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ABSTRACT

The processing-microstructure relationships of the
chromized coatings have been investigated with the help of
a model system. In. the model system, an electrodeposition
technique was used to deposit the c¢hromium layer on top of
a high purity Fe-C alloy (0;2%0). Microcracks were present
in the chromium layer due to the plating conditions. A

decarburized layer was introduced below the Cr layer to

simulate  the conditions in the utility bg}ler tube
coatings. Diffusion studies at 600°C were conducted to
investigate the effect of grain “shape (columnar vs

equiaxed) and the ferritic microstructure on the diffusion
of carbon in the decarburized layer. Diffusion studies were
also conducted at 1000°C to study the effect of austepitic
microstructure on the diffusion of carbon and to simulate
the chromized coating formation mechanism.  Quench tests
were done to study the effect of cooling rates on the
microstructure formation at 1000°C. Tests were also done to
study the behavior of microcracks in the electrodeposited
Cr in high temperature oxidation and sulphidation
environments. The testing included” isothermal exposure at

600°C in air and pure S0, gaseous environments.

It was Tound that the grain shape i.e. columnar or
equiaxed does not have any effect on the diffusion of
carbon at 600°C. There was no significant change in the
needle like precipitate morphology or the grain boundary
carbides in the columnar or equiaxed samples after the
heat-treatment. Diffusion studies in the ferritic
microstructure at 600°C led to the formation of a reaction
layer below +the chromium layer. The thickness of +this
reaction layer increases with time in a parabolic manner.

The reaction layer consists of two layers. Quantitative



analysis and backscattered images of the reaction layer
indicates the possibility of one o% the layers to be a
carbide layer. Electron probe an%}ysis indicated the carbon
content in this layer to be high enough (nearly 5 wt%) to
form a carbide layer. The other layer may be a solid
solution of Fe, Cr and carbon or it may contain fine

carbide precipitates in a ferrite matrix.

The high solubility of carbon in austenite was found
to be responsible for la{ge carbon poisoning in the
chromized coatings. A microstructure similar to the typical
chromized microstructure was obtained using chromium
electrodeposition and subsequent heat-treatment (at IOOOOC)
and slow cooling technique. The chromized - coating

‘microstructure (voids, carbides etc.) formed only on slow

furnace cooling. Thermal - cycle abQVe the  “Teutectoid
temperature is an important factor in chromized
microstructure formation. The absence of voids in the

coating on fast cooling indicated that they perhaps formed

due to a vacancy-interstitial interaction.

The microcracks in the electodeposited Cr layer were
found to be Vattacked in oxidation and sulphidation
environments. The microcrack size and area fraction also
increased during the high temperature heat-treatment. The
kinetics of oxidation and sulphidation attack at the
microcracks followed a logarithmic relationship. The
increase in size and area-fraction of the microcracks can
be attributed to the formation of a corrosion product
(possibly chromium oxide) in the microcracks. The
logarithmic kinetics of attack indicates that the corrosion
product inside the microcracks limits further attack. The
thermal stresses generated during the heat-treatment (due
to the differential thermal expansion between Cr and Fe)

can also lead to a change in the microcrack morphology.




I. TNTRDDUCTION

Metals and alloys. which are used for high temperature
applications are most often subject to yarious corrosion
mechanisms. This has been costly for many industries [1],
and in the response, many types of coatings have been
developed and applied to metallic surfaces Tfor corrosion
resistance. 0f the +types of coatings tried, diffusion
coatings have been the most sﬁccessful and most widely used
in many high temperature, corrosive environment
applications.” A diffusion goa,'tiri'g' is the result of “any
process whereby a metal or alloy is either: (1) Coated with
another metal or alleoy and heated to a sufficient
temperature in a suitable environment, or (2) exposed to a
solid solution of the metal or alloy to be coated at a
suitable temperature. This causes diffusion of the metal or
alloy being coated into the substrate +thus forming a
coating with resultant changes in the composition and’

properties of the substrate [2].

Chromizing, the |process of coating a substrate
metal /alloy with chrom%um, is a popular means fTor high
temperature surface protection. The coating is formed by
diffusing chromium atoms into a metal substrate which
produces an alloy layer that is an integral part of the
substrate [3]. The coating process iﬁvolves packing ‘the
steel in a powder mixture which contains a chromium source
(pure chromium or ferrochrome), an inert filler (usually
alumfna) and a halide activator (NH4Cl, NH4I etc.). The pack
is heated in dry inert gas or hydrogen for 10-12 hours at
IOOO—iBOOOC to form coatings in the range of 2-5mm thick.
The coating is immune to flaking and spallation problems

which affect plating, overlay and spray coatings [4].
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The coating (figure I1.1) 1is characterized by a thin
chromium carbide layer (not visible inﬁ iow Wéagnifiéétion
figure I.1) under, the outer chromium layer (marked Cr).
There is a diffusioﬂ zone below the carbide layer in which
the Cr concentration decreases from 30-50 wt% beneath the
carbide case to about 10 wt% at the coating/substrate
interface (marked I). Chromium carbides are present in the
columnar grain boundaries (marked <¢), often as large
particles. A decarburized zone (marked decarb) is present

in the steel just below the coating and is believed to be

the source of carbon from which the outer case and carbide -

particles in the coating-are formed [5-8]. Coatings formed.

on carbon steel often contain a substantial amount of
porosity and random large voids (marked v) near the coating
surface just below the outer layer [9]. These pores and
voids can lead to internal oxidation attack, as well as
crack initiation in the <coating during service. The
columnar grains and the grain boundary carbides are harmful
from the point of view of mechanical properties. Service
exposed coatings ‘frequently fail along the columnar grain

boundary carbides [10].

Thus, various features in the microstructure of
chromized coatings such as borosity, voids, columnar grains
and grain boundary carbides are  harmful to coating
performance. A control of these can greatly enhance the

coating performance.

The purpose of this research effort is to investigate
the processing-microstructure relationships of the
chromized coatings with the help of a model system. In the
model system, electrodeposited chromium was used as the
chromium source instead of using the conventional pack
method. The main objectives of this research work were: To

study the effect of grain shape (columnar vs equiaxed) on




_

the diffusion of carbon, to study the effect of

microstructure (ferrite vs austenite) on the diffusion of
carbon and carbide formation, and to simulate  the
chromizing procedure.



IT. LITERATURE REVIEW

An understanding of the. . phase diagrams in the Fe-Cr-C
system i3 necessary to undersfand the microstructural
interactions in the chromized coatings. Hence, a literature
review of the phase relationships in the binary Fe-C, Fe-Cr
and Cr-C Systems' and the ternary Fe-Cr-C system was
conducted. An attempt was made to study the various carbide

phase equilibria and the diffusion in the ternary Fe-Cr-C

system.

Il.a Elements

Iron melts at 1536°C. and below its melting point, iron
has three allotropes: ao-Fe, y-Fe and 6é-Fe. Alpha iron
possesses a body centered cubic (becc) crystal structure
while gamma iron has a face centerd cubic (fcc) crystal
structure. Gamma iron is prese;t between 911 and 1392°C
while alpha iron is found below 911°C. Above 1392°C, delta
iron (6) is present and has a bcc crystal structure. The
boiling point of iron is 2870°C and its coefficient of
linear expansion is 12 um/m.K [11]. The extent of solubility

of the added elements in bcc or fcc iron determines the

phase equilibria of binary and higher systems of iron [12].

Cr:

Cr possesses a bcc crystal structure below its melting
temperature. The exact value of the melting temperature of
Cr has been difficult to determine, mainly because of its

high reactivity. The accepted value [13] places the melting

6 =\



temperature at a mean vélue of 1878+22°C. The coefficient of

linear expansion of chromium is 6.2 um/m.K [14].

C: e

At room temperature, carbon (graphite) has a hexagonal
crystal structure. The melting point of carbon is about
3825°C at whicﬁ the sublimation of carbon takes place.
Another allotropic form of carbon is diamond which has a
diamond cubic crystal structure. In this review carbon
(graphite) will be referred with a hexagonal crystal

structure.

II.b BINARY SYSTEMS

Fe-Cr:

The binary Fe-Cr equilibrium phase diagram [15] is
~shown in figure I1.1. Chromium and bcc iron have complete
solubility in one - another from each end of the phase
diagram between 1400 and 1500°C. The phase diagram shows a
minimum in the liquidus at 1510°C and about 18% Cr. The
alpha and delta allotropes of Fe unite at over 12% Cr to
form a continuous solid solution afFe, which has a bcc
crystal structure. The range *Pf the fcc gamma phase is
restricted to approximately 12% Cr in the Fe-Cr system. The
low temperature equilibria (below 800%3 are governed by the
sigma(s) phase. The sigma phase possesses a bcc crystal
structure and 1is brittle in nature. It fﬁrms congruently

from aéFe at 830°C and 46% Cr.

Fe-C:

The phase diagram given by Hanson and Anderko [16] is

shown in figure II.2. The addition of carbon to 1iron

-



reduces the melting point of the latter until a peritectic

reaction occurs at 1493°C [12]; Liquid (L) + delta iron
(éFe) - gamma iron (y Fe). Gamma iron (fcc) has a wide range
of solubility extending +to near 27%C at the eutectic
temperature. As compared to gamma, the composition ranges
of § Fe and a Fe (Both bcc) are only 0.1% or less. Rigourous
differential +thermal analysi§ [17] (DTA) revealed small
differences from the above figure: a étable eutectic at
1150.5°C and 4.39%C and a metastable eutectic at  1147°C aféf
4.22%C. ‘

Cr-C:

The binary Cr-C diagram is shown in. figure II.3 [18].
Properties of wvarious carbides of chromium are given in
table 1. Solid solution of C in Cr extends to 0.32%C up to
1490°C where a eutectic reaction L ~ (Cr) + Cry3C¢ occurs.
The peritectic/feaétions at 1520 and 1780°C result in the
formation of CryCy and CryC; respectively. CrgC, forms
peritectically at 1895°C by the reaction L + C - CrzC, and

Cr;C; melts congruently at 1765+10°C.

IT.c SOLID-SOLID EQUILIBRIA IN THE Fe-Cr-C SYSTEM

Below the solidus, the solid phases a-Fe, 7-Fe, Cr,;Cq,
Cr,C;3, CrC, Cr3C, and grabhite determines the phase
relationships. All the carbides of Cr have some solubility
for 1iron where Fe replaces Cr in +the crystal lattice.
Cementite occurs in Fe-Cr-C system as an equilibrium phase
(M3C), with solubility for Cr (due to chromium as a
stabilizing agent). The phase relationships at 1000°C are
shown in figure II.4 [19]. Here +v-Fe comes in equilibrium

with graphite below 1%C. Woodyatt and Krauss [20] carried



out a thorough analysis of 13 ternary alloys under high
purity conditions. Their results are given in table 2 and
figure I11.5. The data was obtained by X-ray methods and

calibrated microprobe analysis of carbides and matrix.

The isothermal sections at 850°C and 700°C [12] are
shown 4in figures I1.6 and II.7. Figure 11.6 shows the.
equilibria between the gamma phase and the carbides. Figure
I1.7 shows the equilibrium between the « phase and the
carbides. It was found that Cr replaces Fe in M;C up to
about 18% Cr, M,3Cq dissolved up to 35% Fe and M;C; up to 50%ﬂ
Fe. The ferrite in equilibrium with both contained 5.67% Cr.
o phase is shown in this figure giving rise to two three
phase equilibria o Fe + o + My53Cq and (Cr) + o 4+ My3C,
divided by a two phase area o+ M,3C4. Solubility of carbon in
sigma phase is negligible (less than 0.016% at 600°C in a
high purity alloy with 43% Cr). With the addition of carbon
to Fe-Cr alloys, the ¥ loop is moved to higher Cr levels and
the a + v field is widened. Fig. II1.8 shows the effect of Cr
addition on the temperature and carbon content of the v - «a
+ M3;C eutectoid. Considering the addition of Cr to Fe-C
alloys, the v fTield is constricted, the eutectoid
temperature is raised and +the carbon content of the

eutectoid 1s lowered.

Summary :

The main features of the solid state isothermal
sections have been clarified. Particularly in the Fe-corner
where the solid-solubility boundaries of the a-Fe and v-Fe
phases have been established with some precision. It is
interesting to observe that the solubility of carbon in bcc
phase 1is wvery limited, less than 0.1%, yet the primary
surface of crystallization of this phase is of wide extent

in the C-Cr-Fe system.



II.d DIFFUSION IN THE Fe—Cr—C SYSTEM

Chromium diffusion coatings are applied by the pack
cementation process. Chromium is transferred to the steel
by means of chromium halogen gas which catalyses the
transfer of chromium to the surface. The chromized layer
then grows in thickness by +the diffusion of chromium
inwards and by the diffusion of carbon outwards. Different
layers of Cr;C;, Cry3Cg and Cr,(N,C) have been identified [22-
247]. The chromizing experiments were done by giving a
series of long time heat-treatments at high
temperatures(>900°C) to carbon steels ranging from 0.2 to
1.65 wt% C. After etching and polishing, the Fe and Cr
distribution in the specimens was measured in a microprobe

[22-24] .

The low carbon steels(0.2% C) showed an inner layer of
v, a very thin layer of M;C; and a thick outer layer of
My3C¢. The figures for 0.45% C steel and 0.7% C steel (fig. .
I1.9) [25]were different in that the layer of M;C; grew
thicker in those. For the 1.65% C steel, a new layer of
M;C(cementite) was found between v and Mﬂ%. Since in these
cases the chromium rich carbide layer grew on the side
which is closest to the chromium source but away from the
carbon source, it was concluded [25] +that the dominant
diffusion mechanism is the diffusion of carbon through the
carbide layer. This conclusioﬁ ié not affected by the fact
that +the concentration profiles indicate an appreciable
interdiffusion between Cr and Fe [26]. The wvariation in
thickness of carbide layers as functions of the carbon

content of the steel are fig. II.10 [26].

Menzies and Mortimer [27] studied the influence of

10



heat-treatment time and temperéture and carbon content on
the coating thickness. The thickness of the coatings in all
ﬁaterials ’increased with ‘increasing temperature and
duration of treatment. At any one temperature, the
thickness after some 1initial interval of time increases
with time 1in a parabolic manner. Thié parabolic growth
strongly supports the assumption of a diffusion controlled
growth rate. The results also indicate that under similar
chromizing conditions the thickness of the coating

decreases wjthrincreasing carbon content of the steel. The
concentration of the carbide which, appears in the coé£ingé
is proportional to the carbon §onéentration in the steel.
Since diffusion through a carbide is slower than in a metal
[27], the decreasing coating thickness with Iincreasing

carbon content was justified.

Fig.I1.11 shows the isothermal section of Fe-Cr-C
phase diagram at 1000°C. The dashed line shows the possible
variation of the composition through the chromized layer in
alloy steels [25]. Tie lines(dashed) indicate the
composition of various phases in equilibria and were found
to be in good agreehent with the experimental information.
The outer surface of the alloy and pure Cr were not found
to be in equilibrium as hardly any a was found
experimentally at low carbon contents. The exact condition
on the outer layer of M,3Cg is still not clear since electron
microprobe measurements indicated that the Fe content did
not go to zero there. This implies that there was

appreciable interdiffusion of Fe and Cr [26].

The growth of carbide layers in the ternary Fe-Cr-C
system seems to take place under local equilibrium at the
interfaces between the various carbide layers. The growth
rate depends highly on the driving force for diffusion and

the driving force may be the difference in carbon activity

1



between various phases if carbon diffusion is assumed to be
the dominant diffusion mechanism. Thus, here it can be seen
that the driving force for diffusion will be different for
steels with different carbon composition and hence the
formation of carbide layers will be highly dependent on fhe

substrate composition.

Summary

Diffusion in the Fe-Cr-C system has been clarified in
terms of various carbide layer formation. The variation of
carbide layer formation with the carbon content has been
shown. The parabolic growtﬂ of chromized coatings strongly

supports the assumption of diffusion controlled growth

rates.



:ITI. EXPERIMENTAL APPROACH

One of the main purposes of this study is to simulate
the diffusion processes occuring in the boiler tubes during
operation. Hence isothermal heat-treatments were done at
600°C which is the upper limit to the temperature at which
the boiler tubes operate. Columnar and equiaxed grains in
the decarburized layer were obtained to isolate the effects
‘of grain “shape on  the diffusion of .carbon. Diffusion
studies in the ferritic (600°C) and austenitic (1000°C)
regions were done to see the effect of microstructure on
the diffusion of carbon. At 1000°C diffusion studies were
conducted to gain an understanding of the chromized coating

(RN
microstructure formation mechanism.

III.a Decarburizatiaon:’

‘Samples of high purity alloy (composition is shown in
table 3 [28]) were wused in the experimental work. The
specimens were cut flat to an approximate sizeiof,SOmm in
length, 15mm in width and 4mm_lp/€hickness. Each sample was
ground on 120 grit to remove any oxide film before the heat
treatment. The samples were placed in\ a Lindburg tube
furnace equipped with a 2.5” diameter alumina tube.  The
apparatus is schematically shown in figure III.1. The gas
mixture used for decarburization [29] was 18%H,-827%N, (dew
point ‘72°FL The gas mixture was bubbled through water
before it enterea the- furnace and—was burned by mixing it
with natural gas at the exit. The gas flow rate was kept
approximately at 600 ml/minute. The tube furnace was purged
with nitrogen for +two hours prior to the start of gas

mixture flow.

Decarburization in the +two phase ferrite plus
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austenite region at 815°C for two hours produced a

decarburized columnar structure to an average depth of 500um
(fig. III.2a). To obtain decarburized equiaxed grains (fig.
IrI.Ba), these samples were héated in the fully austenitic
region at 925°C for 10 minutes to induce the a - 7
transformation. Figures II11.2b and III.2c¢c show needle like
precipitates in the decarburized columnar layer after the
decarburization ’ heat-treatment. These needle like
precipitates were also seen 1in. the decarburized equiaxed
samples (figs. II1.3b and 1II1.3c). A number of etchants
nwerectried on these precipitates. 4% piéfdl etched these
precipitates indicating that they may be carbides, nitrides
or carbonitrides. Mdédified Murakami’s reagent‘did not etch
these precipitates [30] indicating thét these needles may
be nitrides or carbonitrides (modified murakami’s reagent
etches carbides but does not etch nitrides or
carbonitrides). No other techniques were used to obtain
composition of these needles. In figures II11.2¢ and I1I1.3c
these needle like precipitates can be clearly seen at
higher magnification. The samples were furnace cooled in

all the treatments.

II1.b Electroplating:

Both the equiaxed and columnar decarburized samples
were then electroplated with <chromium (figs. I1I1I.4 and
IIT.5) wusing electrodeposition technique. This technique
is convenient and cheaper as compared +to the pack
cementation technique for chromium deposition onto the
substrate. The samples were c¢leaned before plating by
mechanically grinding them to 600 grit followed by
mechanical polishing on 6um diamond, degreasing in acetone
and then rinsing in cold water. Non-conductive paint was

applied to the non-decarburized surface of the samples so
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that the electrodeposition occurs only on the surface that

was decarburized. The plating bath contained 300 gm/litre

Cr,0;, 2.5 gm/litre H,50, and 4.5 gm/litre sodium

florosilicate to act as an activator. All the deposits were
produced using a bath temperature of 559C, a current density
of 4000 amp/m? and a plating time of 35 minutes. A Pb rod
was used as the anode while the sample to be plated was the
cathode. Approximaté distance between the anode and the
cathode was 1.57-2”., The platings produced had a smooth
interface (fig. I[II.6) and the average thickness of the
platings was 15um. Several microcracks (indicated by arrows)
were present in the plating to relieve the stress build up

during the plating process.

III1.c Sectioning:

In order to minimize coating deformation, sectioning
was performed with a low speed saw and diamond blade. Blade
speed was held at approximately 120 rpm for a 4” wheel, and
the vertical load on the sample was kepﬁ at approximately
260 gram. Cutting oil was wused as the lubricant. The
direction of cutting, or the tangential direction of blade

rotation, was always kept into the coating surface.

II1.d Heat-Treatment:

Isothermal heat treatments at 600°C were conducted on
the sectioned samplés for 9 hrs, 22 hrs, 168 hrs, 500 hrs
and 1000 hrs. All the samples were encapsulated wunder
vacuum in quartz tubing before the heat treatments to limit
oxidation. Isothermal heat treatments at 1000°C were also
conducted on a number of samples for 1.5, 2.5 and 4 hours.
A constant flow of nitrogen gas was maintained during the

heat treatment to prevent any oxidation.
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IIT.e Oxidation Testing:

For oxidation testing, the samples were placed in a
Lindburg tube furnace which was open at both ends. The
test temperature was 600°C and the exposure time were 100

hrs, 250 hrs and 500 hrs.

IT1.f Sulphidation Testing:

A schematic of the apparatus used for sulphidation
testing is shown in figure II1.7. The sulphur dioxide flow
rate was kept constant at approximately 15mL/min. Nitrogen
was used to purge the system before and after the samples
were removed. The purpose of the test was to see if the
microcracks in the plated chromium provide a diffusion path
for sulphur. The temperature of the testing was 600°C and

the exposure times were 100 hrs ané 250 hrs.

IIT1.g Metallographic preparation:

%or coated samples, Buehler cold-setting epoxide was
used as mounting material. This was done to avoid any
coating degradation which may occur when using hot press
mounting techniques. In order to prevent any “rounding” of
the plated edges, a support bar was placed close to the
plated side(fig. III.8). Stabilizers an@ an indicator were

. . Iy
included in each mount. B

Hand grinding was done on rotating wheels on 120, 240,
320, 400 and 600 silican carbide grit papers. Samples were
held against the wheel in a stationary position oriented
either parallel or perpendicular to the wheel. The samples
were rotated ninety QGgree after each grinding paper so

that grinding was performed perpendicular to the direction



of the previous step. Samples were inspected after each
grinding step under the light optical microscope to ensure
that all scratches were uniform in direction. After
grinding on the 600 grit paper, the mount was immediately
wiped and flushed with alchohol. The mount was then blown
dry and inspected in the light optical microscope.
Polishing was performed by hand with steps including 6
micfon diamond paste for approximately 1 minute, 0.5 micron
alumina slurry for approximately 90 seconds and colloidal
silica for 60 seconds. 4% picral was used to etch the

samples after the polishing was complete.

IIT.h Sample Analysis Technigques:

Microstructural observation aﬂd photomicrography was
conducted with the use of a Reichert-Jung MeF3
metallograph. Additional characterization procedures
included the use of an ETEC Autoscan scanning electron

microscope (SEM) with a KEVEX energy-dispersive x-ray

"spectrometer (EDS) and a JEOL 733 superprobe for X-ray

wavelength dispersive spectrometry (WDS) elemental dot
mapping. ({uantitative analysis were also done for Fe, Cr
and carbon to détermine the composition profiles of these
elements. The analysis were done at 15 Kev and a
conventional ¢(pZ) correction technique was used. An iron
carbide (Fe3zC) standard was used to peak carbon in the
microprobe analysis. Samples récieved a thin amorphous
carbon surface coating before +the electron microscope
analysis to facilitate sample charge dissipation under the
electron beam. For carbon analysis, the samples were coated
with silver paint to facilitate sample charge dissipation.
Semi-automated image analysis techniques were employed to
obtain quantitative microstructural coating information.

Measurements were made for the decarburized layer thickness

o
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Iv. RESULTS AND DISCUSSION

IV.a Diffusion Studies At 600°C

IV.a.1 Diffusion studies in ferrite

The microstructures of the columnar sgmples after the
isothermal heat treatment at 600°C for 22 hours are shown in
figs. 1V.1la and IV.1b. Fig. IV.la shows the outer Cr layer,
the layer of decarburized columnar grains below it and the
substrate. Fig. IV.1b shows the needle like precipitates in
the columnar sample after the heat-treatment. Some grain
boundary carbides (marked g) are also visible. Fig 1IV.2a
and IV:Qb show the microstructure of the equiaxed samples
after 22 hours of heat-treatment at‘XGOOOC. There was no
significant change in the needle like precipitate
morphology or in the grain boundary carbides after +the
heat-treatment in +the columnar or equiaxed samples. The
precipitate distribution was uniform in both the columnar
and equiaxed structures. No needle like precipitates were
found 25-30um below the Cr layer both before or after the
heat-treatment. Figure 1IV.3 shows the Cr layer and the
underlying decarburized layer at 1500X for +the 22 hour
sample. The Cr layer has microcracks (marked c¢) and a
macrocrack (marked m). The macrocrack in the Cr layer forms
due to low H,S0,/Cr,03 (sulphate ratio) in the bath [31]. The
sulphate ions in the plating bath aid in microcrack
formation in the Cr layer. Thus, when the concentration of
H,50, decreases in the plating bath, less microcracks form
but macrocrack formation takes place. The mechanism by
which the sulphate ions affect the microcrack and

macrocrack formation is not well understood [31].

Figs. IV.4 and IV.5 are 1000X pictures of the chromium
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layer and +the wunderlying decarburized layer for the 168

hour heat-treated samples at the same temperature of 600°C.
The pictures show an  interesting feature; the presence of a
reaction layer below the Cr layer. THe thickness of the
reaction layer was 1.9pm (£0.22pm) in both the columnar and
equiaxed samples. Fig. IV.6 shows the reaction layer at
higher magnification. Fig IV.7 shows the reaction layer
below the Cr layer after 500 hours of heat-treatment. The
width of the reaction layer increased. 0On measurements it
was found to be 3.3um (£0.40pm). On close examination of
the reaction layer (figs. IV.6 and IV.7), two layers can be
seen in the reaction layer (arrows marked i indicate the

interface between the two layers). Some surface relief

(marked s in fig. IV.6) was present below reaction layer.

Figure IV.8a is a light optical picture (taken by
Nomarski Interference Contrast techniqﬁe) showing  the
presence of two 1ayérs in the reaction layer.> The sample
was heat-treated at 600°C for 500 hours. Fig. IV.8b is a
backscattered image showing the upper layer in the reaction
layer (mérked u) to be darker and of a lower atomic number
than -the Cr layer (marked Cr) and the Fe layer (marked Fe).:
A quantitative analysis of the elements Fe, Cr and carbon
was doqe using electron probe microanalyser. Figure 1IV.9
shows the composition profiles of Fe, Cr and C from Cr
layer into the decarburized layer (from point marked b in
the Cr layer to a in the decarburized layer in figure
IV.8b). The concentration profiles (fig. 1IV.9) indicate
that there was nearly 100 wt% Cr in the chromium layer with
extremely low amounts of Fe. Moving from Cr layer into the
upper layer in the reaction layer (region marked u in fig.
I1V.9), there 1is a carbon peak containing nearly 5 wt?
carbon. The chromium concentration drops and the Fe

concentration increases in this layer. In the lower layer



of reaction layer (region marked 1 in fig. IV.9), there is
a  sharp drop in carbon concentration. The chromium
concentration decreases further and the Fe concentration
increases in this layer. Below the reaction layer .
(interface marked ¢ with an arrow), there is a smoothly
decreasing concentr%tion profile of Cr and increasing
concentration profile of Fe. As expected, the carbon level

is extremely low in the decarburized layer.

WDS maps were also obtained to get a qualitative
distribution of the elements—Fe, Cr, nitrogen énd carbon 1n
the chromium layer, reaction layer and the decarburized
layer below the reaction layer. No nitrogen was detected.
The maps (fig. IV.10) also indicate the presence of carbon
in the reaction layer and in some cracks in the Cr layer.
From the carbon map (fig. IV.10b), it can be seen that the
upper layer in the reaction layer (marked u) 1is brighter
than the lower layer (marked 1) and hence is richer in
carbon. The quantitative analysis of 'carbon in the two
layers also indicated higher carbon in the upper layer. The
interaction volume for X-ray generation is high for carbon
(a calculation of the Kanaya-Okayama range [32] for carbon
in Fe gives the value of R, = 1.5um). It is possible that
the carbon signals in the lower layer of the reaction layer
(region marked 1 in fig. 1IV.10b) have a substantial
contribution from +the carbon signals in the upper layer
(region marked u in fig. IV.10b). The wt% carbon in the
reaction layer is above the solubility limit of carbon (a
maximum of 0.1 wt% at 600°C) in Fe-Cr alloys. Hence the

carbon should be in form of carbides in the reaction layer.

The backscattered picture of the reaction layer (fig.
IV.8b) shows the atomic number contrast and an_element with
a lower atomic number shows darker in a backscattered

image. From %ig. Iv.8b it can be seen that the upper layer
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in the reaction layer (marked u) 1is darker than the Cr
layer (marked Cr) and the decarburized layer (marked Fe).
Sinee a carbide has an atomic number lower than. Fe or Cr
(due toApresence of low -atomic number elemént carbon), the
upper layer in the reaction layer should be a carbide rich
layer. The. lower layer in the reaction layer does not
indicate much contrast with Fe. There can be two
explanations for fhe formation of this layer. Based on the
backscattered picture, this layer has almost +the same

contrast and atomic number as. ferrite. Therefore this layer

can be an iron rich layer with chromium and tarbon in solid
solution form. The reason for the interface forhation with
the decarburized layer is not clear. One of the
possibilities 1is the 1initial nucleation of carbide which
then grows 1in towards the Cr layer and subsequently forms
the upper carbide layer [33]. Another explanation for the
formation of this lower layer can be given based on
guantitative analysis. The quantitative analysis show that’
the lower layer contains more than 0.1 wt% carbon. Hence
carbon may be in the form of carbides in this layer. The
backscatter§d picture does not show an atomic number
difference with Fe in this layer and quantitative analysis
indiéate it to be an Fe rich layer. It 1s thus possible
that +this layer contains fine carbide precipitates in a

ferrite matrix.

The formation of carbide layers has been observed
during chromizing of various Fe-C alloys [25]. Carbide
formations in the ternary Fe-Cr-C system has been studied
using powder metallurgy methods [12,20]. In the present
work, a diffusion couple féchnique was ﬁsedrto study the
carbide formation in the Fe-Cr-C system at 600°C. The
diffusion couple consisted of an electrodeposited Cr layer

on the top of a decarburized Fe-0.2%C substrate (fig.
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II1.4). Isothermal heat-treatments at 600°C were performed

on the diffusion couple for times ranging upto 1000 hours.
The ‘composition of +the carbide formed using the above
mentioned diffusion couple technique was analysed with the
help of EPMA (region marked u fn fig. IV.9). The carbide
composition obtained corresponds very well to the M,3C,
carbide composition found in the ternary Fe-Cr-C phase

diagrams using powder metallurgy techniques [12,20].

The formation of a carbide layer in these diffusion
Aexperiments indicates that there is a source of carbon. The
starting diffusion couple consisted of pure chromium in
contact with almost pure Fe (decarbufized ferritic layer).
During the heat-treatment carbon also diffused in towards
the Cr layer and formed a carbide layer in the reaction
layer. There are two sources of carbon, the iron carbide
~particles in the pearlite and the dissolved carbon in the
decarburized layer (a maximum of 0.005 wt7% which is the
solubility limit of carbon in ferrite at room temperature).
At a temperature of 600°C, the solubility of carbon in
ferrite increases to 0.01 wt%. Hence, carbon can come from
the solutionization of iron carbide particles in pearlite.
Thus, the source of carbon for the carbide formation in the
reaction layer is the dissolved carbon in ferrite. Since
carbon is an extremelyf mobile element énd chromium has a
high affinity for carbon, carbon in solution diffused
during heat-treatment to form carbides in reaction layer.

"IV.a.2 Ternary Diffusion Paths

" Figure IV.11b shows the possible diffusion path from
the decarburized layer to the chromium layer (from point a
to point e in figure IV.1la). Points a to b are in the
decarburized layer, point b to point c¢ 1is in the lower

layer of reaction layer indicating the presence of carbide

23



precipitates in the Fe rich ferrite matrix. Point ¢ to

point d is in the upper layer of the reaction layer and
indicates the possibility of a chromium rich M,3C¢ carbide
layer. Point d to point e is in the Cr layer. Figure IV.12b
shows another diffusion path in which the lower layer in
the reaction layer (pointé b to ¢ in fig. 12a) is
considered to be a ferritic layer with dissolved carbon and
chromium. Point ¢ to point d indicate the possibility of a

chromium rich M,3C4 carbide layer.

[

IV.a.3 Reaction Layer Thickness Variation Estimations

The width of +the reaction layer in the 1000 hour
sampie ‘was 4.5um(+£0.45um). The thickness of the reaction
layer varied with time in a parabolic manner (Fig( Iv.13).
In general, the simplified diffusion equation can be
written as x? = 4Dt [34], here x is the diffusion distance
in cm, D is the diffusion coefficient in cm?/s and t stands

for time in seconds. Thus the wvarious equations for the

variation of Reaction Layer Thickness (RLT) and forVFe and

Cr_diffusion with time can be written as:

(RLT)2 = 4%1.35exp(-14) %t ————-——uuo (i)
x2 = 4%9.67exp(-15)*t ——-------- (ii);
x2 = 4%1.52exp(-14)%t —c-ccomm (iii);

From equations (ii) and (iii), the wvalues of diffusion
coefficients are; D(Cr in «-Fe) = 9.67%10!® cm?/s and D(Fe
in Cr) = 1.52%10'% cm?/s [35] respectively. Thus the value
of the diffusion coefficient for RLT,‘D = 1.35x10-14 cmz/s,
closely matches the values for the diffusion of Cr in «a-Fe
and of Fe in Cr at 600°C. Table 4 shows the calculated
values of RLT fori longer time periods assuming ‘that the

above relation(i) holds true.




IV.a.4 Coating Thickness Calculations

’ An estimation of the consumption of Cr layer with time
can be done by assuming that the carbide layer 1in the
reaction layer 1is  consuming the chromium layer. Thus the
increase in thickness of the carbide layer gives an
approximate idea of the amount of Cr layer consumed. From
fig. IV.9 (region marked u in fig. IV.9), the width of the
carbide layer in the reaction layer was measured +to be
nearly 1um., The carbide layer thickness should follow a
parabolic rglationé

(CLT)2 = 1%103%t —comcceeo (iv)

In equation (iv) CLT stands for carbide layer thickness in
microns and t stands for time in hours. If the
approximation of Cr layer consumed being equal to the
carbide layer thickness (region marked u in fig. IV.8b) is
taken, it will give an idea of the consumption of chromium
layer with time. Fig. 1IV.14 shows the plot of Cr layer
consumed vs time (calculated using equation (iv) ). It can
be seen that after 100000 hours (approximately 11 years)
the thickness of the Cr layer consumed would be about 10um
and after 200000 hours (approximately 23 years), the
thickness of the Cr layer consumed would be only 14um. The
significance of the above numbers lies in the fact that
they indicate that the minimum thickness of the outer Cr
layer in the chromized coatings (marked Cr in fig. 1.1)
needed to survive for 200000 hours (at GOOOC) would be in
excess of 14um. The thickness of the this Cr layer needed to

survive at lower temperatures would be less.

IV.a.5 Decarburized layer thickness variation studies

A study of the variation in the decarburized layer
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thickness with time at 600°C was also done. The heat-

13

treatment temperature (600°C) is below the eutectoid

temperature (723°C). Above the eutectoid temperature, ferrite
and pearlite would transform to austenite which has high
solubilit& for carbon. At SOOOC, pearlite would not
solutionize to austenite. It was expected +that the
decarburized layer thickness will remain constant with
time. The results of the experiments are shown in fig.
IV.15. °Within the 1limits of “error, the depth of the

decarburized layer remalned almost constant with time.

Summary

Diffusion studies at 600°C (in a diffusiop couple of
pure Cr and decarburized Fe above a substrate containing
0.27% C), led to the formation of & reaction layer below the
Cr layer. The reaction layer consists of two layers. The
use of various electron microscopy techniques indicates the
possibility of one of the layers in the reaction layer to
be a carbide layer containing nearly 5 wt?% carbon. The
formation of this carbide layer takes place during the
isothermal heat-treatment (at 600°) due to the diffusion of
carbon from the decarburized ferritic layer towards the Cr
layer. The composition of the carbide layer indicates the
possibility of an M,3C; carbide (from. the ternary phase
diagram). The other layer in the reaction layer can be a
solid solution of Fe, Cr and carbon or a ferritic layer
containing fine carbide precipitates. The thickness of the
reaction layer increased with time in a parabolic manner.
An estimation of the consumption of Cr layer from the
carbide layer thickness indicated that the minimum
thickness of the outer Cr layer in the chromized coatings
(marked Cr in fig. I.1) needed to survive for 200000 hours

would be in excess of 14um.
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IV.b Diffusion Studies at 1000°C

IV.b.1 Diffusion studies in austenite

The austenite (v) phase usuall&; aids in large carbon
movement. The structure of the 7 phase is close packed FCC,
while that of a is BCC, hence the magnitude of the diffusion
coefficient of carbon 1is greater in «. But the maximum
solubility of carbon in y-iron(2.0.wt%) is much greater than
in a-iron(0.02 wt%) due to much larger octahedral holes in
austenite [36]. As a result of that, there is a large
uptake of carbon in the austenite phase. A diffusion study
was done at 1000°C for 4 hours to .observe the carbon
redistribution in the sample. The starting microstructure
before the heat-treatment at 1000°C was as shown in fig.
IV.16, i.e., pearlite plus ferrite below the decarburized
ferritic layer. At the heat treatment temperature (10000C),
the microstructure is wholly ;ustenitic. Figs. IV.17a and
IV.17b show the resulting microstructure after the heat-
treatment. It can be seen that <carbon has diffused
throughout the decarburized layer in just 4 hours forming
ferrite and pearlite. At the heat-treatment temperature,
there was a large concentration gradient of carbon from the
substrate (0.2% carbon) to the decarburized layer (maximum
0.005% carbon) . Therefore, at the heat-treatment
temperature when the microstructure is all austenitic,
carbon diffused into the decarburized layer with time. As a
result of <carbon moving into the decarburized layer,
ferrite and pearlite form below the eutectoid temperature

during slow cooling.

IV.b.2 Chromizing simulation studies

To gain a further understanding of the microstructure

of chromized coatings, a chromizing simulation procedure
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using electrodeposited chromium instead of the conventional
pack method [37-39] was tested. In the simulation
procedure, the sample was heat-treated at 1000°C for 4 hours
in a nitrogen atmbsphere. Thée microstructure of the sample
before the heat-treatment considted of a Cr layer on the
top of the decarburized columnar layer above a substrate

containing ferrite and pearlite (fig. I1I1.4). Two types of

microstructures were obtained in the same specimen after

the heat-treatment due to the differences in the
decarburized layer thickness at the corners and away from
the corners. Fig.IV.18 shows the greater thickness of the
decarburized layer at the corners before electroplating or
heat-treatment. Figs. 1IV.19a and 1IV.19b- show a schematic
representation of +the macrostructure near “the corners
before and after the chromizing simulation procedure. The
resultant chromized microstructure obtained near  the
corners after the heat-treatment is shown in figs. 1IV.20a
and IV.20b. This is similar to the typical chromized
microstructure shown in figs. IV.21a and IV.21b [3]. Below
the outer Cr layer it had columnar grain carbides (marked
g), intragrain carbides (marked c¢) and random large voids
(marked v) (fig. IV.20a). In fig. "20b the voids can be seen
to be surrounded by a carbide (arrows ‘marked ‘k). Away from
the corners of the sample, the structure gradually became
pearlitic in nature  (see region marked pearlite in fig.
IV.19b). Fig. 1IV.22 shows the microstructure changing to
pearlitic (corresponding to 'a small region between the
regions marked chromized and pearlite in fig. 1IV.19b). In
fig. IV.22 the carbides (marked c¢) and the pearlite (marked
p) can be seen. The pearlite near the right end of the
fTigure (marked p) was very fine and could not be resolved
in a light optical microscope at 800X. Figs. 1IV.23a and
I1V.23b show the microstructure away from the corners at two

different magnifications (corresponding to  the region
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marked pearlite in fig. IV.19bj.,It seems to be completely
pearlitic in nature. The structure below the péarlitic or
chromized layer is severely decarburized and grains were
equiaxed v(fig. IV.24) as opposed to columnér " before the
heat-treatment (fig. III.4). h

An explanation for the change in the microstructure
fram the corners to the center can be given as follows. The
microstructures formed above are composition dependent and
there is a difference in composition at the corners and
away from the corners due to the difference in decarburized
layer thickness. During the heat-treatment, when the sample
is in the high temperature 5 phase region, the diffusion of
carbon is greatly enhanced in the presence of the chromium
layer. Hence, carbon moves through the decarburized layer
into the chromium layer. The effect of carbon on the Fe-Cr
system is to widen the 7 loop [40]. Conversely, the effect
of chromium on the Fe-C system is to raise the eutectoid
reaction temperature and to lower the eutectoid carbon
content (fig. IV.25) [41]. For example, it can be seen fron
figure IV.26 that the addition of just 15 wt% Cr can give a
fully pearlitic structure on slow cooling even with 0.35
wtZ C. As a result of the—upward movement of C towards
chtomium layer, . and the diffusion of Cr into the
decarburized layer, a composition giving rise to the
eutectoid reaction [42] 7 -+ a + FezC is easily reached. This
can cause the formation of a pearlitic struéture as seen in
the figures 1IV.23a and 1IV.23b. Near the corners, the
thickness of the decarburized layer was greater (fig.
IV.18), hence in a given time, the carbon content was less
at the corners. Thus the carbon concentration was not
enough to give rise +to the eutectoid reaction. As a
consequence, at the corners a microstructure similar to the

chromized coating microstructure was seen instead of

~
/

-
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pearlite formation. Thus the amount of carbon diffusion can
be restricted by decreasing the time of heat-treatment.
This would prevent the eutectoid composition to be reached

and hence give rise to a chromized coating microstructure.

To prove the above point, a few heat-treatments of
shorter durations (one and half hours compared to 4 hours)
were performed. A microstructure similar to the chromized
cg@ﬁiﬁg microstructure was induced everywhere below the

chromium layer. Figures IV.27a and 1V.27b show the

micrographs of the resuiting microstructure. The samples

were furnace cooled after the heat-treatments. The
microstructure !is exactly similar to the wusual chromized
coating microstructure (figs. IV.21a and IV.21b) containing
the voids and the columnar grain boundary <carbides
(indicated by arrows in fig. IV.27b). This indicated that
the carbide formation in +the chromized coatings is
dependent on the thermal c¢ycle (heat-treatment time and

heating ' and cooling rates) at temperatures above the

eutectoid temperature. Longer heat-treatment times at

‘“temperatures above the eutectoid teémperature during the

heating and cooling process lead to more carbon diffusion
in the coating and hence more carbides (or pearlite) form.
Thus the extent of carbide fofmation can be decreased by
decreasing the heat-treatment time above the eutectoid

temperature.

The severe decarburization in the substrate below the
chromized layer (region' marked decarb in fig. 1IV.24)
suggests that both the austenitic phase and the Cr layer
have aided in large uptake of carbon. The movement of
carbon was to such a great extent that it diffused through
the decarburized layer and again formed a decarburized
layer below the coating. An explanation for the formation

of the decarburized layer below the coating (region marked
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decarb in fig. IV.24) can be given as follows. The starting

microstructure of the sample before the heat-treatment had
a decarburized layer (500 microns thick) below the Cr layer:
(fig. II1.4). During the heat-treatment at 1000°C, carbon
from the substrate moved towards the Cr layer through the
decarburized layer. If the Cr layer was not present, then
the microstructure after the heat-treatment would be the
same as fig. IV.17, i.e., pearlite and ferrite throughout
the sample. The presence of the Cr layer causes a large
uptake of carbon in the form ’cv)/f carbides in the chromized
layer. As a consequence, when a sample containing a Cr
layer above the decarburized layer (fig. II¥.4) is heat-
treated at 1OOOOC, a decarburized layer (nearly 450 microns
thick) again forms below the chromized layer after the
heat-treatment (region marked decarb in fTig. IV.24). This
is not very surprisihg considering the fact that the carbon
content in the chromized coatings has been found to be as
much as eight +times that of the substrate [43]. The
equiaxed grain shape in the decarburized layer after the
heat-treatment (fig. 1IV.24) as opposed to columnar before
the heat-treatment (fig. 111.4) indicates  that  the
formation of equiaxed grains takes place during the heat-
treatment so that the decarburized layer thickness is

unrelated before and after the heat-treatment.

In order to study the effect of cooling rates on the
microstructure, some samples were quenched in oil instead
of being furnace cooled after being heat-treated at 1000°C
for 4 hours. The microstructure obtained was mostly
bainitic (IV.28a and 1IV.28b). A carbide layer (shown by
arrow) was present below the Cr layer. No columnar grain
carbide structure was formed nor did any decarburization
take place in the time durations ranging from one and a

half to four hours. This shows that during the actual
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chromizing process, the formation of <columnar grain
boundary and intragrain <carbides takes place during slow
furnace cooling (from 1000°C to room temperature in
approximately 5 hours or 200°C/hr). The formation of

columnar grains takes place in the two phase ferrite and

0,

austenite region [29]. In the chromizing process, the two
phase ferrite and austenite region occurs due to the
nucleation of ferrite on austenite grain boundaries during
slow cooling. Formation of columnar grains takes place in
. this two phase region and the subsequent precipitation of
carbides on the boundaries of +these columnar grains
possibly forms the chromized coating microstructure (figs.
IV.21a and 1IV.21b). The absence of the decarburized layer
on quenching 1indicates that a good amount of carbon

movement takes place during slow cooling.

The voids usually present in the microstructure were
absent in the quenched samples. This indicates that the
void formation occurs by some mechanism other than
diffusive mass transfer imbalance or the Kirkendall Effect
[44]. If the Kirkendall Effect was responsible for their
formation, then they should have formed at the heat-
treatment temperature and remained on quenching. No halide
activators were used 1in the expriments. Thus the void
formatibn due to halide activators [5] is also not

possible.

Since the voids are surrounded by carbides (fig. 20b),
the vacancy-interstitial interaction [27] is a possibility
for their formation. The wvacancy-interstitial interaction
as expléiined by Damask [45] based on Lazarus’s [46] and
Mott’s [47] theories can be stated as follows. Whenever
there is a positive binding energy between vacancies and
interstitials, some of the wvacancies will be bound to the

interstitials [45]. Two important energy terms are expected
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to give rise to the binding energy of a vacancy +to an

interstitial, namely, the change in the strain energy
around the vacancy and +the electrostatic interaction
between the vacancy and the interstitial. Since the

interstitial (for example carbon) differs in size from the
host atom (for example Fe), the strain surrounding the
interstitial may be relieved by placing a defect adjacent
to the interstitigl [45]. Since the distortion around an
interstitial 1is quite large, the strain relief obtained

upon trapping an interstitial can be considerable. The

approach to the electrostatic bonding of a wvacancy to an
interstitial was given by Lazarus [46] based on Mott’s
treatment of the screening of an interstitial atom by the
Fermi electrons. According to Mott [47], the excess ionic
charge, 7Z, of the interstitial atom will be screened on the
basis of the linearized Thomas-Fermi equation by an
interaction potential of the form: ¢(r) = Ze/r exp(-qr),
where r is the distance from the center of the
interstitial, e the electronic charge, and q is a constant.
The neighboring solvent atoms around an iterstitial will,
therefore, be repelled by a Coulomb force in addition to
the usual closed-shell repulsive forces. Consequently, the
binding energy of these atoms is decreased and therefore it
takes less energy to remove one of these neighboring atoms
from the lattice. The decrease in the binding energy of
these atoms 1is equal to the change in the energy required

to form a vacancy at a site adjacent to the interstitial.

Fergusan and coworkers [48] repért the diffusion of
tightly bound vacancy-carbon atom pairs diffusing as
entities in their studies of Pt-C alloys. They also report
the occurance of strong binding between vacancies and
interstitial carbon atoms in Fe and other metals. It gives

the 1idea that wvacancy-interstitial interaction may be a
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possible mechanism for vacancy (surrounded by carbide)

formation in chromized coatings.

Summary

Diffusion studies at 1000°C gave important information
about the chromized microstructure formatiom mechanism. The
chromized coating microstructure formation is dependent on
time and heating and cooling rates in the heat-treatment
procedure. The amount of carbon diffusion into the coating
is controiledfbyfthe,thermal_gyclﬁ (heat-treatment time and
heating and cooling rates) at temperatures above the
eutectoid temperature in ternary Fe, Cr, C system. Longer
durations of heat-treatment lead to large carbide formation
(or a pearlitic _microstructure) in the coating. Thus the
amount of carbide formation and hence the -coafing
microstructure can be altered by controlliné the thermal
cycle above the eutectoid temperature. The typical
chromized microstructure (carbides, voids) is predominantly
caused by slow furnace cooling. (uenching the samples after
the heat-treatment does not give the typical chromized
microstructure (carbides, voids). This indicates that +the
columnar grain carbide formation and the void formation
takes place during slow cooling in the chromizing process.
Since +the voids are surrounded by carbide, vacancy-—
interstitial interaction is a possibility for their
formation. . !

IV.c Oxidation Testing

Since boiller +tubes usually operate im—exidizing
environments, tests were done to see the behavior of an as-
plated chromium coating in'oxidizing environment. The study
of the behavior of microcracks in the plating under

oxidizing conditions was ' especially important.\\JThese
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microcracks are believed to be localized regions of

different oxygen concentration, probably chromium oxides
[49]. Figure 1V.29 shows the microstructure of as plla,'ted
chromium above the substrate. Microcracks (afrows) can be
seen in +the as-plated condition. Fig. 1IV.30 shows the
microstructure of the Cr layer after 100 hrs of heat-
treatment at 600°C. Arrows indicate the oxidation attack at
the microcracks (marked a) and the joining of the
rr;icrocra,cks to form larger microcracks (marked b). The size
and area fraction of the microcracks in the chromium la,yer
also seems to increase after the heat-treatment. Figs.
IV.31 and 1IV.32 show the microstructure of the chromium
layer after 250 hrs and 500 hrs of héat—trea.tment
respectively. Oxidation attack at the microcracks (ma.f‘ked a
in the figures) and the joining of the microcracks (marked
b in the figures) can also be seen in these >pictur‘es. In
fig. 1IV.33 the area fraction of the microcracks in the
chromium layer vs the heat-treatment time is™plotted. In
fig. IV.33b the data shows a logarithmic relationship. It
can be seen that the area fraction of the microcracks
‘increasées sharply during first 100 hours of heat-treatment
and then increases with time at a very slow rate. Thus, the
kinetics of the -"incr'ea,sel in area-fraction of microcracks
follows a logarithmic relationship. Table 5 shows the
variation of the average length and width of the
microcracks with time. It follows the same trend as that of

the area fraction. ’

An increase 1n the microcrack size and area fraction
can be attributed to the oxygen entering the microcracks
and forming an oxidation product. This oxidation product
being of larger volume than the microcra;:ks leads to an
increase in crack size. The thermal stresses génerated (due

to the differential thermal expansion between Fe and Cr)
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may generate tensile stresses in the Cr layer that can lead

to the propagation of the microcracks. An increase in the
area fraction of the microcracks is mainly due to the
increase in crack size. It is quite possible that some
cracks that could not be seen before the heat-treatment
opened up during the heat-treatment thus contributing to an
increase in the area fraction of +the microcracks. The
jogarithmic kinetics of oxidation attack at the microcracks
suggests that the attack reaches a constant level after
—some—time. It seems likely that chromium oxide forms in the
microcracks due to the oxygen entering the microcracks and
the subsequent attack stops. Thus, these microcracks can be
detrimental to the coating properties to a limited extent.
In order to get the beneficial corrosion resistant
properties of the Cr layer, a control over these
microcracks is needed. If crack free electroplated chromium
could be produced, it might prove very beneficial for

corrosion resistance.

IV.d Sulphidation Testing:

The purpose of the sulphidation testingA of the )Cr
layer was to see 1if the microcracks in the Cr layer would
provide a diffusion path to the base metal for the gas in a
S0, gas environment. Fig. 1V.34 shows the phase stability
diagram of the Cr-S-0 system at 627°C [50]. It can be seen
from fig. IV.34 that the Cr,0; is predominantly the stable
phase in this system. A calculation of partial pressures of
oxygen (po, = 8.2x10°13 atm) and gaseous sulphur (ps, =
1.6x10-** atm) using the SOLGASMIX program [51,52] indicate
that Cr,0; formation will take place in a pure 802
environment (point marked x in fig. 1I1V.34). Fig. 1IV.35
shows the microstructure of the chromium layer after 100

hours of heat-treatment at 600°C in sulphur dioxide
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environment. Arrows (marked a) indicate the attack on the
microcracks by the gas. Other features to be seen are the
lateral growth of the cracks (marked d in the figure) and
the sulphidation product at the top of the coating (marked
¢ in the figure). Microcrack size and area fraction has
also increased compared to the as-plated specimen (fig.
IV.33 and table 5). Within the 1limits of error, the
kinetics of sulphidation attack atithe microcracks followed
a logarithmic relationship. The rate of attack is greater
in the_ sulphidation environment (compared to the oxidation
environment) as seen in the logarithmic expressions inrfig.
Iv.33b. Since chromium oxide 1is the stable phase in a
sulphur dioxide environment, it is possible that the
chromium oxide Tills the microcracks and limits further
attack.

Fig. IV.36 shows the microstructure of the sample heat-
treated for 250 hrs. Arrow (marked a in the figure) shows
the sulphidation attack at the microcracks reaching the
base metal (marked a in the figure). The sulphidation
product at the top (marked c¢ in the figure) and the. lateral
crack growth (marked d in the figure) can also be seen.
Figure 1V.37 shows the attack at the microcrack reaching
the base metal (marked a in the figure) at higher
magnification. An increase in the microcrack size and area
fraction during sulphidation testing can be attributed to
S0, or 0, attacking the microcracks and forming a corrosion
product. This corrosion product being of larger volume than
the microcracks [10] can lead to an increase in the crack
size. The thermal stresses generated (similar to the case
of oxidation testing) can also lead to the propagation of
cracks and the lateral or perpendicular growth of cracks

(see fig. IV.33 and Table 5).

37



Summary

The microcracks' in the as-plated chromium were
attackea in oxidation and sulphidation environments. The
size and area-fraction of microcracks in the Cr layer
increased with time in oxidation and sulphidation tests.
The increase, in size and area fraction of microcracks can
be attributed to the S0, or 0, attacking the microcracks and
forming a corrosion product. This corrosion product being
of larger volume than the microcracks can lead to an
increase in the size and area fraction of microcracks. The
thermal stresses generated (due +to differential thermal
expansion between Fe and Cr) may generate tensile stresses
in the Cr layer that can aiso lead to an increase in crack
size. The kinetics of increase in the area fraction of
microcracks followed a logarithmic relationship and the
rate of attack was greater in the sulphidation enviropment.
The logarithmic relationship indicates that the attack
reaches a constant level after some time. It seems likely
that the corrosion product (possibly chromium oxide) forms

£
inside the microcracks and stops further attacik.
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V. CONCLUSIONS

The results of the above investigation lead to the
following conclusions:
1) The grain shape i.e. columnar or equiaxed does not have
any effect on the diffusion of carbon at 600°C. There was no
significant éhange in the needle like precipitate
morphology or the grain boundary carbides in the columnar

or equiaxed samples after the heat-treatment.

2) The austenite phase ~is responsible for +the large
movement of carbon during chromizing. This carbon poisoning
leads to the formation of carbides and voids (on cooling)
in the <coating which are detrimental +to the coating
properties. The formation of a microstructure similar to
the chromized coating microstructure at the high
temperature indicates that chromized coatings can also be
formed by the electrodeposition of chromium if the sample
is properly heat-treated. The heat-treatment time and the
heﬁting and cooling rates above the eutectoid temperature
are the essential steps that need to be controlled to get a
typical chro%ized microstructure. Longer heat-treatment
times can give rise to a completely pearlitic
microstructure instead of chromized microstructure on slow
cooling. Slow furnace cooling gives a chromized
microstructure. The chromized microstructure was absent
when the samples were quenched. The absence of a chromized
coating microstructure on varying " the cooling rate
signifies the importance of cooling rate on the coating
microstructure. It shows that the columnar grain carbide
formation and the void formation are predominantly caused

by slow furnace cooling.
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3) The absence of voids in the quenched samples indicates
that they form in slow cooled specimens due to the
occurance of vacancy-interstitial interaction .since the

voids were. surrounded by a carbide.

4) Diffusion studies in the ferritic microstructure at 600°C
led to the formation of a reaction layer below the chromium
layer. Two layers were present in the reaction layer. The

‘ width of +the reaction layer increased with time 1in a

parabolic manner. Quantitative analysis and WDS mapping

- with  the electron probe microanalyser indicated +the
i~

presence of carbon in the reaction layer. Backscattered

images indicated the possibility of one of the layers in

the reaction layer to be a carbide layer. The other layer

\ may be a solid solution of Fe, Cr and carbon or it may

contain fine carbide precipitates in a ferrite matrix.

5) The microcracks in the electroplated chromium are prone
to attack in the high temperature oxidation and
sulphidation environments. An increase in the size and area
fraction of microcracks in the Cr layer is observed during
the high temperature heat-treatment. The kinetics of
oxidation and sulphidation attack at +the microcracks
followed a logarithmic relationship which indicates
reaching a constant level with increasing time.
Thermodynamics predicts that Cr,0; will fill the microcracks

and therefore further attack will be arrested, as indicated

by the corrosion kinetics. A further control over these
microcracks is necessary to get longer life of the chromium

layer in corrosive environments.
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Fig. I.1 Typical microstructure of a chromized coating

(figure courtesy Brian J. Smith®). (LOM 200X) .
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(b) (e)

Decarburized equiaxed grains on the top of

100X). 3(b) (LOM 200X) and 3(c) (LOM

3(a)
(LOM

400X) Needle like precipitates in the decarburized equiaxed

grains.
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Fig. III1.4 Cr layer on the top of decarburized columnar
grains (LOM 100X).
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Fig. II1.5 Cr layer on the top of decarburized equiaxed
grains (LOM 100X).
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Fig. IIT.6 View of
magnification (LOM 500X).

the
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Specimens Tube Furnace

“Gas

~exat

DSi

Sulfur Dioxide

Fig. III.7 Schematic diagram of the apparatus used for
sulphidation testing.
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support bar

Fig. III.8& Schematic of a typical mount used in__this

investigation.
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Fig. 1IV:la Columnar--grained microstructure —after 22 _hours.

of heat-treatment at 600°C (LOM 100X) .
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. . l ' ez
- 20Pm
yd i
Fig. IVv.1b Needle like precipitates in the columnar

grained microstructure after 22 hrs. of heat-treatment at

600°C (LOM 500X).
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. Fig. 1V.2a Equiaxed grained microstructure after 22 hrs.

of heat-treatment-at 600°C (LOM 100X).

Fig.IV.2b Needle like precipitates in the equiaxed grained
microstructure after 22 hours of heat-treatment at 600°C
(LOM 500X) .
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Fig. IV.3 A magnified view of the chromium layer for the

sample heat~treated for 22 hours at 600°C (LOM 1500X) .
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Fig. 1IV.4 Reaction layer below the Cr layer in the

columnar sample. Sample heat-treated at 600°C for 168 hrs.
(LOM 1000X).
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Fig. 1IV.5 Reaction. layer below the Cr layer in the
equiaxed sample. Sample heat-treated at 600°C for 168 hrs.
(LOM 1000X) .
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Fig. IV.6 A magnified view of the reaction layer below the
chromium layer (LOM 1500X).
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Fig. 1IV.7 Reaction layer below the chromium layer after

500 hours of heat-treatment at 600°C (LOM 1200X) .
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(b)

Fig. 1IV.8 (a) View of the reaction layer showing two
layers (arrow indicates +the interface between the two
layers). Picture taken by Nomarski Interference Contrast
technique (LOM 1500X). (b) Backscattered image (15KV)
showing the reaction layer (arrow marked u indicates the
upper layer and 1 indicates the lower layer). (c¢) Seconadry

electron image of the same area as in b (3600X).
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(h)

Fig. 1V.S (a) View of the recaction layer showing two
layers  (arvow indicates the interface between the 1two
layers). Picture taken by Nomarski Interference Contrast
technique (LOM 1500X) . (b) Backscattered image  (15BKV)

showing the reaction layer (arrov marked u indicates the

upper layver and 1 indicates the lowver layer). (c¢) Secconadry

clectron image of the same area as in b (3600X).
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b in fig. 1V.8b)

decarburized layer (point a in fig. IV.8b).
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Fig. 1IV.10 WDS X-ray maps.

10a-secondary electron image
(2000X). Arrows marked; Cr indicates the chromium layer, u

indicates the upper layer in reaction. layer, 1

indicates
lower layer in reaction

layer and S indicates the

substrate. 10b-carbon map, 10c-Fe map, 10d-Cr map.
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(b)

Fig. IV.11 (a) Schematic of the diffusion path (b) Possible
diffusion path (shown by dashed lines in the ternary phase
diagram) from the decarburized layer into the Cr layer

through the reaction layer.
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Fig. 1IV.12 (a) Schematic of the diffusion path

Possible diffusion " path (shown by dashed 1lines in
ternary phase diagram) from the decarburized layer into

Cr layer through the reaction layer.

72

(b)
the
the



B
8 m
L

7L (RLT)A2=19.34exp(-3)t ]
6 F :
5F :

RLT( MICRONS)

0' N | N S PR T
0 200 400 600 800 1000 1200

TIME ( HOURS)

Fig. IV.13 Reaction Layer Thickness (RLT) vs Time plot.
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Fig. 1IVv.14 Plot of Cr layer consumed (microns) vs time
(hours) . ‘
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Decarburized

columnar grains above the

substrate containing ferrite and pearlite (LOM 100X).
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(b)

Fig. IV.17 Microstructure after 4 hours of heat-treatment
at 1000°C (no Cr layer) showing the redistribution of carbon
(a) LOM 50X (b) LOM:150X.
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Fig 1IV.18 Microstructure showing higher thickness of the

decarburized layer at the corners (before electroplating or

chromizing heat-treatment). (LOM 50X).
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Cr
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o
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.

chromized _—

. decarb.
microstructure

peariite/ substrate
Fe-0.2%C

(b)
Fig. 1IV.19 (a) Schematic of the macrostructure near the
corners before the heat-treatment. (b) Schematic of the
macrostructure after the heat-treatment at 1000°C for 4
hours. In (a) and (b) Cr indicates the Cr layer at the top

and decarb indicates the decarburized layer.
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(b)

Fig. 1IV.20 Coating microstructure after 4 hours of heat-
treatment at 1000°C. (a) LOM 1000X (b) magnified view
featuring voids and porosity in the coating. (LOM 1500X).
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(a)

(b)

Fig. Iv.21 Typical microstructure of +the chromized
coating. (a) LOM 200X (b) microstructure featuring wvoids
and porosity in the coating (LOM 500X). (courtesy Brian J.
Smith).
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Fig. IV.22 View of the coating showing carbides (marked c¢)
and pearlite (marked p) that could not be resolved (LOM
800X) .
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- | (b)

Fig. 1IVv.23 (a) Microstructure showing pearlite in the
coating (LOM 1000X). (b) View of the pearlitic layer at
higher magnification (SEM 2500X)
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Fig. 1V.23 (a) Microstructure showing pearlite in the
coating (LOM 1000X). (b)) View of the pearlitic layer at

higher magnification (SEM 2500X)
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Fig. 1Iv.24 Microstructure showing the equiaxed grained

decarburized layer (marked decarb) below the coating after

chromizing simulation heat-treatment.(LOM 200X).
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(b)

Fig. 1IV.27 Micrograph of the chromized layer induced below
the Cr layer after 1 1/2 hours of heat-treatment at
1000°C. (a) LOM 1000X (b) LOM 2000X
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(b)

Fig. 1V.27 Micrograph of the chromized

the Cr ‘layer after 1 1/2 hours of

1000°C. (a) LOM 1000X (b) LOM 2000X

e

layver

induced

below

heat-trecatment at



Fig. 1IV.28 Microstructure of the quenched sample after

heat-treatment at 1000°C showing the bainitic
microstructure. (a) LOM 200X (b) LOM 400X
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Fig. 1IV.28 Microstructure of the quenched sample after

heat-treatment at 1000°C showing the bainitic

microstructure. (a) LOM 200X (b) LOM 400X
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25pn1

Fig. IV.29 Microstructure of the as plated Cr layer above
the substrate (arrows indicate microcracks in the Cr layer)

(LOM 400X) .
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25pm

Fig. IV.30 Microstructure of the Cr layer after 100 hours

of oxidation heat-treatment at 600°C. Arrows {(marked a)

indicate the oxidation attack at the microcracks and arrows

(marked b) indicate the joining of microcracks to form

larger microcracks (LOM 400X).
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25Hm

Fig. IV.31 Microstructure of the Cr layer after 250 hours
of oxidation treatment at 600°C. Arrows (marked a) indicate
the oxidation attack at the microcracks and arrows (marked

b) indicate the joining of microcracks to form larger

microcracks (LOM 400X).
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Fig. 1V.32 Microstructure of the Cr layer after 500 hours
of oxidation treatment at 600°C. Arrows (marked a) indicate
the oxidation attack at the microcracks and arrows (marked
b) indicate the joining of microcracks to form larger

microcracks (LOM 400X).
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(b)
Fig. IV.33 Plot of the area fraction of microcracks in the
Cr layer vs heat-treatment time in oxidation and

sulphidation tests (a) Plot on a linear scale (b) Plot on a

logarithmic scale.
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25 pm

Fig. IV.35 Microstructure of the Cr layer after 100 hours
of sulphidation heat-treatment at 600°C. Arrows marked (a)
indicate the sulphidation attack, (c) indicate sulphidation
product at the top (d) indicate lateral crack growth (LOM
400X) .
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Fig. 1IV.36 Microstructure of the Cr layer after 250 hours

of sulphidation heat-treatment at 600°C. Arrows marked (a)
indicate the sulphidation attack reaching the base metal
(¢) indicate the sulphidation product at the top and’ (d)

indicate the lateral crack growth (LOM 400X).
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Fig. 1IV.37 A magnified view of the Cr layer after 250

hours of sulphidation heat-treatment at 600°C. Arrow marked
(a) vindicates sulphidation attack at +the microcracks
reaching the base metal and (b) indicates the sulphidation
product at the top (LOM 800X). ]
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[Fig. V.37 A magnified view of the Cr layer after 250

. B . 0
hours of sulphidation hecat-trecatment at G00”C. Arrow marked
(a) indicates sulphidation attack at  the microcracks
reaching the base metal and (b) indicates the salphidation

product at the top (LOM S00X).
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System Formula

Crystal structure

C=-Cr (Cr)
’ CrsCy

CryCy
CrsC,

bee

Complex fcec,
a= 1,0655 nm
Haxagonal, 80
a= 1,401 nm,
Orthorhombic,
a = 1.147 nnm,
c = 0.2830 nm

116 atoms/unit cell

atoms/unit cell

C = 0.4525 nm

20 atomg/unit cell
b = 0.5545 nm

Hexagonal (graphitic)

Cr-Fe (cr)
Sigma or
FeCr

bce
Tetragonal, 3

0 atoms/unit cell

a = 0,8799 nm, ¢ = 0.4544 nm

Table

1. Binary solid phases in C-Cr and Cr-Fe systems

(reference 18)

Triangle composition (wtt)
C Cr
YPe + MiC + MyCy
MxC 6.81 18.0
MyCy® 8.61 33.2
YFe 0.53 2.50
YFe + MnCs + MyCy
MyCs 8.84 65.7
MnCy 5.51 51.7
yFe 0.30 10.0
aFe + yFe + MxCy
MxxCs 5.55 62.78
aFe 0.07 17.75
YFe 0.22 14.78
o

Table

2. Tie triangles at 870°C (reference 20).
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v

Element C Mn P S si Ni
Wtg 0.20 <0.01 0.002 0.004 <0.01 0.01
Element Cr Mo Cu Al Sn Ti
Wty <0.01 <0.002 0.001 <0.005 <0.002 { 0.002
Table 3.

Composition of the alloy used in the

(reference 28).

experiments

Time (hours) RLT (microns)

0 0.00

100 1.40

250 2.00

500 3.30

1000 4.50

5000 9.80
10000 13.90
50000 31.10
100000 43.97

Table 4. Reaction Layer Thickness vs Time calculations.
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' Time (hours)

Average length
(microns)

Average width

(microns)

0 1.50 (0.60) 0.60 (0.20)

100 (oxidation) 4.20 (2.00) 1.45 (0.70)
250 (oxidation) 4.50 (2.10) 1.60 (0.70)
500 (oxidation) 4.55 (2.15) 1.65 (0.80)
100 (sulphidation) 2.30 (0.90) 0.90 (0.25)
250 (sulphidation) I 2.35 (1.00) 0.95 (0.30)

Table 5.
width of the

oxidation and

microcracks

Variation of the average

sulphidation

parenthesis denote the error

100

as

a function

tests.

of

Numbers

in the measurements.

length and the average

time

in
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