
I

RtF
671'7
19915
FlSM

STUDY ON THE MECHANICAL PROPERTIES OF
ELECTROPLATED mON-CARBON ALLOY COATING

ASMA YASMIN

A thesis submitted to the Department of Metallurgica! Engineering, Bangladesh
University of Engineering and Technology, Dhaka, in partial fulfilment of the
requirements for the degree of Master of Science in Engineering {Metallurgicall

eP- \ ,"I f.,;;;~
(K':-~8""';;~;~9~

{,'7'f,,, .,(..<::h_Q..~.•. )

-:y~'l! tllf-::Jl':xt-:si~
"-,,- J./
e" ,_ __~ 1'i'
. ',~-~~i\,,'I., <, , -,

October, 1995

BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY
DHAKA, BANGLADESH

~
1111111 m 11111111111111111111

#89288#

~ ---_. 'C



DECLARATION

This is to certify that this research work has been carried Out by the author
under the supervision of Dr. A. S_ M. A. Haseeb, Assistant Professor,
Department of Metallurgical Engineering, BUET, Dhaka, and it has not been
submitted elsewhere for the award of any other Degree or Diploma.

•

--iJ '1"",:,- .
A~..l0 •~ l;"

Signature of the author



The unrlersigned exarrriners appointed by the Committee of Advanced Studies
and Research (CASRI hereby recommend to the Department of Metallurgical
Engineering of Bangladesh University of Engineering and Technology, Dhaka, the
acceptance of the thesis entitled 'STIJDY ON 11IE MECHANICAL
PROPERTIES OF ELECTROPLATED IRON-CARBON ALLOY
COATING" submitted by Asma Yasmin, B.Sc. Engg. (Metallurgical) in partial
ful£ilment of the requirements for the Degree of Master of Science in Engineering
(Metallurgical)

1. ;;;"/1> Chairman
. S. M. A. Haseeb (Supervisorl

Assistant Professor
Dept. of Metallurgical Engg.
BUET, Dhaka.

2. ____~'k~,,\ '"~ Member
>k.d lex-officiol
Dept. of Metallurgical Engg.
BUET, Dhaka.

3. _L_~,,""",r Member
Dr. Ehsan Haque
professor
Dept. of Metallurgical Engg.
BUET, Dhaka.

/~
4. Member

Dr. A, S. W. Kurny 2'2.10.0'1;;
Professor
Dept. of Metallurgical Engg.
BUET, Dhaka.

5. >n . .u~_ Memberp~~~~~Dr. M~1b'r-:i}{Rn9J- IExternal) ,
House No. 31, Road NO.4
Dhanmondi RIA, Dhaka



ACKNOWLEDGEMENT

The author would like to express her gratitude and indebtedness to her thesis
supervisor Dr. A. S. M. A. Haseeb, Assistant Professor, Department of
Metallurgical Engineering, BUET, for his valuable suggestions, inspiring guidance,
constant encouragement and kind help in carrying out the project and also in
preparing this thesis.

The author is also indebted to Professor Md. Mohafizul Haque and professor A.
S. W. Kurny of the Department of Metallurgical ingg. for their inspiration and
suggestions in completing this thesis.

The author would like to give thanks to Dr. A K. M. Bazlur Rashid, Assistant
Professor, Dept. Of Metallurgical Engg. for his kind help in preparing this thesis.

The author is grateful to Md. Ashikur Rahman, Laboratory Instructor, Md.
Lutfur Rahman, Ex. Senior Crafts Instructor, Babu Binoy Bhushan Shaha, Senior
Laborlltory Instructor and other laboratory staff of Metal1urgical Engg.
DepllItrnent of BUETfor their kind help at different stages of this project.

Finally the author expresses her gIlltitude to her parents and well wishers for-
their encouragement and inspiration throughout the entire period of this
undertaking.

Dept. of Metallurgical Engg.

BUET, Dhaka.

The author



ABSTRACT

Electrodeposition of martensitic Fe-C and Fe-Ni-Calloy coatings was carried out
hom sulphate based batbs at room temperature. The baths contained various
amount of citric acid (0.2 to 10 gill and L-Ascorbicacid 10.2 to 10 gill and in
some cases additives viz. gelatin 10.2to I gil), sodium lauryl sulphate 10.5gil) to
observe their influences.on the morphology and mechanical properties of the
coatings_

Chemical analysis showed the carbon content of both Fe.C and Pe-Ni-C alloy
deposits to be above I% and Ni content of Fc-Ni.C alloy deposit within 4-6%.
It was observed that the carbon content of the Fe-C deposits becomes less
sensitive to CA and LAAcontent of the bath as higher amounts of CA and LAA
are added. Structure of the deposit was examined by optical microscopy and x-
ray diffractometry. The microstructure of as-deposited etched sample was dark
and difficult to observe under a microscope,but the annealed structure showed a
structure similar to annealed carbon steel. X-ray diffraction pattern of as-
deposited Fe-I.1%C alloys suggests these to be rnartensitic in structure.

Mechanical properties of these coatings viz. microhardness, ductility, wear
resistance were investigated in relation to the prcscnce of additives like gelatin
and sodium lauryl sulphate in the bath and post-deposition heat treatment. Fe-C
alloy deposited from bath containing 10 gil CA and 10 gil LAA showed hardness
as high as 790 HV, whereas the deposits hom other baths showed relatively
lower bardness values such as 701, 386 HV. It was found that as the percentage
of CA and LAA in the bath decreases, hardness of the deposit also decreases.
Tempering of the as-deposited Fe-1.1%C alloy at 2000C lor half an hour does
not cause any appreciable decrease in hardness. However, gelatin was found to
have a significant role on bardness; as the gelatin content in the bath increases,
the corresponding hardness decreases.It was found that presence of gelatin in the
baths and tempering of the deposits cause considerable improvement in
ductility. FeA.3%Ni-1.1%C alloy showed better ductility than as deposited or
tempered Fe-I.l %C alloy.



Wear tests were performed all both as-deposited alld tempered Fe.l.l"foe alluy
coatings to evaluate their wear characteristics alld then the values obtained were
compared with the wear resistance of mild steel. Fe-lot %C alloy coatings, in
splte of their high hardness, showed lower wear resistance than mild steel
probably due to their low toughness and in&llfficientadhesion.
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Electrodeposited alloys possess many special, poten pplications by virtue of
their great lange and diversity of properties. Certain alloys may be prepared
IllOre readily by electrodeposition than by thermal means. For example, the
preparation of an alloy consisting of a low-melting volatile constituent /lnd a
metal with a high melting point may be difficult to prepare by conventional
means and may be more easily achieved by e1ectrodeposition. Alloys which form
mechanical mixtures, such as copper-lead alloy, are IIJere readily obtained in a
well-dispersed state by alloy deposition than by thermal means. Alloy plating
makes possible the co-deposition of metals or elements, such as tungsten,
molybdenum, germenium, and phosphorus, which cannot be deposited from
aqueous solution by themselves.

Furthermore, electrodeposited alloys are very often known for their non-
equilibrium structure and special properties as compared with norma]
metallurgical alloysl. Two common examples of deviations from equilibrium arc
the formation of supersaturated solid solutions and phases which normally are
produced only at elevated temperatures, It is also possible for alloy
electrodeposits to exist in metastable phases which do not appear at all on the
usual equilibrium phase diagrams.

Developments in this field is, therefore, going on and new alloy coatings are
being developed to meet stringent tribological requrrements, improved corrosion
resistance, heat resistance, surface hardness and so on. Among iron-based alloys,
reports on amorphous Fe-W film providing excellent resistance to corrosion2,
Fe-Cr-Ni a]]oy coating of 18-8 stainless steel type3, Fe-Ni-W alloy filrrtl-,Fe-Ni-
pS alloy films etc. appeared in the literature recently. The possibility of
production of martensitie iron-carbon alloy at room temperature has generated
interest very recently_ It has been found that Fe-C alloy with quite high hardness
[812 HV) and high carbon content (1.2%) could bc produced by
electrodepositiortS,7. This development has great co=rcial implications as Fe-
C coating can replace conventional iron and chromium plating in certain
applications_ Electrodeposited Fe-C alloy also has the potential of replacing
carburising in some cases, Electrodeposition at room tcmperature offers defmite
advantages over the conventional hJ.gh temperature heat treatment used to
produce a martensitic structure. These advantages include avoidance o[
distortion, low energy consumption, low cost etc.
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Recently Hasecb and Huq8 studied the effect of deposition current density and
bath composition on the incorporation of carbon into iron deposits and their
hardness. Fe-C deposits with hardness as high as 780 HV and carbon content
above 1% were obtained in that study. The coating, however, seem to be rather
bnttle and not suitable for engineering applications. In order to make it suitable
for engineering use its ductility needs to be improved.

The present work is intended to improve the ductility of the Fe-C alloy coatings
and this was attempted through the use of additives in the plating hath and
through post-deposition heat treatment. In addition, other mechanical properties
of the coating viz. hardness, wear resistance were also investigated.
Characterization of the coating was done by chemical analysis, X-ray diffraction,
optical microscopy and differential scanning calorimetry. Consequently, the
effect of process variables like bath composition, current density on the
electrochemically deposited alloys was investigated.
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2. LITERATURE REVIEW

2.1 Electrodep0l:litionof alloys

2.1.1 General conditions for electrocleposition of alloys

Superficially, the procedure for depositing an alloy differs in no important
respect from that for depositing a single meta! - a current is passed from
electrodes through a solution and a metal deposits upon the cathode. However,
the problem of finding conditions for depositing a given alloy in the form of a
sound, strong, homogeneous coating is not as easily solved as for a single metal.
The simultaneuus dcpositlon of two or more metals without regard to the
physical nature of the deposit is a relatlvely simple matter, for It IS necessary
only to electrolyze a bath of the mixed metallic salts at a sufficiently high
current density. Unfortunately, the deposits so obtained are usually loose,
spongy, nonadhercnt masses, contaminated with basic inclusions. Thus, the use
of a high current denSIty per sc is not a means of solving the problem of alloy
deposition,

A prelimmary and rather obvious requirement for codeposition of two or more
metals from aqueous solutiun is that at least one of the mctals be individually
capable of bcmg depusited from aqueous solution.

The most important practical consideration involved in the codeposition of two
metals is that their deposition putentials be fairly close together. The importance
of this consideration follows from the well known fact that the more noble
metal deposits preferentially, frequently to the complete exclusion of the less
noble metal. To simultaneously codeposit the two metals, conditions must be
such that the more negatIve (less noblel potential of the less noble metal can be
attained wlthout employing an excessive current density _Hence, the need for
having the potentials of the two metals close together.
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2.1.2 Principlesof alloy deposition

The six principles of alloy deposition are:

L If an alloy plating bath, which is in continuous operation, is replenished
with two metals in II constant ratio, MIN (for example, by adding metallic
salts or by the use of soluble anodes), the latio of the metals in the deposit
will approach and ultimately take on the value MIN.

2. An increase in the metal-percentage lor ratio) of a parent metal in an alloy
plating bath results in an increase in its percentage lor ratJo) in the deposit.

3. In alloy deposition, the ratio of the concentration of the mOlC readily
depositable metal to the other is smaller at the cathode- solution interface
than in the body of the bath.

4. In the deposition of alloys from the normal alloy plating systems, the most
fundamental mechanism is the tendency of the concentrations of the metal
ions at the cathode-solution interface to approach mutual equilibrium with
respect to the two parent metals.

Both principles 3 and 4 IClldto the relation

where Cm and Cn are, respectively, the concentrations of the more readily

and the less readily deposit able metal at the cathode-solution interface, and

COill and COn are the concentrations of the metals in the body of the bath.

5. A variation in a plating condition that brings closer together the potentials
for the deposition of the parent metals separately - that is decreases the
interval of potential between them - increases the percentage of the less
noble metal in the electrodeposited alloy, and vice versa.

6. In depositing alloys in which the content of the less noble metal increases
with current density, the operating conditions for obtaining the more
constant composition of deposit are: Ii) constant potential if the
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uncontrollable variables affect the potentials of the more noble metal and
Iii) constant current density if the uncontrollable variables affect the
potentials of the less noble metaL Conditions (i) and (iii ale interchanged if

the content of the lessnoble metal decreaseswith current density.

2.1.3 Types of alloy plating systems

The five types of alloy plating systemsare given below _

I. Regular codeposition

Regular codeposition is characterized by the deposition being under diffusion
control. The effects of plating variables on the composition of the deposit are
determined by changes in the concentrations of metal ions in the cathode
diffusionlayer and are predictable from simplediffusiontheory. The percentage
of the more noble metal in the deposit is increased' by those agencies that
increase the metal ion content of the cathode diffusionlayer: increase in total
metal content of bath, decrease of current density, elevation of bath
temperature, and increasedagitation of bath. Regularcodeposition is most likely
to occur in baths containing simple metal ions, but may occur in baths
containing complex ions. It is most likely to occur in baths in which the static
potentials of the metals are far apart and with metals that do not form solid
solutions.

II. Irregular codeposition

hregular codeposition is characterizedby being controlled by the idiosyncracies
of the potentials of the metals against the solution to a greatet extent than by
diffusion phenomena. The effects of some of the plating variables on the
composition of the deposit are in accord with simple diffusion theory and the
effects of others are contrary to diffusion theory. Also, the effects of plating
variables on the composition of the deposit are much smaller than with the
regular alloy plating systems. hregular codeposition is most likely to occur with
solutions of complex ions, particularly with systems in which the static
potentials of the parent metals are markedly affected by the concentrations of
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the complexing agent, for example, the potential of copper or zinc in a cyanide
solution. Irregular codeposition, also, is most likely to occur in systems in wwch
the static potentials of the parent metals aTC close together and with metals
which form solid solutions. It is the least well characterized of the five types and
is to some extent a catch-all for alloy plating systems that do not fit one of the
other four types.

m. Equilibrium codeposition

Equilibrium codeposition is characterized by deposition from a solution which is
in chemical equilibrium with both of the parent metals. The equilibrium alloy
plating system is unique in that the ratio of metals in the deposit (plated at a low
current density) is the same as their ratio in the bath. Only a few alloy plating
systems of this type have been investigated. These are the copper-bismuth and
lead-tin alloys deposited from an acid bath and perhaps copper-nickel alloys
deposited from a thiosulfate bath. Alloy plating systems which have the same
metallic land other) constituents as the equilibrium system, but not in the
equilibrium ratio, behave as their regular or irregular alloy plating systems.

IV. Anomalous codeposition

Anomalous codeposition is characterized by the anomaly that the less noble
metal deposits preferentially. With a given plating bath, anomalous codeposition
occurs only under certain conditions of concentration and operating variables.
Otherwise the codeposit ion falls under one of the three other types. Anomalous
codeposition can occur _inbaths containing either simple or complex ions of the
metals. Anomalous codeposition is rather rare. It is most frequently associated
with the electrodepositlon of alloy's containing one Ot more of the three metals
of the iron group: iron, cobalt, or nickel.

v. Induced codeposition

Induced codeposition is characterized by the deposition at alloys contaming
metals, such as molybdenum, tungsten, or germenium, which cannot be
deposited alone. However, these metals readily codeposited with the iron group
metals. Metals which stimulate deposition are called inducmg metals, and the
mctals which do not deposit by themselves are called reluctant metals. The
effect of the plating variables on the composition of the alloys of induced
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codeposit ion are more vagarious and unpredictable than the effects on the
composition of alloys of any of the other types of codeposition.

2.1.4 Effect of plating variables on the composition of the alloy
deposit

2.1.4.1 Introduction

The composition of an e1ectrodeposited alloy is a function of a large number of
variables, the main ones of which arc as follows:

A. Variables of bath composition
L Concentrations of depositable metals

a. Ratio of the concentrations of the depositable metals to each otber
b. Total concentration of the depositable metals

2. Concentration of complcxing agents
3. pH of plating bath'
4. Presence of addition agents
S. Presence of indifferent electrolytes or conducting salts

B. Variables of bath operation
1. Current density
2. Temperature
3. Agitation of bath or movement of cathode

C. Miocellaneous variables
1. Cathode current efficiency
2. Shape of cathode (composition dispersion)
3. Basis metal
4. lbickness of deposit
5. Type of current



2.1.4.2 Concentration of depositable metals in the bath
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Probably the most important variables governing the composition of
e1ectrodepositcd alloys are the concentrations of the two or more parent metals
in the bath. In general, the ratio of metals in an e1ectrodeposited alloy diller
considerably from their ratio in the bath. Only under special condltions are the
ratios of the metais the same in both the bath and the alloy_

The concentrations of the parent metals in the bath can be varied by three
methods:

la) Variation of metal ratio: The total metal content of the bath is kept constant
while the ratio of OIle metal to the other is varied. This method is the most
important because the composition of the alloy is more responsive to the metal
ratio of the bath than to any other variable.

(bl Variation of total metal content: The ratio of the two parent metals in the
bath is kept constant while the total metal concentration is varied,

(c) Variation of concentration of a single metal: The concentration of one parent
metal is kept constant in the bath while inerements of the other parent metal are
added.

The relation between the composition of the electrodeposited alloy lind the ratio
of the parent metals in the bath is the most important relation in alloy plating
system. One feature of Figs 2.1 and 2,2 is that they contain an auxiliary line, AB,
which will be referred to as the "composition-reference line". It is aid in
visualizing the relation between the percentage composition of the alloy and the
metal-percentage of the bath, Points falling upon the composition reference line
would represent alloys having the same percentage composition as the metal-
percentage of the bath. A composition curve that raises above the composition-
reference line indicates that the metal in question is preferentially deposited,
because its percentage in the deposit is larget than its metal perccntage in the
bath. In normal codeposition, the more noble metal deposits prefercntially,
hence the curve for the percentage of the more noble metal in a deposit always
lies above the composition reference line, Similarly, the curve representing the
percentage of the less noble metal plotted against its metal-percentage in the
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bath lies below the composition reference line.

Examples of normal codeposition are illustrated in Fig. 2.1. Curves 1-3,
respectlve1y, represent regu.\a.r, irregular, and equilibrium codeposition. Curves I
and 2 represent the plot of the percentage of the more noble metal, copper, in
the alloy against its metal-percentage in the bath, and consequently these curves
lie above the composition-reference line AB.
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Fig. 2.1 Typj~l CUlve3 .i1lustruin,( the relation between the composition of

electro-depodted .lloy. .nd the compo!ition of the buh in normQ[

co.deposition.

Curve 1: B.i8muth-copper .lIOy8 deposited from pe.rchlor.te b.tlP

Curve 2: Copper-zinc .lloy. depouted born cy.nide bath1 0, 11

Curve 3: LeQd-tin .l10YB depoll.ited from a OuobocQte bath! 2
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Fig 2.2 illustrates the relation between the composition of the deposit and the
composition of the bath in anomalous codeposition. Three different alloys, iron-
zinc (curve lI, nickel-zinc Icurve 31 and cobalt-nickel (curve 21, all deposited
from simple chloride or sulphate baths are used as examples. The outstanding
feature of this figure is that the composition curves for the more noble metals,
nickel and iron, lie below composition-reference line, AB, in contrast to curves 1
and 2 of Fig 2.1. This means that although iron and nickel are the more noble
metals, they ale not preferentially deposited. The data for curve 3, representing

deposition of nickel-zinc alloys, comes from the work of Schoch and Hirsch13

which was done in 1907 and is one of the earliest studies of the principles of
alloy deposition. Although the total metal content of their baths varied widely,
this does not vitiate the relation between the metal ratio of the bath and the
deposit.
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Pig. 2.2 RelQtionbetween the compo~itionof the depout lind the compo~ition
of the bJlth in anona1ou~ co.depo.;tion.

Curve 1: Iron-zinc alloya depo.;ted from .rulphQte b,th14

Curve 2: Nickel.cobQIt ~l1oyadepo.ited from chloride bQth1 5
Curve 3: Nickel.zinc .11oys deposited from .rulphQte bathl 3
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The behavior of metals in anomalous codeposition is not as consistent and clear-
cut as would appe:H from the curves shown. Under some conditions of current
density and temperature, the metals may codeposit in a normal fashion and
under other conditions in an anomalous fashion.

Variation of the total metal content of a bath, at a fixed metal ratio, appreciably
affects the composition of alloys in regular codeposition but has clther slight
eHect or no uniform trend in irregular, anomalous and induced codeposition.
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Fjg. 2.3 Relation betwel:.ll the compo~fion of the deposit and the toul metal
content of the bath in ,,'olWllous co-depo,ition.

CllTVe1 nul 3; From the data of Clu.l'r<me nul SpwlJUIlI16

Curve 2 : From the diU 01 Fink U1d Lab1 7
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The effect of total metal content of the bath on the composition of the deposit
in anomalous codeposition is illustrated in Fig. 2.3. With data on the deposition

of cobalt-nickel alloys taken from the work of Giasstone and Speakman16 and

Fink and Lahl? The alloys were deposited from simple sulphate baths. Cobalt
deposited preferentially although it is less noble than nickel. The curves show
that for a sevenfold increase in total metal content of the bath, the cobalt
content of the deposit increased only slightly. Comparison of these curves with
the much steeper curve 2 of Fig. 2.2 shows the much greater effect of varying the
metal ratio of the bath.

2.1.4.3 Concentration of complexing agents ill the bath

Since complexes are so potent in bringing about codeposition of metals, it is to
be expected that the composition of an electrodeposited alloy would be affected
by the concentration of the complexing agent. Indeed, next to the metal ratio of
the bath, the concentration of the complexinig agent has the greatest influence
on the composition of the deposit, The general effect of increasing the
concentration of a complexing agent is to m:tke the deposition potentials of a
metal more negative {less noble), so that the metal becomes less readily
deposited. In an alloy plating bath, if an increase in concentratlon of the
complexing agent shihs the deposition potential of one metal more than that of
the other, a diminution in the percentage of the former metal in the deposit
results.

Only in the mixed type of plating bath is the compOSition of the deposit
markedly affected by the concentration of the free complexing agents. The
reason for this is that in a mixed bath, the deposltion of each parent metal is
responsive only to the concentration of its particular complexing agent. On the
other hand, in a "single complex" bath an increase in the concentration of the
complexing agent shihs the potentials of both parent metals to more negative
(less noble) values, and, a prior~ one cannot tell whether the effect on the
potential of one metal will be relatively greater or smaller than that on the
other. Consequently, the effect of concentration of the complexing agent in
single complex baths is neither readily predictable nor very large in magnitude.
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2.1.4.4 pH

The effects of pH on the composition of an elcctrodeposited alloy are specific
and usually unpredictable. In some baths, the pH has a large effect and in others
a small effect on the composition of the deposit. The determining factor is the
chemical nature of the metallic compounds, because the pH does not exert its
effect per se but by altering the state of chemical combination of the metals in
solution. Simple metallic ions are oniy slightly sensitive to variations in the pH
of the solution; this is indicated by a slight variation in the thermodynamic
activity of the iOil. On the other hand, the composition and stability of many
complexes - in both alkaline and acid solution - arc a function of the pH. For
example, complexes, such as stannate, zincate, cyanides, and amines, which are
stable in alkaline solution, decompose when acidified. As a general rule,
variations of pH should have little eliect on the compOSltion of alloys deposited
from baths containing the metals as simple iOIlSand should have a large effect on
the composition of alloys deposited from baths in which the parent metals were
present as complexes with Luge instability constants.

Glasstone and Speakman16,18 determined the most noble potentials at which
the iron-group metals and their mutual alloys deposited from solutlons of
various pH. They did this by gradual increasing the current density and noting
the potential at which codeposition was initiated. As might be expected, the
more acid the solution, the higher was the current density required to initiate
metal deposition. However, rather unexpected was the findmg that the
potentials at which deposition was initiated was about the same in the solutions
of various acidity, since the potential of initial deposition was independent of
the pH of the bath, one might surmise that the composition of the
electrodeposited alloys might also be little influenced by variations in pH.

Fig, 2,4 shows data from three curves. Curve 1 represents data from Young and

Strutkl5 for the deposition of Co-Ni alloys from a simple salt bath. Curve 2

represents data from Glasstone and Symesl9 for the deposition of Fe-Ni alloys

from a sulphate bath. Curve 3 is the data of Raub20 for deposition of Fe-Ni
alloys from a bath containing cltrie acid. The three curves all represent
anomalous codeposition SlIlceNi, the more noble metal, occurs in the deposit in
a smaller percentage than its metal-percentage in the bath, which was 90% or
more.
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The curves show that the composition of the deposit is little affected by pH up
to S. This is in accord with the surmise based on the work of Glasstone and
Speakll1!ln, mentioned previously, and in accord with the general proposition
that pH has little effect on deposition from baths containing simple metallic
ions. The large increase in the Ni.content of the deposit shown by curve 3 is
doubtlessly caused by the complexing of the iron with citrate iOD, when the pH
of the bath was increased above 6,
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Fig. 2.4 Eiket of pH on the composition of deposit! in uom,]ouw co-

depowitilll!.

Curve 1: Cobalt-nickel .noys from the d.•t, of Young JUld Struyk1S

Curve 2; Iroll-nickel .olloya from th~d.t.. 01 GUlIl!Ifouetnd Syme.

deposited hom .mlph,te bQth19

Curve 3: Iroll"nickel QIlQY8 from the d,tll of Raub dcpo8ited rrom a
bath containing citric acid20
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Current density is the most important of the operating variables, and no study
of alloy deposition is complete without detailed data Oil the variation of alloy
composition with current density_ lbe effect of current density is less consistent
or predictable than that of the other operating variJ.bles, with respect to both
the magnitude and the sense of the variation in composition of the
electrodeposited alloy.

The mechanism may be examined from two view points, diffusion control and
the cathode potential. With regard to the latter, an increase of current density
causes the cathode potential to become more negative (Jess nub Ie) and hence,
the platlllg conditions approach more closely to those represented by the
current density-potential curve of the less noble metal. A pri(}r~ this condition
should JIlcrease the proportion of the less noble metal in the deposit. According
to simple diffusion theory, the rate of dlffusion of a metal has an upper limit
which IS determined by the rate at which its ion can move through the cathode
diffusion layer. At a given current density, the rate of deposition of the more
noble metal is relatively much eloser to its limiting valUe than that of the less
noble UlctaL An mCIease of current density, therefore, must be borne lllainly by
an increase in the rate of deposition of the less noble metal.

In the reIP-llartype of codeposition, the content of the less noble metal in the
deposit increases with current density, However, in other types of codeposition
the opposite relatiun frequently occurs and in some instances the content of one
of the metals goes through a maximum or minimum as the current density is
varied. These departures from the expected qualitative relations arc ditficult to
explain. In some instances they may not be bona fide effects of current density,
but may be the result of in,ldequate control of rhe plating conditions durmg the
experiment.

The magnitude of the changes in alloy composition resulting from variation of
current density are rather large for the regular type of codeposition and small for
the other types of plating systems. However, no general rule can be given since
the effects depend on specific properties of each alloy plating system.
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In Flg, 2.5, curve 1 represents the deposition of Fe-Zn alloys from an acid
sulphate bath at 9(PC. The data are from the work of Von Escher and others21.
The point P indicates the metal percentage Zn.in the bath, which 1511.5°,{"The
curve conslsts of three branches. In the low current density region, from a to b,
the codeposition appears to be of normal type, that is, the deposit contains a
smaller content of the less noble metal, Zn, than corresponds to the metal.
percentage Zn, P in the bath and with increasing current density increases in Zn

content and above 2.5 Amp/drn2 cuntains much more Zn than corresponds to
the metal-percentage Zn in the bath.
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Fig. 2.5 Reb:tion between a110y composition and current dcn&ity ill 8llom.tlou~
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Curve 1 Bnd 2: Iron-zinc 811oY3 deposited from ••cid 8ulph,te hw2 1

Curve 3 and 4: Nickel-zinc dIoys deposited lrom Bcid chloride
barh22
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The transition of the Zn content of the deposit from a value well below, to a
value weI]above, the metal-percentageZn of the bath occurs over a rather small
range of current density (branch bel. The current density at the point P is
referred to as 'transition current density'.

The third branch of curve 1, from c to d, exhibits little change in alloy
composition with current density. Since Zn is depositing preferentially, the
cathode film must be relatively more depleted in Zn than in Fe. Consequently I

the deposition should be under diffusioncontrol and the Zn content of the
deposit should tend downwards at still higher current density. This fourth type
of relation, illustrated by branch dc, is not shown by ClUve 1 but is shown by
curve 2. Curves 3 and 4 for the deposition of Ni.Zn alloys from an acid chloride
bath22 show only two branches. The low current density region from a to b
rmssmg.

2.1.4.6 Temperature

The effect of temperature on the composition of electrodeposited alloys may be
the net result of changes in several characteristics of the platmg system, such as
the following:

IJ Equilibrium potential: The equilibrium or the static potentials of the
metals may change. This is probably not an important factor since the
equilibrium potentials of metals do not change greatly with temperature, and
furthermore electrodeposition is far removed from equilibriumconditions.

21 Polarization: The deposition potentials of metals usually become more
noble with increase in temperature, becausepolarization is decreased. Whether
the deposition of the more noble or less noble metal is favoured depends on
which deposition undergoes the largest decreasein polarization. These cHeetsare
specific and therefore, the effects of temperature, via polarization, cannot be
predicted without actual measurements on the deposition potentials of each Ot
the metals.
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3} Concentration; An increase in temperature increases the concentration of
metal in the cathode diffusion layer, because the rates of diffusion and of
convection increase with temperature, This is the most important mechanism by
which temperatures affects the composition of electrodeposited alloys.
According to principle 2, an increase in metal concentration at the solution-
cathode interface favors increased depositlOll of that metal which already was
depositing preferentially. Since regular alloy plating systems, the more noble
metal always deposits preferentially, the effect of temperature is always to
increase the content of the more noble meta] ill the deposit.

4) Cathode current efficiency: Temperature IIlilY affect the composition of
an e1ectrodeposited alloy indirectly through its effect Oil thc cathode current
efficiency of deposition of the metals, particularly those deposited from complex
ions. For example, an increase in temperaturc increases the cathode current
ellicicncy of deposition of tin from a stannate bath, and of copper from a cyanide
bath. In electrodeposition tin or copper with other metals whose efficiencies of
deposltion are unaffected by temperature, the tin or copper content of the
deposit will increase regardless of whether tin or copper happen to be the more
noble or the less noble of the pair.
Of the above four factors, (3) and (4) are the most important.

2.1.4.7 Bath agitation

Agitation of an alloy plating bath or rotation of the cathode can directly affect
the composition of the alloy by reducing the thickness of the cathode diffusion
layer. ThIS is a purely mechanical action which does not change the
electrochemical properties of the solution or the mechanism of the plating
process. Being of this nature, agitation has a more consistent influence on the
composition of the deposit than either temperature or current density.

The effect of agitation on the composition of the deposit is due to the
concentration changes which it produces at the cathode-solution ihterface.
During alloy deposition the cathode diffusion layer is depleted in metal ions and,
furthermore, the ratio of the concentrations of the metals in the laycr differs
from that in the body of the bath. Agitation of the bath or rotation of the
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cathode, by decreasing the thickness of the cathode diffusion layer not only
results in an increase in the concentration of meta! ion in the cathode diffusioo
layer, but also causes the metal ratio of the diffusion layer to approach more
closely to that of the solution in the body of the bath. According to principle 2,
this favors an increase of that metal which is already depositing preferentially,
The effect of agitation, thus, is similar to that of increasing the concentration or
the temperature of a bath, except that temperature 18 a more complicated
variable than agitation, .ina.smuchas it is associated also with other phenomena,
such as polarization.

2.1.4.8 Addition agents

An addition agent is a substance which, when present in a plating bath in a small
concentration relative to that of the metal, produces desirable effects on the
appearance of the deposit; for example, it reduces grain size and, thus, improves
the smoothness and brightness of the deposit and decreases the tendency of the
deposit to tree. Because many of the addition agents first used were organic
substances of high molecular weight, such as gelatin, proteins, and organic
extracts, addition agents were considered to be colloids. However, the large
number of addition agents which have been subsequently utilized do not have
any cornmon chemical characteristic. They may be either organic or inorganic in
nature and are generally not colloids.

Addition agents, in the small concentrations that are normally used, do not have
an appreciable effect on the properties of the plating solution. They do not
significantly affect the viscosity, conductivity, pH, metal ion concentration, or
the static electrode potential. Therefore, their effectivenessis not related to any
of these factors. In contrast to their lack of effect on static electrode potentials,
addition agents usually have a considerable effect on dynamic electrode
potentials. In most instances, addition agents increase cathode polarization but
do not have much effect on anode polarization. However, addition agcnts can
lower the polarization of metal deposition, particularly if the deposition
normally occurs with a high polarization, Examples of this less common
phenomenon are the presence of carbon disulfide'in a silver cyanide plating bath
and the presence of sodium thiosulfate in a copper cyanide plating solution.
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The presence of addition agents in <1 plating bath brought the deposition
potentials of metals closer together and thus crulblcd codeposit ion to take place.
Since addition agents can bring about codeposition, it is to be expected that
their concentration should mwc a considerable effect on the composition of the
e1ectrodeposited alloy, similar to the effects of complcxing agents.

In Fig. 2.6 are given two examples of the effect of -addition agents OIl the
composition of an alloy deposit. The data for the zinc-cadmium curve was taken

from the work of Fink and Young23, which was carried out with II simple sulfate
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Fig. 2.6 Elkct of "ddWon "gent8 on tbe compo&ition of electrodepoaited "l1oy.

CIUVC 1: Zinc-cadmium 1I11oy depo.ited from .• .ulph.te bath
containing aloill aa additil'e2 a
Curve 2: Lead-till alloy depo8ited from a fluoboTate bath containing
glue "'& additil'e2 4
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bath. The data for the tin-lead alloy was taken from the work of OIl Rostf.4. The
ordimltes giving the per cent of tin are on the right of the figure. The deposits
were plated from fluoborate baths in which the metal ions are of the simple type.
The curve show that small concentrations of addition agents produced large
changes in the composition of the deposit. The composition of the alloy changed
rapidly with the irutial additions of the agent and then tended toward a limiting
value which was not appreciably affected by further increases in the
concentration of the addition agent.

The relation between the composition of the deposit and the concentration of
the addition agent differs from that for comp\exing agents in the following ways:
{I) The concentration of an addition agent required to produce an appreciable
effect is much smaller than that of a complexing agent. (2) With the addition
agent the composition of the deposit rapidly approaches a limiting value.

Addition agents usually are most effective in baths containing the metals as
simple ions, as in the two examples just given. Also, it will be noted that in both
examples it was the less noble metal whose content in the deposit was increased
by the addition agent. This is generally the case but exceptions are known.

The effect of the addition agents is specific. Only certain agents affect the
composition of the deposit, and the magnitude of the shift in composition
produced by different agents varies considerably. For example, if resorcinol were
added to the tin.lead bath, the tin content of the deposit would rise above 6% as
compared to about 1.6% with glue alone,

2.2 Structure of e1ectrodeposited alloys

The microstructure of e1ectrodeposited alloys is ill many respects similar to that
of the indiVidually deposited metals in that the grain size is similar than that of
thermal alloys, and laminations parallel to the basis metal occur frequently. The
grain size of an electrodeposited alloy is even smaller than that of its parent
metals, individually deposited; only seldom can grains be seen under the
microscope, and even less seldom can individual phases be distinguished and
identified. In contrast, in thermally prepared two-phase alloys usually one phase
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is held in a matrix of the other in the form of dendrites or equiaxed crystals, and
the two phases :lIe usually visible under the microscope. This comparison shows
that the constituents of 11 polyphase e1ectrodepositcd alloys afC much more
thoroughly intermingled than those of a thermal alioy, that is, the
electrodeposited alloy usually has an ultrafine structure.

The examination of the cross-section of deposits is of more interest than that of
the surface. A cursory examination of the photographs of cross-sections shows
that the microstructure of electrodeposited alloys does not resemble that of
thermal alloys. The latter usually exhibit a fairly definite pattern of grains or
crystallines, usually equiaxed, whereas the former usually exhibit a fibrous,
columnar structure, or a laminar structure, or both,

The phases which are preSent in electrodeposited alloys very seldom can be
recognized or even distinguished microscopically. For this reason the few cases

in which this has been done are worthy of mention. Lustman25 observed alpha
and beta phases in electrodeposited nickel-zinc alloys. They were distinguishable
by the customary etching procedures, the former phase appearing yellowish-
white and the latter dark brown. In the electrodeposited silver-cadmium alloy,
containing 10% of silver, Faust and co-workerg26 observed two phases, one of
which resembled the light-colored epsilon and the other, the dark-colored eta
phase of the thermal alloy.

When metals are codeposited under unsatisfactory conditions that yield unsound
deposits of poor physical characteristics, the deposits arc often sufficiently
heterogeneous for the individual metals to be observed in the deposit. For
example, in their study of the deposition of silver-bismuth alloys from a cyanide

bath, Raub and Engel2? observed that alloys containing up to 3% of bismuth
appeared homogeneous under the microscope, but alloys higher in bismuth
consisted of two phases and were heterogeneous, nommiform, and brittle. The
point to be emphasized here is that heterogeneity of an alloy deposit is to be
construed as evidence of unsatisfactory conditions of codeposit ion rather than as
a characteristic of electrodeposited alloys,

Nakamura28 made the earliest study of the phases present in e1ectrodeposited
alloys. He showed that electrodeposited brass, containing 82% of copper, had
the same lattice parameter as cast alpha-brass of the same composition. His work

was followed by that of Roux and CouIilot29,30 in 1929 on electrodcposited
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copper-zinc, cadmium-silver, cadmium-tin, and cadmium-nickel alloys. By
comparing the diffraction patterns of the e1cctrodeposited alloys with those of
the individual metals and by measuring the lattice parameters, they
demonstrated that these alloys were not gross mixtures of the metals, but
consisted of phases similar to those in the thermally prepared alloys.

The differenceswhich may exist between the structures of electrodeposited and
thermally prepared alloys are of various kinds and require detailed discussion.
Basically,the differences in structure can b~ considered as due to differences in
the range of composition or temperature over which the phases exist:

1)Phases in electrodeposited alloy may exist over a larger range of composition
than in the thermally prepared alloy, These phases usually are solid solutions
containing a fair proportion of each of the parent metals. A more unusual
widening of the rangeoccurs with some metals like copper and lead which have
no appreciable mutual solid solubility. On e1ectrodeposition they may form a
supersaturated solid solution.

21The range of existence of a phase may be smaller in the e1ectrodepositedalloy.
In the extreme case, a phase that occurs in the thermal alloy may be missing
from the c1ectrodeposited alloy. For example, in dcctrodeposited speculum
metal the epsilon phase is absent, its place being taken by the expanded range of
composition of the two neighbouring phases31.Gold and copper furnish another
example. These metals codeposit as virtually the individual metals32, whereas
the thermally prepared alloys conSlstof an unbroken seriesof solid solutions.

3) The phasesof e1ectrodeposited and thermally prepared alloys may differ with
respect to the temperature at which they are produced. For example, in cast
speculum metal, the gamma phase is not formed below SlOOe, but it occurs in
speculum metal30 dectrodeposited at room temperature. The phase is probably
metastable at room temperature.

41The lattice parameters of codeposited metals or of their phases may be slightly
different from those of the cast alloy. In many instances this is difficult to
determine with certainty because of line broadening.
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The differences in the phases of electrodeposited and thermally prepared alloys
of the same percentage composition may be summarized on the basis of the
discussion under (1) and (21. An e1cctrodepusited of alloy may have either more
or less phases than indicated by the constitutional diagram. For example, it may
consist of only one phase when two should be present or it may consist of two
phases when only one should be present.

2.3 F.ffect of heat treatment on microstructure

The effect of heat treatment on the structure of electrodeposited alloys caunot
be fully discussed until the subject of X-ray exaJ:Diru:Jtion has been taken up_ At
this point oniy the ohvious effects of heat treatment as revealed by the
microstructure of cross-sections are considered. The effects of heat treatment on

alloy deposits have been particularly studied by Brenner and co-workerrP3 in
connectio~ with tungsten alloys and phosphorus alloyS'34, by Raub and

coworkers35 in connection with copper-lead, silver-lead, and silver-bismuth

alloys; and by Aotani36,37 in his studies ofthe codeposition of iron-group
metals.

The change in the structure of an electrodeposited alloy depends on the

temperature of heat treatment. For example, at a temperature of sooOe the
laminar structure of some alloys containing an iron-group metal becomes more
diffuse and may disappear. The fibrous structure, 1£ present, usually persists at
slightly higher temperatures than the laminated structure. At the more elevated

temperatures of 8000e or IOOOOe, these characteristic structures disappear and
recrystallization takes place. The grains are usually much smaller than those of
the thermal alloy or of the parent metals when similarly annealed. However, the
phases present in the recrystallized e1ectrodeposited alloys are the same as those
in the' corresponding thermal alloy.

Suitable heat treatment of an alloy of any kind causes its structure to approach
an equilibrium condition. Electrodeposited alloys which consist of
supersaturated solid solutions, for example, copper-lead or silver-lead alloys,
break down into the component metals. Electrodeposited alloys, consisted of
individual metals, which normally form solid solutions, such as copper-gold or
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silver-cadmium alloys, are also metastable. On heat treatment the individual
metals of the alloy mutually dissolve to form the equilibrium solid solutions.
These changes in microstructure and internal structure are accompanied by
changes in physical and mechanicalproperties.

The temperatures and the periods of heating required to bring the structure of
e1ectrodeposited, supersaturated alloys to equilibrium are lower than those
required for nonequilibrium thermal alloys, for example, those which have been
prepared by rapid cooling.The rate at which the supersaturatede1ectrodeposited
alloys approachesequilibriumdoes not seem to vary appreciablywith the degree
of supersaturation of the alloy, in which respect they differ from thermal alloys.
Electrodeposited alloys behave as if at low degrees of supersaturation they
already possessedthe maximum instability.

2.4 Structure of electrodeposited alloys as revealed by X-ray

By far the most important means of investigation the structure of
electrodeposited ,alloys is by X-rays. The initial reason for the considerable
interest was the desire to establishwhether codeposited metals were really alloys
or merely gross admixtures of two metals. The X-ray studies clearly
demonstrated that electrodeposited alloys are true alloys, having structures
similar to those of the thermally prepared alloys.

X-raysare a powerful tool for elucidating structure, but it must be recognized
that they have certain limitations. X-raysare not a sensitive means of detecting
the components in a mixture. Usuallya component must be present in a mixture
to the extent of at least 5% before its diffraction pattern becomes distinct
enough to be tecognized against the patterns of the othet substances. Thus, the
recognition of small contents of one phase in the presence of a large quantity of
another may not be possible, and the establishment of the limits of the
composition of a phase by X-rays may be only approximate and must be
supplemented by othet types of observations, such asmicroscopic examination
and measurement of electrical conductivity.
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These limitations to the use of X-rays for studies of structure apply to thermal
alloys as well liS electrodeposited alloys. However, the X-ray examination of
electreodeposited alloys is hampered by somc additional difficulties which do
not OCCUI with thermal alloys_ The diffraction patterns of the electrodeposited
alloys arc uaually diffuse, which makes the accurate measurement of tbe lattice
parameters difficult. The diffuseness of the lines in the diffraction pattern can
have several origins:

1) inhomogeneities in the composition of the alloy
2) lattice distortioIl, due to internal stresses, similar to those mduced by cold
working

31 sllliIllgrain size

Two or more of these factors could be operative at the same time. This subject

was first discussed by Dehlinger and Giesen38 in their study of the structure of
brass deposits. Smce the line broadening did not disappear after the deposits

were annealed at 3000C, they considered that it could not be caused by stress,
which would have been removed by the heat treatment. They also discounted
the possibility that it could be the result of a lack of uniformity in the
composition of the deposit by the following line of reasoning. The differences in
composition would have to be of the order of several per cent to account for the
broadening. They showed that an anneal at 4000C for only 10 minutes sufficed
to eliminate the line broadening. In this short period of time diffusion would not
have been sufficiently rapid to eliminate the nonuniformity had it been present,
and therefore the only mechanism capable of producing the change was grain
growth.

The causes of line broadening were also discussed by Montoro39,40 in
connection with the structure of copper-tin and copper-lead alloys. He
considered the possibilities (2) and 13) mentioned previously, and in addition,
the possible effects of inclusions of hydrogen and other impurities. Since the line
broadening did not occur to any significant extent with the individually
deposited metals, which would be exposed to the same influences as the alloy,
he came to the conclusion that these factors could not be responsible for the line
broadening and believed that the nonunllormity of the specimen was the more
likely causc.
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There is no doubt that llonunifonnity of composition can cause line broadening
and also it is quite likely that some of the line broadening observed by Montoro
and others may have been due to this source. However, many of the alloys
which have been examined by X-rays must have been fairly uniform in
composition and, on the otber hand, some electrodeposits, such as bright nickel
and chromium, yield diffuse diffraction patterns because of their small grain size.
Therefore, the best view of the matter is that diffuseness of the diffraction
patterns of electrodeposited alloys results mainly from small grain size, and that
superimposed upon this may be a diffuseness due to nonuniformity of
composition.

The various dlfficulties involved in X-ray measurements permit only an
approximate determirultion of the range of composition over which a phase
exists and the value of the lattice parameter. The latter often shows a
considerable scatter when measured on different specimens of the same
electrodeposited alloy.

2.5 Mechanical properties of electrodeposited alloys

2.5.1 Introduction

The properties of elcctrodeposlted metals, particularly their mechanical
properties, often differ from those of metallurgical metals. In general,
electrodeposits tend to be harder, less ductile, and finer grained. As examples,
electrodeposited chromium, with its great hardness, is quite different from the
soft metal obtained by thermal me<lns.Bright nickel is much harder, has a higher
tensile strength, and is much less ductile than C<lstnickel. The grains of these
electrodeposits cannot be seen under the microscope, whereas the crystals of
C<lstmetals <lreobserved readily.

The mechanic<llproperties of metallurgical metals may be v<lriedconsiderably by
he<lt treatment or mech<lnicalworking. The properties ot electrodeposited metals
also ma.y be varied, but this is achieved by altering the conditions of deposition,
Indeed, some of the properties of electrodeposited metals, for example, the
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hardness, may be made to vary over a much wider rangethan those of thermally
prepared alloys_Obviously, the properties of electrodeposited metals may be
varied further by application of heat treatments,

Since electrodeposited alloys, like metallurgical alloys, possess a wider range of
properties than the parent metals, they should find more extensive and varied
uses than e1ectrodeposits of single metals. However, in contrast to the
widespread use of metallurgical alloys, as compared to single metals, for
engineeringpurposes, electrodeposited alloys are much less used than deposits of
siIlglemetals. This is not because the latter arc best suited for the application but
because il) pure metals alC easier to deposit than alloys, 121some of the desired
alloys have not yet been successfully deposited, and 131the properties of the
alloys are not adequately known.

2.5.2 Hardness

The hardness of electrodeposits is usually measured by indentation or scratch
methods. The use of a pointed diamond indenter, such as a Vicker or Knoop
diamond, in conjunction with a light load of 25 to 250 g is the preferred
method. The measurements are usually referred to as the microhardncss, but
they differ from ordinary indentation methods only in that a lighter load is used.
The indentations are usually made on a polished cross-section of the deposit,
which should be a minimum of about 50 /tm 12milsJthick, but measurements
can also be made directly on the plated surfaceparallel to the basis mata!'

The hardness of eiectrodeposited metals is greater than that of cast metals, ;lnd
in tern the hardness of electrodeposited alloys is greater than that of either of the
individually deposited parent metals. The hardness of electrodeposited alloys
increasesmost rapidly with the first smalladditions of the alloying metal, then at
a decreasing rate. The percentage of alloying element, above which the hardness
shows little change, depends on the nature of the alloy. For example, the
hardness of electrodeposited cobalt-tungsten alloys increased with tungsten
content until the latter reached 35.50%. In contrast, the hardness of
electrodeposited silver-leadalloys reached its limit when the lead content of the
alloy was about 3%, as shown in Fig. 2.7 These data are from Raub41. In
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general, the reproducibility of the hardness of electrodeposited alloys is not very
high, WhlChmakes the determination of the trend between alloy composition
and hardness rather difficult.
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2.5.3 Ductility
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Ductility is considered to be the ability of a material to undergo the plastic
deformation required for the forming operation In comparison with cast and
wrought mMeriais, electrodepositcd materials otten suffer from a low ductility

due to their thin foil geomctry42 Su, many methods such as tern;ilc test, bulge
test, stretching test, low frequency fatigue test and bend test have been
developed to measure the ductility of thin metallic coatings.

The conventional mechanical testing methods developed for hulk metals are
often inadequate fur the testing of c1ectrodeposits_ Uniaxial tensile tests on
samples 25-75 ~m thick present a serious problem in preparation and

handling43 Cutting ur stamping of a specimen from a metallic foil hardly results
in a cut-free specimen, and deformation can occur during handling and mounting

of thin specimens44. A deviation of the sample axis from the true axis of the test
machine, or a slight specimen misalignment introduces the nonaxiality of
loading, a cause for premature failure43

The bulge test is a biaxial tensile test. It is done by clamping t:tghtly the foil
sample over an opening of a chamber and by applying hydraulic pressure to form
a circular bulge. The force is transmitted to the sample by means of the pressure
that the hquid lml or water) exerts on the inside of the sample clamped to the
chamber. The pressure is increased until the sample fractures. Then according to
the height of the bulge measured with a linear differential transformer and the
pres&ure of the hquid measured with a pressure transducer, the mcchamcal
properties are calculated,

The stretching test is sinular to the bulge test, but instead of a liquid, a punch
head is utilized to exert the force on the measured foils. In low-frequency fatigue
test, specimens are bent on a test mandrel, straightened out, and then bent in
the opposite direction. 1bls operation is repeated until fracture is detected. The
number of bends to fracture is taken as a measure of the ductility.

Of them, the mllst widely used approach is some type of bend test in which
coated material is ddormed in a standardised manner and then the coating is
scrutinized for the first evidence of cracking or peding. There arc a lot of bend
tests. They can be divided into two groups: specimens bent against a mandrel, or
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without any mandreL The standard recolIllllCnded practice for bend test for
ductility of plated metals consists of bending over a mandrel a narrow piece cut
from a metal electroplated article. The elongation measurement is obtained from
the smallest diameter mandrel that docs not cause the deposit to fracture. The
other more frequently utilized methods is the 'U" bend tcst. Foil is bent into a
'U" shape and placed between the jaws of a micrometer. The jaws are then
slowly closed on the piece until fracture occurs. From the deposit thickness and
the size of the opening between the micrometer jaws at fracture, the elongation
is then calculated. The reproducibility of bend tests is pOOl. It is highly
questionable whereas the elongation obtained in bending is comparable Wlth

that obtained in conventlonal tcnsile testing42. However bend test is widely
used bccause of its simpliCIty.

Ductility depends on coating composition, coating thickness, texture, stress
ratio, surface roughness, overpotential and other eoatlng characteristics. The
uniformity of thickness and width of the specimens surely is a key to get
accurate results for the tensile test of thin foils. It has been observed45,46,47
that the ductility lIlcrcases with increasing coating thickness. The ductility
decreases with increasing surfacc roughness, provided other parameters which

influencc the ductility are kept constant4Z Except for very ductile deposits, the

apparcnt ductility)..., an inverse' function of the coating thicknes...,48. For
systematic study of ductihty dependence on coating composition, the other
parameters must be identical.

According to Marciniak aml Kuczynskir49, the initial topographical irregularity
also ,lffect thc ductility. The spccimens deposited at constant overpotential
appC2rto have larger ductihty than those deposited at the same temperature but
2t constant current density42.



2.5.4 Wear resistance
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The wear behaviour of matenllls 15a very complicated phenomenon in WhlCh
various mechanisms and influencing factors are involved. According to

BurwellSO, wear mechanisms may be divided into four broad general classes
under the headings of abrasion, adhesion, surface fatigue and tnbochemical
processes.

The effect of abrasion occurs in contact situations in which direct physical
contact between two surfaces 18 given, where one of the surfaces is considerably
harder than the other. The harder &urfaceasperities press into the sufter surface
with plastic flow of the softer surface Deeming :lIound the asperities from the
harder surface_When a tangential motion is imposed the harder surface remove
the softer material by combined eHeets of "micro-ploughing", "micro-cutting",
and "micro-cracking", Influences of capacity of work-hardening, ductility,
homogcnicty of strain di~tribution, crystal anisotropy and mechanical instability

have been identIfied to influence the abrasive wear mcehanistTI.S"1IFig. 2.81 .
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The adhesive wear processes aIe initiated by the interfacial adhesive junctions
which form if solid materials are in contact on an atomic scale. Depending on the
nature of the solids in contact different adhesive junctions may result. The whole
chain of events which lead to the generation of wear particles is summarised in
Fig. 2.9. It is obvious that a number of properties of the contacting solids
influence the adhesion wear mechanisms. Since both adhesion and fracture are
influenced by surface contaminants and the effect of tbe environment, it lS quite
difficult to relate adhesive wear processes with elementary bulk properties of
materials.

As is known from the mechanical behaviour of bulk materials under repeated
mechanical stressing, microstructural changes in the material may OCCUI which
result in gross mechanical failure. Similarly under repeated tribological loading,
surface fatigue phenomena may occur leading finally to the generation of wear
particles. There effects arc mainly based on the action of strcsses in or below the
surfaces without needing a direct physical solid contact of the surfaces under
consideration. The main properties of materials relevant to surface fatigue are
listed ill Fig. 2.10.
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Whereas the mechanism of surface fatigue and abrasion can be described mainly
in terms of stress interactions and deformatioll properties, in tribochemical wear
as third partner, the environment and the dynanuc interactions between the
material components and the environment determine the wear processes, (Fig.
2.111. These interactions may be expressed as cyclic stepwise processes:

il At the first stage the materials surfaces react with the environment, In thlS
process reaction products are formed on the surfaces.

ii) The second step consists of the attrition of the reaction products as a result of
crack formation and abrasion in the contact process interactJons of the materials.
When this occurs "fresh", Le. reactive surface parts of the materials are formed
and stage (il continues.
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Wear in steels depends on 3 number of factors induding composition, structure,
surface finish, operating conditions and enVlronrncnt, In an ideal situation where
matenal propertles and operating conditions remain constant, wear cuefficients
may be defined which relate to particular causes .of wear. However in most
practical cao;eswe;]! rates arc controlled by changes III surface properties or the
development of ourfacc layers during wear.

The general pattern of bemviour of dry wear in steels was studied by Welsh52,
He measured wear as a function of load and sliding speed using crossed cylinder
tests wlth a 52% C stec1 and found two transitJons in the wear rate (Fig. 2.121.

Over a wide rangt of load (0.5 to 400 Nj and slidmg speed 10.017 to 2.66 m.s.l)
the wear process at equilibrium was either of a severe type, producing coarse
metallic debns or of a mild type., producing fme oxidised debris. A number of

other workers, e.g. Sexton and FischerS3 haw. confirmed that for dry wear of
steels at low load or sliding specd the wear debris is predominantly iron oXlde.

Fein and Randa1l54 found the same to be true in a hydrocarbon lubricated four
ball test. Under these conditions an oxide film is maintained on the surface of
the sliding components and provides ~ufficient lubrication to prevent seizure. A
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regime of mild wear is sustained until the pom! TI is reached when the wear rate
of the oxide film lS sufficient to tXpose bare metal.. At this point mctal-to-meul
alfhesioll occurs and a period of severe wear follows. As the load or sliding speed
arc increased still further, fnctional heating causes a rapid increase ill the growth
rate of the oxide film which is again able to act as a barrier to metal-to. metal
adhesion. The curve then undergoes a second transition, T2 , back to mild wear,
Futhcrmore, btudics by Kerridge60 . using a pin.en-ring test, showed that in the
mild wear rcgimf' 11elOWTl, matenal transfer was involved. Using a tool steel pin
and a hardened steel ring he was able to demostrate that wear debris was formed
in a two-stage process;

I) material transferred from the pm formed a film on the ring and
2) on reaching a cntical thickness, wear debris began tu be released from the
transferred film. At equilibrium the rate of production of wear debris was equal
to the rate of transfer of material from the pin
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Fig. 2.12 Wear rate ~s ~ function of 10~d lor lIke-on-like crossed cylinder tesu
of 0.52% carbon steel.
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Examination of wear debris and worn components using techniques such as SEM
and Auger spectroscopy provides infoIJl];ltion on wear processes and data from
which empirical relationship for wear rates IDay be derived. The action of
abrading particles depends strongly on the relative hardness of the material and
the abrasive. For relatively ductile materials plastic deformation controls
material removal while fracture mechanisms predominate in brittle matcnals as
shown in Fig. 2.13.
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Fig. 2.13 ScheIlL1itic reJ2tJonsnip between Wen re,i$tQ(lce, hudnen .nd
fr"ctllre tougnneu.

A wide range of techniques are employed to reduce wear in machine tools and
engineering components. Coatings are applied to increase surface hardness, to
reduce adhesion, lower fricuon or provide a barrier to corrosive attack. Thin
coatings require adequate support by the substrate and must be sufficiently
ductile to conform under load to local changes in surface profile to optimise
surface properties such as friction and hardness and to provide a barrier to
corrosive attack.



2.6 Structure and properties of thermally prepared cOIIlIIlercial
iron-carbon based alloys

A study of the constitution and structure of all steels and irons must first start
with,thc lTun-carbon equilibrium dIagram. Many uf the basic features of this
system IFig 2.14) influence the behaviour uf even the most complex alloy steels.
For example, the phases found in the simple binary Fe-C system persist in
complex steels, but it is necessary to examine the effects of alluying elements
have on the formation and propertIes of these phases.
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The iron.CJlrbon-ctrbide equilibrium diagr2m,

1be three phases, fertite, cementite and pearlite are the principle constituents of
the microstructure of plain carhon steels, provlded they have been subjected to
relatively slow cooling tates to avoid the formation of metastable phases. Effects
of carbon ami heat treatment on the properties of plain catbon steels is given in
Fig. 2.15. Rapid quenching of austenite to room temperature often results in the



formation of martensite. Unlike fernte or pearlite, martensite forms by a sudden
shear process in the austenite lattIce which is not normally accompanied by
atomic dlffusion, Ideany, the martcnsitic reaction is a diffusionless shear
transformation, highly crystallographic in character, whlch leads to a
characteristic lath or lenticular microstructure. The martensltic reaction in steels
is the best known of a large group of transformations in alloys in which the

transformation occurs by shcar wlthoUl change In chemical composition56.
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Fig. 2.15 The effect of cRrbon and heat tuat.ment on tbe propert;e, of pltin
carbon ~teels.

Martensite has a body-centered tetragonalibctj structure, a distorted form of bee
Iron. The tetragm\ality, measured by the ratio between the axes cia, increases
with carbon content:

cia = 1+ 0.045 wt %C



implying that ,It zero carbon content the structure would be bcc, free of
distortlon. The effect of carbon on the lattle!; puameter of austenite, and on the
c and a parameters of martensite is shown in Fig. 2.16.

It is interesting to note that carbon ill interstitial solid solution expands the fec
iron latticc unifurmly, but with bcc iron the expansion is non~mmetrical gIVing
rise to tetragonal distortion. To understand this important difference in
behaviour, It is necessary to compare the interstitial sites for carbon in the two
lattices. In eadl case, carbon atoms occupy octahedral sites, indicated for
martensitic in black in Fig.2,17, ami have six ncar-neighbour iron atoms. In the
fcc lattice tlw six atoms around each interstitial carbon atoms form II regular
octahedral, whereas in the bee case the corresponding octahedra arc not regular,

Fig. 1,16 Effect of carbon an the lattice patameters of 2ustenjte .nd of

m~rtenslte.
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being shortened along the z-axis. These compressed octahedra only have four-
fold symmetry along the shortened axis in each case, in contrast to the tee
structure in which the regular octahedra have three four-fold axes of symmetry.

Analysis of the distortion produced by carbon atoms in the several types of site
available in the fec and bee lattices, has shown that in the fec structure the
distortion is completely symmetrical, whereas in the bee one interstitial atoms in
z positions will rise much greater expansion of iroll-iron atom distances than in
the x and y positions. Assuming that the fcc -> bee tetragonal transformation
occurs in a diffusiorllcSSwayI there will be no opportunity for carhon atoms to
move, so those interStitial sites already occupied by carbon will be favoured.
Since only the z sites are common to both the fec and bcc lattices, on
transformation there are more carbon atorm; at thcse sites causing the z.axis to
expand, and the non-regular octahedron becomes more regular. This is largely a
unidirectional distortion which leads to the bc tetragonal lattice, the z axis now
corresponding to the c.axis in the tetragonal lattice.

Therefore, the tetragonality of martensite arises as a result of interstitial solution
of carbon atoms in the bcc lattice, together with the preference for a patticular
type of octahedral site imposed by the diffusionless character of the reaction.
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PiK. 2.17 MntenBite body.cent,-ed tetragon,I IQttice illustr,ting the three 8eu
of octQhed •.•.I interstices.
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The question of the origin of the high strength of martensite is a difficult onc,
compounded by the complexity of the structure, a tetragonal lattice with
interstitial carbon in solid solution, formed by shear which leads to high
densities of dislocations and fine twins. There arc, 38 a result, several possible
strengthening mechanisms:

(I) substitutional and interstitial solid solution
(21dislocation strengthening, i.e. work hardening
131fine twins
(4) grain size
(5) segregation of carbon atoms
(6) precipit2tion of iron carbides

The interstitial solid solution of carbon which results in the tetragonality of
rn.artensite is a prime candidate for the role of major strengthening factor.

Martensite is normally very brittle so it IS modified by heat treatment in the

range ISO-700De by a process called tempering. During tempering carhon is
rejected in the form of finely divided carbide phases. The end result of tempering
is a fine dispersion of carbides in an a-iron Irultrix which often hears little
structural simihiity to the original as-quenched Irulrtensite.

On reheating as-quenched martensite, the tempering takes place in four distinct
but overlapping stages:

Stage: I, up to 250°C precipitation of u-Hon carbide; partial loss of
tetragoillllity in Irulrtensite.

f-rron carbide has a close-packed hexagonal structure, and precipitates as narrow

laths on cube planes of the Irultrix with a well-defined orientation relationship56:
11Ol)a'llllOll)f
IOIlI\1'II IOOOllf
[1111u'll [12IO]f

In the higher carbon steels, an increase in hardness has been obs{>rved 0 n

tempermg in the range 5D-IODDe, which is attributed to precipitation hardening
of the Irulrtensite by e-carhide.
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Stage 2, between 200 and 3000e - decomposition of retained austenite
to bainitic fernte and cementite, but no detailed comparison between this phase
and lower bainite ws yet been made.

Stage 3, between 200 and 3500C - replacement of C-Ilon carbide by
cementite; martensite losses tetragonality
Due to the formatlon of cementite the matrix loses its tetragonality and becomes
ferrite. The relationship is that due to Bagaryatski:
(211),x' "IOlliFe C,
[0111,,' /I [lOOlFef:

[111](1' /I [OlOIFe3C

This reaction commences 2S low as lOoDe and is fully developed at 300De, with
particles up to 200 IlIlllong and -15 Illll in diameter. During tempering, the
most likely sites for the nucleation of the cementite are the ~-iron carbide
interfaces with the matrix and as the FC3C particles grow, the c-iron carbide

particles gradually disappear.

The twins occurring in the higher carbon martcnsites are also sites for the
nucleation and growth of ccmentlte which tends along the tWin boundaries
forming colonies of similarly oriented lath-shaped of {112 10. habit plane.

A third site for the nucleation of cementite is the grain boundary regions, both
the interlath boundaries of the martensite and the original austenite grain
boundaries. There is some evidence to show that these grain boundary cementite
films can adversely affect ductility. However, they. can be modified by additlon
of alloying elements.

Stage 4, above 3500C - cementite coarsens and spheroidizes by losing
crystallographic morphology; recrystallization of ferrite.

The coarsening of cementite conunences between aooOc and 400DC, while

spheroidization takes place increasingly up to 700DC. At the highcr end of this
temperature the martensite lath boundaries are replaced by more equi-axed
ferrite grain boundaries by a process which is best d';scribed as recrystallization.
The final result is an equi-axed array of fcrrite grains with coarse spheroidized
particles of FcaC, party, but not exclusively, in the grain boundaries.
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The original martensite lath boundaries remain stable up to 6000e, but in the
range 3S0-6000C. there is considerable rearrangement of the dislocations within
the laths and at those lath boundaries which are essentially low angle
boundaries. This leads to a rnarked reduction in the dislocation density and to
lath-shaped ferritic grains closely related to the packets of similarity orientated
laths in the original martensite. This process, which is essentially one of

recovery, is replaced between 600 and 700De by recrystallization which results
in the formation of equi-axed ferrite grains with spheroidal FcaC particles in the

boundaries and within the grains. This process occurs most readily in low carbon
steels. At higher C:lrbon contents tbe mcreased density ofFc3C particles is much

more effective in p,inning the ferrite boundaries, so recrystallization is much
more sluggish, The final process is the continued coarsening of Fe3C particles

and gradual ferrite grain growth IFig. 2.181

Pig. 2.18 IUrdneS3of iron-carbon=tensites tempered J b at JOO.7000C.
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Therefore by controlling the factors that affect the martensite reaction and the
execution of the quench and temper heat treatment lD plain carbon steels, we
can control the final properties of the steel. The effect of tempering temperature
on the mechanical properties of plain carbon steeilS given in Fig. 2.19,
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3. EXPERIMENTAl.

3.1 Electroplat~

3.1.1 Substrate and its pretreatment

Mild steel substrates wefe used throughout the study. The dimensions of the
substrate used for different tests are given in Table 3.1. The substrates a&er being
cut into desired dimension were pretreated through different steps in order to
get a clean surface ready for electrodeposition. A flow chart showing the
sequence of steps is given below,

jI Alkaline Degreasing I
j

I Riming I
j

IAcid pickling Idescaling I
j

RInsing

j
Electroc1eaning

j
Rinsing

j
Acid dipping

j
Rinsing

jI Electroplating I
Fig 3.1 Flow chur of pretreatment ope,..tion.tl applied to .l1Ib.tnrte before

electro depoai tion.

•
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Alkali degreasing : Degreasing is an operation which removes soils that do
not readily react with acid, such as grease, oil, soaps, lubricants and carrier
coatings and therefore alkali degreasing is often done before pickling or
descalmg. Degreasillg was carried out by dipping the substrate in the alkaline
solution (Table 3,21.

Descpling : Acid pickling or descaling was done by inunersing the substrate in
an aqueous acid solution (Table 3.21 in order to obtain the chemical removal of
'scale present on mild steel surface, thereby making the substrate rustfree. Details
of pickling operation are given in Table 3.2.

T~ble 3.1 Size of subm.t" used i.lz dilkrcm investigations.

Material Substrate Area Name of Investigation
M,S. sheet 50mmx30mmx2.5mm Hardness & Metallography
M.S. sheet 60 mfiX 30 mmx 0.1 mm Chemical analysis
M.S. sheet 150mmx60mmxlnun Bend test
M,S, rod 60 mm length, 8 nun dia Wear test

Electrocleanin,g : Electrocleaning is used as a means of increasing the rate of
descaling. The electrocleaning solution was the same as degreasing solution
ITable 3.2). The substrate was used as anode and the stainless steel having the
same dimension of the substrate as cathode. This treatment removes metallic
smuts and prevents the deposition of other positively charged metallic ion WhlCh
otherwise may result in a detrimental film on the substrate.

Acid dipping: This operation is applied to neutralise any residual alkali film
or to remove the light oxide films or to activate the substrate surface just before
e1ectrodeposltion

Rinsing: Substrate surface is rinsed with distilled water between every
operational stage 'to expel the chemicals of the bath previously used and to
avoid the contamination of the subsequent bath.



T,ble 3,2 Pudculars of substr~fe pretreMme:<lfoperation.

Name of ,he Reagents Operating Conditions
operation ured gil

Current Density Temperatur Time
mA/cm2 .c

Alkaline NaOH SO 7. 3.
degreasing N<l2C03 : 24 min.

NaSlO3 : 20

HISP30s: 5

Pickling H2S04 ,20 55 70 5 min,
H2O : 80

Electrocleanmg Samc as 60 2 min.
alkaline
degreasing

ACId lbpping Hel 10 Room 15
H20: 90 ~c.

3.1.2 Electroplating set-up

ElectllldcposltlOn was carried out m a conventional cell with vertical electrode
arrangement. TIle c(,ll conSIsted "f a 400 Illl glass beaker, a D,C. source, a
magnetic stirrer, a pnspex sheet and electrode holders,

Prior to Fe-C and Fc.Nl-C alloy depusitlOn, the substrates were lacquered on one
side so a~ to expos.; ,I predetermliled area to the plating solution.

The beaker eontaming the electlllplating solution was placed on the magnetic
hot plMe and agitJted by a magnetic stirrer to have complete dissolution and
mixing of til\' b<lth salts. Specimcns lur bend test requiring a larger area were
plated in a beaker containmg 2000 n,] of plating solution. The anode and
cathode were connected to the D,C. power supply via a milliammeter. A mild
steel sheet W:l~used ;ISanode thruligholit the study and had the same dimension
as cathode. In the Cl,C of cylindrical substrate used fur wear tests, three anodes
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were arranged around the substrate to achieve uniformity III current
distribution. A Schematic diagram of the experimental flet-up is shown in
Fig.3.2,
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Fjg 3.2 ScheJllatic dUgrIlJD of dcctrodepoution 6et-up.

3.1.3 Preparation of Fe-C and Pe-Ni-C alloy coatings

Electrodeposition of Fc-C and Fe-Ni.C alloy was carried out galvanostatically at
room temperature from sulphate based baths. All baths contained 150 gil ferrous
sulphate. Amount of citric acid (CA) and L-Ascorbic acid ILAAIin the baths was
varied. Details of various bath composition are given in Table 3_3. Jron.nicke1-
carbon alloy was deposited from baths which contained 20-50 gil nickel
sulphate. Pure iron was deposited in a bath containing only 150 gil ferrous
sulphate.



T.bJe 3.3 Compoaition of different bnh .• used in the deposition 01 Pe.C #11d

Fe-Ni-C .11oys.

"h FeS04 Citric Acid L.Ascorbic NiS04, Gelatin Sodium,
Designation 7H2O C6HlOOS Acid '''2° gil Lauryl

gil g/I C6HS06 gil Sulphate
g/1 gil

A - - - - -

B 10 10 - -

C 1.5 1.5 - - -
D 0.5 0.5 - -
E 150 10 10 50 - -

F 10 10 20 - -
G 10 10 1
H 10 10 - 0.2 -
I 10 10 - 0.2 0.5

After preparing the set.up, electrodeposition was started by connecting the
substrate or cathode to the negative terminal and the anode to the positive
terminal of a nc. source. Deposition was carried out at constant current density
40 mA/cm2 for 1 hr.

After deposition the samples were thoroughly rinsed with distilled water to
remove surplus electrolyte, then dried in hot air and stored in a dessicator for
subsequent investigations.

3.2 Chemical analysis

For chemical analysis of Fe.C and Fe-Ni-C alloy, the samples were bent or
buckled to strip off the coating from the substrate after deposition. Then, 0.5g
samples were takell for carbon and nickel analysis. Carbon content Ot Fe-C and
Fe-Ni-C alloy deposit was determined by the combustion method using
Stroh1ein apparatus'i 7.
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Nickel content of lrOll-nickel-carbon alloy was determined by the conventional
wet method using dl-methyl glyoxime57 The coating was first dis.solved in
diluted He] solution and heated. At neutral point, dirnethyc1 glyoxime
lC4HgN2021 was added. Ni-glyoxime precipitate of blood red colour was

formed which was separated by filtering through a dual filter paper of equal
weight. The filtrate was treated several times with NH40H dimethyl glyoxime in

sequence until precipitation was completed. The precipitation was then washed

several times with hot water, dried in a oven llO-l20De for 1 hI. and weighed
as NiCaH1404N4_

3.3 Optical microscopy

For metallography, samples were cut into small pieces at right angles to the
coated surface. Then the cross-section ot the specimens were made parallel by a
grinding trulchme and mounted cross sectionally with bakellite powder. Then
the samples were polished by standard metallographic techniques and etched in
2% nital solution 12 In! HN03 and 98 ml ethyl a1cohoIJ.The microstructure at

the samples was examined under an optical microscope and the micrographs of
the microstructure were taken.

Metallography was done on as deposited and annealed samples. Deposition was
done in a bath containing ISO gil ferrous sulphate and 10 gil citric acid leA) and
10 gil L.Ascorbic acid. as-deposited. Annealing was carried out by holding the as-

deposited sample in lead bath for 2S min, at 8SoO C followed by furnace
cooling. Optlcal microscopy was also done on bent samples and on wear test
samples to find out the bending cracks and wear phenomenon respectively, Wear
test dcbris were also investigated by optical microscopy, because the geometry
and naturc of the wear debris can give an indication of the principal wear
mechanism 1Il operation.



3.4 X-ray diffraction
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X-ray diffractioIl pattern of as deposlteci, annealed and tempered martcnsitic Fe.
C alloy was taken to determine the phases and to compare it with thermally
produced Fc-C phases_ The operatmg condition of X-ray diffractometer is shown
in Table 3 4.

T2ble 3.4 OperatiQg conditions of X-ray diffr~ctioIIll<!er,

Radiation CuI\:t
Voltage and current 30 KV, 15 rnA
Scanning speed lO/min., lIlO/min.
Chart speed 10 mmlmin., 2.5mmimin
Range 100 to 9rfJ, 400 to 900

3.5 Differential thermal analysis

Thermal analysis studies 3re concerned WJth measurement "f heat and weight
changes ltl 11 t>ystem when it is heated or cooled in 11 predetermined manner.

They proVide insight into the physical nature of the system, mineralogical make
up and the chemical reactivity in a given enVironment and behaviOllr during
hcating e.g,Opl1astchange, reaction~etc,

In ill'A, two ~m~lJcrUCibles,one cont~lfiing an inert rderence substance like
alumina and thc other cuntaining the test Sllmpleare placed close tugether in a
furn~ce and hcatcd at a given rate. Thcrc is ~ thermocuuple in close cuntact with
each to scnse t~mperature~, During heating, a suitable deVlce records the
tempcr~tllres, of the test sample a~ well as the temperature differcnce between
the sample and the reference ITS. TRI.Up tu a very high temperaturc, no heat

change~UCClllin ~lurrun~,Therefore, if at a temperature an exothermic rcaetion
occurs in th,' tt'~t &ample,the differential temperature {TS-TRI rises. Once the

reaction is over, ITS-TRImust agallldecay to a zero value. One thus obtains an

exuthermic peak For ,In endothermlC reactlun the situatiol) JSreversed, Fig. 3.3
shows schematically the OTA plots thus obtained,
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In this study, differential thermal analysis of the as-deposited Fe-C alloy and
anne;led file steel samples were made using Rigaku Thermal Analyser TAS 100
with basic unit TG 8110. For each case 0.5 g samples were taken. The samples
were heated in an inert atmosphere and the rate of heating: used was 15 DC per

minute. The maximum temperature was raised to I0000e. The results were
recorded on a X-Y-t recorder.
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3.6 Mechanical properties

3.6.1 Microhardness measurement

Microhardness values were determined by usmg a Shimadzu Microhardness
Tester. Microhardness measurements were earned out with a 50 g load for 5
seconds on polished and unetched Fe-C and Fe-Ni.C alloy coatings. The as-
deposited samples were dark under microscope and therefore micruhardness
measurements on the surfacewas difficult. So, polishing and cleaning were done
with a 4/0 emery paper and acetone respectively to m.akethe deposited surface
bright and to measure the diagon.al1engthuf the indentation easily.

Microhardness measurements were taken on as deposited and tempered samples
obtained from various baths. Temperingwas done in an oven at 2000e for 112
hr. In this study, low tempering temperature was selected because the
temperatures and the periods of heating required to bring the structure of
e1ectrodeposited, supersaturated alloys to equilibrium are lower than those
required for non-cqul1ibriumthermal alloysS8.

3.6.2 Bend test

For bend test samples, deposition was carried uut at 40 mA/cm2 to a constant
thickness of 2S ~,m.To determine ductility of coating bend test was carried out
following the ASTM B489-68 standard48. Bending specimens of size 150 mm
long and 10 mm wide were cut by a Guillotine shear machine from the middle
portion of the electrodeposited sample.

A series of mandrels with diameters from 6 to 50 mm in 3 mm steps with length
of 150 mm were used fur the test. At first 33 mm dia mandrel was taken and
fixed in a vise. Then the test specimen,with coating outward, was bent over the
mandrel so that as the bend progresses the test specimen will remain in contact
with the tQp of the mandrel. Bendingwas continued wlth sluw, steadily applied
pressure until the two legs were parallel. If there were no cracks visible under a
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20X magnifier, the test was repeated, using new specimen on progressively
srnaller-diametcr mandrels until cracks appeared across or through the plating.
The preceding mandrel diameter was taken as the value fur the ductility
determination. The elongation is determined as follows :

E = 1OOTIID+ T]
where,
E = percentage elongation
T = total thickness of the basis metal and deposit, and
D = diameter of the mandrel

Bend tcst was carried out on both as-deposited and tempered samples.
Tempering was done instantly after deposition in an oven at lOUDe for 112hL

3.6.3 Wear test

For wear test, depOSItionwas earned out on cylindrical mild steel specimen for

1/2 hr. at a current density of 40 mAlcrrJ to get a coating thickness of 20I,m. It
was found that CO~ltingthickness on the cylindrical md was almost doubled than
that on the flat plate for a certain penod uf deposition. The cylindrical pins of 8
rom dia and 6.5 nml length were cut from the coated samples and the sharped
edges of the specimens were roundcd with a 2/0 emery papcr for good contact
with counter body during wear testing. Before the test, both the pin and the
counter budy were cleant:J with acetont:.

Wear test were carried out in a pin-Oil-disc type apparatus {Fig.3.4) under dry
sliding condition ;It room temperatute. Grey C;lstiron discs uf 80 mm diameter
and about iO mm thickncss were used as the counter body_ During wear test,
the sample was prcssed against the rotating dlSCunder a constant load for a
specified time. Loads of 1000 g, SOD g, 250 g were used and the testing periods
were 5, 10 and IS 111l11utes,The counter body was rotated at 500 rpm which,
gave a lmear speed of 1,39 mfs.

•
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After the test the worn samples of the pins wefe examined under an optical
microscope and the width of the wear scar was measured. At least three tests
were carried out for each set of conditions and the average width of wear scar on
the coated pin was taken as a measure of the coating wear.

Load

Pin (Fixed)

Counter body

In this study wear test was carried out both on as deposited and tempered

samples. Tempering was done in an Oven at 20UDefOf 112hr. Bare mild steel
pins were also tested for comparison.
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4. RESULTS AND DISCUSSIONS

4.1 Characterization of Fe-C and Fe-Ni-C alloy coatings

4.1.1 Chemical composition

The variation of carbon content of the deposit with bath composition is shown
in Fig. 4.1, It is seen from the figure that the deposit obtained from the bath
containing 10 gil CA and 10 gil LAA possesses 1.1 wt% carbon, while the bath
containing 1.5 gil CA and 1.5 gil LAA gives rise to iron-carbon deposit with 1
wt% carbon. The bat~ containing 0.5 gil CA and 0.5 gil LAA yields a deposit
with 0.88 wt% carbon whereas the bath containing 0.2 gil CA and 0.2 gil LAA
causes an incorporation of 0.56 wt% carbon into the deposit. It is apparent that
the carbon content of the deposit becomes less sensitive to CA and LAA content
of the bath when CA and LAA are present in higher amounts. Such insensitivity
of carhon content of iron-carbon deposit to citric acid content of the bath

beyond a cenain value was also observed by others8.
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Fig. 4.1 Variltion of carbon content of Fe-C alloy d~po"it~d from bltb.

conuil:zing150 ~1 ferrOll' sulphate and varying amount citric acid
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The carbon content of the Fe-Ni-C alloy deposited from baths containing
various amount of nickel sulphate is shown in Fig. 4.2. Error bars are shown to
indicate the spread of experimental data. The carbon content of Fe-Ni-C alloy is
found to be about 1.14 wt% when 20 gil nickel sulphate is added to the bath B
ITable 3.31. Bath containing 50 gil niekel sulphate gives rise to deposits with an
average carbon content of 1.27 wt%. Although these data indicate a slight
increase in carbon content of the deposit as nickel content of the bath increases, .
but given the scatter of the data further confirmation is necessary. It is clear,
however, that the carbon content of the deposits from nickel sulphate
containing baths {BathsE and FI is above 1 wt%, as is the case in deposits from
nickel sulphate free bath IBath B). Presence of nickel sulphate causes an
incorporation of nickel into the deposit. Thus baths containing 50 gil and 20 gil
nickel sulphate yield deposits with 6.3 wt% and 4.3 wt% nickel respectively.
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Fig. 4,2 Variation of cubon cont=t of Fe.N;-C alloy depowited from batlul
containing 150 g/1 FeS04' 10 gil citric acid and 10 gil L-ucorbic
acid .IllI.dvarying amount of nickel sulpbate.



4.1.2. Structure and morphology

Fig. 4.3 shows the croS5'5ectional micr~guph of as-deposited Fe.!.! %C alloy
coating from bath containing 10 gil CA and 10 gil LAA. The un-etched cross-
section in Fig. 4.3a shows the coating to be compact and non.porous. However,
a number of craw acroSi!lthe thickness are viSIble.These cracks nre believed to
have formed during mc:tallographic sample preparation. Nital etch is !leen to
dllrken the as-deposited Fe.I.I%C alloy (Fig. 4.3bl. l1le characteristic accicular
nu.rtensitic structure found in thermally treated Fe-C alloys is not observed in
the electrodeposited sample. This is possibly due to the fact that
e1ectrodeposition produces finer S1rueture, some times not revealed by optical
microscopy58.
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Annealing of the as-deposited Fe-l.l %e alloy was dOlle and its cross-sectional
microstructure is shown in Fig. 4.4. Etched cross-section of the annealed Fe.
1.1%C coating shows a mixture of pearlite and cementite as is expected in an

annealed high carbon stee158, The bright layer below Fc-LI %e alloy coating is
a nickel coating used to avoid diffusion of carbon from coating to the substrate
during annealing.

Pig. 4.4 Cro""-Bection.a1microstroctule aE 2nnc.led Fc-I,l% .Day co.ting.

The appearance and morphology of the surface of the deposits obtained under
various conditions were examined both visually and under a stereoscope. The
surface of the as-deposited Fe-lol %C coating was relatively smooth.(Fig. 4.5al
hut dendrites or treeing were observed at the edges of the sample, where high
current density is most likely to occur, This dendritic tendency increased with
increasing deposition time. These as-deposited samples were somewhat adhcrcnt,
brittle and crack free. Deposit from 1.5 gil CA and 1.5 gil LAA containing bath
showed better adherence than the previous ones and the deposit from bath
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containing 0.5 gil CA and 0.5 gil LAA showed maximum adherence, but these
deposits were of much lower hardness compared to the deposit from bath
containing 10 gil citric acid and 10 gil L-ascorbic acid.

The Fe-4.3%Ni.1.1 %C alloy coating obtained [rom nickel sulphate containing
bath showed almost the same morphology as that of as-deposited Fe-l.l %C
alloy (Fig. 4.5al. However, it was observed that when three to four or more
samples were deposited in succession from the same bath, latter deposits showed

a stripped type morphology due possibly to hydrogen evolution59 Wig.4.5bj.

Upon visual examination, deposits from bath containing 0.2 gil gelatin IBath HJ
were found to be bright. Dendrites formed at the edges of the deposits were
comparatively lower in amounts and were very fine as compared with those
formed on samples obtained from gelatin free baths IBath B and Bath Fl. It has
been found by others60 also that use of 0.2 gil of gelatin as an additive IJ:Ja1kedly
suppresses the dendritic growth and promotes bright, compact and fine grained
deposits. However when examined under stereoscope, deposits from gelatin
containing bath showed stripped surface IFig. 4.5d) which seems to be rougher
than the deposit formed without gelatin addition.

When sodium-lauryl-sulphate was added to the gelatin containing bath, its effect
on deposit morphology was dramatic. It completely eliminated the stripped
surface and provided a smooth coating. But the coating was not bright and
showed small pits all over the surface when examined under the stereoscope (Fig.
4.5el. When addition agent is used in the bath, it preferentially adsorbs on the
high points of an irregular surface where it acts as an insulator. This inhibits

deposition of metal and diverts current to recessed areas61. In this way it
produces smooth surface.

Tempering of the Fe-I. I %C and Fe-4.3%Ni-1.1 %C alloy deposit at 2000C for
0.5 hr. produced a network of fine hairline cracks on the surface as shown in Fig.
4.5b. This may be due to the release of residual stresses of the coating which
occured during electrodeposition.
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X-ray diHraction
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X-ray diffraction studies were done on as-deposited and tempered Fe.l.l %e
alloy obtained from baths containing 10 gil citric acid and 10 gil L-ascorbic acid.
X-ray diffraction study was also done on a mild steel sheet [or comparison.
Diffraction. pattern of mild steel shows (Fig. 4.61 three prominent dllfraction

peaks at the 28 values of 44.6°,650 and 82.250. These peaks correspond to
11101,{lOOIand (2111planes of alpha iron respectively",

The as-deposited and tempered Fe.l.l %C alloy show almost the same diffraction
patterns as illustrated in Fig. 4.7 and 4.8. Their peak positions are similar to
those of alpha iron. Although the peak from (1101plane is prominent, the peaks

from (2001 and (2UI are found to be quite diffuse. Haseeb and Huq8 attributed
this to the presence of tetragonal lattice of the deposit which is the

characteristics of martensitic structure. Ezaki and Enomoto6 studied their
e1ectrodeposited Fe-1.2%C alloy by X-ray diffraction and found that (200) and
i211J peaks obtained from their deposits were also quite diffuse. They showed,
through computer simulation, that these peaks actually consist of two doublets

~
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Fjg. 4.6 X-ray diffr..:tioll pattern of mild steel.
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corresponding to tetragonal martensitic structure. They also confirmed the
presence of martensitic structure in their deposits by meaDS of transmission
electron microscope study. Thus the Fe-I.l %e deposit obtained in this study is
also believed to be martensitic in structure.
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Fig. 4.7 X-r.y diffr"crion pattern of u-deposited Fe-1.1 %c ,noy.
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4.1.4. Differential thermal analysis

Fig. 4,9 and 4.10 shows the DTA curves of as-deposited Fe.!.l %C alloy and
annealed commercial file steel respectively. As the deposit possesses about 1.1%
carbon, compositionaiy it is similar to file steel. However, the UTA curve of
electrodeposited iron-carbon alloy is seen to be diHerent from that of annealed
file steel. The DTA curve of as-deposited Fe-C alloy sho"WSa number of extra
peaks compared to file steel

Iron-carbon alloy transforms into gamma iron through eutectoid transformation
at 7230C during slow heating. Eutectoid transformation of alpha iron into
gamma iron involves an enthalpy change of AH ~ +875 callmole62 and hence
the reaction is endothermic. Relatively rapid cooling may raise the eutectoid
transformation temperature to a higher value. Therefore the exothermic peak at

about 7600C in both cases is thought to be related to the eutectoid
transformation. The martensitic structure of as.deposited Fe. J .1%C alloy has

been confirmed by Izaki and Enomoto6 by transmission electron microscope and

by X-ray diffraction method. Therefore, the presence of extra peaks at MOOC,

~
u
~. or,
~ 0u 0• ••0 ,
J

Fig. 4.9 D.ifferentw thermal QWllr~~ curve of u.depOllited Fe-Ll %C alloy.



4200C and 6100C in the DTA curve of as-plated iron-carbon alloy is probably
related to the transformation of martensitic structure of the sample. These peaks
are believed to arise during heating due to the transformation of martensite into
more stable phases_ The transfotmation of as-deposited Fe.l. J %C alloy into
cementite and pearlite phases is also observed in the present study when
annealed at 8500C fat 25 min.

Te-mpe-ralure

Fig. 4.10 Di1ieren!w therJnll1 ."ulysiw curv~ of umemd fjJ~ rt~~I.
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4.2 Properties of Fe.C and Fe-Ni-C alloy coatings

4.2.1 Hardness

Fig. 4.11 shows the variation in microhardness of Fe.I.I%C alloy deposited
from baths containing various amount of CA and LAA. Microhardness of pure
iron coating deposited from CA and LAA free bath is also shown for comparison.
Deposits from bath containing 10 gil CA and 10 gil LAA with a carbon content
of about 1.1 wt% shows maximum hardness of 790 HV. Hardness values of
deposits from baths containing (1.5 gil CA + 1.5 gil LAA) and (0.5 gil CA + 0.5
gil LAAI arc 701 and 386 HV respectively. Although the ha~dness of iron-carbon
deposits is consistent with the fact that hardness decreases with a decrease in
carbon content Icompare Fig. 4,1 and Fig. 4.111, the hardness of the deposit
containing O.88%C Ideposited from 0.05 gil CA + 0,5 gil LAA) is
disproportionately too low. Hardness of the latter deposit is a little higher than
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that of pure iron coating. High hardness coupled with high carbon content of
iron-carbon deposits from baths Band C suggests the deposits to be of the

martensitic type. This fact has already been substantiated by othenp,8 The Fe-
O.88%C deposit from bath 0 possesses too Iowa hardness 1386 HVI to be

martensitic63. Detailed investigation is necessary to elucidate the structure of
this deposit.

Thc microl:iardness of as.deposited Fe-i.l %C alloy and Fe-4.3%Ni-l.l %C alloy
is compared in Fig. 4.12. Hardness of pure iron is also shown in the figure. Buth
Fe.l.I %C and Fe-4.3%Ni-1.1 %C alloy show higher hardness than pure iron. But
Fe-4.3%Ni-1.I %C alloy shows a slightly lower hardness than Fc-i.l %C alloy, It
is to be noted that both Fe-l.l %C alloy {BathB) and Fe.4.3 %Ni.l.1 %C alloy
IBath PI possess about the same carbon content (Fig. 4.2). As nickel does not

show any negative effect on hardness of steel64, causes of this decrease in
hardness 1Snot clear at present. It can perhaps be related to experimental
variation.
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The eHect of the addition of gelatin to plating bath on the microhardncss of iron-
carbon alloy coating :is shown in Fig. 4.13. According to the figure, as the
amount of gelatin in the bath increases, the hardness of the iron-carbon alloy
deposit linearly decreases. This decreasing tendency of hardness of the deposit
may be due to a number of reasons such as Jow carbon content, poor
morphology, low residual stresses etc. However, by chemical analysis the carbon
content of the deposit from bath containing 0.2 gil gelatin is found to be about
1.55 wt%. The morphology of these deposits is rough compared to Fe-l.l %C
and Fe-4.3%Ni-l.1 %C alloy deposit as given in Fig. 4.5. It has been foundS that
deposits with rough morphology may cause mechanical entrappment of carbon
at crevices in addition to carbon being incorporated into iron lattice. In such
cases overall carbon content may show a high value, although actual carbon
percentage included in iron lattices may be lower. Consequently hardness of
such deposit may show a lower value. In the present case, low carbon content of
the lattice, rough morphology and lower stressed condition of the deposit in
presence of gelatin may combindly have caused the low hardness of the deposit.
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4.2.2 Ductility
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Improvement of ductility of iron-carbon alloy was one of the objectives in this
study and therefore a number of samples were subjected to bend test followmg
the ASTM B 489-68 Standard48.

The ductility of Fe-l.l %C coating in the as-deposited and tempered condition is
compared in Fig. 4.14. Spread of the values of percentage elongation as obtained
from bend tests is shown by error bar. A slight improvement in elongation from
4% in the as-deposited condition to 5.45% has Deemed due to tempering at
2000e for 0.5 hour. Heating after plating at relatively Jow temperature c.g. 100

to 2000e occasionally can improve adhesion59 and therefore, the ductility

raises to a higher value as the deposits are attached to their substrateJ'S. Again,
it is well known that upon tempering of iron-carbon based alloys at temperature

up to 2500C, precipitation of epsilon carbide and a sl~ht loss of tetragonality of

martensite occurS6. This is termed as the firSt stage of tempering. Temperrng
conditions used in the present study belongs to this first stage. Since no major
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structural changes occur in this stage, the marginal increase in elongation
obtained in the present case is therefore expected. In fact the hardness of the
deposit was found to be as high as 766 HV after tempering as compared with a&-
deposited hardness of 790 HV. Tempering also causes loss of residual or intrinsic
stresses of as-deposited martensitic Fe-I.l %C alloy and this may be a probable
reason for the slight decrease in hardness of the deposit.

The ductility of Fe.4.3%Ni-l.l %C alloy is compared with that of Fc-l.l %C
deposit in Fig. 4.15. The percentage elongation of the as-deposited FeA.3%Ni.
1.1%C alloy is found to be almost double the elongation value of as-deposited
Pe-l.l%C deposit. It may be mentioned that Pe.4.3%Ni-l.l%C alloy had a
hardness of 752 and 700 HV in the as-deposited and tempered conditions
respectively. Effect of nickel on the properties of steel is described in the
literatureS6,66. Nickel has been found to toughen and strengthen steels. Since
nickel raises the stacking fault energy, it reduces the extent of work hardening
thus resulting in greater deformation prior to fracture. Therefore, improved
ductility caused by the incorporation of nickel into electrodeposited iron-carbon
alloy is consistent with earlier studies on thermally prepared alloys. However,
tempering of Fe-4.3%Ni-l.l %C did not show any improvement in percentage
elongation over the value in the as-deposited condition.
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Fig. 4.15 VlCilItion in ductility of the Fe-4.3%Nj.I.l%C .110y depo8it.
Ductility of Fe-l.1%C l1loy depout i8 d10wn for camplri8on.
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The effect 01 gelatin (0.2 gill on the ductility of as-deposited and tempered Fe.
l.SS%C alloy is presented in Fig. 4.16. According to the figure addition of
gelatin in the bath improves ductility of the Fe-i.l %C deposit. Upon tempering
the ductility is further improved, even morc than as-deposited Fe-4.3%Ni-
1.1%C alloy. Although chemical analysis shows high carbon content of the
deposa, but it plays no detrimental effect on ductility, because all the carbon is
probably not incorporated into the lattice; some might have been entrapped on
the surface mechanically8. Gelatin is generally known to refine grains, produce

compact deposit and suppress dendritic growth60. All these factors can lead to
improved ductility of the coating. However, the actual mechanism by which
gelatin causes an improvement of ductility of iron-carbon deposits needs further
investigatioll.
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In a previous study67, the extent of wear damage on electroplated pin was
expressed by the width of the scar on the pin. In the present work, wear scar
width has been also used to measure the extent of wear damage. Fig. 4.17 shows
the variation in the width of wear scar on Fe-l.l %C alloy coated mild steel pin
as a function of sliding distance. The sampleswere tested in the as.deposited
condition under a constant load of 250 g. That extent of wear damage increases
with slidingdistance is clearly evident from increasedwidth of the scar.

1'1 "'I

1'1
Fig. 4.17 Macrograph, 01 wear Bear Oil u-deposited Fe-l.l wt%C a11Dy coating

on n>i1dlJtee1pia mb;ected to wear at a con't&nt load 01 250 g.

:IIJ Sliding di,tance, 416 m.

b) Slidinl di8tllllce, 832 m.

cJ Sliding dilltance, 1248 m.
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Width of wear scar on as-depositedand tempered Fe-I.l %C alloy coated pin and
bare mild steel pin tested under a load of 250 g is shown as a function of sliding
distallce in Fig. 4.18. The wear scar width of as deposited Fe-l.l %C alioy
increases rather sharply at the beginning. The increase becomes morc gradual at
longer slidingdistance. The as-deposited Fe-}, l.%C alloy is found to sOOetmost
from wear damage. Extent of wear damage on mild steel is seen to be the lowest.

"
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A,-dcp",ilcd Fe-C ali"y•~-
" <" . TemperedFc_C~I~•~ --~ -"- ~-• _+- Mildsleel• "• .-•
~ 0,40

;;
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" " <IUU WO ." 10m 1200 1400

Sliding distance, m

Pig, 4.18 Vuiation in weu 8car on u-depasited Fe-I.l wt%C alloy pin,

tempered Fe- 1.1 wt%C alloy piII. lind mild steel pin u .• function of

ll1iding d'otoUlce at lin applied load of 250 g.

Fig. 4.19 shows the width of the wear scar on as-deposited and tempered Fc-
1.1%C alloy and mild steel at two different slidingdistances at an applied load
of 500 g. According to the figure it is apparent that increasing sliding distance
increaseswear of all the samples.Mild steel is found to be the most resistant to
wear among the three samples. This was also observed when the samples wcre
tested at a load of 250 g. However, the tempered Fe.I.I%C alloy shows
anomalous behaviour when tested under 500 g load. It seems to exhibit wear
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resistance lower than that of as-deposited coating ..Under 500 g load, tests for
longer sliding distance cause complete wear of the coating and exposure of the
substrate. Under 1000 g load, substrate of tempered Fe-I.l "foe alloy is exposed
even at low (416 m) sliding distance, whereas as-deposited Fe-].1 %e does not
show such behaviour. So, it is apparent from this study that, at higher loads and
sliding distances tempered Fe.l.l %e alloy deposit shows poor wear resistance
than as-deposited Fc-i.l %e alloy.
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FiG. 4.19 Vart.tion in "'"'" lOUT01 mild neel, u-depo8ited Fe-l.l%C .noy and
tempered Pe.l.l%C allay u •. function of slidiug di&r.nce n con8t.nt

10,d of 500 g.
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The micrographs of Fig. 4.20 illustrate the appearance of the worn surface of a&-
deposited Fe-lot %C alloy with different load but at constant sliding distances.
Scars are characterised mainly by fine sliding marks. These sliding marks indicate
that abrasive wear has taken place during testing. In addition, presence of dark
patches of smeared transfer layer is also visible in the micrographs. The latter
feature is indicative of adhesive type of wear. It is concluded that although
abrasive wear is the main mechanism on Fe-l.l %C alloy coated pin, adhesive
wear is also operative to some extent.

1
0
'

Ib'
Fir. 4.20 Microgr.ph of wear .!cu on as-depo!ited Fe-I.I%C alloy COl/tin,l:.

8' Sliding dJ~tance416 m, load 250 g.
b} Sliding disunce 416 Ill, load 500 g.
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The micrographs of worn surfaces of tempered Fe-l.l %C alloy are shown in Fig.
4.21. The scar natUre and appearance are similar to as-deposited Fe-lot %C alloy.
The fine scratches in the sliding direction is most probably due to the abraSIVe
wear arising from Illl)vernent of wear debris between the pin and the disc. The
micrographs also show the network of fine hair. line cracks that formed during
tempering. These' cracks may aid lubricant retention as in hard chrome plating.

/
/ ."" (J/1/

/-1

(hI

Fig. 4.21 Micrograph of wear 5CH on tempered Fe.l.I%C ..noy coating.
IIJ Sliding di.ltlIlce 4J6 m, lDJ1d 250 g.

bJ Sliding dhlt....,ce 416 .m, lolld 500 g.
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Fig. 4.22 shows the micrograph of worn surfaces of mild steel at different loads
and sliding distances. Scars Oll the samples are not smooth, and edges are found
to be irregular. Plastic flow of materials was observed along the sliding direction
at the exit edge of the scar. The slidingmarks on the scar ;lIe uneven and ill
defined. Wide spread presence of transfer layer is observed. All these suggest that
adhesive wear is the predominant mechanism in the case of mild steel pin.

/-,

Ibl
Fig. 4.22 Micrograpb of wear BCIU 0.11mild !teel.

'-, SlidiDg distance 416 m, load 250 g.
hi Sliding dut8flce 416 .m, lold 1000 g.
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The macrographs of debris of as-dcposited Fe.l.t %C alloy, tempered Fe-I.! %C
alloy and mild steel arc shown in Fig. 4.23. In the case of Fe.l.l%C alloy
coating~, both in the aMieposited lind hardened conditions, the wear debris is
found to be rather large. They show metallic lustre at the broken face. Such
debris seems to have generated through brittle fracture. On the other hand,
debris generated during the wear test of bare mild steel pin is fine and powdery.
The debris in this cosc is found to consist of dark oxidiscd particles.

I-I
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Ibl

•

Fl&. ....23 M.cro' .•.•p1tr of wear debrn collecred dUrUll Wl:U teams.
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Welsh52, Sexton and Fischer53 have shown that in the case of mild wear finc,
oxidised debris is formed. Whereas, flaky, large particles are generated as debris
when wear is of the severe type. This is found to be consistent with the present
experimental data. Mild steel pin with fine powdery debris is observed to suffer
least due to wear while the wear damage is much more severe on iron-carbon
coating.

Archard equation is commonly used to express wear rate as a function of test

variables and hardness of the material68. The equation is written as,

Time rate of wear, 1] ~ KaWV/H

where, W ~ Applied load
V ~ Sliding speed
H ~ Hardness of the material
Ku ~ Wear coefficient.

According to Archard equation, Fe-I.l %C coatings having higher hardness
should be more wear resistant than mild steel with lower hardness of about 238
HV. However, the opposite has been observed in the present study. It is thought
that not only hardness but also toughness plays a significant role in wear. Thus
iron-carbon coating with low toughness fails in a brittle manner and undergoes
severe wear. Other properties of the coating like its adherence with substrate etc.
can also playa vital role. In depth study is necessary to find out the exact causes
of enhanced wear of iron-carbon coatings and ways to improve their wear
resistance.
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5. CONCLUSIONS

The following conclusions can be drawn from this study:

1. Mattensitic iroD-<:arbonalloy with carbon content of 1.1 wt% and hardness
as high as 790 HV can be obtained by electrodeposition at room
temperature from ferrous sulphate bath containing 10 gil citric acid and 10
gil L-ascorbic acid.

2. It is observed that the carbon content of the Fe-C deposits becomes less
sensitive to CA and LAA content of the bath as higher amounts of CA and
LAA are added.

3. Presence of nickel sulphate in the bath does not affect the carbon content of
the Pe-C alloy deposit to any appreciable extent. It has been possible to
deposit Fe-4.3%Ni-1.1 %C alloy coating with a hardness of 752 HV from
bath containing iron sulphate and nickel sulphate and 10 gil each of citric
acid and L-ascorbic acid.

4. As the amount of citric acid and L-ascorbic acid in the bath decreases, the
corresponding hardness of the deposit also decre;Ises, Presence of gelatin in
the bath decreases the hardness of the deposit,

s. Tempered Fe-l.l%C alloy deposit obtained by electrodeposition shows
higher ductility than as.deposited Fe-I.! %C ;Illoy. Electrodeposited Fe.
4.3%Ni-1.1 %C alloy possesses better ductility than as deposited and
tempered Fe.I.l %C alloy. Fe-I.! %C alloy deposited from bath containing
0.2 gil gelatin exhibits maximum ductility.

6. Inspite of high hardness, Fe-l.l %C alloy coatings is found to possess wear
resistance lower than that of mild steel probably due to their low toughness
and insufficient adhesion.

1
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6. SUGGESTIONS FOR FlITURE STIJDY

1. The present bath composition should be modified to obtain a Fc-C alloy
deposit with better mechanical properties_ParticularlyI attempt should be
made to improve the ductility of the Fc-C alloy by adding stress relieving
additive e.g" saccharine in the bath.

2. The structure of aa-deposited Fe-C alloy should be investigated by using a
Transmission Electron Microscope.

3. Attempts should be made to understand the wear behaviour of Fe-C alloy
coatings_Measures should be taken to improve the adhesion of Fe-C alloy
coating to substrate. This is expected to lead to better wear resistance.

4. The wear resistance of Fe-Ni.C alloy should also be investigated.
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