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A comparative study of the thermal oxidation behavior of a Ni-Cr-base superalloy, Inconel 617, with and without a refractory
ceramic coating layer has been conducted and a significant enhancement in the thermal oxidation resistance was obtained by
employing the refractory ceramic coatings. 2.5-3.0 um thick TiAIN- or Al,Oz-coated Incone 617 samples showed much lower
mass changes than bare Inconel 617 after annealing at 1000°C for up to 48 h by suppressing the inhomogeneous formation
of Cr,0Oz at the surface region through the reaction between oxygen and grain boundary-diffused Cr.
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I ntroduction Inc., USA was used in this study. 2.5-3.0 um thick

TiN, TiCN, TiAIN or Al,O; coating layers were

It is necessary to develop very effective heat trans deposited on the polished Inconel 617 substrates by an
port systems suitable for high temperature range opera arc discharge technique. During the deposition process
tion (>950°C) in order to realize advanced nuclear the substrate temperature and chamber pressure were
energy systems [1, 2]. To date two different approaches, fixed at 450°C and 1.33x10°% Pa (1x10° Torr),
developing either new high temperature aloys [3-5] or respectively. The structura properties of each sample
refractory ceramic coatings for conventional high were charac- terized by X-ray diffraction (XRD)
temperature alloys [6-10], have been made to achieve a and scanning elec- tron microscopy (SEM) before
heat transport system fit for very high temperature and after annealing at 1000°C for 24 h. The wear
reactors (VHTRS). In the field of nuclear technology, resistance of as-deposited and annealed (1000°C for 24
attention has been paid to coatings that can protect high h) samples was measured using a ball on disk type

temperature aloys against surface reactions such as wear testing system under the condition of atest load 5
carburization, oxidation, sulphidation, etc. [5-8], but kg and rotation speed 100 rpm. Therma cyclic
not much work has been done on refractory ceramic oxidation tests were conducted at 1000°C for up to 48
coatings for Inconel 617, one of the promising Ni-Cr- h and thermal cycles were given at 12 h-intervals. After
base superalloys for heat transport systems of VHTRS. each cycle, the surface morpho- logy, near surface
In this study, TiN, TiCN, TiAIN or Al,O; coating layers composition and mass change per unit area were

were deposited on Inconel 617 by an arc discharge examined by SEM-EDS and an elec-  tronic balance.
technique and a comparative study on the structural

property of each ceramic coating layers and their effect Results and Discussion
on wear and the thermal oxidation resistance of Incone
617 has been conducted. Figure 1 shows the cross-sectiona SEM micrographs
of Inconel 617 coated with TiN, TiCN, TiAIN and
Experimental Al,Os,. Please note that the cross-section of each sample
was not polished to prevent delamination of the coated
A commercia Inconel 617 aloy (Ni-22Cr-12.5Co- layer that might otherwise occur. The thickness of each

9Mo-1Al) manufactured by High Temperature Metals coating layer is in the range of 2.5-3.0 um with a
relatively uniform thickness profile and interfacia
morphology are obtained.
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Td : +82-51-410-4356 X-ray diffraction patterns of bare and TiN-, TiAIN-
Fax: +82-51-404-3986 or TiAIN-coated Inconel 617 samples before and after
E-mail: bwlee@hhu.ac.kr anneding at 1000°C for 24 h are shown in Fig. 2.
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Fig. 1. Cross-sectional SEM micrographs of Incond 617 coated
with TiN, TiCN, TIAIN and Al,Os thin films.

Cr,0O; peaks are observed from all of the samples
annealed at 1000°C for 24 h indicating the presence of
a surface reaction between oxygen and Cr which had
diffused to the surface. In the case of the TiN-coated
sample, the TiN layer starts to decompose at a temper-
ature ~600°C and does not remain on Inconel 617 after
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annealing a 1000°C, which can account for the dis-
appearance of TiN peaks, due to its poor temperature
stability. A similar trend was also observed for the
TiCN-coated sample. By contrast, the TiAIN layer still
exists on Inconel 617 since it has a higher temperature
stability than TiN and TiCN layer even though Cr,Os
peaks also appeared on its surface after annealing. At a
glance at the Al,Os-coated sample there seems to be no
difference from the case of the TiN-coated sample, but
the Al,Os layer is thought to be till in place as a form
of solid solution with Cr,Os, which can be understood
by a correlation with the surface morphology [11].
Figure 3 shows the surface morphology of bare and
TiN-, TiAIN- or Al,Os-coated Inconel 617 samples
after annealing at 1000°C for 24 h. It is clear that there
are scales formed adong the grain boundaries in the
bare and the TiN-coated Inconel 617 sample. Corre-
lating with XRD results, these scales are Cr,0O; layers
formed by surface oxidation of grain boundary-diffused
Cr and a significant volume expansion has occurred at
the grain boundary regions. EDS analysis corroborates
that the hill-like grain boundary regions have a much
higher Cr concentration than the grain region as shown
in Fig. 4. By sharp contrast, hill-like Cr,0O5 scales along
the grain boundary region were not observed for
TiAIN- or Al,Os-coated Incongl 617 samples, indicat-
ing the homogeneoudy-formed Cr,O; coexists with
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Fig. 2. X-ray diffraction patterns of (a) Inconel 617, (b) TiN/Inconel 617, (c) TiAIN/Inconel 617 and (d) Al,Os/Incond 617 before and

after annealing at 1000°C for 24 h.
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Fig. 3. SEM micrographs of (a) Incond 617, (b) TiN/Incond 617, (c) TiAIN/Incond 617 and (d) Al,Os/Incond 617 after annedling at
1000°C for 24 h.

Base (inside grain) Hill-like grain boundary region
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Elmt Spect. Inten. Std Element Sigma Atomic Elmt Spect. Inten. Std Element Sigma Atomic
Type Corrn. Corm., % % % Type Corm. Corm. % % %
TiK ED 1.045 099 435 050 5.02 TiK ED 1.099 0.99 6.24 056  6.97
Crk ED 1.015 1.00 41.76 1.31 44.34 CrK ED 0991 1.00 65.61 1.50 67.43
CoK ED 0.904 1.00 9.15 1.09 8.57 CoK ED 0870 100 787 106 714
NiK ED 0.953 1.00 44.74 1.47 42,07 NiK ED 0924 1.00 20.28 1.42 18.46
Total 100.00 100.00 Total 100.00 100.00

Fig. 4. Comparison of relative Cr concentration at grain (left) and grain boundary region (right) by SEM-EDS andlysis.
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Fig. 5. Ware resistance of bare and TiN-, TiCN-, TiAIN- or
Al,Os-coated Incond 617 (a) before and (b) after anneding at
1000°C for 24 h.

TiAIN or Al,O; on the surface of Inconel 617. From
this result it is suggested that a ceramic coating on
Inconel 617 should have a structura stability at high
temperature range (~1000°C) and physical properties
superior to the spontaneously formed Cr,O; layer by
surface oxidation reaction of Inconel 617 in order to be
applied to the heat transport system of very high
temperature reactors (VHTRS).

Figure 5 shows wear test results for bare and TiN-,
TiCN-, TiAIN- or Al,Os-coated Inconel 617 samples
before and after annedling at 1000°C for 24 h. It is
obvious that the as-deposited TiN/Inconel 617, TiCN/
Inconel 617, TiAIN/Incond 617 and Al,O4/Inconel 617
samples show much lower wear loss than bare Inconel
617, indicating al the ceramic coating layers play a
positive role as protecting layers for Inconel 617. How-
ever, there is no distinguishable improvement in wear
resistance from TiN- or TiCN-coated Inconel 617 com-
pared to bare Incond 617 after annealing at 1000°C for
24 h since the Cr,O; formed by the surface oxidation
reaction plays a role as a passivation layer due to the
poor temperature stability of TiN and TiCN coating
layers. In both cases the TiAIN-coated Incond 617
sample shows the best performance as a protecting
layer for Inconel 617, which is consistent with the
XRD and microstructural analysis presented above.
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Fig. 6. Mass change curves of bare, RTP and TiN-, TiCN-,
TIAIN- or Al,Os-coated Inconel 617 samples tested in air at
1000°C.

Mass change curves for bare, rapid-thermally-pro-
cessed (RTP) at 945°C for 30 s and TiN-, TiCN-,
TiAIN- or Al,Os-coated Inconel 617 samples tested in
ar at 1000°C for up to 48 h are summarized in Fig. 6.
It is clear that all samples show mass gain by the
surface oxidation reaction and the mass loss caused by
the spalling of coated layers, previoudy reported for
Hastelloy XR alloy, was not observed [8]. TiN-, TiCN-
or Al,Oz-coated samples produce lower mass changes
than bare and RTP Incond 617 samples and this phen-
omenon is thought to have a very close reationship
with the structura properties of the oxide layer formed
on the surface. As TiN or TiCN coating layers start to
decompose at a temperature above 600°C, a denser
Cr,03 layer, compared to the case of bare and RTP
Inconel 617, seems to be formed uniformly over the
entire surface area and it may suppress further surface
oxidation resulting in a lower mass change. Al,Os-
coated Inconel 617 shows the lowest mass change most
likely due to the formation of solid solution with
Cr,05, as suggested in Figure 2, having a denser micro-
structure than the spontaneously-formed Cr,Os layer.
TiAIN-coated Inconel 617 aso shows an enhanced
thermal oxidation resistance compared to bare and RTP
Inconel 617 samples.

Summary and Conclusions

The structural properties of four different ceramic
coatings (TiN, TiCN, TiAIN and Al,O3) and their
effect on the wear resistance and therma oxidation
resistance of Inconel 617 aloy have been studied. As-
deposited TiN- or TiCN-coated samples produced an
enhanced wear resistance compared to bare Incone
617, but no dignificant improvement in thermal
oxidation behavior was observed due to their poor
temperature stability in the temperature region above
600°C. TiAIN and Al,O; coatings showed lower wear
loss than bare Inconel 617 and an enhanced thermal
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oxidation resistance at 1000 °C by suppressing the
inhomogeneous formation of Cr,0; by surface
oxidation of grain boundary-diffused Cr. TiAIN is
thought to be a promising coating layer for Incone
617-based heat transport systems for very high
temperature reactors (VHTRS).
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