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Abstract—The coefficient of thermal expansion (CTE) w
commercial fne-grained graphites derived from petroleim ¢
and sostatic molding. The CTE was ohsery

undirectional molding,
preferred orientation
1o an increase of the accommodation by
shock fracture initistion w

conchuded that in spite of the continuous decrease in CTE,
these graphites. The complexity is censequence of the diffe

strength and the Young's elastic modulus,

INTRODUGCTION

In many applications, polyerystalline graphites are wtil-
ized at elevaled temperatures in oxidizing environments.
Under these conditions the graphites experience oxida-
tion and al the same time may be subjected to thermal
stresses. The effects of oxidation on the mechanical
properties pertinent to thermal shock behavior are wefl
knowns strength and elastic moduli hoth decrease with
increasing burn-off. Less is known about the effects of
oxidation on the coefficient of thermal expunsion, CTE,
and in particular how the combination of CTE, streggth,
and elustic modulus changes affect the thermal shock
resistance of graphites during oxidation.

It is well established that the resistance to thermil
shock fracture initiation is taversely propottional 1o the
CTE!). Considerable researeh has heen completed on
measuring the CTE of graphites and in theoretically
understanding  the factors  which  determine its
magnitude I2-10%. It has been demonstrated that 4 portion
of the lallice expansion can be accommodited by the
cleavage  microcracks (frequently cafled Mrozowski
cracks) formed on cooling from griphitization tem-
peratures, When crystallite alignment is present, the ac-
commodation is more pronounced in the e-direction than
in the a-direction, Consequently, the magnitudes of ac-
commodation are related 1o the umount of preferred
orientation, which in turn for filler—binder syslems is
usually a function of the average crystallite  size.
Engle(8) has confirmed that the volume CTE decreases
moenotonically with increasing L. for bodies fabricated
from needle petroleum cokes or gilsonite coke and coul-
tar pitch. Wood er al{I1] have observed ihat the
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and 1o decrease as much as 200 w
Mrozowski cracks enlarged by the oxidation process.

ith

ere examined by estimating chunge
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a5 measured as g function of oxidalion for Ihee
okes and coul tar pitches and fabricated by extrusion,
ed 1o vary with the crystallite size and the
increasing oxidation. This CTE decrease wis attributed
Effects on thermal
s in the thermal shock resistance parameier. B [t s
changes in R with oxidation are qot continuous for
rent extents to which praphite oxidation affects CTE,

Mrozowski microeracks in polycrystalline graphites are
often enlarged by oxidation. which may be expected 10
increase the accommodations of expansion aad lower the
CTE. It is the purpose of this investigation Lo determine
the magnitude of the CTE chinges with oxidation and to
examme the resulting effect on the thermal shock frac-
lure initiation resistance.

2. EXPERIMENTAL
2.1 Preparation of artifacts

Three commercial graphites§ were examined in this
study. Information on the fillers and forming methods are
listed in Table 1. Artifacts were preduced by mixing o
caleined petroleum coke filler with a1 conl tur piich,
forming. baking, and subsequently graphitizing,

Experimental methods used to characterize these arti-
facts have heen previously reviewed[12]. Important
properties are summarized in Table 2. Crystailite aliga-
ment (f/1, 3} was obtained through X-ray diffraction
analysis of the intensity ratio of the (002) diffraction peak
tn the transverse (7) orientation compared to the long-
ftudinal (L) orientation (see Figs. { and 7).

Specimens (76 mm % 25 mm % 6 mm) were cul from the
artifacts in the longitudinal orientation for the extruded
griade and in the transverse and longitudinal orientations
for the molded grades (Fig. I). For the extruded grade,
380 the longitudinal sample has it long dimension
paraflel to the extrusion direction. In the molded grade,
M99, the transverse sample has its piane of maximum
area perpendicular 1o the molding direction. The lon-
gitudinal sample in the molded grade has its plane of
intermediate area perpendicular to the molding direction.
For the isostatically molded grade, KK-16, “lon-
gitadinal” and “trunsverse” specimens were cut in
orientations corresponding 1o those for grade 3499 as if
KK-16 had been unidirectionaily molded in a direction
perpendicular to the major surface of the agtifact.
Dushed lines have heen added to Fig. 2 1o sugges! that
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Tahie 1. Fabeication information for the artifacts

Maximum
Fiiler Artifact
Size Forming Dimensions
Grade tiller {pm) Yrocess (cm)
580 Petroleum 200 Extrusion 8.9 x 122
Loke
3499 Pecroleun 75 Molding 30.5 % 30.5 % 6.4
Caoke
KK~16 Petroleun 20 Isostatic 30,5 x 15.3 % 5.1
Coke Holding
Table 2. Selected properties of the graphites
X-Ray
Hoan
Interlayer Cryataliite
Apparent Hocropore &
Bensity Porosity (X) Size GSPbiL“g Alignzent CTEXiB
Grade pafee Open Claaed Total {um) 002 rm} (IT/IL) (“K' )
580 1.70 + 004 22.8 1.9 24.7 2-5 L3364 1.62 2.87
1499 1.71 &+ .003 17.8 6.4 24,2 5 .2368 2.09 3,80 (L)
4.69(T)
KK~ 16 1.8 = .00Z 12.5 5.9 18,4 1.5 L3370 0.89 5.084L)
5. 58(T)
some preferential  alignment of basal planes is s ///
expected (as a function of forming direction) for g
samples of 3499 and 380. 1t should be emphasized that. ///j/"// s
. R s e i s e
for the molded materials, “longitudinal” does not refer to s
a specimen with its long dimension paraltel to the mold- P
’ st . " - ol e se PP A >,
ing direction. Rather. “longitudinal™ 1 used to refer 10 e A MOLDING
ihe molded specimen with preferred erystallite alignment : i . : DIRECTION
similar to that for tongitudinat specimens of 1he extruded ] P
arade (Fig. 2).
LONGITUDINAL,
2.2 Oxidation of artifacts
As discussed previously{11]. specimens were oxidized
in flowing dry air at 773K to various total weight losses
MOLDING 2
[—MOLDING DIRECTION BIRECTION— i
A
P
* ‘e

3499

—TRANSVERSE

tiﬁN@TUDWAL

—«— EXTRUSION DIRECTION

580

L LONGITUBINAL

Fig. 1. Astifucts of the graphites with samples cul for subsequent
axidation indicated.

TRANSVERSE

Fig. 1. Longitudinal and transvesse specimens showing pref-
erensial bnsal plane alignment (grades 3499 and 580) and molding
directions for grade 3499

up to about 20%. Burn-off rates for the graphites varied
from 0.14%/hr for grade 580 to 0.23%fhr for grade 1499
as seen i Table 3. The percentage weight decrease (& W)
always exceeded the percentage density decresse (ap}
during the specimen oxidation; that is. oxidation resulted
in hoth o decrease in specimen volume and in the spe-
cimen density. From a knowledge of starting and final
sample volume and sample weight, burn-offs in the spe-
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Table 3. Information on air oxidation of graphite at 773K
Burn-off
Rate 23 Toral Burn-0ff -10% Total Burn-Off 202 Tatal Burn-Off
Grade (X/hr) Aw () Ap{X) Av{Z) Ap{X} Aw{X) Ap(X)
380 0.14 5.0 44 3 2.3 19.7 12.4
3499 0.23 6.0 a.6 9.8 ') 19.8 15.5
KK~16 0,15 4.9 0.7 10.6 6.2 21.3 i16.8
cimens remaining could be calewlated{H]. These burn- l i ! ¥
offs were always less than total burn-offs because of rl»" J
decrease in specimen volume. wonT =
‘; al - o b
. 2 |
2.3 Measwrement of CTE ~ = -
For CTE measurements, samples 36 mm x 6 mm X 5‘ B P ;
6 mm were cut from the originat and oxidized specimens. SWISUA
- . . i i1 1
The long dimension of the samples was parallel to the i 5

long dimension of the specimens shown in Fig. 2. CTE
was measured for expansion in the long dimension, that
is in the direction of preferred crystallite alignment if one
exists in the graphite, In a Orton Auvtomatic Recording
Dilatometer TXC-6811, the sample was heated at about
200 K/hr between room temperature and 673K, In-
significant additional sample oxidation cccurred at these
low temperafures during this time frame. Changes in
sample length were transmitied through an alumina
pushrod 1o the plunger of a finear variable differential
transformer and then coaverted to d.c. millivoltage by a
transdicer exciter-demodulator. The voitage was con-
verted 1o sample expansion and plotted vs temperature
on a recorder. Between room temperature and 673 K,
expansion vs lemperature was essentislly linear.
Reproducibility of the CTE measurement was deter-
mined on an unoxidized KK-16 specimen. Eleven
measurements were made, with the sample removed
from the apparalus and replaced after each three
measurements. The CTE was S5.58+014% 107K
where the range indicates the 95% confidence Jimits. For
measurements on each oxidized material. at least three
separate samples were run. The range of CTE vajues was
in all cases smaller than the size of the data poinls
plotled on the figures.

3. RESULTS AND DISCUSSION

Figure 3 presents results of the CTE as a function of
burn-off within the specimen. The CTE is different for
zach grade. As previously reported by Engle[8]. there is
no refation between CTE and either the closed or the
total pososity for the original samples (Table 2) or for the

BURH - OFF N SPECHAER TESTED %)

Fig. 3. Change in CTE as a function of bura-ofl in artifact tested.

oxidized samples {Table 4. However, the CTE does
decrease as the average interlayer spacing between basal
planes within the crystailites of the specimens decreases
(Table 7). Since lower interlayer spacing is a result of
larger crystaliite size[13]. CTE decreases as the average
crystallite size in the specimen increases. as reporied by
Engle{8]. For the two graphites where data are available,
the CTE at all burn-offs is greater for the transverse
specimens than the longitudinal ones. The extent of this
difference changes little with bura-off,

Figure 4 presents normalized plots for the decrease in
CTE as a function of oxidatien. The extent of decrease
in CTE with oxidation of the artifact is clearly different
for each grade of graphite and even for the longitudinal

CTE 7 CTEq
o
w

' L
Q a 12 B
BURN -DFF 11 SPECIMEN TESTED (%)

a.8

Fig. 4. CTE, normalized to the as-received vadue, as a function
of burn-off in the artifact tested.

Table 4. Change in poresity of the praphites upon oxidation

Porosicy (2)

Cloaed Tatnl
Grade 0x ~5% 16X -20% 0% ~5% -10% ~20% 0% ~5% ~10% ~20%
3499 17.8 17.5 22.5 3L.5 6.4 6.4 4.8 2.7 24.2 23.9 27.3 34.2
KX-16 12.5 i2. 19.4 a0.5 5.9 5.9 4.1 .8 8.4 18.4 23.5 i2.1
540 12.8 22. 25.3 33.6 1.9 1.8 1.3 0.6 24.7 24.7 6.6 34.2
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Table 5, Calculated R values, °K. resistance to thermaf shock
fricture inftkation

Total Burn-Dff (%)

Grade & 5 10 24
580 765 55% 932 517
3499L 528 445 503 843
34997 764 645 43 1514
EX16L 1001 Bo3 1014 1101
KR 16T 906 709 846 826

specimens as compared to transverse ones of the sime
grade. As expected, decreases in CTE do not correfute
with increases in total pore volume ner with decreases in
closed pare volume in the artifacts as & resull of oxida-
tion (Table 4}, Neither do the fractionat decreases in
CTE correlate with the magnitude of the CTE in the
eriginal artifucts,

Changes in CTE with oxidation are in marked contrast,
for the most part, to changes in Young's moduli (E) und
shear moduali () measured on the same specimens|[]1].
In contrast to the CTE results, the decrease in moduli
with increasing oxidation correlated well with the in-
crease in tolal porosity for a purticular graphite prade.
Also the normalized decrease in E and G with carbon
burn-off was greater than the decrease in CTE. For
example, for the samples with a tolal burn-off of about
209, Ef Fyand G/ Gy were about 0.3, compared to valtues no
smalles than 0.8 for CTE/CTE,. There was one similarity
between the chunges of CTE and F and ¢ with
oxidationf11]. That is, Tor all three properlies, significant
decrease oceurred at low  specimen burn-offs. For
example, as seen in Fig. 4, CTE/CTE, decresses most
sharply for specimen barp-offs up to about 0,76,

After Kingery, the thermal shock feacture initiation
resistance purameter for materials of comparable thermal
properties is R, whes:

R(°1<)xf%.“—"3. (0

The oy term represents the strength, o is the CTE, E i
Young's elastic modulus, and # is Poisson's ratio. Using
dataf11, 12, 14] for these same graphites for . », and £
vields the results summarized in Table § for changes in R
with uxidation. No continuous trend is evident in this
summiry., However, seversl consistent changes are
evidenl, namely that on the initizl burn-off there is a
decrease in the R factor, after which it increases to
varying degrees. 1t is interesting o examine which fac-
tors cause these R varkations.

The initial decrease in R, an indication of & drop in
resistance to thermal shock, is a combination of rupid
decreases in oy CTE, and E at the beginning of oxida-
tion. However, the o, decrease is the most rapid, ciusing
the earty R decrense, Rounthwaite ef al[15] have
simitarly  noted  for petroleum  coke-coal tar pich
graphites that the strength decreases more sapidly than
the elastic modulus during burn-ofl in CO,. For example,
a 209% burn-ofl reduces oo, =0.17, but F/E, =022,
They ulso observed o 609 decrease in the electrical
conductivity with only & 209 burn-off. Obviously, many
physical properties, as well as derived descriptive
paramelers such as R, exhibit large decreases on initisl
exidation of praphite, whether in air or in COa.

After the initiul burn-off, the R values recover for each
of the graphites and in several instances actually exceed
their initial values, This is 4 consequence of the different
rates of decrease of uy, & and E and their functions
relation to R, Whereas all of the properties decrease
rapidly on initial burn-off, both oy and a appear to
decrease less rapidly in the ler stages,
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