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Microstructural studies of electrospark
deposited aluminide coatings on 9Cr steels

N. I. Jamnapara*'-?, S. Frangini®, D. U. Avtani®, V. S. Nayak®, N. L. Chauhan?,
G. Jhala’, S. Mukherjee® and A. S. Khanna?®

Electrospark deposition (ESD) technique has been used to apply an iron aluminide coating on 9Cr
reduced activation steel, which is a structural material for test blanket modules of fusion reactors.
Phase identification and microstructural analysis of the aluminide coating along with the interface
region were performed with the support of X-ray diffraction technique, optical microscopy,
scanning electron microscopy and nanoindentation hardness measurements. Microstructural
examination indicated prominent changes in the near interface microstructure of the steels
processed by the ESD process. The substrate side of the coating/substrate interface consisted of
a soft zone that is possibly of quasi-amorphous nature and of an Mx3Cg type carbide segregation
rich area below this interface. The coating, however, showed extensive crack defects that need to

be removed for reliably assessing its suitability as a barrier layer for blanket applications.
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Introduction

Reduced activation 9Cr ferritic steels (RAFMSs) are
currently under intense consideration as basic structural
materials for blanket module testing in fusion reactors.'*?
The test blanket modules of the fusion reactor have to
generate tritium, which is the fuel for the fusion reactor,
by absorbing 14 MeV neutrons and transforming their
energy into heat, which is then transferred to a coolant to
generate electricity.” The Indian test blanket module uses
both solid and liquid breeder concepts.® Critical issues
with the liquid breeder material, i.e. eutectic Pb—17Li
operating at 320-480°C, are: corrosion of structural
material (RAFMS), tritium permeation into RAFMS
and magnetohydrodynamic drag generation due to
flowing Pb-17Li.* In order to mitigate these issues, an
insulator coating such as Al,O3; has been reporteds’6 to
offer better tritium permeation resistance and protection
against Pb-17Li attack, besides providing electrical
insulation. However, the large difference in the coefficient
of thermal expansion (CTE) between the Al,O3 coating
and the steel leads to cracks and spalling, which does not
make it eligible alone as a suitable coating.® Further
studies point out that an intermediate layer such as FeAl
type iron-aluminide alloy could mitigate the CTE
difference and also would act as a reservoir for Al, thus
providing a basis for a self-healing Al,O5 coating system.’
Based on these premises, aluminide coatings are nowadays
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the first choice candidates to protect such 9Cr steels against
tritium permeation and molten metal attack by Pb—15-7Li
eutectic tritium breeder liquids.®’ To date, various coating
techniques, namely chemical vapour deposition, hot dip
aluminising (HDA), vacuum plasma spray and electro-
chemical deposition, have been tested”!® with variable
results. It remains also an open question whether the
aluminising process must be applied before the fabrication
process or vice versa. In the event of welding aluminised
components, even the weld joint will be required to be
sealed with the aluminised layer to provide complete
protection to the blanket module. No work has been
reported to date on this issue, although efforts to
investigate a process to coat weld zones are of valuable
interest. In this context, a new technique called electro-
spark deposition (ESD) process is being explored here. The
ESD is a novel surfacing technique that uses a rotating
electrode to deposit microweld coating with a very low
heat input. The ESD technique is best suited for small and
selected area application on high precision components.
This technique has been very recently used by one of the
authors'' for applying corrosion resistant aluminide coat-
ings on high temperature fuel cell stainless steel materials.
The low heat transfer and the diffusion coating nature are
two desirable properties of the ESD processing that could
be advantageously exploited for coating welded areas of
9Cr reduced activation steels. However, to the best of our
knowledge, this technique has never been applied before
for treating 9Cr ferritic-martensitic steel substrates. Pure
FeAl instead of Al has been considered as the material of
coating in this work since Al would further require
diffusion heat treatment to convert it into FeAl, which
may alter the properties of the substrate. On the other
hand, FeAl is well known for its high temperature
stability and oxidation resistance,'” thus providing the
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most desired phase in HDA treatments.”” On high
temperature exposure in the presence of oxygen, FeAl
forms a protective Al,Oj film on the surface, which makes
it a self-healing coating.'*'? Since Pb-17Li eutectic liquid
is expected to have 1300 ppma of oxygen content,'* FeAl
would form a protective Al,O3 film. Keeping in view the
above conditions, coating of FeAl by ESD process on
welded zones is being explored. However, a preliminary
analysis of the effect of such FeAl coating by ESD on the
substrate and interface properties is felt as important to
evaluate the acceptability of this process for nuclear
coating applications. Consequently, this paper reports the
microstructural study of low activation 9Cr steels post-
aluminisation treatment by ESD.

Experimental

Reduced activation 9Cr steel samples mainly compris-
ing of 9-05 wt-%Cr and 1-06 wt-%W in normalised
and tempered condition were cut and mirror polished.
These 9Cr steel samples were surface treated with a
stoichiometric iron aluminide alloy filler rod (5 mm
diameter) containing 24-4 wt-%Al. In detail, the coat-
ings were applied using a commercial ESD handheld
coating system (SparkDepo™ machine, model 28-40
by TechnoCoat, Japan) under argon gas shielding. Heat
build-up on the treated areas was minimised using an
Exair Cold Gun™ gas coolant system that kept the
substrate temperature <50°C. The following ESD pro-
cessing parameters were used: 1300 W pulse power,
144 us pulse length, 3000 rev min~' electrode rotating
speed and 400 Hz repetition pulse frequency. The con-
tact force parameter was also controlled according to
the procedures described in Ref. 15. The average contact
force was kept in the range 0-1-0-5 N. Repetition
deposition cycles were used to ensure high uniformity
and coating continuity surfaces. In order to remove
some gross deposit spatters, a final finishing treatment
was also carried out with the same above processing
parameters except that air shielding was used in this case
to promote much higher substrate heating (>100°C),
resulting in prevalent substrate erosion effects. Based on
the overall amount of material deposited on the sample
surface area (14 cm?), the maximum coating thickness
was estimated at around 40-50 pum.

These samples were then cut using a diamond wafer
blade, and the cross-section was mirror polished as per
ASTM E3-01. The polished samples were etched using 4%
nital solution as per standard etching practice specified in
ASTM E407 and subjected to heat tinting technique. The
heat tinting was chosen since it forms a thin oxide film on
the surface, which leads to phase discrimination in optical
microscopy.'® In order to study the phase changes in the
microstructure of the ESD coating, heat tinting was
performed on the coated samples. Heat tinting with 4%
nital etching of samples involved exposure to 260°C for
1 hfor effective identification of prior austenite grains and
carbides in the matrix microstructure.

Various characterisation techniques were employed
for microstructure and composition analysis. X-ray
diffraction (XRD) studies were carried out using a
PanAnalytical X-ray diffractometer (model X Pert pow-
der) with Cu K, radiation (A=1-5406 A and 20=20-90°)
in powder mode. Metallographic cross-sections of the
aluminised 9Cr steel samples were studied with a Leica
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1 Powder XRD pattern of a 9Cr steel sample in uncoated,
normalised and tempered condition and b ESD alumi-
nide coated 9Cr steel sample

optical metallurgical microscope (model DMRM).
Heat tinting as described earlier was carried out on
the etched samples to bring optimal contrast images.
The etched 9Cr steel aluminised samples were also
studied with an LEO scanning electron microscope
(SEM) (model: s440i; LEO Corporation) equipped with
energy dispersive X-ray (EDX) technique for elemental
analysis.

Nanoindentation measurements were performed at
various sample locations on the heat tinted cross-section.
Nanoindentation tests were carried out using Hystiron
Inc., USA nanoindenter (model TT 900) with a Berkovich
tip. Hardness numbers were obtained by applyinga 3 mN
load with a total cycle time of 30s (loading time
10 s+dwell time 10 s+ unloading time 10 s).

Results and discussion

X-ray diffraction analysis

The XRD patterns observed on bare 9Cr steel and
aluminide coated 9Cr steel samples are given in Fig. 1.
The XRD pattern for bare steel conforms to the Fe-Cr
alloy standard (as per International Centre for Diffraction
Data file 35-1375), while the ESD coated 9Cr steel
indicates the presence of FeAl phase (as per Inter-
national Centre for Diffraction Data file 33-0020).
Though the filler material consisted exclusively of FeAl
phase, it is unclear from the XRD profiles whether the
coating might also have some quantities of Fe;Al phase,'”
and hence, both FeAl and Fe;Al are indicated in the XRD
plot as possible phases.
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2 Heat tinted cross-section optical microstructure of ESD
aluminised 9Cr steel

Optical microscopy

The optical microstructure at the coating/substrate
interface is shown in Fig. 2. The presence of a shallow
heat affected zone (HAZ) induced by ESD treatment is
also clearly visible. The HAZ is composed of a sandwich
layer below the coating. Upon close observation of
Fig. 2, it can be seen that the area indicated as ‘HAZ’
below the bright interface does not show any grain
boundary but has been tinted due to etching similar to
the tint of the substrate. This indicates that the ‘tinted
area’ indicated as ‘HAZ’ in Fig. 2 could be of base
material (9Cr steel) but without any grain boundaries.
Sections on ‘Scanning electron microscope-EDX analy-
sis’ and ‘Nanoindentation measurements’ give more
details on the nature of this zone. The substrate area
below this bright layer is characterised by some grain
refinement and carbide segregation. The core micro-
structure is formed of prior austenite grains of ~6 pm
size, while tempered martensite laths supposed to be
present within the prior austenite grains are not clearly
visible in the optical micrograph except that in a few
areas owing to the nature of nital etchant. However,
with the help of the Schaeffler-Schneider diagram,
prediction of martensite formation can be also made
based on the steel composition.'® From the figure, it also
appears that the aluminide coating developed mud crack
patterns, which are indicative of the thermal cracking
phenomena produced by ESD treatment. Thermal

3 Optical image indicating locations of nanoindentation
at coating (zone ‘@’), interface (zone ‘b’) and substrate
(zone ‘c’)
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4 Back scattered cross-section SEM image of aluminised
9Cr steel

cracking arises because of the large mismatch in CTE
between coating and substrate (namely 21 x 107%°C™!
for the FeAl phase'® and 12x107%°C™! for the steel
substrate’® respectively). Since the CTE of FeAl
materials is larger than that of steel substrate, coating
shrinks much more than the substrate during cooling
with consequent rapid build-up of tensile stresses inside
the coating. At zones where such tensions exceed the
material strength, vertical channel cracking develops. At
the extremity of such cracks, some coating delamination
may also take place, as evident in Fig. 3. However, it
cannot be excluded that some coating defects are also
introduced by metallographic preparation due to the
brittle nature of iron aluminide materials. In any case,
the cracking presence creates a necessity for more strict
control of the ESD process conditions, namely steady
contact force, constant work piece electrode distance,
etc., for thermal effect minimisation. In one important
aspect, preheating steps and/or post-coating treatments
may be incorporated in the ESD processing in order to
minimise residual stress defects from high cooling rates.
For instance, it has been recently demonstrated that the
ESD coating quality can be improved by applying post-
deposition laser treatments capable to increase the
surface smoothness and at the same time reduce coating
porosity and cracking defects.!"*?

Scanning electron microscopy and EDX analysis

As a premise, heat tinting was found useful not only for
optical microscopy observations but also for a fine
structure analysis in SEM studies. Figure 4 shows a back
scattered image of the heat tinted cross-section of the
aluminised 9Cr steel sample with a focus on the interface.
The image indicates a coating thickness of ~32 um with
some cracks in the coating. Under back scattering SEM
examination, the bright interface as visible in the optical
micrograph (Fig. 2) appears in a light grey contrast
colour, thereby suggesting a significant change in the
elemental composition of the interface zone with respect
to the coating layer.

By optical microscopy, the presence of prior austenite
grains was clearly revealed, whereas doubts remained
regarding the presence of lath martensite within the
prior austenite grains. However, the SEM image could
prove beyond any doubt the presence of the martensite
phase through its effects on the carbide precipitation
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5 Secondary electron cross-section SEM image of alumi-
nide coated 9Cr steel with marked locations of EDX
spot analysis

patterns within the grains. In detail, linearly oriented
carbides within the prior austenite grains can be taken as
an unambiguous sign of martensite lath boundary
precipitation.”>?* It has been also reported that chro-
mium rich coarse M,3Cy type carbides are mostly
precipitated on lath boundaries, while fine MX type
carbides preferentially form within the laths.

However, major carbon segregation is observed at the
aluminide coating/substrate interface, which should have
occurred during electrospark processing. Similar obser-
vations on carbon segregation at the aluminide/steel
interface by HDA process have been reported by Awan
and Hasan.”> These authors also reported that carbon
segregation promotes martensite formation below the
interface. In this work, the presence of carbides with
angular morphology indicates the presence of martensite.
The local temperature of the substrate during ESD
depends essentially on energy and pulse length, usually
raising above the melting point of the filler material (for
FeAl materials, melting occurs at ~1500°C). At the same
time, ESD results in rapid cooling rates, which could
approach as high as 10°°C s~'.2%?” The combination of
local temperature raise and high cooling rates could well
explain the martensite presence right below the interface.
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Surface to core elemental profiling was determined by
EDX spot analysis carried out at the positions marked in
Fig. 5. From the EDX results shown in Fig. 6, it appears
that the bright interface zone (marked as analysis position
3 in Fig. 5) is deprived of any Al content. Further, the
optical micrograph indicates a tinting intensity of this 3—
4 pm thick interface (indicated as HAZ in Fig. 2) similar
to that of substrate (9Cr steel), while no grains could be
visible within this interface zone. This may probably be
due to a ferrite layer with a quasi-amorphous structure.
The concept of a quasi-amorphous structure for these
types of ferritic steels is not totally new. Kayano ez al.*®
and Kohyama er al® first reported a laser melting
process to produce quasi-amorphous ferritic steels in an
attempt to reduce hydrogen permeation in structural
fusion nuclear materials. In the present case, a ‘quasi-
amorphous’ ferritic steel structure could be justified
assuming that the ESD depositions occurred under very
high cooling rates. However, further investigation is
clearly warranted to confirm the formation of amorphous
ferritic layers as a result of ESD processing conditions.

Nanoindentation measurements

Nanoindentation has been carried out using Oliver and
Pharr method®® on the cross-section of aluminide coated
sample to probe the quasi-amorphous nature of the
interface. Figure 3 indicates the locations or zones of the
nanoindentation measurements. Owing to the brittle
nature of iron aluminides, very low load values (3 mN)
were selected so as to achieve reliable data.'' The zones
investigated by nanoindentation were (a) coating zone,
(b) interface or ‘quasi-amorphous ferrite’ zone and (c)
substrate, as labelled appropriately in Fig. 3. Figure 7
shows typical load—displacement curves of ESD alumi-
nide coating cross-section on areas a, b and c. The
measurements conducted in the coating zone (‘a’) showed
some irregularities, i.e. a ‘hump’ during the loading cycle,
as indicated by an arrow in Fig. 7. This is due to the
presence of cracks in the coating, which has changed the
displacement regime. Such cracks are visible in Fig. 2 and
specifically in Fig. 3, where the measurements had been
taken. The area of interest, i.e. the interface, showed
maximum displacement, indicating a ‘soft’ phase as
compared to the much harder substrate. The average
hardness of the soft ferrite interface was measured as
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0-116 GPa, while the substrate revealed an average
hardness of 2-:876 GPa. This confirms that the quasi-
amorphous interface (labelled as HAZ in Figs. 2 and 4),
while having a composition similar to the substrate, is
very soft as compared to the substrate. Some recent
work®! has reported lower hardness (12-14 GPa) in
amorphous Al,O5 layers as compared to the crystalline
ALO; (28-31 GPa),*? and this supports the claim of the
quasi-amorphous nature of the layer. However, amor-
phous metals and alloys are typically harder than their
crystalline counterparts®® owing to the lack of slip planes
or point defects at grain boundaries. For this reason,
amorphous alloys do not show plastic/ductile deforma-
tion behaviour. Based on these premises, it is evident that
the soft behaviour of the ferrite metallic layer is rather
different from the general expected behaviour of amor-
phous metallic alloys, thus demanding some elucidation.
One possibility is the presence of some topological
heterogeneity, namely large size atoms that may result
in locally variable chemical composition, and this could
enhance the mechanical plasticity. This softening beha-
viour is not totally speculative being already reported in
recent literature.®® In our specific case, the softening
effect could possibly be produced by the large W atom
whose concentration in the 9Cr steel composition is
not negligible, being >1 wt-%. However, this hypothesis
needs to be investigated further. Another reason could be
the absence of carbides, which are segregated at the
coating/substrate boundary, as visible in Fig. 4.

Conclusion

From the above microstructural study of ESD aluminide
coating, it was observed that carbide segregation took
place near the interface during the deposition process.
Since such carbides have been reported to precipitate at
the grain boundaries, this segregation can be taken as an
indication of the increased lath boundary. In this context,
the effect of carbide segregation on the mechanical and
metallurgical properties as well as tritium permeation
needs to be further investigated. Another important obser-
vation is that high cooling rates during ESD processing
promoted the formation of a soft quasi-amorphous
ferrite layer in the HAZ layer at the coating/substrate
interface. Since such quasi-amorphous layer does not
have a definite grain boundary, its ability to serve as
effective hydrogen barriers could be promising and
needs to be investigated further. The presence of
extensive thermal cracking phenomena in the FeAl
coating makes it unsuitable in the present condition,
clearly demanding further ESD processing and proce-
dure optimisation for removal of such cracks. Finally,
from the results shown in this work, there are good
premises to suppose that the quasi-amorphous nature
of the HAZ layer could play a decisive role as far as
concerned with the functional properties required to the
aluminised barrier coatings of blanket modules, such as
trittum permeability and liquid metal corrosion resis-
tance. The above mentioned issues are now under
intense scrutiny, and further results on these topics will
be illustrated in the forthcoming papers.
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