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Fe-14%Ni alloy coatings were electrodeposited onto 0.
percent carbon steel substrate, then subjected to therms
and thermochemical treatments. The diffusion of carbon
between the substrate, carburizing environment and the
coating, led to formation of graded microstructures with
various microhardness profiles. A difference in phase
transformation temperature between the steel substrate
and the coating was a key factor in creating the gradec
microstructures.

Functionally graded materials offer new strategies for
implementation of high-performance structures in engin

Olevel of impurities €.g, 0.062% Si, 0.022% P, 0.014% S
land 0.032% Cr).

Diffusion annealing was conducted at temperatures up to
1,000°C in a flowing argon atmosphere. The specimens
(10x 10x 5 mm) were cooled from an annealing temperature
in air. The carburizing was performed at 710 and*@ a
solid mixture containing 90 percent charcoal and 10 percent

I Na,CO,. The microstructure on the cross-sectional and pla-
nar specimens was examined using optical- and transmis-
sion-electron microscopy. Samples for optical microscopy

theere etched in a 3-percent solution of nitric acid in ethanol.
pétardness measurements were performed on polished cross

ing components. They comprise continuous or discontint
varying composition and/or microstructure over defin
geometric orientations or distances. As a result, they ex
some unigue properties beneficial for realistic applica
environments. For example, the use of functionally gr
systems in high-temperature components can enhanc
adhesion and thermomechanical response of ceramic
ings deposited on metallic substrates.

In general, many existing technologies are readily ad

aextions at different distances from the substrate/deposit
blaterface, using a Vickers microhardness tester with a pyra-
imiidal indenter. A load of 100 g was applied and the final
iaalue quoted is the average of at least five measurements.
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Rbwits  &Discussion

0atan as-deposited state, the coatings were composed of
columnar grains with the longitudinal axis parallel to the
ptowth direction and normal to the substrate surface. Many of

able for the manufacture of functionally graded materig$ie grains had a columnar length almost equal to the thickness
These techniques range from gas phase processing, includingie coating. For an average content of 14 percent Ni, the
plasma spraying, ion plating and chemical vapor deposjtiphase analysis detected only the presence afthas€.The
through liquid phase processing, which involves euteciieirpose of the post-deposition heat treatment was to modify
reactions, electrodeposition and thermal sprayfnother | the chemical composition and the microstructure of the
viable method is solid phase processing by applying powdating as well as the surface region of the substrate. The
metallurgy and self-propagating synthéesis. major change in chemistry after annealing was an enrichment
This study explored another concept of creating functjon-
ally graded microstructures by a combination of electrodepo-
sition and diffusion annealing. As an example, the F
alloy coating is first deposited onto a carbon steel subs
that is subsequently subjected to thermal or thermoche
treatments. In this concept, a difference in phase transfg
tion temperature between the substrate and the coatin
essential importance for the formation of graded microst
tures.
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BExpeiimental Procedure

High-speed electrodeposition of Fe-Ni alloy coatings
performed from an electrolyte composed of nickel chlorii
and ferrous chloride with concentrations of 200 and 30
dm? respectively. The process was conduc
galvanostatically at a current density of 250 mAdcapH

of 1.5 and an electrolyte temperature of85Pure iron was
used as an anode. The coatings were deposited onto
containing 0.9 percent C and impurities at a level of Q
percent Ni, 0.04 percent Cr, 0.20 percent Si, 0.28 per
Mn, 0.014 percent P and 0.015 percent S (all are wt pct)
steel surface was prepared by mechanical polishing U
800-grit SiC paper, followed by chemical polishing in 1
percent hydrochloric acid. The coating, with a thicknes
approximately 40Qum, contained 14 percent Ni and a Ig
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OFig. 1—Differences in phase transformation temperatures between the Fe-

5 HF% Ni coating and Fe-0.9% C steel substrate & schematics of the carbon
edistribution within the substrate & the coating following annealing at

r
VYemperatures indicated.
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Fig. 2—Graded microstructures produced after thermal & thermochem

treatments: (a) 650C, 0.5 hr; (b) 710°C, 0.5 hr; (c,d) 1000C, 0.5 hr.
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of the coating in carbon, diffusing from the substrate. At
higher temperatures, inward diffusion of Ni to the substrate
made a noticeable contribution. Moreover, the possibility of
increasing the carbon content in the coating was tested by
applying an external source of carbon through the carburiza-
tion process.

The difference in phase transformation temperatures be-
tween the steel substrate and the Fe-Nidepositis an important
factor of the thermal treatment proposed (Fig. 1). Attempera-
tures below 727C, the steel containing 0.9 percent C is
composed essentially of pearlite( o + FeC). Such arough
eutectoidal composition was deliberately selected to trace
easily the diffusion of carbon on the basis of microstructural
observations. To simplify the analysis, the presence of some
traces of secondary f@was neglected. Atthe same time, the
temperature of the - y transformation of the coating is
approximately 68C0°C.” By selecting the temperature be-
tween 680 and 727C, the thermal treatment can be con-
ducted at the coexistence temperature af éubstrate) y
(coating) diffusion couple. By contrast, during annealing at a
temperature above 72T, both the steel substrate and the
coating were composed exclusively of austery)e The
coexistence of the - y or they - y diffusion couples leads to
essentially a different redistribution of carbon across the
coating thickness and the surface region of the substrate, as
shown in Fig. 1.

Thermal Treatment at Coexistence
of the a- yDifuson  Couple
During annealing at temperatures belowthg transforma-
tion of the steel substrate, the coating already contained a
significant amount of thgphase, which is the solid solution
of NiinyFe (fcc). Itis clear that the substrate during annealing
remained fully pearlitic. Thus at a high temperature, cement-
ite coagulated, dissolved and acted as a source of carbon,
diffusing toward the coating. Assuming that the diffusion
coefficient of carbon in ferrite D at 710°C is 6.8x 10 m¥
sec® the mean square root displacement for carbon in ferrite
is 350um after 30 min. This means that carbon was easily
supplied to the substrate-coating interface. Because of a
relatively low temperature, the transport of large amounts of
carbon for long distances within the coating was difficult.
After 30 min of annealing at 71, the mean square root
displacement of the carbon in austenite ig82 The calcu-
lation was performed assuming a diffusion coefficient of
carbon in austenite of D at 710°C being equal to 5.5 10
3 m?/sect The influence of the carbon and nickel content on
carbon diffusion was here neglected. It is well established,
however, that [Yincreases by increasing the atomic ratio of
C/Fe? Moreover, in austenites containing as much as 25
percent Ni, the diffusivity of carbon increases with increasing
nickel content® There is also preferential diffusion of carbon
along the austenite-ferrite grain boundaries and th@gb)y/
D/ (vol) ratio is about 2 at 80TC, where Y (gb) and [’
(vol) are diffusion coefficients along the interface and in the
bulk, andd is the width of the grain boundatyThe exact
diffusion range is therefore larger than that estimated above.
The carbon concentration gradient within the coating caused
differences in the microstructures formed after cooling from
annealing temperatures. An exemplary cross sectional image
of the microstructure formed after cooling from the two phase
(a -y) range of the coating, is shown in Fig. 2a. The ferrite,

iog/hich did not transform, is seen as a white phase, while the
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products of austenite transformation are dark. It is clear
by increasing the distance from the substrate-deposit i
face, the volume fraction of the remaining ferrite increa:
The coating cooled from the one-phase regipagmprises
also continuously graded microstructures caused prim
by the carbon content. According to the TEM microscag
observation, this changes from bainite, in the near-substrates approximately 40am thick (Fig. 2c).

region, to an acicular ferrite located close to the coatingBecause of a high flux of carbon diffusing from the
surface. The heat treatment not only influenced the micsabstrate, the coating exhibited, after cooling, a microstruc-
structure of the coating but also the microstructure of|the&e composed of martensite and retained austenite (Fig. 2d).
substrate. As a result of outward diffusion of carbon, a thigain, the microstructure changed gradually across the coat-
layer of pure ferrite was formed at the substrate-coatingy thickness. The high enrichment of coating in carbon,
interface. At the temperature and for the time shown abpespecially in the regions located close to the substrate-
the ferrite layer reached a thickness of approximate|yri( coating interface, accompanied by a content of 14 percent Ni,

tieantly different from that described in the previous section. In
ntgeneral, the substrate did not show a ferritic layer but a
senntinuously graded microstructure composed of ferrite and
pearlite with an increasing contribution of pearlite while
anhoving inward from the substrate-coating interface. After 30
piain annealing at 1,000C, the ferritic and pearlitic region

(Fig. 2b).

An effective way to increase the amount of carbon tr
ported to the coating is by using its external source. Bec
the coating is transformed to austenite at approxim
680 °C, carburizing can also be conducted at a temper
below thea -y transformation temperature of the substr
It should be emphasized that at the high temperatur
carburizing, the substrate also acted as a source of carbo
in fact, carbon diffused simultaneously from two interfa
the substrate-coating and the gas-coating.

Thermal Treatment at a Coexistence
of the y- yDiffusion  Couple
Significantly different changes in coating microstruct
were observed after annealing at temperatures higher th
a - y transformation of the steel substrate. For examplé
1,000°C, the diffusion coefficient of carbon in austenité [
is equal to 2.% 10 n?sec® The calculated root mean squg
displacement for carbon after 30 min is 268, which means
that carbon can almost penetrate the entire coating thick
At temperatures above 72T, diffusion of the carbor
within the substrate, toward the substrate-coating interf
took place in the austenite. As a result, the distributio
carbon in the substrate after cooling had a character sig
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Fig. 3—Hardness of the coating & surface layer of the steel substrate
thermal and thermochemical treatments at temperatures indicated. T|

led to a significant volume fraction of retained austenite.
ns-Carburizing attemperatures above 7Qallowed a higher
eseichment of the coating in carbon, which influenced the
telyating microstructure. While the coating carburized at 710
té@had a microstructure of acicular ferrite and bainite, the
teoating carburized at 92C was composed of martensite and
srethined austenite.
and,
eShe Hardness Profie  Acoss the Graded Microstruciure
The changes in the composition and microstructure of the
coatings and the surface regions of the substrates were
accompanied by significant variations in their hardness (Fig.
3). It should be mentioned that the Fe-14% Ni coating
rdeposited on pure iron (0.003% C) had, after annealing at 920
rfea hardness of about 200 HV. This finding supports the
> caitical role of carbon in controlling the coating hardness. The
D hardness profiles, shown in Fig. 3, can easily be explained on
réhe basis of the microstructural observations. The maximum
hardness of 600-700 HV was achieved after carburizing at
n&&€ °C because of the formation of martensite. The reduced
hardness in the regions close to the substrate and the outer
asg[face was caused by a higher volume fraction of the
0 kgftained austenite (areas marked 1 and 2 in Fig. 2c¢).
nifiThe mixture of hard martensite with an austenitic matrix is
a microstructure that has good wear behavior. By selecting
the appropriate volume fractions of both phases, the required
hardness can be obtained. The ferritic layer, formed at the
coating-substrate interface, is also beneficial in some appli-
cations. Such a thin ferritic layer has the function of arresting
microcracks that may nucleate during the service of the
coating and prevent crack propagation toward the coated
element? In layered material, strong adhesion is usually
obtained when an alloy formation occurs as a result of
diffusion between the substrate and the codfidg obser-
vation of the substrate-coating interface indicates that in
addition to the carbon diffusion towards the coating, there is
also nickel diffusion toward the substrate. The diffusion
range of nickel is seen as a thin film within the ferritic layer
(Fig. 2b), and as a brighter contrast at grain boundaries of the
former austenite (Fig. 2d). Here the distinct interface, present
after deposition, is replaced by the continuously graded
diffusion region, considered beneficial for coating adhesion.
Finally, thermal treatment affects the internal stress in the

coating. As reported previously: the Fe-Ni coatings after
deposition are under tensile stress, reaching a level of ap-
proximately 800 MPa in the near-substrate region, then
decreasing to 300 MPa close to the outer surface. It is clearly

Lestablished that tensile stresses enhance the nucleation of

inmicrocracks and reduce the fatigue life of a coated'pane

of diffusion annealing and carburizing were 30 & 90 min, respectively.
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stresses and cracks limit the application of hard coatings|infout the Author
as-deposited state on the engineering components subje
to fatigue>® The annealing primarily relieves the tensijl
stress. The bainitic or martensitic transformations, whi

take place during subsequent cooling, generally lead t

increase in the coating volume and to the origin of compr

sive stress, which is beneficial for fatigue life. Itindicates
the two-step surface treatment described here may b
effective way of manufacturing hard coatings without risk
reducing the fatigue life of a coated part.

Condusions
The experiments of this study reveal that the combinatig
electrodeposition with thermal or thermochemical treatm
is an effective way of fabricating functionally graded mg

leads to the diffusion of carbon from the substrate to the
ébt of
tt
ytic
DSi-
and

coating. The depletion of the substrate and the enrichm
the coating in carbon depend on the phases coexisting
reaction temperatures. It is expected that the electro
coatings with a microstructure modified by the post-dep
tion treatment described and accompanied by chemica
microstructural changes in the substrate, will exhibit sup¢g
properties for some applications in terms of adhesion, V|
resistance, corrosion resistance and fatigue life.

Editor’s note: Manuscript received, April 1999.
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