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PROCESSING OF FUSED SILICIDE COATINGS FOR CARBON-BASED MATERIALS
James L. Smialek
National Aeronautics and Space Administration

Lewis Research Center
Cleveland, Ohio 44135

ABSTRACT

The processing and oxidation resistance of fused A1-Si and Ni-Si slurry
coatings on ATJ graphite was studied. A1-Si coatings could not be successful-
1y produced nor were they protective. Ni-Si coatings in the 70 to 90 percent
Si range were successfully processed to melt, wet, and bond to the graphite.
The molten coatings also infiltrated the porosity in graphite and reacted with
it to form SiC in the coating. Cyclic oxidation at 1200° C showed that these
coatings were not totally protective because of local attack of the substrate,

due to the extreme thinness of the coatings in combination with coating cracks.

INTRODUCTION

Coated carbon composite materials are currently used as the heat shield
for the space shuttle nose cap and wing leading edges.1 These carbon-carbon
composites are also being considered for various high temperature parts of
aircraft turbine engines, such as exhaust nozzles. The major advantage of such
materials is the very high strength-to-weight ratios at temperatures between
1200° to 2000° C.2 One major disadvantage of carbon-based materials is the
extremely high oxidation rate. For this reason these materials are coated

with SiC, generally applied by chemical vapor deposition or pack cementation
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processes. These coatings are quite protective above 1200° C where a fluid
S1'02 glass is formed as the protective oxide. At lower temperatures, cracks
in the coating, caused by differential thermal expansion, cannot be sealed by
the S1‘02 glass because it is too viscous.3’4’5 Thus, catastrophic lower
temperature oxidation of the substrate is common.

The purpose of the present study was to investigate the possibility of
producing oxidation resistant silicon-based coatings on graphite by a fused
slurry technique. This process has the potential to penetrate any porosity in
the substrate and to act as an oxidation-resistant additive in addition to
providing an oxidation resistant outer layer. These coatings are very low
cost, have compositional flexibility, and could be easily applied as repair
coatings to local damaged areas. This study concentrated on mapping the com-
positions and sintering temperatures that produce dense, fused coatings that
wet, bond, and react with the substrate. The coatings were charaéterized by

SEM, XRD, and optical metallography, and they were then oxidation tested at
1200° C.

EXPERIMENTAL PROCEDURE

Coupons of ATJ graphite were machined to a size of 0.25 x 1.25 x 2.50 cm.
The graphite was 73 percent dense and exhibited a substantial amouni of large
porosity, Fig. 1. Slurry mixtures of Al + Si or Ni + Si powders (-325 mesh)
were made using a nitrocellulose lacquer vehicle. The slurries were sprayed

onto the coupons, allowed to air dry, and vacuum sintered between 1100° and
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1500° C at 1d-5 torr (10"6 MPa). The coupons were sintered while resting

on an A1203 plate or suspended from an A1203 hanger rod. Some speci-

mens were cyclicly oxidized in a vertical tube furnace a% 1200° C in 1 atm.

air using 1 hr heating cycles. Both as-sintered and as-oxidized specimens .
were examined by XRD, SEM, and optical microscopy for coating phases and mi-

crostructure.

RESULTS AND DISCUSSION

Insofar as this study is an optimization program, the results are pre-
sented in a sequential manner giving the conclusions and recommendations of
each experiment separately. Basically four processing experiments were con-
ducted: a preliminary study of only two A1-Si and Ni-Si compositions each, a
study of compositional variations over much of the Ni-Si binary system, an op-
timization study of the sintering procedure for the Ni-70 Si (weight percent)
coating, and an additional compositional optimization in the 70 to 90 percent

Si range.

A. Trial A1-Si and Ni-Si Coatings

As a preliminary experiment, low-melting compositions of A1-Si and Ni-Si
slurry coatings were sintered while lying on an A1203 plate at 1300° C for
2 hours. The eutectic compositions, A1-12 Si (Tm

(T

b= 577° C) and Ni-29 Si

mp = 964° C), were chosen in an attempt to maximize the fluidity of the

fused coating and to ensure infiltration of porosity. A1-50 Si and Ni-50 Si
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coatings vere also tried to determine the effects of higher Si contents. A
suinary of thece processed coatings is shown in table I. The Al1-Si composi-
tions lost considerable coating weight due to volatilization during vacuum
sintering. X-ray diffractometer scans of the coating surface showed that only
the A1-50 Si coating showed appreciable reaction with the graphite to form SiC.
Both coatings exhibited a rather porous external surface indicating that melt-
ing, flow, and wetting did not occur.

The Ni-Si coatings did not lose nearly a5 much weight. They also exhib-
ited melting and wet the substrate, but were so fluid that the coating ran
excessively to the backside of the specimen. Only the Ni-50 Si coating con-
tained SiC as a major coating constituent.

The microstructures of these coatings are shown in Fig. 2. The A1-12 Si
coating has very little metallic coating phase or reaction zone apparent. The
A1-50 Si coating has more metallic coating phase present in an external layer
as well as in the pores of the substrate. This is also true of the Ni-Si
coatings. These coatings show penetrations of 300 um; however, the external
coating is only 10 um thick and is not exceptionally uniform.

The cyclic oxidation bezhavior at 1200° C is shown in Fig. 3. Very little
protection of the graphite substrate was offered by any of the coatings. Vis-
ual inspection showed the A1-Si coatings to be uniformiy attacked by the oxi-
dation exposure as would be expected for a thin porous structure. The Ni-Si
coatings themselves, however, appeared to be quite oxidation resistant: they
were metallic in appearance with only a thin tarnish oxide Tayer. The failure
mode of the Ni-Si coated graphite was by local attack of the specimen back-
side, where wetting and coverage was poor, and where the slurry had formed

discrete molten globuies rather than a uniform layer.
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The same four coatings were also processed using a 1200° C, 2 hr
sintering schedule in order to reduce the vaporization losses of the Al-Si
coatings and the excess fluidity of the Ni-Si coatings. However, no apprecia-
ble change in the coating appearance, coverage, or oxidation resistance was
observed. It therefore appeared that the A1-Si coatings were not processed as
easily as the Ni-Si coatings and that it might be possible to prepare less-

fluid Ni-Si coatings by using higher melting point slurry mixtures,

B. Compositional Variations in the Ni-Si System

The partial success of the Ni-Si coatings warranted further investigation
into more Ni-Si coating compositions. An attempt to limit excessive flow and
coating loss due to pore penetrstion was made by shortening the sintering time

2, and by indexing the

to 5 min., decreasing the coating deposits to 25 mg/cm
sintering temperature to the liquidus temperature of the coating composition

(e.qg. TS =T + 20° C). The parameters of this coating study are shown

m.p
in table II.

Ni-29 Si and Ni-50 Si coatings sintered at 985° and 1145° C, respectively,
did not wet and were prone 0 cracking and delamination (not shown in table II).
Duplicate samples processed at 1200° C were subject to excessive flow despite
the short time and reduced coating thickness.

In contrast, the Ni-70 Si coating showed excellent wetting, flow, and
coverage. It appeared as a uniform bright, reflective, metallic outer layer
with only slight indication of excess build-up on the specimen underside. XRD

also indicated that a substantial amount of SiC had been formed at 1325° C

which, along with metallic Si, would be useful for its oxidation resistance.
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The high Si compositions did not exhibit a metallic fused external coating
surface and therefore showed no problems with excess flow. However, they did
appear to be somewhat porous visually. All these coatings formed substantial
amounts of SiC, with some Si and Ni-Si phases.

As-sintered Si-rich coatings are shown in Fig. 4. The Ni-70 Si coating
shows a substantial amount of smooth fused coating surface, which, from XRD
analysis, is most likely metallic Ni-Si compounds and Si. The small particles
with crystallographic facets are then 1likely tu be SiC which formed from reac-
tion with carbon which had diffused outward from the substrate. Some coating
cracks were observed at lower magnifications. The Ni-90 Si coating shows a
substantial increase in the number of crystals which appear to be well-
sintered together, possibly by a prior 1iquid phase. The 100 percent Si coat-
ing appears only partially sintered and deep depressions between the crystal-
lite agglomerates are apparent. These depressions and the lack of complete
sintering may provide enough gas paths for direct oxidation of the substrate.
The reason why Ni-90, 95, and 100 Si coatings appeared sinterad and not fused,
even when processed above the melting point of the coating, is not known.
Probably most of the molten coating had infiltrated pores, leaving only the Si
which reacted to form SiC.

The microstructure of the Ni-70 Si coating in cross-section is shown in
Fig. 5. This is an intact arca of the coating after oxidation at 1200° C for
5 hrs, but serves to illustrate the as-sintered coating structure and phases
as well. An outer 10um layer of reasonably continuous and uniform SiC, Ni-Si,
and Si coating is apparent. The pores near the surface have been filled with
a liquid Ni-Si phase to a depth of about 180 um. The external layer and the
filled pores of both these areas show some internal structures which are prob-
ably SiC precipitates. A microprobe study of these areas showed high levels
of Ni in the penetrated pores with amounts of Si consistent with the formula
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for NiySi. In this phase the carbon content was very low. In adjacent
phases the Si and C contents were more consistent with SiC, and the Ni content
was low. The dark areas between the filled pores showed ‘only C with a trace
of Si and no Ni.

Microstructural examination (Fig. 6) showed that the Ni-29 Si and Ni-50
Si coatings were non-uniform and that substantiai oxidation of the underlying
graphite occurred. The Ni-70 Si coating by comparison is quite intact as dis-
cussed previously. The Ni-90 Si, Nj-95 Si, and 100 Si coatings all show a
substantial amount of pore penetration by a liquid phase as well as some cov-
erage by a fused surface layer which was not zvident from the SEM observations.
The penetration depth increased with the sintering temperature of each of these
specimens. However, the external layers were apparently not fully sintered as
substantial oxidation of the graphite is evidenced by the excessive subsurface
porosity.

The outer surfaces of the oxidized specimens were also examined by SEM.
As shown in Fig. 7, the Ni-70 Si coating was generally quite uniform with a
textured surface of small oxide needles. In the particular area shown, the
coating had cracked off and revealed the Ni-Si globular penetrations. The
Ni~90 Si coating still showed discreet SiC crystallites, whereas the Ni-95 Si

coating appeared to be covered by a layer of glassy oxide. The oxide phases

could not be conclusively identified because post-test XRD only showed a weak
pattern for SiO2 a-crystobalite. M= glassy S1'02 peak was observed in the
XRD pattern. Some Al03 was also found for Ni-70 Si and Ni-95 Si which

was probably due to contamination from the A1203 tubes in the oxidation

furnace.




The weight change data for the oxidation test is shown in Fig. 8. Both
the Ni-29 Si and Ni-50 Si specimens were so badly attacked that testing was
stopped after one hour. The Ni-50 Si coating itself appeared quite oxidation
resistant, but the delamination and lack of coverage on the specimen underside
caused its poor performance. The Ni-70 Si and Ni-90 Si coatings both had the
most intact outer coating layer; thus these exhibited the most protection.

The failure of these coatings may have been due to fine coating cracks. Fail-
ure started at coating edges and corners for both the Ni-70 Si coatings. The
100 Si coating was apparently porous as the coating failed in a uniform manner.

A relationship between the coating behavior and coating composition could
be surmised from the gravimetric curves. This dependerice is shown more clearly
in Fig. 9, where the rate of weight change is plotted against coating composi-
tion. The best performance is indicated to be between 70 and 90 percent Si,
as would be expected for the coatings showing the best coverage with a dense
external layer. The higher Si coatings showed less protection due to the po-
rous sintered nature of the external layer. Coating compositions in the Ni-70
Si to Ni-90 Si range, however, were extremely thin and sensitive to either the
fine cracks or imperfect coverage at the edges. Alsg, flow of the coating to
the specimen underside is very detrimental because this results in a thinner

overall coating.

C. Optimization of the Ni-70 Si Coating Sintering Schedule

Thicker external coatings are needed which are not compromised by exces-
sive flow to the underside of the specimen. The first attempt to remedy this
problem was to Tower the sintering temperature below the 1iquidus temperature
(1305° C) as indicated in table III, part (a). Also the original 50 mg/cm2
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coating thickness was used, and the specimens were hung from an Alzos rod
through a hole in the specimen rather than rested on an A1203 plate.
Excessive flow also occurred for these specimens, even though some had not
fully fused, as evidenced by molten areas witk residual solid (slush).
Consequently the sintering temperature was lowered even further, but the
time was increased to one hr to allow the fusion, wetting, and infiltration
process to occur completely and dissolve any residual solids, (table III, part (b))
The first three specimens showed that 1100° and 1150° ¢ were too low for this
to occur, but one hr at 1200° € produced an excellent coating in terms of
wetting, uniformity, znd fluidity. The changeover from partial to total fu-
sion between 1100° and 1200° € can be seen in Fig. 10(a). What appeared vis-
ually as a very rough-textured, partially-sintered coating at 1100° C is seen

ave some liguid phase sint
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ering and particie agglomeration.

At 1150° C discreet areas have fused and "wicked-in" to the substrate pores
leaving depressed flat areas. At 1200° C the entire coating has melted to a
uniform surface. At higher magnifications (Fig. 10 (b)), the surface of the
1100° and 1160° C coating agglomerates can be seen to be quite smooth on a mi-
roscale, whereas the 1200° C coating is textured due to the small faceted SiC
crystallites.

The trend in the phase constituency with low sintering temperatures is
shown in Fig. 11, Here relative amounts of phases were estimated by summing
the intensity of all peaks up to 20 = 80° and ratieing the summed intensity
for one phase to that of the total sum. From this it is ¢lear that sutstantial
amounts of Si and Ni-SY compounds exist after one hr at 1200° C. Thus a
double sintering step was employed to cause more complete reaction to form
SiC. The 1200° C pre-sinters allowed optimum melting and wetting, and
subsequent reacting at 1325° G allowed more SiC to form without excessive
flow. An increased density of SiC crystallites was observed microscopically,
8
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and the consumption of Si to form SiC is also indicated in Fig. 1l.

The effect of the second sintering step on coating quality is indicated
in table IlI, part (b). The reflective metallic coating resulting from the
1200" C pre-sinter was transformed to a non-metallic surface when sintered at
1250° to 1375° C. No apparent flow of the original coating took place. The
resultant coating was very uniform and appeared preferable to the single-~step
1325° C sintered coating exhibiting excessive flow. At 1450° C the coating
exhibited remelting to again form a reflective metallic surface and there was
a slight buildup of coating at the bottom of the specimen.

The estimated phase constituency of the two step coatings is shown in
Fig. 12, The 1200° C/1 hr + 1200" ¢! hr sample contained a relatively large
amount of the Ni-Si compounds compared to single-step coatings (Fig. 11). The
1200° C/1 hr + 1325° ¢/1 hr sample indicted a major decrease in the amount of
the metallic phase, and a corresponding increase in the SiC phase. The
1200° C/1 hr + 1450° C/1 hr sample indicated again a large amount of Ni-Si
compounds which is consistent with the observed remelting and lack of SiC cry-
stallites at the surface. The surfaces of the Ni~70 Si coating sintered by
the two-step process is shown in Fig. 13. In general, all the sintering tem-
peratures produced coatings with a fused outer coating of Ni-Si compounds dec-
orated with small crystals of SiC. The 1325° C sample, however, appeared
roughest at low magnifications and had the highest concentration of SiC crys-
tals at the surface. Also this coating did not exhibit any cracks, as opposed
to the two others which had numerous cracks, spaced 100 um apart. ‘

The oxidation resistance of the two-step coatings is shown in Fig. 14.
The 1325° C coating showing no re-melting, flow, or cracks, and having the

highest SiC content provided the best oxidation protection. This sample was
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grey and appeared quite uniform after oxidation. The 1200° and 1450°C samples
had nearly the same oxidatiun resistance, as might be expected from their sim-
ilar appearance, microstructure, and phases. The 1200° C coating appeared me-
tallic or light grey-blue and quite oxidation resistant except for a pinhole
through the coating formed at 4 hr. The same was true fer the 1450° C sample
except for a pinhole formed at 2 hr. Yellow tinted oxide was also apparent
after 10 hr. The 1250° C sample which had the poorest oxidation resistance,
appeared tan with dispersed yellow and blue areas.

The rate of weight change as a function of the final sintering temperature
is shown in Fig. 15. These rates were determined from the slope of the gravi-
metric curves averaged over the majority of the test. In general a broad max-
imum appears near the 1325° C area, however the 1250° C sample deviates from
this trend. The reason for this is not known.

Failure appears to be controlled by local defects which may be caused by
the extreme thinness of the external coating as well as by the network of fine
coating cracks in the case of the 1200° and 1450° C samples. The oxide phases
formed after oxidation were determined by XRD. A1l four coatings formed pri-
marily Ni0; only a weak pattern for crystalline SiO2 could be resolved.

The microstructure of the oxidized Ni-70 coatings is shown in Fig. 16.
The cracks formed after sintering are still apparent in the 1200° and 1450° C
specimens. These cracks have not healed by 51'02 glassy formation and could
therefore be a major contribution to coating failure. A1l the coatings exhib-
ited faceted Ni0 crystals which were 1 to 2 um for the 1200° C coating and up
to 10 um for the 1325° and 1450° C coating. NiO is known to grow rapidly at
1200° C, and this oxide formation would eventually lead to wearout of the thin

coatings without protective 5102 formation.6 Again the 1325° C specimen
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exhibited no obvious cracks or holes and the failure mechanism of this coating

is not clear.

D. Compositional Modifications in the Ni-70 Si to Ni-90 Si Range

Slight modifications to the Ni-70 Si composition were also studied con-
currently with the prior experiment. It was desired to determine whether in-
creased Si contents could decrease the coating flow while still allowing melt-
ing and wetting to occur. Another motivation was to study the performance of
various compositions processed by the two-step method. The single-step coat-
ingsf table IV, part (a), were sintered at 1400° C for only 5 minutes to mini-
nize liquid running. The 70 and 75 percent Si coatings both fused to a metal-
1ic lust® and ran to the bottom of the specimens, whiie the 85 percent Si
coating appeared uniform, but not densely fused. X-ray diffracticn data from
these specimens showed that the fused 75 percent and 85 percent Si coatings
were primarily Si, while the Ni-85 Si coating was primarily SiC, Fig. 17. The
Ni-85 Si data shown here was obtained after heating to 1450° C for § min. and
from a duplicate sample reheated to 1450° C for 6 hr. Neither coating showed
any external signs of fusion, with either this higher temperature or longer-
time sinter, but appeared uniformly grey, textured, and non-metallic. The only
effect of the extra sintering time was to slightly increase the amount of SiC.

The coatings processed by the two-step procedure (table IV, part (b))
were all uniform non-metallic grey, and showed no signs of excessive coating
flow. Thus the two-step process again allowed for good coverage, but the
density of the sintered coating may be in question. The trend in coating

phase variation with composition is shown in Fig. 18. Wide scatter bands for

12




multiple specimens were observed, but in general the SiC phase increased with
percent Si while the Ni-Si phases decreased.

The surfaces of the high-silicon coatings sintered by the two-step pro-
cess is shown in Fig. 19. A1l the coatings exhibit a rather porous open -
tered structure with some faceted particles plus fine spherical particles. o
cracks were observed. At low magnifications some very deep voids in the coat-
ing can be found for all three compositions. These are probably near areas of
high porosity in the substrate where much of the molten coating has penetrated
the graphite, lcaving behind a hole in the coating. This type of defect was
not noticed in the Ni-70 Si coatings where complete wetting and flow occurred
for all temperatures > 1200° C.

The oxidation behavior, Fig. 20, shows the high Si content coatings to be
the most protective. The uniform appearance of these specimens indicated that
they did not degrade in the localized defect mode as did the Ni-70 coatings of
Fig., 14. The 75 percent Si coating was generally yellow-grey throughout the
oxidation test; the £0 percent Si began as blue-grey and became slightly tan
at 10 hr; the 85 percent Si began as a very dark charcoal grey, changing to a
slightly blue-green tint at 10 hr,

The rate of weight change as a function of coating composition is shown
in Fig. 21. 1In general the 70, 80, and 85 percent Si coatings all exhibited
nearly equivalent protection. The reason for the minimum at 75 percent S§i is
not known, although the major difference in microstructure from fused to sin-
tered occurs at 70 to 75 percent Si. Except for Ni-75 Si, these rates of
weight changes are similar to those observed in a 5 hr oxidation test of the
single-step coating (Fig. 9).

The oxide phases formed on the Ni-75 Si and Ni-80 Si coatings were iden-

tified by XRD to be primarily NiO with some S1'02 possible. The Ni-85 Si
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coating had only a weak S'iO2 pattern with no Ni0 which may account for the
improved oxidation resistance. The surface structure of the oxidized coatings
is shown in Fig. 22. The faceted N0 crystallites are apparent in the Ni-75
Si and Ni-80 Si coatings, but not in the Ni-85 coating. The Ni-85 coating al-
so appears to be covered with a molten material, such as glassy 5102, which
was not apparent in the as-coated condition (Fig. 19). The sealing effect of
such a glass plus the lack of NiO may be related to the better protection of
this coating. It should also be noted that none of the high-silicon coatings

showed obvious cracks before or after oxidation.

SUMMARY AND CONCLUDING REMARKS

A1-Si and Ni-Si powder mixtures were applied to ATJ graphite substrates
as slurry coatings and vacuum sintered. The coatings were evaluated by metal-
logrephy, SEM, XRD, and 1200° C cyclic oxidation. Initial experiments showed
that the A1-Si coatings evaporated extensively during sintering and provided
incomplete coverage. The poor 1200° C oxidation resistance of these coatings
indicated that Al1-Si compositions were not easily processed as coatings for
graphite.

Ni-Si coatings did not evaporate extensively and could be processed to
provide a uniform outer layer of Si, SiC, ard Ni-Si compounds. While all
Ni-Si compositions were found to melt and infiltrate the large amount of po-
rosity in the graphite, only some of the compositions and sintering schedules
resulted in a dense external coating which could provide any amount of protec-
tion. These compositions lie in the region of about Ni-70 Si to Ni-90 Si.

Sintering Ni-70 Si at 1200° C resulted in a uniform fused coating which

14
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exhibited excellent wetting and minimal fluid flow. Lower temperatures
resulted in an incompletely melted coating, while h*gher temperatures resulted
in excessive flow and build-up of the coating at the bottom of the specimen.
SEM and XRD analyses of these coatings showed that the amount of SiC increased
from zero at 1100° C to ~50 percent at 1325° C in the form of faceted 5 ym
crystallites. While the oxidation resistance of the coatings themselves ap-
peared excellent, the protectior was inadequate due to localized failures. It
is expected that coating cracks or an area with an especially thin outer layer
may have been the cause of these failures.

A two-step sintering process successfully produced uniform coatings which
were fused to allow wetting and infiltration to occur at 1200° C and then
heated to 1325° C to convert more of the coating to SiC. While these coatings
appeared to be processed optimally, the oxidation resistance was inadequate
due to some unidentified local fajlures. Two-step processing at 1200°/1450° C
resulted in remelted coatings which cracked and were not protective and also
formed much Ni0. The ultimate success of the Ni-70 Si coating on porous ATJ
graphite may thus be in question, regardless of what sintering schedule is
used.

More protection was shown by the high silicon coating, Ni-85 Si, which
did not exhibit a dense fused outer metallic layer, but was more granular and
porous. The advantage of this coating may be that it was not cracked, nor did
it form NiO. Further sintering studies of the Ni-85 Si coating, especially
utilizing higher temperatures to cause more complete sintering, appear to be
warranted.

While this study elucidated the behavior of varjous Ni-Si slurry coatings
processed by a number of sintering schedules, it did not lead to a workable

oxidatjon-resistant coating. It is believed that the single most important
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reason for the inadequate oxidation protection is the high degree of inter-

connected porosity in the substrate. This causes most of the coating to in-

filtrate pores, leaving less than 25 uym as an outer layer. Thus for ATJ

graphite, thicker slurry coatings should be very beneficial (if they can be

more successfully sprayed without craze cracking and sintered without exces-

sive rundown), However, high density carbon-carbon composites may be success-

fully coated without the need for thick coatings.
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ORIGINAL PACE 1S
OF POOR QUALITY

TABLE I, = TRIAL A1~S{ AND R1-S§ COATINGS
[1300° C, 2 hre)

! Composition, Coating weight, mg/cn®  Phases Appearance
weight percent |
f Graen  Sintered |

E Al~12 §1 25 4 €, AlyCy, SiC Sintered, porous

\ Al-50 §1 50 9 sic, ¢ Sintered, porous
Niwzy Si 50 46 u, €, (51C) Fused, metallic, coating ran
N§~50 §f 50 45 SiC, € Fused, metallic, coating ran

U = Unidentified Ni-S1 compounds,
() = Low fntensity peaks.

TABLE 11, » COMPOSITIONAL STUDIES OF Ni-S§ COATINGS
[25 mg/em?, sintered for 5 min,)

Compositfon, |[Sfntered coaving | Temperature, *C Phases Appearance
weight percent weigh%. S
mg/cm Top Ts
{

Ni-29 51 23 964 1200 4 NipS1, Cy U Fused, coating ran

Ni-60 Si 24 1125 1200 [ S, U Fused, metal)lc,
delaminated

Ni=70 §i* 23 1305 1325 |Sic, M, I, C|Fused, metailin,
excellent weiting,
coating ran

N{-90 Si 22 1395 1415 | S{C, C, Si, U | Sintered, gryy matte

Ni-95 St 22 1410 1450 s €y Sintered, grey matte

1 100 54 20 1417 1437 | sic, €, S1 Sintered, grey matte

U = Unidentified N1-S{ compounds.
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R TABLE 111, = OPTIMIZATION OF N§=70 St SINTERING SCHEDULE
u ’ {a) Single-step process

S {50 mg/ent,)

T, t Sinter l Phases Appearance

1265° C, & min | S4, U, SiC Partia) fusfon, metallic, excessive flow
1280° C, § min | S, 54C, U Partial fusfon, metallic, excessive flow
1325* €, 5 min | §1, SiC, U, C |Fused, metallic, excessive flow

1400°C, 5 min 5, §ic, U Fused, excessive flow

{b) Two-step process optimization

T, t, Sinter Phases Appearance
1100: C, 1 he Sty (S1C, U) | Partial sintering, rough matte, minimai fusion
1160, €, 1 hr §1, SiC, (U) | Sintered, partial fusion, metallic

1200 C, 1 hr R SiC, 51, U Fused, metallfc, optimum wetting, no flow
1200, €/1 hr+ 12007 C/1 hr u, SiC, S§ Fused, metallic, optimum wetting, no flow
1200 €/1 hr + 12507 C/1 hr U, SIC, (S4) | Fused and reacted to grey matte, no flow
12000 C/1 hr+ 13257 C/1 hr u, $i¢ Fused and reacted to grey matte, no flow
1200 C/1 hr + 13757 C/1 hr , SiC Fused, metallic matte, no flow

12007 €/1 hr+ 14507 C/1 hr U, SiC Fused, metallie, remelting and some flow

=

U = Unfdentified Ni-S1 compounds,
{ ) = Low Intensity peaks.
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TABLE §V. ~ SECOND COMPOSITIONAL OPTIMIZATION IN THE Ni-70 Si RANGE
(a) 1400° C, 5 min $ingle step process

Composfition Phases Appearance

Ni~75 $1 51, $iC {Metallic, fused, excessive flow

Ni-80 $§ S1, SiC {Metallic, fused, excessive flow

Ni-85 §1 SiC, 51 |Sintered, grey, no flow

{b) ~1200" 'f1 hr + 1325* C/1 hr two-step process

Ni-75 sic, u Nonme}nmc. L’ark grey, partial sintering;
no flow

Ni-80 o1 Sic, U Nonmeg?nic‘ dark grey, partial sintering;
no flow

Ni=-85 51 $iC, U | Nonmetallic, dull grey, minimal sintering
no flow

19
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(a) Al-12 Si,
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Figure 3, - 12009 C cyclic oxidation of Al-Si and Ni-Si coatings.
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Effect of
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(@) Ni-70 Si, ';\ 33 C.

(b Ni-90 Si, '\- 1430°C.

(c) 100 S, T .~ 1437 C,

omposition surface structure for as-sintered Ni-Si coatings.
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Figure 5. - Cross-section of Ni-70 Si coating processed at
13257 C/5 min. and oxidized at 1200° C for 5 hr Coating
has penetrated pores and the outer layer has protected
the unreacted graphite in most areas.
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(@) Ni-70 Si

(b) Ni-90 Si,
(c) Ni-95 Si,

Surface structure of Ni-S

coatings oxidized at 1200°C for 5 hours,
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(@) Low magnification showing dramatic changes in surface roughness after sintering above 1200 C,

Figure 10. _ Ni-70 Si coating surface structure as a function of sintering temperature,
50 mg/icm*, lhr,
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(a) 1200 C/1 hour + 1200 C/1 hour,
(b) 1200 C/1 hour + 1325 C/1 hour,
(c) 1200°C/1 hour + 1450°C/1 hour,

Cracks and SiC crystallites in Ni-70 Si coatings sintered by the two-step process.
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(@) 1200°C/1 hour + 1200°C
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(c) 1200°C/1 hour + 1450

Figure 16, - Surface microstructure of NiO crystallites (
coatings oxidized at 1200°C for 10 hour,
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(@) Ni-75 Si.

(b) Ni-80 Si
(c) Ni-85 Si.

Figure 19, - Effect of silicon content on surface microstructure of high-Si coatings sintered by the
two-step process (1200 C/1 hour + 1325°C/1 hour),
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(c) Ni-85 Si.

Figure 22, - NiO crystallites and Si0O, surface oxides for med after 1200°" oxidation for 10 hours,
high-Si coatings, two-<step process,
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