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ABSTRACT

An appreciable inhomogeneity in the structure of a 100 u thick flat pyrocarbon
coating deposited in a fluidized bed at constant temperature and gas composition
has been found as a function of the thickness.

It turns out that the preferred orientation and the crystallite size increase
continuously with the coating thickness, while the interlayer spacing decreases.

LEmphasis is placed on mecasurements of the preferred orientation at various
coating levels and on the precise X-ray tcechnique and sample preparation
necessary to achieve a reliable and reproducible measurement of this quantity.

A calculation of thermal expansion cocfficients from the preferred orientation
data shows that a difference of more than 159, in thermal expansion exists
between the innermost and outermost layers of the coating.

It is concluded that the differential strains which are generated by heating
and under irradiation at high temperatures may seriously endanger the
mechanical integrity of the coating.
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STRUCTURAL INHOMOGENEITIES IN PYROCARBON
COATINGS DEPOSITED IN THE FLUIDIZED BED*)

1. Introduction

It is well kncwn [[17], that a rather large number of factors
take part in forming the final structure of a pyrocarbon
deposited in a fluidized bed. Some of them can be suitably
chosen and controlled from the beginning of the coating
process, such as the temperature and gas composition, the
initial charge and the initial surface condition of the
substrate, on which the pyrocarbon is deposited. Some others
undergo continuous variations during the deposition, as e.g.
the bed area, the bed voiume, the state of fluidization, the
rate of deposition per unit area, and the particlie size which
increasesduring deposition and which, therefore, affects
factors not easily controllied during the coa”ing operation.
It is rather obscure up to this date, how seriously these
intrinsic variations may affect the structural homogeneity
of a coating.

Moreover, the reproducibility of a coating structure is
still at present a subject of discussion. Discrepancies in
structure have been encountered in samples obtained under
analogous conditions in different coaters, as well as in
samples of different charges coated in one and the same
apparatus. But such structural deviations, which may arise
from variations in the state of fluidization are not con-
sidered here. From some previous X-ray investigations, we
observed that the most sensitive structural variations
occur in individual coatings along the normal to the
deposition surface. One may deduce that such inhomogeneities
may become important in understanding some aspects of
failure by irradiation at high temperature and they must
be brought into consideration in any attempt at evaluation
of structure-sensitive properties.

The main objective of the present investigation is to get
qualitative and quantitative information about the structural
inhomogeneities, which may appear in individual coatings
throughout their thickness and/or in different samples of
various dimensions taken from the same charge. For this
purpose, the following structural parameters are considered:
the mean interlayer spacing %, the mean crystallite size Lc
and the preferred orientation, treated here in terms of

Bacon Anisotropy Factor (B.A.F.)[ 2]

In order to learn the reliability of the preferred orientation
measurements, the sensitivity and the reproducibility of the
measuring method had to be proved first.

*) Manuscript received on 25 March, 1969.



2.

Experimental

2.1.

To prepare the specimensused for the measurements,

Specimen preparation

small

discs of nuclear graphite were coated together with fuel
The discs are distinguished

particles

in a fluidized bed.

by the charge numbers WM 251,

pyrocarbon deposit consisted of an
thickness obtained at 1.700°C from CzH, and

WM 253 and WM 252.
inner coating of small
in a more dense

The

outer coating deposited from CH4 at 2050°C. Only the outer

coating has been used for the present

investigations.

A

more complete description of the deposition data relative

to the outer coatings is given in table 1,
TABLE 1
Charge |(Gas comp.| Total Temp?C Initial| Avg. Average [Thick-
pressure surface|Depos. | Density |ness
area rate

WM 251 |CH, 76.2%|250 Torr 2050° 2.1 m? |61 p/h|2.05g/cm3| 57y
outer +
coating| Argon
WM 293 lcHy 56.4%200-250 20500 0.93 m? |38 uw/h|2.03g/cm| 183

er * Torr
coating]! Argon
WM 252 CHg 72.2%1250-400 {2050° P.15 mZ {47 u/h 2.O3g/cm3 90 y
outer + Torr
coating| Argon

Coating conditions of the samples used
investigation.
of 80 mm diameter.

From the charge WM 251

resp.

X=ray measurements.,

smal |

a standardization of the measuring method
mize the experiment

of 2.4, 3

strips of

60 u thickness.

All

.8, 6, 8

2.4 mm |

all

and

ength,

This rather

error.

runs were carried out

Each disc has been cut

in the present

in a coater

five discs of different diameters,
10 mm have been chosen for the
into two or more

0.4 mm breadth and about 50
laborious specimen preparation
procedure enables more measurements on the same coating and

in order to mini-

For the invesfigafizn of possible inhomogeneities through-

out the coating thickness,
charge WM 253 was cut
thickness

(183

A)

a disc of

10 mm diameter of the
in the same way. The original
has been first reduced to 100 a4 by simply

coating
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2.2.2. Measurements of the apparent crystallite size L¢
The crystallite size Lc has been evaluated from the (002)
line width at half maximum using the simple relationship
. K
Le Bcos ¢+ (2)

where B is the line width at half peak height in radians
and K = 0,89 is the Scherrer constant valid for turbo-
stratic carbons (3]. Before measuring the line width, the
Lorentz-polarization correction has been applied.

2.2.3. Measurements of the preferred orientation

The preferred orientation has been expressed in terms of
Bacon anisotropy factors (hereafter referred to as B.A.F.),
which represent the theoretical ratio of the thermal ex-
pansion coefficients of a coating normal and parallel to
the deposition plane at 400°C E}ﬁ. The technique employed
was the photographic Bacon technique as modified and re-
fined by Bokros 64]. The experimental arrangement for CuKg
radiation is shown in fig. 1.

The specimen is mounted on a goniometer head and oriented

in such a way, that the (002) diffraction ring is recorded

on the film. The integrated intensity of the (002) diffrac-
tion peak at any angular position around the diffraction
ring, after correction for absorption, is proportional to the
number of crystallites oriented for diffraction in that
direction. The angle measured on the film is related to

the angle between the (002) pole of the diffracting crystal-
lites and the normal to the deposition plane ¥ by :

cosy = cos?2 77° - sin? 77°-sinjr (3)

The blackening on the top of the ring (f = -90) is thus
produced by the crystailites, whose (002) diffracting planes
are parallel to the deposition surface, while the blackening
at the right corresponds to the (002) crystallite planes
lying normal to the surface of deposition.

The intensity of blackening of the photographic film across
the diffraction ring has been measured in steps of 4°r
in the range between -90° to 0°

The absorption correction of the reflected intensities at
various values of has been applied using the corresponding
absorption curves calculated by Bokros for samples with
known density and well-defined dimensions { 4]

3. Results

3.1. Sensitivity of the method for measuring the anisotropy

Two samples of the charge WM 253, namely A and D of the
sketch illustrated in page (4) have been measured twice,
taking care that the exposure time and the film type were
the same for each measurement. The anisotropy values ob-
tained were,



for A: 1,74, and for D: 1,285
1,72¢ 1,284
Measurements made on three different samples, all taken

from one disc of the charge WM 251 furnished following
values: 1,364

1,364
1,41,

The thickness of the specimens were 60 u, 60 py and 55 u resp.

Since care has been taken in using exactly the same experi-
mental arrangement for each measurement, it is estimated
that the error in B.A.F. is less than 5%. This level of
error may be increased, to a smail degree, by such problems,
as inadequate film exposure or use of sample geometry, for
which the absorption corrections are not well-defined.

3.2, Structural inhomogeneities throughout the thickness of
the coating

The measurements of interlayer spacing E, crystallite size
Lc and Bacon anisotropy B.A.F. on samplg WM 253 at different
coating levels from the initial deposition surface led to
the results, which are given in table 2

TABLE 2
coating |Mean distance o]
sections|{from the sub-| 2 R e R B.A.F.
strate
A 165 u x3.42210,005' 90 + 10¢4] 1,73 Error:
B 145 4 3.425 84 1,54 'esgz*ha“
C 120 u 3.424 75 1,35
D 95 u 3.434 75 1,28
WM 253 interlayer spacing E, crystalllite size Lc and Bacon

anisotropy factor B.A.F. as obtained for different coating
levels with respect to substrate.

Each value is the average of two measurements made on strips
taken from the same level.



" The results are illustrated in Fig. 2 and Fig. 3 in which
the experimental values are plotted against the mean
distance from the initial deposition surface.

One notes a continuous increase of the preferred orientation
in the direction away from the substrate, the anisotropy
factor of the outermost layers being about 40% greater

than that obtained for tne layers adjacent to the substrate.
At the same time a slight improvement of the crystallinity
of the deposit is observed in the same direction.

The specimen added to the charge WM 252 toward the end of
the coating cycle yielded an anisotropy factor of 1.25.
This value is somewhat smallier than that obtained from the
upper part of the coatings,which were kept in the bed from
the beginning of the coating process (B.A.F. = 1.32)

3.3. Investigation of the structural homogeneity in
different coatings of the same charge

Five discs of resp. 2.4, 3.8, 6, 8 and 10 mm diameter
belonging to the charge WM 251 have been used for measuring
the Bacon anisotropy. The specimens were prepared in the
way already described in section 2.1. The anisotropy values
obtained are reported in table 3.

TABLE 3
Diameter | Specimen thickness B.A.F.
*10 mm 1) 60 u 1.36 + 0.05
60 u 1.36
3) 55 u 1.41
8 mm 60 u 1.44
6 mm 50 u 1.37
.8 mm 50 u 1.40
2.4 mm 50 u 1.36

Bacon anisotropy factors as obtained from discs
of different diamater coated at 2050°C from 76,2% CH4

Taking the experimental error into account, one can observe
that there is no evidence of appreciable inhomogeneity in
the Bacon anisotropy factor between different samples of
the same charge, nor in a single sample as far as the same
coating level is considered. Moreover, it can be seen that,
in a diameter range up to 10 mm, the original dimensions

of the particles used as substrate, do not affect the re-
sulting structure of the coating.

Three strips of 2.4mm length and 0.4mm width were prepared
from this disc



3.4. Mean anisotropy factor

Considering the results of the measurements made on the
coating levels A, B, C and D of the sample WM 253, it is
evident that a mean value of a given structural property
is obtained, if a relatively thick specimen is used. The
anisotrpy factor obtained from a 100 u thick specimen of
the same charge was 1.35, while the arithmetical mean
obtained by averaging the anisotropy factors of the single
coating levels A, B, C and D is 1.47.

This may indicate that measurement made on thick samples
may give anisotropy values which are somewhat too small.

Mean anisotropy factors relative to the samples of the
charges WM 251, WM 252 and WM 253 and valid for a coating
thickness of 60 u, 75 u and 100 p resp. are summarized in
table 4.

TABLE 4
Measured
Charge thickness | me€an B.A.F.
WM 251 60 u 1.37
WM 252 75 g 1.25
WM 253 100 u 1.35

Mean anisotropy factors as obtained from the coatings WM 251,
WM 252 and WM 253 with a thickness of resp. 60, 75 and 100 u.

It is obvious that an attempt to interpret these values on
the basis of the coating variables (e.g. coating rate)
given in table 1, is a somewhat hazardous procedure, as far
as not the same coating thickness is considered.

4. Discussion of the results

4.1, Increase in crystallinity and preferred orientation
during deposition.

It must be noted that an attempt to explain the increase

in crystallinity and preferred orientation during deposition
is somewhat speculative, insofar as the knowledge about the
differential effects affecting the state of fluidization

is rather incomplete up to this date. Nevertheless, an
interpretation may be given on the basis of the bed area ,
whose value increases continuously during deposition.

Experiments carried out by Bokros [1} and Grisdale [ 5]
show that the coating efficiency (= ratio between the
total carbon deposited and the total carbon introduced as
gas into the coater), is independent of bed area, except
for very low methane concentrations.
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The rate of increase in diameter of a particlie during depo-
sition is then inversely proportional to the bed surface
area, i.e. inversely proportional to the square of the
diameter of the particle. This means that, after deposition
of a 100 u thick coating on a particle having an original
radius of the same magnitude, the coating rate (u/h) is

four times slower than it was at the beginning of the coating
cycle, providing that the original coating variables have
been lept constant.

Assuming that the discs used in the present investigations
are representative for spherical particles of small diameter
the variation of the anisotropy with the coating level may
be approximated by:

- ry2 _
0,25 [(+ ) 1]

o (4)

B.ALF. e
B.A.F.
o
where B.A.F., and r, are resp. the Bacon anisotropy and the
particle radius at the beginning of the coating cycle.

The value B.A.F.o is onioust depending on the choice of the
coating parameters, e.g. bed temperature, gas composition,
nature of the substrate and initial surface area of the bed.

Since (;O)2 = %0 (where u, and p are the coating rates when

the particles have resp. the radius rgy and r), the equation 1)
may be written:

B.AF. _ 0,252 ~1) (5)
B.A.F.g Y

This expression is graphically represented in Fig. 4

According to the observations of Bokros [1] and Grisdale
et al.[5 the pyrocarbon is formed by direct condensation
on the surface of the bed of high-molecular-weight planar
molecules, which have already been produced in the gas
phase. The amount and the size of such molecules formed per
unit time in the gas phase depend on the temperature and
hydrocarbon concentration. The larger the planar complexes
formed in the gas phase and the slower the condensation on
the surface, the greater the probability for an effective
alignment with each other and with the deposition plane.
But also a certain amount of poorly ordered carbon matter
(amorphous carbon and misaligned layers) is deposited at
the same time and incorporated into the deposit. From the

analysis of the scattering curve at low angles E6j this
amount may vary from a few per cent for coatings obtained
at high temperatures and low methane concentrations up to
15% for deposits manufactured at low temperatures, high
methane concentrations and high deposition rates.

./10
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The surface mobility being high at a deposition temperature
of 2000°C, a rearrangement of the freshly deposited carbon
films may be expected to occur. The rearrangement is ex-
pected to be facilitated by low exposition rates and. by

a substrate which Is already somewhat oriented.

In a study of the graphitization of carbon black, B.E. Narrqn
[7} found that the graphitization process becomes evident.
mainiy at temperatures around 2000°C. Ordering of the
nearest-neighbour layers occurs at this temperature, re- »
sulting In an apprecliable decrease in the average layer
spacing, In a sharpening of the (00&) peaks and in the
appearance of the two-dimensional (hk) reflections. These
observations are in agreement with our results obtalned

from a coatling before and after heat treatment at 2000°C =
(Fig.5)
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5. Effect of the anisotropic inhomogeneities on the bulk
thermal expansion of a flat coating and its behaviour
at high ftemperatures.

5.1. Approximation of the orientation function 1(¢)

For some purposes, e.g. the evaluation of the bulk thermal
expansion, it is useful to describe the experimental
intensity distribution curve 1(¢) by 2 well-defined
numerical relationship. Some authors | 8, 9:]use the
approximation 1(¢)= cos”¢ and consider the arbitrary
parameter n as an indicative measure of the anisotropy.
This approximation, however, is limited by the assumption
that the reflected intensity becomes O at a given value

of ¢ . That is not the case for very low anisotropies,
where there is always a certain amount of reflection, even
at ¢ = 90°.

In describing the intensity distribution curves as obtained
from the coating sections A, B, C, D, the approximation

T(g) = a(cosy =1)+4 (6)

normalized
has been used here, where n is an arbitrary parameter and
a is related to the normalized scattered intensity b at
90°% by

b = 1-a (7)
The a- and n-values provided by the computer for the

consecutive coating sections are given,together with
the corresponding B.A.F. values,in table 5.

TABLE 5

2:21;22 a n B.A.F.
A 0,74 + 0,006]| 2,62 + 0,02 1,73

B |0,54 + 0,02 | 4,13 + 0,07 1,54

¢ lo,42 + 0,02 | 5,34 + 0,08 1,35

D [0,66 + 0,01 0,53 + 0,02 1,28

Constants (a,n) as obtained from the approximation of the
normalized intensity distribution curve by l?;= a(cos%7 -1)+1

Fig. 6 shows the normalized intensity distribution curves
of coating sections A, B, C and D as measured and as
calculated by means of equation 6. It can be seen,that

a quite good agreement between the two curves exists, for
the case of the two extreme coating sections A and D.
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5. 2 Evaluation of the bulk thermal expansion coefficients
aj) and ay o

&

According to G.E. Bacon [2] the thermal expansion of a
polycrystalline aggregate may be described in terms of
orientation of the individual crystallites. For a layered
structure such as pyrocarbon, the expansion coefficlients
parallel and perpendicular to the layer planes may be
written:

v
2
o 3
ol - e e e a, . o) 1(¢) sin"¢ d¢ (8)

v
2 IE I(4) sine de
o

2 2
a .°/ I(4) cos“¢ sine dé + a, o’

N

e 1(o) sine 4o )
.- , )

[21(0) sing do
o

where «£a and dlc are the lattice expansion coefficlents

along the a-and c-axis respectively; ¢ is the angle between
the basal plane normal and the normal to the deposition
plane. The intensity 1(7) is proportional to the number

of crystallite axes per unit solid angle lying at an angle &

Substituting 1(¢) in equations 8) and 9) by equation 6) and
integrating one obtains:

a - a 6a + 2(n+!)(n+3) (1-a)
a s 3(ned) {a¢(1-a) (nel))

g, . {(ne1) Bas(1-a)(ne3) ]}ea, . [6a+2(n+1) (ne3) (1-a)]

aj = (11)
3(n+3) , [as(1-a)(n-1)]

Using the lattice thermal expansion coefficients®a and &,
measured by Nelson and Riley 10] on a Ceylon graphite
and our calculated a- and n-values, the bulk expansion
coefficients parallel and perpendicular to the deposition
plane have been derived for the coating sections A and D,
for which the approximation [6 ] holds very well.
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The results thus obtained for 400°C and 800°C are shown in
the following table.

TABLE 6
4000C §00°C
-6 -6 -6
4,=0(10) o =28,3x107°(10) [=0,9x1070(10) & =28,3x10"°(10)
C a C
coating a a a: / a a ay
section W L L%a, 1 i /ay,
A |7,50x107%(13,30x107%|1,77 W8, 14x107% |13,77x107%| 1,69
D |8,63x1078{10,75x107%}1,24 Jo,25x107C |11,20x1078| 1,22

Bulk thermal expansion coefficients parallel and perpendi-
cular to the deposition plane at 400°C and 800°C as cal-
culated for cgating section A and D with a B.A.F. of resp.
1,73 and 1,28%

One observes that, in a direction paraliel to the substrate,
the levels close to the surface of the deposit are subjected
to a thermal expansion which is sensibly smailer than that

of the levels lying directly above the substrate. On the
contrary, the thermal expansion of these levels perpendi-
cularly to the deposition plane Is much iess than that of the
levels lying directly above the substrate.

5.3. Deformation of coatings by heat treatment and by
irradiation at high temperature

Measurements of the preferred orientation carried out by
R.H. Knibbs and 1.B. Mason [[8] on pyrolytic graphite sampies
prepared at 2150° and subsequently heat treated for § hour
at 2700° and 2900°C show that a continuous improvement of
the crystallite alignment occurs.

Moreover, it has been observed elsewhere [[11] that the
improvement of the crystallite alignment is accompanied
by a decrease of the interlayer spacing and an increase
of the crystalilite size as far as the temperature of heat
treatment lies around or above the deposition temperature
of the pyrocarbon,

x The values reported above do not account for accomodation
effects. Moreover, the use of the lattice thermal expansion

coefficlents of a natural graphite single crystal in evalua~-
ting the bulk thermal expansion implies the conception of a
pyrocarbon consisting of an aggregate of well-defined

crystaillites.
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In order to prove the above, the interlayer spacing, the
crystallite size and the Bacon anisotropy factor have
been measured on a coating deposited at 2000°C, before
and after heating for 8 hours at 2000°C. The results are
shown in Table 7. The scattering diagrams obtained from
this sample before and after heat treatment are shown in
Fig. 5a and 5bp.

TABLE 7
Before heat treatment After heat treatment
C c
> R L. R | B.A.F. s R | Lc R | B.ALF.
3.430 137 1.20 3.419 | 172 1.61
Mean interlayer spacing % crystallite size Lc and Bacon

anisotropy factor B.A.F. of a coating deposited at ZOOOog,
as measured before and after heating for 8 hours at 2000°C.

Taking the model of Jenkins and Williamson (12} for
describing the stress-strain relationship in graphite by
thermal cycling into account, one may deduce,that the
difference in thermal expansion parallel to the deposition
plane between the surface layers and those close to the
substrate, produces a thermal stress, which is proportional
to (a,, p-ay, p). 4T, where a, p and a, p, are the exPansion
coefficients of the inner and outer layers respectively,
and AT the temperature difference in the thermal cycie.

One may assume that these differential thermal strains
favour a "dewrinkling" of the original wrinkled sheet
structure at high temperature [13] which, in turn, facili-
tates some other processes as i.e. plastic flow and
structural rearrangements, such as increase in crystal-
linity and preferred orientation. All these effects may
finally result in a permanent deformation of the coating
after heat treatment.

The above assumption was investigated by heating several
coatings, which were previously removed from the substrate
by means of a lathe and marked on the upper surface, in a
high frequency furnace for 8 hours at 2000°C. Subsequently,
they were cooled down by simply switching off the furnace
power. The estimated temperature fall was about 1500°C in
20 seconds. The photographs of the coatings treated in this
way are given in figs. 7 and 8. It was observed that the
bending appearing on the photographs became accentuated

on repetition of the heat treatment.
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These differential strain effects may also be expected

to appear in discs placed under fast-neutron irradiation.
A graphite crystal under fast neutron bombardment expands
in the direction normal to the basal plane, while the

basal lane contracts. That fact is discussed by Kelly et%
al.[[147] in terms of nucleation of planar clusters of
interstitial atoms and of collapse of vacancy lines due

to atomic displacements. Measurements of dimens!onal
changes made on pyrocarbon discs after irradiafloq up

to 1200°C {15, 16] show that the shrinkage occurring
parallel to the disc plane increases with the temperature
and dose of irradiation. Taking the model of Kelly et al.
[147] into account, one may deduce that, in an inhomogeneous
coating, the layers with a higher degree of preferred
orientation contract more than those with a lower degree

of preferred orientation. The combined effect of the thermal
and irradiation stresses may result in a strong bending

of the coating accompanied by the formation of a number of
large fractures across the basal planes.

This type of behaviour has been observed with various : 2
discs irradiated at 1250°C with a fluence of 6.3 x 102'n/cm“(17]).

6. Conclusions

Measurements of the Bacon anisotropy factor, of the crystal-
lite size Lc and of the interlayer spacing é at different
deposition levels of a 100u thick coating sfhow that the
structural properties vary continuously with the coating
thickness.

An appreciable increase of the anisotropy , accompanied
by a slight improvement of the crystallinity of the
deposit from the substrate toward the surface has been
found. This corresponds to a progressive decrease of the
deposition rate per unit area as a consequence of the
total bed volume increase. That is in agreement with the
assumption that the pyrocarbon is formed by direct con-
densation on the surface of the bed of rather large
planar molecules, which are already produced in the gas
phase. The slower the condensation on the substrate and
the better the orientation of the surface films, the
greater the probability for a more perfect alignment with
the deposition surface.

From consideration of the anisotropic dimensional changes
during heat treatment and during irradiation at high
temperatures, it has been deduced that a gradient of
anisofropy throughout the coating thickness may seriously
endanger the mechanical integrity of the coating.

An investigation of the possible inhomogeneities at
different points of the coating section parallel to the
deposition plane did not reveal appreciable structural
differences. Such differences are not even observed in
different samples from the same single coating charge.
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