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Abstract: The microstructure characteristic and formation mechanism of the crackfree and ablation-resistant T aC

coating deposited on the C/ C composite by Chemical Vapour Deposition( CVD) were investigated, using the reaction

system of TaCls-CsHe-Ho-Ar. The results show that the nanosized pore structure formed in the TaC coating interi-

or during CVD process is the main factor to reduce the hardness, elastic modulus, linear expansibility and inner

thermal stress. Then crackfree coatings can be prepared and their thermal shock resistance can be enhanced. To ob-

tain the dense and homogeneous matrix surface is necessary for the crackfree and low stress coating. The TaC coat-

ing structure that distributes from the dense matrix towards loose coating surface will result in the thick crackfree

coating with good thermal shock resistance.
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1 INTRODUCTION

Carbon-carbon( C/C) composites are charac
terized by their low density, high strength at high
temperature, excellent resistance to thermal
shock, etc, which have been widely applied in
aerospace fields. However, they are easy to be ox-
idized and ablated at high temperature and high
speed gas jet with rapid ablation velocity exponen-

U1 which limits their potential for

tial to pressure
new type and high performance aerospace vehicles.
To produce coatings that have good resistance to
high temperature, oxidation, washout and ablation
on the C/C composites becomes an important and
successful method to improve the properties and

6101 * TaC is one of

applications of the composites
the materials with highest melting point (3 880~
4000 C'" "y, together with good resistance to
oxidation at high temperatures (> 2 000 C) and
washout, and good chemical compatibility with
C/ C composites. So the TaC coating TaC is a per-
fect coating material for the nozzle and throat of
C/ C solid rocket motor(SRM) .

Despite its advantages, the TaC has a large
thermal expansion coefficient (6.7 x 107° ~
8.2x10°° K™ '), four times than that of C/C
materials, and poor resistance to thermal shock.
Thus it's not suitable to use it directly as the

material for rocket nozzle that requires extreme re-
liability. Considering the tunable and designable
structure of coatings prepared by CVD, the TaC
can be deposited on the C/C composite surface as
coatings to form new composite structure with
good ablation resistance. Making full use of both
the C/C composite stability at high temperature
and TaC well resistant to washout and oxidation is
vital to enhance the ablation resistance of the noz

zle for C/ C solid rocket motor(SRM).
ly, to prepare T aC coatings of high thermal stabili

A ccording-

ty on the C/C composites is the key technique for
ablation resistant nozzles.

Based on the TaCls-CsHeH2-Ar active sys-
tem, the TaC coating can be deposited on the C/C
composite surface by CVD process. It s found that
the coating obtained tends towards crack and ab-
scission, both transfixation cracks on the surface
and interlaminar cracks in the interior being ob-
served, which seriously influences the resistance of
TaC to oxidation, washout and ablation. Remark-
ably, some single, crackfree and regular T aC coat-
ing were obtained in the experiment as well. In
this paper, the microstructure and morphology of
crackfree TaC coatings were investigated, and the
formation mechanism of crackfree T aC coatings de
posited on C/ C nozzel surfaces with low stress and
good ablation resistance was discussed.
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2 EXPERIMENTAL

The TaC coating was prepared by CVD
process with raw materials of TaCls, Cs;Hs, H:
and Ar, following the chemical equation as

TaCls+ C3He+ Ho —TaC+ HCI (1)

The experiment was carried out in the isother-
mal carbon tube furnace ( electric power 60 kW) .
The gas flow is indicated by glass rotameter, and
the reaction gas flow of C3He and H: is adjusted by
gas-flow control system. TaCls solid powder is de-
livered with the carrier gas Ar by special imple-
ment from the deposition furnace bottom to CVD
reaction furnace. The technological parameters for

the CVD-T aC coating are shown in Table 1.

Table 1 T echnological parameters for
CVD-T aC coating

C3He flow volume/
(mL * min™ ')

Deposition Deposition
temperature/ C pressure/ MPa

1 000 ~ 1 400 0.01~0.05 30740

Ar flow volume/
(mL * min™ ")

H: flow volume/
(mL * min~ ")

600 2 000

The experimental matrix is C/C composites
with a density of 1. 81 g/cm’. The prefabricated
carbon fiber is quasr3D weaved integral felt, and
the matrix carbon consists of CVIpyrolytic carbon
and resin carbon. The sample size is 30 mm % 20
mm X 3 mm, and it s polished by No.200 then
No. 600 waterproof abrasive papers, cleaned by ul-
trasonic for 30 min, dried at 110 C for 2 h, then
weighed, charged and deposited.

The phase constitute of the TaC coating is
measured by Japanese D/ max2550VB" X-ray dif-
fractometer with rotating target, and the micro-
structure and morphology of TaC coating is ob-
electron  microscope

served by  scanning

KYKY 2800.
3 RESULTS AND DICUSSION

3.1 Structure of TaC coating with macrocracks
The main reason for the crack of TaC coating
occurrence on the C/C surface is that the large
difference of their expansion coefficient leads to se-
vere thermal mismatch. Then the TaC coating de-
posited at high temperature exhibits large shrink-
age on cooling. Due to the good compatibility be-
tween the TaC and C/C composite, the coating is
tightly connected with the C/C matrix, then large
tensile stress will occur on the coating surface. As
the tensile strength of TaC is far less than its com-
pression strength, the TaC coating will be easily

cracked. Meanwhile, the deposition defects of T aC
coating and the inhomogeneous thermal expansion
of C/C matrix will also result in the appearance of
cracks. The high value of elastic modulus will in-
crease the crack possibility of the TaC coating as
well. Thus, it is quite normal for cracks to appear
on the single TaC coating.

Fig. 1 shows the typical morphologies of T aC
coatings with macrocracks. Such cracks are mainly
of two types, one is the transfixation crack on sur-
face, which is not so many in amount but long in
length, transfixing the whole plane of the coating.
When there exist carbon fibers parallel to the ma-
trix surface, cracks perpendicular to the carbon fi-
ber will be easily observed (Fig. 1(a)); the other
type of cracks is the interlaminar crack parallel to
the matrix, which often occurs at 10 ~ 20 Pm from
the matrix ( Fig. 1 (b)), namely, when thicker
coating was prepared, such cracks tend to exist
and connect with the transfixation cracks of the
coating surface.

Fig. 1 Typical morphologies of
TaC coating with macrocracks
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Due to the large difference of thermal expan-
sion coefficient of carbon fibers in the radial direc
tion and axial direction, the C/ C composite posses-
ses large expansion coefficient in the radial direc
tion while zero or negative expansion coefficient in
the axial direction, and accordingly the maximum
thermal mismatch occurs between the fiber axial
direction and TaC coating. It s found that on the
surface parallel to the carbon fiber, cracks easily
appear vertical to the carbon fiber. Interlaminar
cracks are resulted from the shearing stress con-
centration caused by thermal mismatch in thick
coatings. Due to the pinning effect of coatings on
the matrix surface, together with the stress buffer
effect of amorphous and defect caused by lattice
mismatch during the initial deposition, interlami-
nar cracks will hardly be observed within 10 Pm.
The coating is tightly connected with the matrix as
well. When applied as ablation resistant coatings
at high temperature, the coating will tend towards
large abscission because of interlaminar cracks, so
such cracks are more destructive.

The common characteristics for the coating are
that the T aC coating is mainly dense and well crys-
tallized columnar crystals, with large grains and
clear sintering pores among grains (Fig. 1(c)). It
suggests that during surface deposition, the coat-
ing interior undergoes the grain growth process
similar to sintering. Such compact and large grain
coatings have a thermal coefficient close to that of
TaC polycrystals bulk ceramics, then high thermal
mismatch will occur to form surface cracks and
interlaminar cracks.

3.2 Structure and morphology of crackfree TaC
coatings deposited at different temperatures

Fig. 2 describes the surface morphologies of
TaC coatings without macrocracks prepared at
1200~ 1400 C. The different deposition tempera-
tures lead to different morphologies. As seen in
Fig.2(a), the TaC coating deposited at 1200 C is
canliflower-like, and the primary particles can be
clearly observed to be about 100 nm, which are
connected and agglomerated without obvious
growth. Their structure is relatively loose with ac
cumulation gaps among aggregates and no big
pores. When deposited at 1300 C (Fig.2(b)), the
coating is no longer canliflowerlike with dense
structure. Their primary particles disappear large-
ly to grow into big particles (57~ 10 Pm). Obvious
interfaces form among these big particles, and the
sintering phenomenon of big particles swallowing
smaller ones can be observed. The coating has no
cracks, exhibiting typical CVD coating morphology
of surfacial necleation and growth. Such structure
is dense and homogeneous, without macrocracks
and large microcracks, which is ideal for ablation

Fig. 2 Surface mprphologies of

TaC coatings deposited at

different tempeatures
(a) —1200 C; (b) —1300 C; () —1400 C

resistant coatings. When deposited at 1400 C
(Fig.2(c)), the coating exhibits another canli-
flower-like morphology. The size of primary parti-
cles is difficult to be recognized but they still exist.
Primary particles merge each other into big ones,
the big particles are dense without apparent gaps a-
mong them, and no sintering phenomenon can be
observed among big particles. This is resulted
from the principal effect of nucleation in gas phases
at 1 400 C, and the agglomerating and growing

. Thus, this coating

phenomenon in gas phases''
structure has lots of pores, weak connection with
the coating interior, good buffer effect to thermal
stress, and small thermal stress among particles.
However, large particle gaps are unfit for the im-
provement of resistance to oxidation, washout and
ablation for coatings.

The laser ablation experiment shows that!'* "
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the strong thermal shock at the initial 1 =2 s will
lead to the local crack of the big particle surface in
Fig. 2(¢), but the whole coating exhibits no ab-
scission or breakup. While in Figs. 2(a) and (b),
neither particle nor the whole coating shows break-
up, implying good resistance to thermal shock.
The local breakup of dense big particles is mainly
due to the large expansion coefficient of TaC,
which results in poor thermal conductivity and
strong stress concentration caused by the tempera-
ture difference from the surface to the interior.

3. 3 Fracture of crackfree TaC on C/ C composite

Fig. 3 shows the fracture SEM images of
crackfree T aC coatings in thin or thick sizes. As
determined from the coatings XRD patterns
(Fig.4), only diffraction peaks of T aC crystals can
be observed in the two coatings, and no peaks be-
longing to CVD-C phase exist, which implies the
Combined
with the energy spectrum analysis of the fracture
(Fig.3(a)), it can be seen that the T a element dis-
tributes fairly homogeneously.

TaC coatings obtained is quite pure.

5061 18 41 SEI

Fig. 3 Fractures of crackfree TaC coating

Fig.3(a) describes the coating with thickness
314 Hm.

cracks, with loose surface and dense interior, and

It has no surfacial and interlaminar

firmly connected with the matrix. From the matrix
to surface, the coating can be sequentially divided
into the fine grained dense area (< 150 Hm),
coarse-grained dense area (150 ~ 250 Pm) and sur-
face loose area (> 250 Hm). The TaC structure is
uniform in all areas and the three areas have no ob-

Fig. 4 XRD pattern of T aC coating

vious transition interface.

Fig. 3(b) represents the golden coating with
good surface luster. The thin coating is about 10
Hm, of fine grains, dense and homogeneous, tight-
ly connected with the matrix, and exhibits no sur-
facial and interlaminar cracks. As calculated by the
FWHM (full width at half maximum) value of the
XRD profile, the grain size is less than 120 nm.
The coating can well infiltrate the pits and micro-
cracks on the matrix surface, so the pinning effect
of coatings on the matrix can effectively restrain
the occurrence of surfacial cracks.

3.4 Formation mechanism of crackfree TaC coat-
ing

3.4.1 Effect of pores or gaps in coatings

Fig. 5(a) shows the surface SEM image corre-
sponding to Fig. 3(a), which is characterized by its
preferential nucleation and growth. Despite the
small size of primary particles in Fig. 3(a) (about
100 =200 nm) , the primary aggregate composed by
them is about 2~ 8 Pm (small particles in large par-
ticles are named as secondary particles). The sec
ondary aggregate ( large particles) composed by
primary aggregates reaches 50 7 100 Hm. The coat-
ing is mainly accumulated by the secondary aggre
gates of larger sizes, so many accumulation pores
will appear inside the coating. The primary particle
on the secondary aggregate surface has rather high
reactivity, which can diffuse and merge into each
other to form the coating with certain strength.
However, the secondary aggregate has bigger par
ticles and lower reactivity, so the pores caused by
the secondary aggregate accumulation will not be
filled up during the coating formation. Such porous
coating has good thermal shock resistance and low
thermal conductivity, exhibiting heat barrier effect
on the coating surface. Though the strength and
washout resistance of such structure is inferior to
the dense coating, its heat barrier effect on the
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coating surface can well decrease the high thermal
gradient suffered by the inner coating, then the in-
ner dense coating can be protected. Accordingly, it
is effective for the coating to prevent the occur-
rence of crack from the excessive surface tensile
stress on cooling during preparation, the coating
will not crack due to the excessive surface tensile
stress; and the high thermal gradient (> 2 000 C)
during the nozzle operation. It has been proved by
the laser ablation and oxyacetylene flame experi
ments that to design a single thick coating with
loose surface transitional to dense interior is relia-
ble!™ . It can resist the thermal shock up to 2 300
C/s, to guarantee TaC coating without crack,
breakup and abscission.

P
8. B5Mm 9102 BS/APR/BA

Fig. 5 Surface morphologies of
crackfree TaC coating

Fig. 5(b) describes the surface SEM image
corresponding to Fig. 3(b) (also Fig. 2(b)), ex-
hibiting surface nucleation and growth. It can be
seen that there homogeneously distribute many
small pores less than 150 nm on the coating sur-
face. Due to the release, absorption and pinning
effect of such pores on thermal stress, the TaC
coating has no cracks at room temperature and can
undergo the thermal shock at 2 300 C without
breakup. Though the primary particles have mer-
ged and disappeared, the primary aggregate tends
to extinction, and apparent interface has formed a-
mong the second aggregates, there still exist many
pores in nanoscale on the surface and interface of
the secondary aggregates. This relies on the facts
that during the primary particle merging and disap-

pearing, the secondary particles composed of pri-
mary particles move towards and diffuse into each
other. However the contraction and growth among
secondary particles are inhomogeneous, then pores
are left among some secondary particles, especially
that many bigger pores will exist on the interface
of secondary aggregates. With the deposition pro-
ceeding, surfacial pores become the inner enclosed
ones, and the process filling pores by CVD will
come to an end. Compared with the sintering tem-
perature of TaC, the deposition temperature is
much lower, similar to the low-temperature
sintering of ceramics, so the pores among sintering
necks is hard to be eliminated.
3. 4.2 Formation mechanism of TaC coatings
with low thermal stress

The maximum thermal stress O of elastic ma-
terials has an approximate expression as

0= Ea(Tuw- T)/(1- %) (2)
where T is the average temperature and W is the
Poisson' s ratio. It can be deduced that at a certain
temperature, the thermal stress of coatings is de
termined by the elastic modulus E. and linear ex-
pansibility a of the coating. For single crystals,
these two factors and strength are constant, then
the maximum thermal shock AT subjected to it is
fixed. While for porous ceramics and coatings, the
elastic modulus E. and expansion coefficient a. are
variable. To reduce the thermal stress and thermal

shock

strength, low elastic modulus and small expansion

resistance of the TaC coating, high
coefficient are expected. High strength requires
highly dense microstructure of ceramics. The
dense TaC has high elastic modulus E. and large
linear expansibility a., which will inevitably result
in high thermal stress and low thermal shock re-
sistance. Comparably, porous ceramics have small
E. and a., then the strength is low.

Fig. 6 shows the fracture of TaC coatings. It
can be seen from Figs. 6(a) and (b) that the TaC
coating prepared by CVD is acicular crystals, like
pine branches growing alone the convex matrix.
The whole coating is similar to fine crystal groups
arranged like pine branches, only the sizes of crys-
tal groups are different as caused by the uneven
matrix and preferred orientation of TaC growth.
Inside the crystal groups, homogeneous gaps in
nanoscale can be observed. Certain pores exist
among each crystal group and large slots are con-
nected among loose arranged groups (Fig.5(b)).
Such microstructure is resulted from fractal
growth, the surface kinetics process for the TaC

16171 " T he fractal growth model

coating deposition
is a typical deposition model that has a dominant
probability for three dimensional island growth,
while the probability for two dimensional layer

growth is inferior. Between islands, pores without
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Fig. 6 Fracture of porous TaC coating

atoms are easy to form in a size from atomic vacan-
cy to nanometer, so certain pores or atom vacan-
cies always exist inside each crystal group. Consid-
ering from thermodynamics, the growth reactivity
and speed on the convexity are surely larger than
that on the concave. During deposition, radial
growing crystal groups on two neighboring convex-
ities will confluence in the convex front. Due to the
difference between growth directions of two
groups, some pores will be generated in the mer-
ging site, or even connected slots ( Figs. 6(a) and
(b)).

From the micro view, the coating is not really
dense and homogeneous. Despite its high density
and low pore ratio, the pore arrives at a high
amount; from the macro view, the coating togeth-
er with its defects, pores, etc, is statistically hom-
ogeneous. Such existence of many fine pores and
vacancies without atoms can reduce the linear ex-
pansibility, elastic modulus and thermal conductiv-
ity of the coating, and increase its thermal shock
resistance. Effects of many nanosized pores are
better than big holes with the same porosity' '™ "'
Due to the elastic rigidity decrease caused by
pores, the porous ceramic produces deformation
energy less than that with fully compact structure.
Also, the pinning effect of pores on cracks'™ is
beneficial to reducing coating cracks.

Elastic modulus is determined by the chemical

constitution of crystal and noncrystalline phases

I which will decrease with

and the gross porosity'
lower crystal phase ratio and higher porosity. The
smaller the particle and the higher the strength,
the lower the elastic modulus and the larger the
yield stress maximum; then the toughness is in-
creased and the hardness is decreased.

The effect that fine pores can reduce the elas-
tic modulus and linear expansion can also be ex-

% Due to

plained by the additivity of composites'”
the structural insensitivity of elastic modulus and
linear expansion to mechanical properties, the pore
or atomic vacancy and slot or gap among crystal
groups can be regarded as the other phase in the
material, namely phases with volume while with-
out solid atoms. Then the T aC coating with statis-
tically homogeneous fine pores can be regarded as
diphase composites. As the pore phase has volume
w hile without solid atoms, whose elastic modulus
and linear expansion are zero compared with the
solid, the additive two phases will reach lower val-
ues for the above two parameters.

Figs. 6(c) and (d) represent the other two
SEM images for the same TaC coating in
Fig.3(b). Fig.6(c) shows the natural fracture,
and radial acicular crystals along the carbon fiber
surface are clearly observed. Fig. 6(d) shows the
fracture polished by diamond, which is fine
grained, dense and relatively homogeneous. Such
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coating without cracks has good thermal shock re-
sistance. On the two images, the low hardness re-
gion pattern on the coating agrees well with the
matrix concave ( see the marked porous region pat-
tern on the matrix concave in Figs. 6(a) and (b)).
Based on the correspondence between CVD struc
ture and deposition technique, the approximate
technique results in similar structure. Then it' s de-
duced that the mechanism for the above phenomena
is still the effect of fine pores and atomic vacancies
that decrease both the elastic modulus and linear
expansibility, only it has smaller grain and pore
size that it is hard to discern. This coating has low
deposition temperature and slow deposition rate.
The deposition process happens on the matrix or
coating, accompanied by surface absorption, de-
sorption, diffusion and chemical reaction, instead
of nucleation and growth in the space. The chemi
cal reaction rate is slower than diffusion velocity,
and then the primary particles obtained are fine in
size forming acicular crystals on the surface. For
the angle among radial acicular crystals resulted
from neighboring convexities, it s caused by the
crystal preferred orientation. When the acicular
crystals meet, they stop growing; while the ones
that do not converge will continue their growth.
At a high deposition temperature, both primary
particle interfusion and sintering interface with cer-
tain pores and many atomic gaps or vacancies in the
meeting region can be observed. Fig. 2 (b) de
scribes the surface sintering interface. Due to the
occurrence of pores and vacancies, this interface
region has low density and hardness, so it will be-
come concave pits when polished as sample shown
in Fig. 6(d).

Another important condition to obtain crack-
free coatings with low stress is the uniform and
dense plane that needs coatings on the matrix, as
well as the homogeneous distribution of nanosized
pores in the coating. It s found that cracks occur
more easily in the coating deposited on C/C com-
posites than that on graphite matrix. Due to the
large difference between the radial and axial ther-
mal expansions of carbon fibers, the C/C compos-
ite possesses different thermal expansions in vari-
ous directions, and can be regarded as heterogene-
ous materials. It s proved that when deposition on
the C/ C composite surface is parallel to the carbon
fiber, transversal cracks easily appear vertical to
the carbon fiber, while fewer cracks can be seen
when deposition is perpendicular to the principal fi-
ber surface. Such phenomenon is caused by the
homogeneous distribution of both carbon fibers and
pyrolysis carbon in the plane vertical to the princi-
pal fiber plane. The matrix of C/ C composites pre-
pared in three dimensions or more dimensions ex-
hibits good homogeneity.

4 CONCLUSIONS

1) The formation of nanosized pores in the
CVD process in the TaC coating is the main reason
for the decrease of hardness, elastic modulus, line
ar expansibility and inner thermal stress, and the
improvement of thermal shock resistance for pre
paring crackfree T aC coatings.

2) The smoothness of matrix surface can
directly influence the microstructure and pore dis-
tribution of coatings. On the convex matrix, the
coating grows fast with morphology similar to the
acicular structure slanting upward. The pores are
small and homogeneously distributed; on the con-
cave matrix, the convergence site for coatings
growing on the two neighboring convex matrix,
the pores are larger and more, which are likely to
be connected to form the region with low density
and hardness.

3) The TaC structure that is from dense to
loose in positions from the matrix to coating sur-
face can result in the crackfree coating with good
thermal shock resistance.
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