

0 . 0 1  dm2 0.0018 dm2

Operating
Conditions

4 0 °C 
16.7 A/dm2

40 °C 
16.7 A/dm2  

400 RPM
Electrolyte VII (pH=2.1 at 27°C)

Fe 75. 0 71.3 73.4 72 . 9 71.4 70. 7
Ni 9.5 10. 5 9.5 9 . 9 7 . 3 7 . 5

Cr 17.5 18 . 2 17.1 17.2 20.5 21.4
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mild-steel substrates are similar to those obtained with the 
copper rotating disk electrode. In addition, the deposition 
rate of nickel is increased on mild steel compared to 
copper. The microstructures of the coatings indicate that 
the coating retain the surface features of the substrate.
In Figure 5.23, it is seen that cracking was more severe for 
coating deposition onto the electrode with the rougher 
surface finish.

In order to measure the thickness of the coatings 
obtained on the mild-steel electrodes, the coated samples 
were submerged in liquid nitrogen and then subjected to an 
impact tensile load which caused a brittle fracture in the 
specimen. Inspection with the S.E.M. at a magnification of 
3000x, reveals the coating and the fracture surface of the 
mild-steel electrodes. Figure 5.24 shows that the thickness 
of the coating is approximately 3.3 pm. This magnitude 
compares well with the average thickness calculated for 
coatings on the copper rotating disk electrodes (about 2.5 
pm) at the same current density and temperature.
Delamination seems also to have occurred during fracture, as 
seen on Figure 5.24.

The appearance of the coating as seen by the naked eye 
seemed satisfactory except in regions of more severe 
cracking, where oxidation developed. It was noted that the
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Figure 5.23-Photomicrographs of deposits obtained on mild 
steel electrodes using electrolyte VII [pH(27 
°C)=2.1] at 40 °C, 16.7 A/dm2, and 
sparged with nitrogen at 100 S.C.C.M*. (a)
fresh surface-ground sample. (b) sample 
polished with gamma alumina (0.05 pm).
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Figure 5.24-Photomicrograph of the cross sectional view
of a deposit (on a fresh surface-ground sample) 
obtained using electrolyte VII [pH(27 °C)=2.1] 
at 16.7 A/dm2  and 40°C.
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deposits obtained on the copper substrates were brighter and 
developed less cracking than those obtained on mild-steel.
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Chapter 6

CONCLUSION

In this chapter a summary of the results obtained 
in this investigation will be offered first. Then, pertinent 
conclusions will be enumerated. Finally, recommendations 
for further research are proposed.

6 .1 Summary of the results
The literature survey conducted as part of this 

research, identified two major past-research efforts on 
deposition of stainless steel coatings as being pertinent to 
the present study. These were, the investigations by 
Sarojama and Rama Char(1), and that by Przywoski and Socha 
(2). The composition of the electrolytes used by these 
investigators and a summary of the results obtained were 
presented in Chapter 2. However, details of the procedure 
used for adjusting the pH of the electrolyte were either 
terse or not provided. Thus, when electrolytes of similar 
composition to those used by these researchers were prepared 
and deposition conducted under the condition reported, the 
coatings obtained were not the same as had been reported.
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In fact, the electrolyte reported by Sarojama and Rama 
Chart1) did not yield a deposit at the conditions which they 
indicated as being tractable. It was noted that the 
electrolyte prepared according to the chemical composition 
provided by Przywoski and Socha(2), had a pH (20 °C) of 0.4, 
whereas the pH they reported was 1.8. Electrodeposition 
conducted with this electrolyte produced coatings which did 
not adhere to the copper-substrate electrode. Consequently, 
it was found necessary to develop electrolytes of chemical 
composition which would indeed produce electrodeposited 
coatings of chemical composition similar to that of a type 
18/8 stainless steel. The first task conducted in this 
effort was to investigate the separate effects on the 
hydronium activity (pH). In Chapter 4 the increase in pH 
which could be produced by increasing triethanolamine 
content of the electrolyte was reported. Also, the 
limited decrease in pH which could be achieved by increased 
sulfosalicylic acid was also presented. The ability to 
control the pH of the electrolyte was crucial since, as 
demonstrated in Chapter 5, codeposition of Fe-Cr-Ni alloys 
is restricted to a narrow pH range. Therefore, the pH of 
the sulfate-based electrolytes utilized in this 
investigation was adjusted by adding the requisite amounts 
of triethanolamine and/or sulfosalicylic acid.
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Coatings produced on copper-substrate electrodes from 
an electrolyte with a pH (27 °C) of 3.2 had chromium content 
less than 10%, regardless of the current density (2.5 to 20 
A/dm2) and temperature used (30 to 50 °C). In general, the 
chromium content increase at lower temperature; and was 
insensitive to rotational speed (400 to 1600 RPM), 
indicating that the codeposition was diffusion controlled. 
Decreasing the pH (27 °C) of the electrolyte resulted in a 
significant increase in chromium content of the deposit (as 
high as 35 w%). However, the coating exhibited severe 
cracking; probably as a result of increased coreduction of 
hydrogen on the electrode. Further decrease of the pH (25 
°C) to 2.0 did not increase the chromium content of the 
coating. Since the nickel content of the coatings was less 
than 8  w% it was found necessary to increase the nickel 
content of the electrolyte. This electrolyte with increase 
nickel content (electrolyte VII pH-2.l at 27 °C; see Table 
5.1) was used to produce coatings at 40 °C on a 
copper-substrate rotating disk electrode. The coatings 
obtained at a current density of 16.7 A/dm2  were bright and 
adherent, and their chromium/nickel content were close to 
that of a type 18/8 stainless steel. Photomicrograghs of 
such coatings showed "mild" cracking. In order to 
demonstrate that the deposition behavior which was obtained
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on a rotating disk electrode could be obtained on a 
stationary mild-steel substrate, a special cell was 
utilized. It provided for a larger cathode (approximately 6  

times larger). Agitation of the electrolyte was provided by 
a continuous flow of gas bubbles. The tests with this cell 
and mild-steel substrate electrode demonstrated that an 18/8 
composition could indeed be obtained. Moreover, deposition 
on mild-steel improved the deposition of nickel (Table 5.4). 
In contrast, the adhesion of the deposit to the mild-steel 
substrate was not as good as for the copper substrate. Also 
the deposit on mild-steel exhibited more cracking. 
Nevertheless, the quality of these deposits was considered 
acceptable.

6 .2 Enumerated Conclusions
Specific conclusions are listed below:

1. The electrolytes reported by Sarojama and Rama 
Char, and Przywoski and Socha could not be 
used to produce the deposits indicated by 
these researchers.

2. Triethanolamine and sulfosalicylic acid have 
a significant effect on the pH of the 
electrolyte.
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3. The requisite relative chromium composition 
for a type 18/8 stainless steel can only be 
achieved in a narrow pH range. In this study 
the pH range is restricted to between 2.0 to 
2.6.

4. The optimum conditions for deposition (on 
a rotating disk electrode with an area of
0.0018 dm2) of a coating with composition 
similar to an 18/8 stainless steel were:

Electrolyte: VII (Table 5.1) 
pH (27 °C): 2.1
Electrolyte temperature: 40 °C 
Disk rotational speed: 400 R.P.M. 
Cathodic current density: 16.7 A/dm2  

Substrate: copper
Deposition time: 400 s (6667 C/dm2) 
Surface finish: as polished with O.OS^rn

7 - A I 2 O 3

5. Average thickness and cathodic efficiencies at 
the above conditions were approximately 3 //m 
and 1 2  % respectively.

6 . Deposition of a coating of composition similar 
to a type 18/8 stainless steel onto a 
mild-steel substrate with an area of 0 . 0 1  dm2
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was possible at the following conditions:

Electrolyte: VII (Table 5.1) 
pH (27 °C): 2.1 
Temperature: 40 °C
Cathodic current density: 16.7 A/dm2  

Nitrogen gas flow in catholyte chamber: 
100 SCCM

Nitrogen gas flow in anolyte chamber: 
100 SCCM 

Deposited area: 1 cm2  

Deposition time: 400 s (6667 C/dm2) 
Surface finish: as polished with O.OS^rn

7“a 1 2°3

7. The relative amount of nickel in the coatings 
deposited onto a mild-steel substrate was larger 
than on copper substrates.

8 . The average coating thickness on mild-steel 
substrates was 3 pm.

9. More cracking was present in the coatings 
deposited on mild-steel substrates which had been 
freshly prepared on a surface grinder.

10. Satisfactory coatings could be deposited on 
mild-steel substrates which had been freshly 
prepared on a surface grinder.
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11. Ohmic behavior was found in region B of 
cyclic voltammograms and region C appears to be 
controlled by mass transfer of the species to 
the electrode.

12. The cyclic voltammograms did not provide 
information which allowed the deposition 
mechanisms to be elucidated. For the 
polarization conditions where Ni, Cr, and Fe 
are codeposited, reduction of hydrogen is the 
primary charge transfer process.

6 .3 Suggestions for Further Research
The following suggestions for further work are

proposed:

1. The effect of additive agents on the 
microstructure of the deposits should be studied 
so that stress -induced cracking may be reduced, 
and thicker deposits can be obtained. Candidates 
may included sulfosalicylic acid and aluminum 
sulfate.
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2. Investigate the use of pulsed-plating 
technique, and its effect on the composition and 
microstructure of the deposit.

3. Incorporate the model of multi-component 
deposition proposed, by M.W. Verbrugge, and C.W. 
Tobias,(8 ) to describe the composition behavior 
in this system.
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Appendix Al

ROTATING DISK ELECTRODE CONSTRUCTION

The dimensions of the copper rotating disk electrode 
used in this investigation are shown in Figure Al.l. 
Likewise the dimensions to which the whole assembly (copper 
electrode and cast epoxide resin) are shown in Figure A1.2.
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Appendix A2

EQUATIONS to CALCULATE CURRENT EFFICIENCY and AVERAGE
COATING THICKNESS

The following equations were used for the 
determination of the current efficiency, and the average 
coating thickness:

Deposition Rate:

EFeENiECrRd = ------------------------------------
fFeENiECr + fNiEFeECr + fCrEFeENi

where:
R^ = deposition rate (g/s)

EFe'ENi'ECr = electrochemical equivalents (g/C)
fFe'fNi'fCr = weight fractions of the components of

the alloys

ffe+fNi+fCr = 1  

Current Efficiency:
GxlOO

e — ----------
I x t x Rd

where:



T-3772 150

e = current efficiency (%)
G = mass of deposited alloy(g)
I = electroplating current (A) 
t = time of electrolysis 
E = electrochemical equivalent (g/C)

Average Thickness of the Coating:

d = 104G*(ffe/7•87 + fNi/8.9 + fCr/7.19)/Sc

where:
d = average thickness of the coating (micrometers)
Sc = cathodic area (cm2)
7.85, 8.9, and 7.19 are the densities of Fe, Ni, and 

Cr respectively.
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