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ARSTRACT

Electrodeposition of martensitic Fe-C and Fe-Ni-C alloy coatings was carried out
from sulphate based baths at room temperature. The baths contained varions
amonnt of citric acid (0.2 to 10 gfl) and L-Ascorbic acid {0.2 to 10 gfl) and in
some cases additives viz. gelatin (0.2 to 1 g/}, sodinm lauryl sulphate {0.5 g1} to
observe their influences on the morphology and mechanical properties of the
coatings.

Chemical analysis showed the carbon content of both Fe-C and Fe-Ni-C alley
deposits to be above 1% and Ni content of Fe-Ni-C alloy deposit within 4-6%.
It was observed that the carbon content of the Fe-C deposits becomes less
sensitive t0 CA and LAA content 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, bnt the annealed structnre showed a
structure similar to annealed carbon steel. X-ray diffraction pattern of as
deposited Fe-1.1%C alloys suggests these to be martensitic in structnre.

Mechanical properties of these coatings viz. microhardness, ductility, wear
resistance were investigated in relation to the prescnce of additives like gelatin
and sodium lanryl sulphate in the bath and post-deposition heat trecatment. Fe-C
alloy deposited from bath containing 10 g/1 CA and 10 g/l LAA showed hardness
as high as 790 HY, whereas the deposits from 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, hardncss of the deposit also decreases.
Tempering of the as-deposited Fe-1.1%C alloy at 2009C for half an honr does
not cause any appreciable decrease in hardness. Hawever, gelatin was found to
have a significant role on hardness; 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 considerahle improvement in
ductility. Fe-4.3%Ni-1.1%C alloy showed better ductility than as deposited or
tempered Fe-1.1%C alloy.



Wear tests were performed on both as-deposited and tempered Fe-1.1%C alloy
coatings to cvaluate their wear characteristics and then the values obtained were
compared with the wear resistance of mild steel. Fe-1.1%C alloy coatings, in
spite of their high hardness, showed lower wear resistance than mild steel
probably due to their low toughness and insufficient adhesion.
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1. INTRODUCTION e

Electrodeposited alloys possess many special, poten pplications by virtuc of
their great range and diversity of praperties. Certain alloys may be prepared
more readily by electrodeposition than by thermal mesns. For example, the
preparation of an alloy consisting of a low-melting volatile constituent and 2
metal with a high melting point may be difficult to prepare by conventional
means and may be more easily achieved by electrodeposition. Alloys which form
mechanical mixtures, such as copper-lead alloy, are more 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 tnngsten,

molybdenum, germenium, and phosphorus, which cannot be deposited from
agueous solution by themselves.

Fnrthermore, electrodeposited alloys are very often known for their non-
equilibrium structure and special properties as compared with normal
metallurgical alloys!. Two common examples of deviations from equilibrium are
the formation of supersaturated solid solutions and phascs 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 requirements, improved corrosion
resistance, heat resistance, surface hardness and so on. Among iron-based alloys,
reports on amorphons Fe-W film providing excellent resistance to corrosion?,
Fe-Cr-Ni alloy coating of 18-8 stainless steel typed, Fe-Ni-W alloy flof, Fe-Ni-

P2 alloy films etc. appeared in the literature recently. The possibility of
pradnction of marteositic iron-catbon alloy at room temperature has generated
interest very recently. It has been found that Fe-C alloy with gnite high hardness
(812 HV} and high carbon content (1.2%} conld be produced by
electrodeposition®:7. This development has great commercial 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 definite
advantages over the conventional high temperatnre heat treatment used to
produce a martensitic structure. These advantages include avoidance of
distortion, low energy consumption, low cost etc.



2

Recently Haseeb 2nd Hugq® 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 bigh as 780 HV and carbon content
above 1% were obtained in that study. The coating, however, seem to be rather
brittle 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 bath 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
eftect of process variables like bath composition, cnrrent density on the
electrochemically deposited alloys was investigated.



2. LITERATURE REVIEW

2.1  Electrodeposition of alloys ’

2.1.1 General conditions for electrodeposition of alloys

Superficially, the procedure for depositing an alloy diHfers in no important
respect from that for depositing a single metal — 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, homogeneons coating is not as easily solved as for a single metal.
The simultancons deposition of two or more metals withont regard to the
physical natnre of the depasit is a relatively simple matter, for 1t 1s necessary
only to electrolyze a bath of the mixed metallic salts at a sufficiently high
curreunt density. Unfortnnately, the deposits so obtained are nsnally loose,
spongy, nonadherent masses, contaminated with basic inclnsions. Thus, the use

of a high cnrrent density per sc is not a means of solving the problem of alloy
deposition.

A preliminary and rather obvions requirement for codeposition of two or more
metals from agqueous solution is that at least one of the metals be individually
capable of being deposited from agneous solution.

The most important practical consideration involved in the codeposition of two
metals is that their deposition potentials be fairly close together. The importance
of this consideration  follows from the well kuown fact that the more noble
metal deposits preferentially, freqnently to the complete exclnsion of the less
noble metal. To simultaneously codeposit the two metals, conditions mnst be
such that the more negative {less noble) potential of the less noble metal can be
attained without employing an excessive current density. Hence, the need for
having the potentials of the two metals close together,



2.1.2  Principles of alloy deposition

The six principles of alloy deposition are:

o

If an alloy plating bath, which is in continuons operation, is replenished
with two metals in a constant ratioc, M/N (for example, by adding metallic
salts or by the use of solnble anodes}, the ratio of the metals in the deposit
will approach and ultimately take on the value M/N.

An increase in the metal-percentage [or ratio] of a parent metal in an alloy
plating bath results in an increase in its percentage {or ratio} in the deposit.

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

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 lead to the relation
Cm/Cp < COyc0,

where C; and C are, respectively, the concentrations of the more read ily
and the less readily depositable metal at the cathode-solution interface, and
O and CU, are the concentrations of the metals in the hody of the hath.

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

In depositing slloys 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: (i} constant potential if the
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uncontrellable variables affect the potentials of the more noble metal and
[i} constant current density if the nocontrollable variables affect the
potentials of the less noble metal. Conditions (i) and (ii) are interchanged if
the content of the less noble metal decreases with cnrrent density.

2.1.3 Types of alloy plating systems

The tive types of alloy plating systems are given below —
I. Regular codeposition

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

II. TIrregular codeposition

Irregular codeposition is characterized by being controlled by the idiosyncracies
of the potentials of the metals against the solntion to a greater 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 mnch smaller than with the
regular alloy plating systems. Irregular codeposition is most likely to occur with
solntions 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 o1 zinc in a cyanide
solntion. Irregular codeposition, also, is most likely to occur in systems in which
the static potentials of the parent metals are close together and with metals
which form solid solutions. It is the least well characterized of the five types and
15to some extent a catch-all for alloy plating systems that do not fit one of the
other four types.

. Equilibrium codeposition

Equilibrium codeposition is characterized by deposition from a solntion which is
in chemical equilibrinm with both of the parent metals. The equilibrium alloy
plating system is unique in that tbe ratio of metals in the deposit {plated at a low
current density) is tbe 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 {and other} constituents as the equilibrium system, but not in the
equilihrinm ratio, bebave as their regular or irregular alloy plating systems.

I¥. Anomalous codeposition

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

V. Induced codeposition

Induced codeposition is characterized by the deposition of alloys cONtaining
metals, such as melybdenum, tungsten, or gernenium, which cannot be
deposited alone. However, these metals readily codeposited with the iron group
metals. Metals which stimmlate deposition are called inducing metals, and the
metals 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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codeposition 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 compoasition of the alloy
deposit

2.1.41 Introduction

The compositioo of an electrodeposited alloy is a function of a large number of
variables, the main ones of which are as follows:

A. Variables of bath composition

1. Concentrations of depositable metals
a. Ratio of the concentrations of the depositable metals to each other
b. Total concentration of the depositable metals

2. Concentration of complexing agents

3. pH of plating bath- |

4, Presence of addition agents

3. Presence of indiffersot electrolytes or conducting salts

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

C. Miscellaneons varisbles
1. Cathode current efficiency
2. Shape of cathode {composition dispersion)
3. Basis metal
4. Thickness of deposit
5. Type of current



2.1.4.2 Concentration of depositable metals in the bath

Probably the most important variables governing the composition of
electrodeposited alloys are the concentrations of the two or more parent metals
in the bath. In general, the ratio of metals in an electrodeposited alloy differ
considerably from their ratio in the bath. Only under special conditions are the
ratios of the metals the same in both the bath and the alloy.

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

(a} Variation of metal 1atio: The total metal content of the bath is kept constant
while the ratic of one 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.

(b} 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.

[cj Variation of concentration of a single metal: The concentration of one parent

metal is kept constant in the bath while increments of the other parent metal are
added.

The relation between the composition of the electrodeposited alloy 2nd the ratic
of the parent metals in the bath is the most important relation in alloy plating
system. Ome 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 zlloy and the
metal-percentage of the bath. Points falling npon the composition reference line
would represent alloys having the same percentage composition as the metal-
percentage of the bath. A composition cnrve that raises above the composition-
reference line indicates that the metal in question is preferentially deposited,
because its percentage in the deposit is larger than its metal percentage in the
bath. In normal codeposition, the more noble metal deposits preferentially,
bence the curve for the percentage of the more noble metal in a deposit always
lies above the composition reference line. Similarly, the curve rcbresenting the
percentage of the less noble metal plotted against its metal-percentage in the



bath lies below the compaosition reference line.

Examples of normal codeposition ate illustrated in Fig. 2.1. Curves 1-3,
respectively, represent regular, irregular, and equilibrium codeposition. Curves |
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 cousequently these curves
lie above the composition-reference line AB.

Coapper ar tead in deposit, §

") n an Lilr] an 100

Mrtal-percenfnge coprer or [end in talh

Fig. 2.1 Typical curves iluscrating the relation between the composition of
electro-deposited alloys and the compoaition of the bath in normal

co-deposition.

Curve I: Biamuth-copper alloys deposited from perchlorate bath®
Curve 2: Copper-zine alloys deposited from cyanide bathi® 11
Curve 3: Lead-tin slloys deposited from a fluoborate 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 2lloys, iron-
zine curve 1), nickel-zinc fcurve 3) and cobalt-nickel jcurve 2), all deposited
from simple chloride or sulphate baths are used as examples. The ontstanding
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 neble
metals, they are not preferentially deposited. The data for cnrve 3, representing
deposition of nickel-zinc alloys, comes from the work of Schoch and Hirschl3
which was done in 1907 and is one of the earliest stndies of the principles of
alloy deposition. Although the total metal content of their baths varied widely,
this does not vitiate the relation betwren the metal ratio of the bath and the

depost.

1w

8u

o

410

Iron o mcks] in diepoedt, Ty

20

N 0 1 (L) Al 100

Melal-peroeniaga iron ur nicleel 1o Ladl

Fig. 2.2  Relation between the composition of the depoait and the composition

of the bath in anomalous co-deposition.

Curve 1. Iron-zinc alloys deposited from suiphate bathl ¢
Curve 2: Nickel-cobalt alloys deposited from chloride bath! 5
Cuorve 3: Nickel-zine slloys deposited from sulphate bathi 3
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The behavior of metals in anomalous codeposition i8 not as consistent and clear-
cut a8 would appear from the curves shown. Under some conditious of current
deusity and temperature, the metals may codeposit in a normal fagshion and
under other conditions in an anomalous fashion.

Variation of the total metal content of a bath, at a fixed metal ratio, ap preciably
affects the composition of alloys in regular codeposition but has either slight
effect or no vuiform trend in irregular, anomalous and induced codeposition.

L]

L B

Cabalt 1 deposit, 5

i |-

. i ! | I, |
o 0.5 1.0 1.5 21 2.5 a0

Tolal juedal concentralion in bath,ge ag-equivalenl s/ litor

Fig. 2.3 Relacion between the compoaition of the depoait and the total metal

coptent of the bath in anomalous co-depeosition.

Curve | and 3: From the datz of Glasstone snd Speskmun! 6
Curve 2 : From the dats of Fink and Lab! 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 Glasstone and Speakmanl® 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
metzal ratio of the bath.

2.1.4.3 Concentration of complexing agents in the bath

$ince complexes are so potent in bringing about codeposition of metals, it is to
be expected that the composition of an electradeposited alloy would be aHected
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 make the deposition potentials of a
metal more necgative {less noble), so that the metal becomes less readily
deposited. In an alloy plating bath, if an increase in concentration of the
complexing agent shifts 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 deposition 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 shifts the potentials of bath parent metals to more negative
(less noble) values, and, a priori one cannot tell whether the eHect ou 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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2.1.44 pH

The effects of pH on the composition of an electrodeposited 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 natnre of the metallic componnds, becanse 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 only slightly sensitive to variations in the pH
of the solution; this is indicated by a slight varistion in the thermodynamic
activity of the ton. On the other hand, the composition and stability of many
complexes — in both alkaline and acid solution — are a function of the pH. For
example, complexes, snch as stannate, zincate, cyanides, and amines, which are
stable in alkaline solution, decompose when acidified. As a general rnle,
variations of pH should have little effect on the composition of alloys deposited
from baths containing the metals as simple ions and should have a large effect on
the composition of alloys deposited from baths in which the parent metals were
present as complexes with large instability constants.

(Glasstone and Speakmanl 6,18 determined the most noble potentials at which
the iron-group metals and their mntual alloys deposited from solutions of
various pH. They did this by gradnal 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 regnired to initiate
metal deposition. However, rather nnexpected was the finding 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
Strutk!® for the deposition of Co-Ni alloys from a simple salt bath. Curve 2
represents data from Glasstone and Symes!? 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 citric acid. The three curves all Tepresent
anomalous codeposition smce Ni, the more noble metal, acenrs 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 5. This is in accord with the surmise hased on the work of Glasstone and
Speakman, mentioned previously, and in accord with the general proposition
that pH has little effect on deposition from baths containing simple metallic
fons. 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 iou, wheu the pH
of the bath was increased above 6.

106 I ] I | i I

Mickel in depasit, "%
[+-] [=]
[an] [ ]
[ ]
1
[ ]

40 — J —

pH of i

Fig. 2.4 Effect of pH on the compesition of depoaits in anomalous co-

deposition,

Corve I: Cobalt-picke]l alloys from the dsta of Young and Stru]rkls
Curve 2: Irop-nickel alloys fom the data of Gleastone and Symes
depogited from mulphate bach!®

Curve 3: Iron-nickel slloye from the data of Rsub deposited fom a

hath coataining citric acid? @
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2.1.4.5 Current density

Current density is the most important of the operating variables, and no study
of alloy deposition is complete without detailed data on the variation of alloy
composition with curtent density. The effect of current density is less consistent
or predictable than that of the other operating variables, with respect to both
the magnitude and the scnse of the variation in composition of the
electrodeposited alloy.

The mechanism may be examined from two view points. diffusion contrel and
the cathode potential. With regard to the latter, an increase of current density
causes the cathode potential to become more negative [less noblej and hence,
the plating conditions appreach more closely to those represented by the
current density-potential curve of the less noble metal. A priori, this condition
should increase the proportion of the less noble metal in the deposit. According
to simple diffusion theory, the rate of duffusion of a2 metal has an npper limit
which 13 determined by the rate at which its ion can move through the cathode
diffusion lay{:f. At a given current density, the rate of deposition of the more
noble metal is relatively much closer to its limiting value than that of the less
noble metal. An increase of enrrent density, therefore, mnst be borne mainly by
an increase n the rate of deposition of the less noble metal,

In the regular type of codeposition, the content of the less noble metal in the
deposit increases with current density. However, in other types of codeposition
the apposite relation frequently occurs and in some instances the content of one
of the metals goes through a maximum or minimum as the cnrrent density is
varicd. These departures from the expected gqnalitative relations are difficult to
explain. In some instances they may not be bona fide effects of cnrrent density,
_ bnt may be the result of inadequate control of the plating conditions durmg the
experiment,

The magnitude of the changes in alloy composition resulting from variation of
cnrrent 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 sy stem.
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In Fig. 2.5, curve 1 represents the deposition of Fe-Zn alloys from an acid
sulphate bath at 909C. The data are from the work of Von Escher and others? !,

The poine P indicates the metal percentage Zn in the bath, which 15 11.5%. The
curve consists of threc branches. In the low cnrrent density region, from 2 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 cnrrent density increases in Zn

content and above 2.5 Amp/dm? contains much more Zn than corresponds ta

the metal-percentage Zn in the bath.

Fig. 2.5
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The trangition of the Zn content of the deposit from a value well below, ta a
value well above, the metal-percentage Zn of the bath oceurs over a rather small
range of current density {hranch bc). The current density at the point P is
referred to as ‘transition current density'.

The third branch of cnrve 1, from c to d, exhihits 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. Co nsequently,
the deposition should be under diffusion control and the Zn content of the
depaosit should tend downwards at still higher enrrent density. This fourth type
of relation, illnstrated by branch de, is not shown by curve 1 but is shown by
curve 2. Curves 3 and 4 for the deposition of Ni-Zn alloys from an acid chloride
bath?? ghow only two branches. The low current density region from 2 to b
Mmissing,

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 plating system, such as
the following:

1} 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 egnilibrium canditions.

2} Polarization: The deposition potentials of metals usually become more
noble with increase in temperature, because polarization is decreased. Whether
the deposition of the more noble or less noble metal is favourced depends on
which deposition undergoes the largest decrease in polarization, These ¢Hects are
specific and therefore, the effects of temperature, via polarization, cannot be
predicted without actual measurements on the deposition potentials of each of
the metals.
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3} Concentration: An increase in temperature increases the concentration of
metal in the cathode diffusion layer, becanse the rates of diffusion and of
convection increase with ternperature, This is the most important mechanism by
which temperatures affects the compasition of electrodeposited ailoys.
According to principle 2, an increase in metal concentration at the solution
cathode interface favors increased deposition of that metal which already was
depositing preferentially. Since regular alloy plating systems, the more noble
metal always deposits preferentially, the effect of tcmperature is always to
increase the content of the more noble metal in the deposit.

4] Cathode current efficiency: Temperature may affect the composition of
an electrodeposited alloy indirectly through its effect on the cathode current
efficiency of deposition of the metals, particularly those deposited from complex
ions. For example, an increase in temperature increases the cathode cnrrent
efficiency of deposition of tin from a stannate hath, and of copper from a cyanide
bath. In electrodeposition tin or copper with other metals whose efficiencies of
deposition 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 fonr 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
compnsition of the deposit than either temperature or cnrrent density.

The effect of agitation on the composition of the deposit is due to the
concentration changes which it produces at the cathode-solution interface.
During alloy deposition the cathode diffusion layer is depleted in netal ions and,
furthermore, the ratio of the concentrations of the metals in the layer differs
from that in the body of the bath. Agitation of the bath or rotarion 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 metal ion in the cathode diffusion
layer, bnt 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 temperatnre of a bath, except that temperatnre 1s a more complicated
variable than agitation, inasmuch as it is associated also with other phenomena,
such as polarization.

2.1.48 Addition zgents

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 rednces 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 need 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 heen subsequently utilized do not have
any common 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 nsed, do not have
an appreciable effect on the properties of the plating solntion. They do not
significantly affect the viscosity, conductivity, pH, metal ion concentration, ot
the static electrode potential. Therefore, their effectiveness is 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 AgeNts can
lower the polarization of metal deposition, particularly if the deposition
normally occurs with a high polarization. Examples of this less common
phenemenon 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 prescnce of addition agents in a plating bath brought the deposition
potentials of metals closer together and thus enabled codeposition to take place.
Since addition agents can bring about codeposition, it is to be expected that
tbeir concentration should Rave a considerable effect on the composition of the
electrodeposited alloy, similar to the cffects of complexing agents.

In Fig. 2.6 are given two examples of the effect of addition agents on the
composition of an alloy deposit. The data for the zine-cadmium curve was taken
from the work of Fink and YoungZ3, which was carried out with a simpie sulfate
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bath. The data for the tin-lead alloy was taken from the work of Du Rosel4. The
ordinates 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 depoasit. The composition of the alloy changed
1apidly with the initial 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 complexing agents in the following ways:
{1} The concentration of an addition agent required to produce an appreciable
effect is much smaller tban 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 certzin 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 depasit would rise above 6% as
compared to about 1.6% with glne alone.

2.2 Structure of electradeposited alloys

The microstructure of electrodeposited alloys is in many respects similat 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 he seen under the
microscope, and even less seldom can individual phases be distingnished 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, aud
the two phases are usually visible under the microscope. This comparison shows
that the constituents of a polyphase electrodeposited alloys are much more
thoroughly iutermingled than those of a thermal alloy, that is, the
electrodeposited alloy usually has au ultrafine stracture.

The examingtion of the crosssection of deposits is of more interest than that of
the surface. A cursory examination of the photographs of cross-sectious shows
that the microstructure of electrodeposited alloys does not resemhle that of
thermal alloys. The latter usually exhibit a fairly definite pattern of grains or
crystallines, umally equiaxed, whereas the former usually exhibit a tibrous,
columnar structure, or a laminar structure, or hoth.

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. Lustman?? obscrved alpha

and beta phases in electrodeposited uickel-zine alloys. They were distinguishable
by the customary etching procedurcs, the former phase appearing yellowish-
white and the latter dark brown. In the electrodeposited silver-cadmium alloy,
containing 10% of silver, Faust and co-workers®® 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 are often sufficiently
heterogeneous for the individual metals to be ohserved iu the deposit. For
example, in their study of the deposition of silver-bismuth alloys from a cyanide
bath, Raub and Eugel2? 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, ubnunifcnrm, and brittle. The
point to be emphasized here is that heterogeneity of an alloy deposit is to be
construed 25 evidence of unsatisfactory conditions of codeposition rathtr than as
a characteristic of electrodeposited alloys.

Nakamura2® made the earliest study of the phases present in electrodeposited
alloys. He showed that electrodeposited brass, containing 82% of copper, had
the same lattice paramcter as cast alpha-brass of the same composition. His work

was followed by that of Roux aud Cournot2?:30 in 1929 on electrodeposited
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copper-zinc, cadmium-silver, cadminm-tin, and cadmium-nickel alloys. By
comparing the diffraction patterns of the electrodeposited alloys with those of
the individual metals and by measnring the lattice parameters, they
demonstrated that these alloys were not gross mixtnres of the mctals, bnt
consisted of phases similar to those in the thermally prepared alloys.

The differences which may exist between the structnres of electrodeposited and
thermally prepared alloys are of various kinds and require detailed discussion.
Basically, the differences in structure can be 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 nsually are solid solutions
containing a fair proportion of each of the parent metals. A more unusual
widening of the range occurs with some metals like copper and lead which have
no appreciable mutual solid solubility. On electrodeposition they may form a
supersaturated solid solution.

2] The range of existeuce of a phase may be smualler in the electrodeposited alloy.
In the extreme case, a phase that occurs in the thermal alloy may be missiug
from the electrodeposited alloy. For example, in clectrodeposited speculum
metal the epsilon phase is absent, its place being taken by the expanded range of
composition of the two neighbouring phascsal, Gold and copper furnish another
example. These metals codeposit as virtually the individual metals32, whereas
the thermally prepared alloys consist of an unbroken series of solid solutions.

3) The phases of electrodeposited and thermally prepared alloys may ditfer with
respect t0 the temperature at which they are produced. For example, in cast
speculum metal, the gamma phase is uot formed below 520°C, but it neecurs in

speculum metal30 electrodeposited at room temperature. The phase is prob ably
metastable at room temperature.

4} The lattice parameters of codeposited metals or of their phases may be slightly
different from those of the cast zlloy. In many iustances this is difficult to
determine with certainty because of ling broadeuing.
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The differences in the phases of ele;::tmdtpnsited and thermally prepared alloys
of the same percentage composition may be summarized on the basis of the
discussion under {1} and {2). An electrodeposited of alloy may have either more
or less phases than indicated by the constitutional disgram. For example, it may
consist of only one phase when two should be present or it may consist of two
phases when only one shonld be present.

2.3 Effect of heat treatment on microstructure

The effect of heat treatment on the structure of electrodeposited alloys cannot
be fully discussed until the subject of X-ray examination has been taken up. At
this point only the obvious effects of heat treatment as revealed by the
microstructure of cross-sections are considercd. The effects of heat treatment on
alloy deposits have been particnlarly studied by Brenncr and co-workers3d in
connection with tungsten alloys and phosphorus alinysa4, by Ranb and

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

coworkers
alloys; and by Aotani3®:37 in his stndies of the codeposition of iron-group

metals.

The change in the strncture of an electrodeposited alloy depends on the
temperatute of heat treatment. For example, at a temperatnre of 5000C the
laminar structure of some alloys containing an iron-group metal becomes more
diffuse and may disappear. The Kbrous stincture, 1f present, nsnally persists at
slightly higher temperatnres than the laminated structure. At the more elevated
temperatnres of 8009C or IDDDDC, these characteristic structures disappear and
recrystallization takes place. The grains are usually much smsller than those of
the thermal alloy or of the parent metals when similarly annealed. However, the
phases present in the recrystallized electrodeposited alloys are the same as thosc
in the corresponding thermal alloy.

Suitable heat treatment of an alloy of any kind canses its structure to approach
an eqnilibrinm condition. Electrodeposited slloys which consist of
supersatnrated solid solntions, 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 mechanical properties.

The temperatures and the periods of heating required to bring the structure of
electrodeposited, supersaturated alloys to equilibrium are lower than those
required for nouequilibrium thermal alloys, for example, those which have been
prepared by rapid cooling. The rate at which the supersaturated electrodeposited
alloys approaches equilibrium does not seem to vary appreciably with 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 possessed the maximum instability.

2.4 Structure nf 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 establish whether 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-rays are a powerful tool for elucidating structure, but it must be recognized
that they have certain limitations. X-rays are not a seusitive meaus of detecting
the components in a mixture. Usually a component must be present in a mixture
to the extent of at least 5% before its diffraction pattern becomes distinct
enough to be recognized against the patterns of the other substances. Thus, the
recognition of small conteuts of one phase in the presence of a large quantity of
another may not be possible, aud the establishment of the limits of the
composition of a phase by X-rays may be only approximate and must be
supplemented by other types of observations, such as IICTOSCOPIC examination
and messurement of electrical conductivity.
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These limitations to the use of X-rays for studies of structure apply to thermal
alioys as well as electrodeposited alloys. However, the X-ray examination of
electreodeposited alloys is hampered by some additional difficulties which do
not occur with thermal alloys. The diffraction patterns nf the electrodeposited
alloys arc vaually diffluse, which makes the accurate measurement of the 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 distortion, due to internal stresses, similar to those imnduced by cold

working
3) small grain size

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

was first discuseed by Dehlinger and Giesen®? in their study of the strncture of
brass deposits. Since 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 conld be tbe result of a lack of uniformity in the
composition of the deposit by the following line of reasoning. The differences in
composition would have ta be of the order of several per cent to account for the
broadening. They showed that an anneal at 4009C for only 10 minutes sufficed
to eliminate the line broadening. In this short period of time diffusion wonld not
have been sufficiently rapid to eliminate the ponnniformity had it been present,
and therefore the only mechanism capable of producing the change was grain
growth.

The canses of line broadening were also discussed by Montoro32:40 in
connection with the structnre of copper-tin and copper-lead alloys. He
considered the possibilities {2} and {3) mentioned previously, and in addition,
the possible effects of inclusions of hydrogen and other impnrities. Since the line
broadening did not occur to any significant extent with the individnally
deposited metals, which would be exposed to the same influences as the alloy,
he came to the conclusion that these factors conld not be responsible for the line
broadening and believed that the nonunilormity of the specimen was the more
likely canse. )
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There is no doubt that nonuniformity 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 becn fairly uniform in
composition and, on the other hand, some electrodeposits, such as bright nickel
and chromium, yield diffuse diffraction patterns hecause 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 diffuseoess due to nonuniformity of
composition.

The various difficulties involved in X-ray measurements permit only an
approximate determination 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 electrodeposited 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 hy thermal means. Bright nickel is much harder, has a higher
tensile strength, and is much less ductile than cast nickel. The grains of these
electrodeposits cannot be seen under the microscope, whereas the crystals of
cast metals are observed readily.

The mechanical properties of metallurgical metals may be varied considerably by
heat treatment or mechanical working. The properties of electrodeposited metals
also may be varied, but this is achieved by altering the conditions of deposition.
Indeed, some of the properties of electrod eposited metals, for example, the
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hardness, may be made to vary over a much wider range than those of thermally
prepared alloys. Obviously, the properties of electrodeposited metals may be
varied further by application of heat treatments.

Since electrodeposited alloys, like metallnrgical alloys, possess a wider range of
properties than the parent metals, they should find more extensive and varied
uses than elcctrodeposits of single metals. However, in contrast to the
widespread use of metallurgical alloys, as compared to single metals, for
engineering purposes, electrodeposited alloys are mnch less used than deposits of
single metals. This is not because the latter are best snited for the application but
because {1) pure metals are easier to deposit than alloys, {2) some of the desired
alloys have not yet been successfully deposited, and [3] the properties of the
alloys are not adegnately 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 cenjnnction with a light load of 25 to 250 g is the preferred
method. The measurements are usually referred to as the microhardncss, bnt
they differ from ordinary indentation methods only in that a lighter load is nsed.
The indentations are usually made on a polished cross-section of the deposit,
which shonld be a minimum of about 50 um (2mils} thick, but measnrements
can also be made directly on the plated surface parallel to the basis matal.

The hardness of electrodeposited metals is greater than that of cast metals, and
in tern the hardness of electrodeposited alloys is greater than that of either of the
individually deposited parent metals. The hardness of electrodeposited alloys
increases most rapidly with the first small additions 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-tnngsten alloys increased with tungsten
content nntil the latter reached 35-50%. In contrast, the hardness of
electrodeposited silver-lead alloys reached its limit when the lead content of the

alloy was about 3%, as shown in Fig. 2.7 These data are from Ranb?!l In
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general, the reproducibility of the hardness of electrodeposited alloys is not very
high, which makes the determination of the trend between alloy compositiou
and hardness rather diffienlt.
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2.5.3 Ductility

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 materials, electrodeposited materials often suffer from a low ductility
due to their thin foil gtomctry“'z. Su, many methods such as tensile test, bulge
test, strecching 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 bulk metals are
often inadcquate for the testing of clectrodeposits. Uniaxial tensile tests on
samples 25-75 um thick present a serious problem in preparation and
handling*3 Cutting or stamping of a spectinen from a metallic foil hardly results
in a cut-frec specimen, and deformation can occur during handling and mounting
of thin specimens*#. & deviation of the sample axis from the true axis of the test
machine, or a slight specimen misalignment introdnces the nonaxiality nf

loading, a canse for premature failure®3.

The bulge test is a biaxial tensile test. It 15 done by clamping tightly the foil
sample over an opening of a chamber and by applying hydraulic pressure to form
a circular bnlge. The force is transmitted to the sample by means of the pressure
that the hquid {o1l or water} cxerts 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
pressure of the liguid measured with a pressure transducer, the wechanical
propertics are galculated,

The stretching test is similar to the bulge test, but instead of a liquid, # punch
hiead is utilized to exert the force on the measured foils. In 1o w-frequency fatigue
test, specimens are bent on a test mandrel, straightenced out, and then bent m
the opposite direction. This opcration is repeated umtil fracture is detected. The
number of bends to fracture is taken as a measure of the ductility.

Of them, the most widely used approach is some type of bend test in which
coated matcrial is deformed in a standardised manner and then the coating is
scrutimized for the first evidence of eracking or peeling. There are a lot of bend
tests. They can be divided into two groups: specimens bent against 2 mandrel, or
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without any mandrel. The standard recommended practice for bend test for
ductility of plated metals consists of bending over a mandrel 3 narrow plece 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 utlized methods is the “U” bend test. Foil is hent into a
“U” shape and placed betwceen the jaws of a micrometer. The jaws are then
slowly closed on the picce until fractnre ocenrs. From the deposit thickness and
the size of the opening between the micrometer jaws at fractnre, the elongation
is then caleulated. The reproducibility of bend tests is poor. It is highly
questionable whereas the elongation obtained in bending is comparable with
that obtained in conventional tensile testing®2. However bend test is widely
used hecause of its simplicity,

Ductility depends on coating composition, coating thickness, texture, stress
ratio, surface roughness, overpotential and other coating characteristics. The
uniformity of thickness and width of the specimens surely is a key to get
accurate resuits for the rensile test of thiu foils. It has been observed?d, 46,47
that the ductility increases with increasiug coating thickness. The ductility
decreascs with increasing surface roughuess, provided other parameters which
influence the ductility are kept constant?2. Except for very ductile deposits, the
apparent ductility 1s au inverse function of the coating thickness* 8. For
systemiatic stndy of ductility dependence on coating composition, the other
parameters must be ideutical,

According to Marciniak and Kuczynskir??, the initial topographical irregularity
also affect the ductility. The specimens deposited at constant averpotential
appear to have larger ductility than those deposited at the same temperature but
at coustant current density41.
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2.5.4 Wear resistance

The wear behaviour of matenals 15 a very complicated phenomenon in which
various mechanisms and inflnencing factors are involved., According to
BurwellSﬂ, wear mechanisms may be divided into fonr broad general classes
under the headings of abrasion, adhesion, surface fatigue and tribochemical

PIOCESSCS.

The effect of abrasion occurs in contact situations in which direct physical
contact between two surfaces 1s giv;:n, where one of the snrfaces is considerably
harder than the other. The harder surface asperities press into the softer surface
with plastic flow of the softer surface occenring around the asperities from the
harder surface. When a tangential motion is imposed the harder surface remove
the softer material by combined effects of “micro-plonghing”, “micro-cntting®,
and *“micro-cracking”. Influences of capacity of work-hardening, dnetility,
homogenicty of strain distribution, crystal anisotropy and mechanical instability

have been identtfied to influence the abrasive wear mechanismse |Fig. 2.8].
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The adhesive wear processes are 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 nnmber 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 the environment, it 15 quite
difficult to relate adhesive wear processes with elementary bulk properties of
materials.

As 15 known from the mechanical behaviour of bnlk materials under repeated
mechanical stressing, microstructnral changes in the material may occur which
result in gross mechanical failnre. Similarly nnder repeated tribological loading,
surface fatigue phenomena may occur leading finally to the generation of wear
particles. These effects are mainly based on the action of stresses in or below the
surfaces without needing a direct physical solid contact of the surfaces under
consideration. The main properties of materials relevant to sorface fatigue are
listed 1n 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 deformation properties, in tribochemical wear
as third partner, the environment and the dynamic interactions between the
material components and the environment determine the wear processes. [Fig.
2.11}). These interactions may be expressed as cyclic stepwise processes -

i) At the first stage the materials surfaces react with the environment. In this
process reaction products are formed on the surfaces.

ifj The second step consists of the attrition of the reaction products as a result of
crack formation and abrasion in the contact process interactions of the materials.
When this occurs “fresh”, i.e. reactive surface parts of the materials are formed
and stage {i] continues.
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Fig. 2.11 Characreristics of tribochemical wear models.

Wear m steels depends on a number of factors inclnding composition, strncture,
surface finish, operating conditions and environment. In an ideal situation where
material properties and operatirig conditions remain constant, wear coefficients
may be defined which relate to particular causes of wear. However in most
practical cases wear rates arc controlled by changes 1n surface properties ar the
development of surface layers during wear.

The general pattern of behaviour of dry wear in steels was studied by Welsh®2,
He measured wear as a imetion of load and sliding speed using crossed cylinder
tests with 0 52% C stecl and found two trausitions in the wear rate (Fig. 2.12),
Over a wide range of load {0.5 to 400 NJ and sliding speed [0.017 to 2.66 m.s'lj
the wear process at equilibrium was either of a severe type, producing coarse
metallic debns or of a mild type., producing fiue oxidised debris, A wumber of
other workers, e.g. Sexton and Fischer®3 have confirmed that tor dry wear of
steels at low load or sliding speed the wear debris is predeminantly irou oxide.
Fein and Randall®# found the same to be true In a hydrocarbon lubricated four
ball tcst. Under these couditions an oxide film is maintained on the surface of
the sliding components and provides sufficient lubrication to prevent seizure, A
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regime of mild wear is sustained until the pomt T is reached when the wear rate
of the oxide film 15 sufficient to expose bare metal.. At this point metal-to-metal
adhesion occurs and a period of severe wear follows. As the load or sliding speed
are increased still harther, fricticual heating causcs a rapid increase 1 the growth
rate of the oxide film which is again able to act as 2 barrier to metal-to-metal
adbesion. The curve then undergoes a second transition, Tz , back to mild wear,
Futhcrmore, studies by Kerridge®? | using a pin-on-ring test, showed that in the
mild wear regime below Tp, material transfer was involved. Using a tool steel pin
and a hardencd steel ring he was able to demostrate that wear debris was formed
IN 4 twQ-§tage Process:

1) material transterred from the pin formed a film on the ring and

2) on reaching a critical thickness, wear debris began to be released from the
transferred film. At equilibrium the rate of production of wear debris was equal
to the rate of traosfer of material from the pin
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Fig. 2,12 Wear rate as 2 Function of load for Iike-on-like crossed cylinder tests
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 information on wear processes and data from
which empirical relationship for wear rates may be derived. The actiou of
abrading particles depends strougly on the relative harduess of the material and
the abrasive. For relatively ductile materials plastic deformation controls
material removal while fracture mechanisms predominate in brittle materials as

shown in Fig. 2.13.
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Fig. 2.13 Schematic relstionship between wear resistance, hardoess and
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A wide range of techniques are employed to reduce wear in machine tools aud
engineering compenents. Coatings are applied to increase surface hardness, to
reduce adhesion, lower friction or provide a barrier to corrosive attack. Thin
coatings require adequate support by the substrate and must be sufficicutly
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.
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2.6 Structure and properties of thermally prepared commercial
iron-cartbon based alloys

A study of the constitution and structure of all steels and irons must first sta;t
with the iron-carbon equilibrium dugram. Many of the basic features of this
system (Fig 2.14} influence the behaviour of even the most complex alloy steels.
For example, the phases found iu the simple binary Fe-C system persist in
complex steels, but it is necessary to exanine the eftects of alloying elements
have on the formation and properties of these phases.
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Fig. 2.14 The iron-carbon-carbide aquilibrium disgram,

The three phases, ferrite, cementite and pearlite are the principle constituents of
the microstructure of plain carbon steels, provided they have been subjected to
relatively slow cooling rates to aveid the formation of metastable phases. Effects
of carbon and hcat treatment on the properties of plain carbon steels is given in
Fig. 2.15. Rapid quenching of austenite to room temperature often resnlts in the
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formation of martensite. Unlike ferrite or peartite, martensite forms by 2 sudden
shéar process in the austenite lattice which is not normally accompanicd by
atomic diffusion. Idcally, the martensitic reaction is a diffusionless shear
transformation, highly crystallographic in character, which leads to a
characteristic lath: or lenticular microstructure. The martensttic reaction in steels
is the best known of a large group of transformations in alloys in which the

transformation oceurs by shear without change m chemical composition®5,
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Fig. 2.15  The effect of catbon and heat treatment on the propertics of plain
carbon  steels,

Martcusite has a body-centered tetragonal {bet) structure, a distorted form of bee

won. The tetragonality, measured by the ratio between the axes ¢/a, increases
with carbou content:

cla = 1+ 0.045 wt %C
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implying that at zero carbon content the structnre would be bee, free of
distortion, The effect of carbon on the lattice parameter of anstenite, and on the
c and a parameters of martensite is shown in Fig 2. 16.

It is interesting to note that carbon 1o interstitial solid solution expands the fce
iron lattice uniturmly, but with bee iron the expansion is nonsymmetrical giving
rise to tetragonal distortion. To understand this important difference in
behaviour, 1t is necessary to cownpare the interstitial sites for carbon in the two
lattices, In each case, carbon atoms occupy octahedral sites, indicated for
martensitic in black in Fig. 2,17, and have six ncar-neighbour iron atoms. In the
fee lattice the six atows around each interstitial carbon atoms form a regular
octahedral, whereas in the bee case the corresponding octahedra are not regular,

a%
Q 0 35 15 I35 300 475 & T BER
f I I T [| I
3488 —
AL -
B - pavarneel ol e autienme —
25E
A5 -
L ] 1 [ | | |
g.’!v{l | ]
T
Sagrl I { I I
-
€ —panmrim of bod markeee
298 -
2o —
290 -
# = parpmeinr oF bo marsncne
Fx:LH
o oz [ =3 0E 14 12 14

wit

Fig. 2.16 Effect of carbon oo the Jattice paramsters of asuostenite snd  of

Martensite.
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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 fcc
strncture 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 fce and bee lattices, has shown that in the foc structure the
distortion is completely symmetrical, whereas in the bee one interstitial atoms in
z positions will rise mmch greater expansion of iron-iron atom distances than in
the x and y positions. Assuming that the fcc — bee tetragooal transformation
occurs in a ditfusionless way, there will be no opportunity for carbon atoms to
move, 50 those intersritial sites already occupied by carbon will be favoured.
Since only the z sites are common to both the fec and bee lattices, on
transformation there are more carbon atoms at these sites cansing the z-axis to
expand, and the non-regular octahedron becomes more regular. This is largely a
unidirectional distortion which leads to the be 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 bee lattice, together with the preference for a particular
type of octahedral site imposed by the diffusionless character of the reaction.
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Fig. 2.17  Martensite hody-centied tetragonal lattice illustrating the three sets
of octahedral interstices
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The question of the origin of the high strength of martensite is a difficult one,
componnded 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 are, as a result, several possible
strengthening mechanisms;

(1) substitutional and interstitial solid solution
(2] dislocation strengthening, i.e. work hardening
(3] fine twins

{4} grain size

|5} segregation of carbon atoms

|6} precipitation of iron carbides

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

Martensite is normally very brittle so it 1s modified by heat treatment ip the

range 150-700°0C by a process called tempering, During tempering carbon is
rejected in the form of finely divided carbide phases. The end resnlt of ternpering
is a fine dispersion of carbides in an o-iron matrix which often bears little
structural similarity to the original as-quenched martensite.

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

Stage 1, up to 2500C — precipitation of «-1ron carbide; partial loss of
tetragonality in martensite.

e-iron catbide has a close-packed hexagonal structnre, and precipitates as narfow
laths on cube planes of the matrix with a well-defined orientation relationship®®;
101}, 1 {1011}
(011}, // {0001);
[L11]," # [1210]

In the higher carbon steels, an increase in hardness has been observed on

tempering in the range SU—IDDDC, wiuch is attributed to precipitation hardening
of the martensite by e-carbide.
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Stage 2, between 200 and 300°C — decomposition of retained austenite
to bainitic ferrite and cementite, but no detailed comparison between this phase
and lower bainite has yet been made.

Stage 3, between 200 and 3500C — replacement of c-iron carbide by
cementite; martensite losses tetragonality .

Due to the formation of cementite the matrix loses its tetragonality and becomes
ferrite. The relationship is that due to Bagaryatski:

(211 #1011 )pe ¢
[011] # [IDU]F%C
[111]qe #1[010]pe

This reaction commences as low as 1000C and is fully developed at 300°C, with
particles up to 200 nm long and ~ 15 om in diameter. During tempering, the
most likely sites for the nucleation of the cementite are the e-iron carbide
interfaces with the matrix and as the Fe3C particles grow, the e-iron carbide

particles gradnally disappear.

The twins occurring in the higher carbon martensites are also sites for the
nucleation and growth of cementite which tends along the twin boundaries
forming colomnics of similarly oriented lath-shaped of {112} o habit plane.

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

Stage 4, sbove 3509C - cementite coarsens and spheroidizes by losing
crystallographic morphology; recrystallization of ferrite.

The coarsening of cementite commences between 300UC and 4000C, while
sphercidization takes place increasingly up to 7000C. At the bigher end of this
temperature the martensite lath boundaries are replaced by more gqui-axed
ferrite grain boundaries by & process which is best described as recrystallization.

The final result is au equi-axed array of ferrite grains with coarse spheroidized
particles of Fe3C, party, but not exclnsively, in the grain boundaries.
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The original martensite lath boundaries remain stable up to 6007C, but in the
range 350-6000C. 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 marked reduction in the dislocation density and to
lath-shaped ferritic grains closely related to the packets of similarity orieotated
laths in the original martensite. This process, which jis essentially one of
recovery, is replaced between 600 and 7009C by recrystallization which results
in the formation of equi-axed ferrite grains with spheroidal FeqC particies in the

boundaries and within the grains. This process occurs most readily in low carbon
steels. At higher carbon contents the mcreased density of Fe 3C particles is mmuch

more effective in pinning the ferrite boundaries, so recrystailization is much
more sluggish. The final process is the continued coarsening of FegC particles

and gradual ferrite grain growth (Fig. 2.18)
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Theretore by controlling the factors that afect the martensite rcaction and the
execution of the quench and temper heat treatment in plain carbon steels, we
can control the final properties of the steel. The effect of tempering temperature
on the mechanical properties of plain carbon steel 1s given in Fig, 2.19.
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3. EXPERIMENTAL
3.1 Electroplating
3.1.1  Substrate and its pretreatment

Mild stee] substrates were used throughout the study. The dimensions of the
substrate used for different tests are given in Table 3.1, The substrates after 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,

!
Alkaline Degreasing

|
Rinsing

!
Acid pickling /descaling

.
Rinsing

|

Electrocleaning

i
Rinsing

4
Acid dipping

|
Rinsing

{
Electroplating

Fig 3.1 Flow chart of pretrestment operations applied to substrate before

clectrodeposition.
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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 aud therefore alkali degreasing is often done before pickling or
descaling. Degreasing was carried out by dipping the substrate in the alkaline
solution {Table 3.2). '

Descaling : Acid pickling or descaling was done by immersing the substrate in
an aqueous acid solution [Table 3.2) 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.

Table 3.1 Size of substrate used ic different investigations.

Material Substrate Area Name of Investigation
M.S. sheet 50 mm x 30 mm x 2.5 mm | Hardness & Metallography
M.S. sheet 60 mm x 30 mm x 0.1 mm Chemical analysis

M.5. sheet 150 mm x 60 mm x I mm Bend test

M.5. rod 60 mm length, 8 mm dia Wear test

Electrocleaning : Electrocleaning is used as a means of increasing the rate of
descaling. The electrocleaning solution was the same as degreasing solution
[Table 3.2). The substrate was used as anode and the stainless steel having the
same dimension of the substrate as cathode. This treatmeut removes metallic
smuts and prevents the deposition of other positively charged metallic jon which
otherwise may result in a detrimeutal 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
electrodepesition

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



Table 3.2 Particulsrs of substrice pretreatment operation,

Name of the Reagents Operating Conditions
operation used g/l -
Current Density Temperaturg Time
mA/fcm? Oc

Alkaline NaDH : 50 70 30

degreasing NayCOy 24 min.
Na$i03 - 20
NaglaOr © 5

Pickling Hy 50, . 20 55 70 5 min,
HyO 80

Electrocleaning | Same as 60 2 min.
allzaline
degreasing

Acwd dipping HC1 10 Room 15
H,0 90 Sec.

3.1.2  Electroplating set-up

Electrodeposition was carried out 10 a conventional ccll with vertical electrode
arrangenwnt. The cell consisted of 4 400 ml glass beaker, a D.C. source, a
magnetlc stirrer, a perspex shect and electrode holders.

Prior to Fe-C and Fe-Ni-C alloy deposition, the substrates were lacquered on one
side s0 as to expose o predetermined area to the plating solution.

The beaker contamning the electroplating solntion was placed on the magnetic
hot plate and agitated by a mayxnetic stirrer to have complete dissolution and
mixing of the bath salts. Specimens tor bend rest requiring a larger area were
plated n a beaker containing 2000 m] of plating solution. The anode and
cathode were connected to the D.C. power supply via a milliammeter. A mild
steel sheet was nsed as anode threughout the study and had the same dimension
as cathode. In the case of cylindrical substrate used for wear tests, three anodes
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were arranged around the substrate to achieve uniformity in current
distribution. A Schematic diagram of the experimentsl set-up is shown in
Fig.3.2.
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Fig 3.2 Schematic disgram of eclectrodepoaition set-up.

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

Electrodeposition of Fe-C and Fe-Ni-C alloy was carried out galvanostatically at
recom temperature from sulphate based baths. All baths contained 150 g/l ferrous
sulphate. Amount of citric acid {CA} and L-Ascorbic acid {[LAA) in the baths was
varied. Details of various bath composition are given in Table 3.3. Fron-nickel-
carbon alloy was deposited from baths which contained 20-50 g1 nickel
sulphate. Pure iron was deposited in a bath containing only 150 gfl ferrous
sulphate.
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Table 3.3 Compoaition of different baths used in the depaosition of FPe-C and
Fe-Ni-C  alloya,

tnth FeS0y4 |Citric Acid| L-Ascorbic | Ni804,  |Gelatin | Sodium
esignation] 7Hp O [CgH190g | acid 6H; 0 efl Lauryl
gil g/l CgHgOyg g/l Sulphate
g!l gil

A —_ —_ — — —

B 10 10 — — —

C i.5 1.5 — — —

D {.5 0.5 — — —

E 150 10 10 50 — —

F G 10 20 — —_

G 10 10 — 1 —

H 10 10 —_ 0.2 —

1 10 1¢ — 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 D.C. spurce. Deposition was carried out at constant current density
40 mAfem? for 1 hr.

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

3.2 Chemical analysis

For chemical analysis of Fe-C and Fe-Ni+C alloy, the samples were hent or
buckled to strip off the coating from the substrate after deposition. Then, 0.5g
samples were taken for carbon and nickel analysis. Carbon content of Fe-C and
Fe-Ni-C alloy deposit was determined by the combustion method using

Strohlein apparatus®’ .
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Nickel content of won-nickel-carbon altoy was determined by the conventional
wet method nsing di-methyl gl}roximeﬁ?. The coating was first dissolved in
diluted HC! solntion and heated. At nentral point, dimethyel glyoxime
{C4HgN90Q,] was added. Ni-glyoxime precipitate of blood red colonr was

formed which was separated by filtering throngh a dual filter paper of eqnal
weight. The filtrate was treated several times with NH4OH dimethyl glyoxime in

sequence until precipitation was completed. The precipitation was then washed

several times with hot water, dried in a oven 110-1200C for 1 hr. and weighed
as NiC3H14D4N4,

3.3 Optical microscopy

For metallography, samples were cut into small pieces at right angles to the
coated snrface. Then the cross-section of the specimens were made paraliel by a
grinding machine  and mounted cross sectionally with bakeilice powder. Then
the samples were polished by standard metallographic techniques and etched in
2% nital solution {2 ml HNOg and 98 ml ethyl alcohol). The microstrncture of

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

Metallography was done on as deposited and annealed samples. Deposition was
done in a bath containing 150 g ferrons sulphate and 10 g/l citric acid {CA) and
10 g/l L-Ascorbic acid. as-deposited. Annealing was carried out by holding the as
deposited sample in lead bath for 25 min. at 8500 C followed by fturnace
cooling. Optical microscopy was also done on bent samples and on wear test
samples to find out the bending cracks and wear pbenomenon respectively. Wear
test debris were also investigated by optical microscopy, because the geometry
and nature of the wear debris can give an indication of the principal wear
mechanism i operation.
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3.4 X-ray diffraction

X-ray diffraction pattern of as deposited, annealed and tempered martensitic Fe-
C alloy was taken to determine the phases and to compare it with thermally
produced Fe-C phascs. The operatmy condition of X-ray diffractnmeter is shown
in Table 3 4.

Table 3.4  Operating conditions of X-ray diffractiometer.

Radiation Cuk,

Voltage and cnrrent 30 KV, 15 mA

Scanning speed 2% min,, 1/29/min.

Chart speed 10 mmfmin., 2.5mm/min
Range , 100 to 900, 400 to 900

3.5 Dilferential thermal analysis

Thermal analysis studies are concerned with measnrement of heat and weight
changes m 3 systern when it is heated or cooled in a predetermined manner.
They provide insight into the physical nature of the system, mineralogical make
up and the chemical reactivity in a given cnvironment and behaviour during
heating e.g.*phase change, reactions etc.

In DTA, two small crucibles, one contatning an inert reference substance like
alumina and the other containing the test sample are placed close together in a
furnace and heated at a given rate. There is 3 thermoconple in close contact with
each to sensc temperatures. Dnring heating, a suitable device records the
temperatures, of the test sample as well as the temperature difference between
the sample and the reference {Tg - Tyy). Up to a very high temperatnre, no heat

changes occun in alumuna. Therefore, if at a temperature an exothermic reaction
oceurs in the test sample, the difterential temperature {Tg - Tp) rises. Once the

reaction is over, {Tg -Tg] nmst agan decay o a zero value. One thus obtains an

exothermic peak For an endothermic reaction the situation 1s reversed. Fig. 3.3
shows schematically the DTA plots thus obtained.
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Fig. 3.3 Schematic disgram showing DTa sot-up and DTA plota,

In this study, differential thermal analysis of the as-deposited Fe-C alloy and
annezled file steel samples were made using Rigaku Thermal Analyser TAS 100
with basic unit TG 8110. For each case 0.5 g samples were takeu. The samples
were heated in au inert atmosphere and the rate of heating used was 15 0C per

minute. The maximum temperature was raised to 10069C. The results were
recorded ou a X-Y-t recorder.



3.6 Mechanical properties

3.6.1 Microhardness measurement

Microhardness values were determined by using a Shimadzu Microhardness
Tester. Microhardness measurements were carried 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 microhardness
measurements on the surface was difficult. So, polishing and cleaning were done
with a 4/0 emery paper and acetone respectively to make the deposited surface
bright and to measure the diagonal length of the indentation easily.

Microbardness measurements were taken on as deposited and tempered samples
obtained from various baths. Tempering was done in an oven at 2009C for 1/2
hr. In this study, low tempering temperature was selected because the
temperatures aud the periods of heating required to bring the structure of
electrodeposited, supersaturated alloys to equilibrium are lower than those
required for uon-cquilibrium thermal alloys38,

3.6.2 Bend test

For bend test samples, deposition was carried ont at 40 mA/cm? to a constant
thickness of 25 um . To determine ductility of coating bend test was carried out
following thc ASTM B489-68 staudard#9. 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 vsed for 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
mandre] so that as the bend progresses the test specimeu will remain in contact
with the top of the mandrel. Bending was continued with slow, 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 mew specimen on progressively
smaller-diameter mandrels nntil cracks appeared across or throngh the plating.
The preceding mandrel diameter was taken as the value for the ductility
determination. The clongation is determined as follows -

E = 100T/D+T)

where,

E = percentage elongation

T = total thickness of the basis metal and deposit, and
D = diameter of the mandrel

Bend test was carried ont on both as-deposited and tempered samples.
Tempering was done instantly after deposition in an oven at 200°C for 1/2 hr.

3.6.3 Wear test

For wear test, deposition was catried ont on cylindrical mild steel specimen for
1/2 hr. at a current density of 40 mAlcm? to ket a coating thickness of 20um. It

was found that coating thickness on the cylindrical rod was almost donbled than
that on the flat plate for a certain period of deposition. The cylindrical pins of 8
mm dia and 6.5 mm lcngtﬁ were cut from the coated samples and the sharped
edges of the specimens were rounded with a 2/0 emery paper for good contact
with counter body during wear testing. Before the test, both the pin and the
counter body were cleaned with acetone.

Wear test were carried out in a pin-on-disc type apparatus {Fig.3.4} under dry
sliding condirion at room temperature. Grey cast iron discs of 80 mm diameter
and abont 10 mm thickness were used as the counter body. During wear test,
tbe sample was pressed against the rotating disc nnder a constant load for a
specified time. Loads of 1000 g, 500 g, 250 g were nsed and the testing periods
were 5, 10 and 15 munntes. The connter body was rotated at 500 rpm which.
gave a linear specd of 1,39 ms.
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After the test the worn samples of the pins were 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 measurc of the coating wear.

{oad

Pin (Fixed)

Counter body

d.\

Fig. 3.4 Schematic diagram of pin-on-disc type wear test ApparaLus,

In this study wear test was carried out both on as deposited and tempered
samples. Tempering was doue in an oven at 2009C for 1/2 hr. Bare mild stcel
pins were also tested for comparisou.
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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 hath composition is shown
in Fig. 4.1. It is seen from the figure that the deposit obtained from the bath
containing 10 gfl CA and 10 gfl LAA possesses 1.1 wt% carbon, while the bath
containing 1.5 g/l CA and 1.5 gfl LAA gives rise to iron-carbon deposit with 1
wt% carhon. The bath containing 0.5 g/l CA and 0.5 g/l LAA yields a dcposit
with 0.88 wt% carbon whereas the bath containing 0.2 g/l CA and 0.2 gl 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. Snch inscnsitivity
of carbon content of iron-carbon deposit to citric acid content of the bath

beyond a certain value was also observed by othersS.
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Fig. 4.1 Varisrion of cathor contept of Fe-C  alloy depoaited from baths
coateining 150 gf1 ferrous sulphate and varying smount citric scid
fCA] and L-gacorbic acid (LAA).
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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 g/l nickel sulphate is added to the bath B
[Table 3.3). Bath containing 50 g/ nickel 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 hath increases, -
but given the scatter of the data further confirmation is necessary. It is clear,
however, that the carbon content of the deposits fromn nickel sulphate
containing baths {Baths E and F) is ahove 1 wt%, as is the case in deposits from
nickel sulphate free bath (Bath B). Presence of nickel sulphate causes an
incorporation of nickel into the deposit. Thus baths containing 50 gfl and 20 g/l
nickel sulphate yield deposits with 6.3 wt% and 4.3 wt% nickel respectively.

1.5

# 1.1

0.6 |-

Percentl carbon in the deposit

0.0 20.0 50,0
Amount of nickel sulphate in the bath, g/l

Eig. 4.2 Variation of carbon content of Fe-Ni-C alloy deposited from bachs
containing 150 g/l Fe804, 10 g/l citric acid and 10 gl L-ascorbic

acid and wvarying amount of nickel sulphsie.



4.1.2, Structurc and morphalogy

Fig. 4.3 shows the cross-scctional micrograph of asdeposited Fe-1.1%C alloy
coating from bath containing 10 gfl CA and 10 g/l LAA. The un-ctched crass
section in Fig. 4.3a shows the coating to be compact and non-parous. However,
a number of cracks across the thickness are visible. These cracks are believed to
have formed during metallographic sample preparation. Nital etch is scen to
darken the as-deposited Fe-1.1%C alloy [Fig. 4.3b). The characteristic accicular
martensitic siructure found in thermally treated Fe-C alloys is not observed in
the clectrodeposited sample. This is possibly due to the fact that
clectrodeposition produces finer structure, some times not rcvealed by optical

rn.i:macnpyﬁs.

(2} (b}

Fig. 4.3 Crosvsectional micrographs of Fe-1.1%C alloy costing,
a] Uneeched condition
b) Etched condition 2% nliel)
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Annealing of the as-deposited Fe-1.1%C alloy was done and its cross-sectional
microstructure i shown in Fig. 4 4, Etched cross-section of the annealed Fe-
1.1%C coating shows a mixture of pearlite and cernentite as is expected in an
annealed high carbon steel®8. The bright layer below Fe-1.1%C alloy coating is

a nickel coating used to avoid diffusion of carbon from coating to the substrate
during annealing

Fig. 4.4  Cross-sectional microstructure of ennealed Fe-1.1% alloy coating.

The appearance and morpbology of the surface of the deposits obtained under
varions conditions wrre examined both visually and nnder a stereoscope. The
snrface of the as-deposited Fe-1.1%C coating was relatively smooth.|Fig. 4.5a
but dendrites or treeing were observed at the edges of the sample, where high
curtent density is most likely to occur, This dendritic tendency increased with
increasing deposition time. These as-deposited samples were somewhat adhercnt,
brittle and crack free. Deposit from 1.5 g/l CA and 1.5 g/l LAA containing hath
showed hetter adherence than the previous ones and the deposit from bath
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containing 0.5 g1 CA and 0.5 g/l LAA showed maximum adherence, but these
deposits were of much lower hardness compared to the deposit from bath
containing 10 gfl citric acid and 10 gfl L-ascorbic acid.

The Fe-4.3%Ni-1.1%C alloy coating obtained from nickel sulphate containing
bath showed almost the same morphology as that of as-deposited Fe-1.1%C
alloy (Fig. 4.5a). 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 possihly to hydrogen evolution®? [Fig. 4.5bj.

Upon visnal examination, deposits from hath containing 0.2 g/l gelatin {Bath H}
were found to be bright. Dendrites formed at the edges of the depasits were
comparatively lower in amounts and were very fine as compared with those
formed on samples obtained from gelatin free baths {Bath B aud Bath F). it has
becu found by othersbU also that use of 0.2 g/l of gelatin as an additive markedly
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 (Fig. 4.5d} which scems 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 aud
showed amall pits all over the surface when examined under the stereoscope [Fig.
4.5¢). 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 curreut to recessed areas®l. In this way it
produces smooth surface.

Tempering of the Fe-1.1%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 electmdeposition.



Fig.4.5
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Morphologicsa of Fe-1.1%C and Fe-4.3%Ni-1.1%C alloy coatings.
] Asdeposited Fe-1.1%C allay

b} Tempered Fe-1.1%C alloy

¢} As-deposited Fe-4.3%Ni-1.1%C alloy

d As-deposited Fe-1.1%C alloy with gelatin a2 an additive in the bath

c) As-deposited Fe-1.1%C alloy with gelatin  and sodism-lauryl-
sulphate 48 additives in the bath
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4.1.3. X-ray diffraction

X-ray diffraction studies were done on as-deposited and tempered Fe-1.1%C
alloy obtained from baths containing 10 g/l citric acid and 10 gfl L-ascorbic acid.
X-ray diffraction study was also done on a mild steel sheet for comparison.
Diffraction. pattern of mild steel shows |Fig. 4.6] three prominent diffraction
peaks at the 20 values of 44.69, 650 and 82.250, Thesc peaks correspond to
(110], {200) and {211} planes of alpha iron respectively.

The as-deposited and tempered Fe-1.1%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 (110} plane is prominent, the peaks
from {200] and {211) are fonnd to he quite diffuse. Haseeb and Huq® attributed
this to the presence of tetragonal lattice of the deposit which is the
characteristics of martensitic structure. Fzaki and Enomoto® stndied their
electrodeposited Fe-1.2%C alloy by X-ray diffraction and found that {200} and
(211) peaks obtained from their deposits were alse quite diffuse. They showed,
throngh computer simmlation, that these peaks actually consist of two doublets

{110}

{200
(2110

Intensily {arbitrary unil )

(1 A 1 1 1 1 ]

[+ 20 ¢ L0 50 60 70 . 80 90
Ditfraction angle, 28 (deg.)

Fig. 4.6 X-ray diffraction pettern of mild sieel.
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corresponding to tetragonal martensitic structure. They also confirmed the
prescnce of martensitic structure in their deposits by means of transmissiou
electron microscope study. Thus the Fe-1.1%C depaosit abtzained in this study is
also believed to be martensitic in structure,

Imensity arbitrary unit )
(110} &'

1 1 1 1

40 50 60 70 80 30
Diffraction angle, 28 {deg )

Fig. 4.7 X-ray diftsction pattern of as-deposited Fe-1.1%C alloy,
{Current denaity: 40 mAf:mz, Depogition tima: 1 br.f

(110 ) '

Intensity { arbitrary unit}

L0 50 60 70 80 90
Dittraclion angle, 20 { deq.)}

Fig, 4.8 X-ray diffraction paitern of tempered Fe-1.1%C alloy.
[Current density: 40 mAfcmz, Depogition ¢time: 1 hr)
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4,1.4. Differential thermal analysis

Fig. 4.9 and 4.10 shows the DTA curves of as-deposited Fe-1.1%C alloy and
annealed commercial file steel respectively. As the deposit possesses about 1.1%
carbon, compositionaly it is similar to file steel. However, the DTA curve of
electrodeposited iron-carbon zlloy is seen to be different from that of annealed
file steel. The DTA curve of asdeposited Fe-C alloy shows a number of extra
peaks compared to file steel

Iron-carbon alloy transforms into gamma iron through eutectoid transformation
at 7230C during slow heating. Eutectoid traosformatiou of alpha iron into
gamma iron involves an enthalpy change of AH = +875 calimole®? 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 7609C in both cases is thonght to be related to the eutectoid
transformation. The martensitic structure of as-deposited Fe-1.1%C alloy has
been confirmed by Ezaki and Enomoto® by transmission ¢lectron microscope and
by X-ray diffraction method, Therefore, the presence of extra peaks at 3100C,

emperaure differerce, dT

Fig. 4.9 Differential thermal apalysia curve of as-deposited Fe-1.1%C allay.
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4200C and 6109C 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 stahle phases. The transformation of as-deposited Fe-1.1%C alloy into
cementite and pearlite phases is also observed in the present study when

annealed at 8509C for 25 min.

ad

i a0

~ TB0°

Temperature difference dT

T 7 L] T

Temperaiure

Fig. 4.10  Differential therma! apalysis curve of ennesled file sieel
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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-1.1%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 frem bath containing 10 g/l CA and 10 gfl LAA with a carbon content
of about 1.1 wt% shows maximum bardness of 790 HV. Hardness valnes of
deposits from baths containing {1.5 gl CA + 1.5 g1 LAA) and {0.5 g/l CA + 0.5
g1 LAA| are 701 and 386 HV respectively. Although the hardness of iron-carbon
deposits is consistent with the fact that hardness decreases with 2 decrease in
carbon content {compare Fig. 4.1 and Fig. 4.11), tbe hardness of the deposit
containing 0.88%C ({deposited from 0.5 gl CA + 0.5 g/l LAA} is
disproportionately too low. Hardnoess of the latter depasit is g littie higher than
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0 gl CA+ 0.5 g/l CA+ 1.5 gl CA+ 10 g/l CA
OglLAA 0.5g1LAA 1.5g/1LAA 10 g/l LAA

Fig. 4.11 Microhardness of Pe-C alloys deposited from baths containing 150 g/l

ferrous sulphste and varying amount of citric acid {CA] and L-
ascorbic acid (LAAf,
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that of pure iron coating. High hardness coupled with high carbon content of
iron-carbou deposits from baths B and C suggests the deposits to be of the
martensitic type. This fact has already been substantiated by otherd®%. The Fe-
0.88%C deposit from bath D possesses too low a hardness (386 HV) to be

martensitic®3. Detailed investigation is necessary to elucidate the structure of
this deposit.

The microhardness of as-deposited Fe-1.1%C alloy and Fe-4.3%Ni-1.1%C alloy
is compared in Fig. 4.12. Hardness of pure irou is also shown in the figure. Both
Fe-1.1%C and Fe-4.3%Ni-1.1%C alloy show higher hardness than pure iron. But
Fe-4.3%Ni-1.1%C alloy shows a slightly lower hardness than Fe-1.1%C alloy. It
is to be uoted that both Fe-1,1%C alloy {Bath B} and Fe-4 3%Ni-1.1%C alloy
[Bath F} possess about the same carbon conteut (Fig. 4.2}). As nickel does not
show any negative effect on hardness of steelS?, causes of this decrease iu

hardness 13 not clear at present. It can perhaps be related to experimental
variation,
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Fig. 4.12 Comparison of microhsrdness of pure iropm, Fe-1.1%C alloy and Fe-
4.3%Ni-1.1%C alloy depogited from bath A, bath B and bhath F

respectively.
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The effect of the addition of gelatin to plating bath on the microhardness 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-carbou alloy
deposit linearly decreases. This decreasing tendency of hardness af the deposit
may be due to a number of reasous such as low carbon content, poor
morpholagy, low residual stresses etc. However, by chemical analysis the carban
conteut of the deposit from bath containing 0.2 gfl gelatin is found to be about
1.55 wt%. The morphology of these deposits is rough compared ta Fe-1.1%C
and Fe-4.3%Ni-1.1%C alloy deposit as given in Fig. 4.5. It has been found® that
deposits with rough morphology may cause mechanical entrappment aof carbon
at crevices in addition to carbon being incorporated into iron lattice. In such
cases overall carban content mmay show a high value, although actual cartbon
percentage included in iron lattices may be lower. Cousequently hardness of
such deposit may show a lower value. In the present case, low carbon content of
the lattice, rough morphology and lawer stressed condition of the depasit in
presence of gelatin may combindly have caused the low hardness of the deposit.
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Fig, 4.13 Microhsrdness of Fe-C alloy deposited from beths containing 150 gfl
FeS0,4, 10 g citric scid (CA{ 20d 10 g/l L-ascorbic acid (LAA) and

varying amownt of gelatin,
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4.2.2 Ductility

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 following

the ASTM B 489-68 Standard?8.

The ductility of Fe-1.1%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 fromn
4% in the as-deposited condition to 5.45% has occured due to tempering at
2009C for 0.5 hour. Heating after plating at relatively low temperature e.g. 100
to 2009C occasionally can improve adhesion®? and therefore, the ductility

raises to a higher value as the deposits are attached to their substrated3. Again,

it is well known that upon tempering of iron-carbon hased alloys at temperature
up to 2500C, precipitation of epsilon carbide and a sliéht loss of tetragonality of
martensite occur®®. This is termed as the first stage of tempering. Tempering
conditions used in the present study belongs to this first stage. Since no major
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Fig. 4.14 .E.Eﬁ:ctl of tempering on the ductility of as depoaited Fe-1.1%C slloy
codting.
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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 as
deposited hardness of 790 HV. Tempering also causes loss of residual or intrinsic
stresses of as-deposited martensitic Fe-1.1%C alloy and this may be a prohable
reason for the slight decrease in hardness of the deposit.

The ductility of Fe-4 3%Ni-1.1%C alloy is compared with that of Fe-1.1%C
deposit in Fig. 4.15. The percentage elongation of the asdeposited Fe-4.3%Nr
1.1%C alloy is found to be almost double the elongation value of as-deposited
Fe-1.1%C deposit. It may be mentioned that Fe-4.3%Ni-1.1%C alloy had a
hardness of 752 and 700 HV in the as-deposited and tempered conditions
respectively. Effect of nickel on the praperties of steel is described in the
literature¥6,6€ 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-1.1%C did not show any improvement in percentage
elongation over the value in the as-deposited condition.
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Fig, 4.15 Variation in ductility of the Fe-4 3%Ni-1.1%C ailloy deposit.
Ductility of Fe-1,1%C alloy depoait is shown for comparison,
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The effect of gelatin (0.2 g/l) on the ductility of as-deposited and tempered Fe-
1.55%C alloy is presented in Fig. 4.16. According to the figure addition of
gelatin in the bath improves ductility of the Fe-1.1%C deposit. Upon tempering
the ductility is further improved, even more than as-deposited Fe-4.3%Ni-
1.1%C alloy. Although chemical analysis shows high carbou content of the
deposit, but it plays no detrimental effect on ductility, because all the carbon is
probably not incorporated into the lattice; some might have been cutrapped on
the surface mechanicallyd, Gelatin is generally known to refine grains, produce
compact deposit and suppress dendritic gmw-thﬁn. 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

investigation,
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Fig. 4.1 Verigtion in ductility of the Fe-1.55%C alloy deposits obtained from
bath containipg geletin 25 additive.



4.2.3 Wear properties

In a previous Studyﬁ?, 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 hag been also used to measure the extent of wear damage. Fig. 4.17 shows
the variation in the width of wear scar on Fe-1.1%C alloy coated mild steel pin
as a function of sliding distance. The samples were tested in the as-deposited
condition under a constant load of 250 g. That extent of wear damage increases
with diding distance is cleatly evident from increased width of the scar.
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Fig. 4.17 Macrogrephs of wear scar on as-deposited Fe-1.1 wi%C alloy coaring
oo mild stee] pin mebjected to wear a: 2 constani load of 250 g
a| Bliding distsence, 416 m
b} Sliding distance, 832 m.
¢j Sliding distance, 1248 m,
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Width of wear scar on as-deposited and temperced Fe-1.1%C alloy coated pin and
bare mild steel pin tested under a load of 250 g is shown as a function of sliding
distance in Fig. 4.18. The wear scar width of as deposited Fe-1.1%C alloy
increases rather sharply at the beginning. The increase becoines more gradnal at
longer sliding distance. The as-deposited Fe-1.1%C alloy is found to suffer most
from wear damage. Extent of wear damage on mild steel is seen to be the lowest.
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Fig. 4.]8 Varistion in wesr scar on as-deposited Fe-1.I we%C alloy pin,
tempered Fe- 1.1 wit%C alloy pin and mild steel pin a3 2 fanction of
aliding distance st an applied load of 250 g.

Fig. 4.19 shows the width of the wear scar on as-deposited and tempered Fo
1.1%C alloy and mild steel at two different sliding distances at an applied load
ot 500 g. According to the figure it is apparent that increasing sliding distance
increases wear of all the samples. Mild steel is found to be the most resistant to
wear among the three aamples. This was also observed when the samnples were
tested at a load of 250 g. However, the tempered Fe-1.1%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-1.1%C alloy is exposed
even at low {416 mj sliding distance, whereas as-deposited Fe-1.1%C does not
show such behaviour. So, it is apparent from this study that, at higher loads and
sliding distances tempered Fe-1.1%C alloy deposit shows poor wear resistance
than as-deposited Fe-1.1%C alloy.

—
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Fig. 4.19 Veristion in wear scar of mild stesl, as-deposited Fe-1.1%C slloy and
tempered Fe-1.1%C alloy as a function of aliding distance at constant
lpad of 500 g.
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The micrographs of Fig. 4.20 illustrate the appearauce of the wom surface of as-
deposited Fe-1.1%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 coucluded that although
ahrasive wear is the main mechsnism on Fe-1.1%C alloy coated pin, adhesive
weat is also operative to some extent.

£ i
ElalmiaamRIaRSRRRLYD

Fig. 4.20 Micrograpk of wear scar on as-deposited Fe-1.1%C alloy coating,
a) Sliding distance 416 m, load 250 g
b) Sliding distence 416 m, load 500 g.
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The micrographs of wom surfaces of tempered Fe-1.1%C alloy are shown in Fig.
4.21. The scar nature and appearance are similar to as-deposited Fe-1.1%C alloy.
The fine scratches in the sliding direction is most probably due to the abraswve
wear arising from movement 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 Jubricant retention as in hard chrome plating.

Fig, 4.21 Micrograph of wear scar on tempered Fe-1.1%C slloy coating.
#j Sliding distance 416 m, load 250 g
bj Sliding distance 416 m, losd 500 g.



78

Fig. 4.22 shows the micrograph of worn surfaces of mild steel at different loads
and sliding distances. Scars on the samples are not amooth, and edges are found
to be irregular. Plastic low of materials was observed along the sliding direction
at the exit edge of the scar. The sliding marks on the scar are uneven and ill
defined. Wide spread presence of tranafer layer is observed. All these suggest that
adhesive wear is the predominant mechanism in the case of mild steel pin.

Fig. 4.22 Micrograph of wear acar on mild steel
a) Slidipg distance 416 m, load 250 g
b| Sliding distance 416 m, lcad 1000 g
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The macrographs of debris of as-deposited Fe-1.1%C alloy, tempered Fe-1.1%C
alloy and mild steel are shown in Fig. 4.23. In the case of Fe-1.1%C alloy
coatings, both in the asdeposited and hardened cooditions, the wear debris is
found to be zather 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 case is found to consist of dark oxidised panticles.

fe}

Fig. 4313 Macrographs of wear debris collected duriog wear tesing.
5] Asdeposited Fe-C alloy
b} Tempered Fe-C alloy
c] Mild stee!
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Welsh®2, Sexton and Fischer3 have shown that in the case of mild wear tine,

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 material®8. The equation is wiitten as,
Time rate of wear, n= K, WV/H

W = Applied load

V = Sliding speed

H = Hardness of the material
K, = Wear coefficient.

where,

According to Archard equation, Fe-1.1%C ccatings having higher hardness
should be more wear resistant than mild steel with lower hardness of about 238
HY. However, the opposite has been observed in the present study. It is thonght
that not only hardness but 2lso toughness plays a significant role in wear. Thus
iron-carbon coating with low toughness fails in a brittle manner aud undergoes
severe wear. Other properties of the coating like its adherence with substrate etc.
can also play a vital role. In depth study is necessary to fiud out the exact canses
of enhanced wear of iron-carbon coatings and ways to improve their wear
resistance. -
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CONCLUSIONS

The following conclusions can be drawn from this study:

Martensitic iton-carbon alloy with carbon content of 1.1 wt% and hardness
as high as 790 HV can be obtained by electrodeposition at room
temperature from ferrous sulpbate bath containing 10 gl citric acid and 10
g/l L-ascorbic acid.

It i1s observed that the carbon content of the Fe-C deposits becomes less
sensitive t0 CA and LAA content of the bath as higher amounts of CA and
LAA are added.

Presence of nickel sulphate in the bath does not affect the carbon content of
the Fe-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 sulpbate and nickel sulphate and 10 g/l each of citric
acid and L-ascorbic acid.

As the ampunt of citric acid and L-ascorbic acid in the bath decreases, the
corresponding hardness of the deposit also decreases. Prescuce of gelatin in
the bath decreases the hardness of the deposit.

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

Inspite of high hardness, Fe-1.1%C alloy coatings is found to possess wear
resistance lower tban that of mild steel probably due to their low toughness
and insufficient adhesion.

e wd?
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SUGGESTIONS FOR FUTURE STUDY

The present bath composition should be modified to obtain a Fe-C alloy
deposit with better mechanical properties. Particularly, attempt should be
made to improve the ductility of the Fe-C alloy by adding stress relieving
additive e.g., saccharine in the bath. '

The structure of as-deposited Fe-C alloy should be investigated by using a
Tranamission Electron Microscope.

Attermnpts 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

ceating to substrate. This is expected to lead to better wear resistance.

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