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Linear Thermal Expansion of Artificial Graphites 
to 1,370° C 1 

Milton D. Burdick, Benson Zweig, and R. Eugene Moreland 

In connection with creep studies of graph ite , t he need a rose for accu rate ther mal ex
pansion data on the three grades of graphite being investigated. Therefore, the linear 
thermal expansion of specimen s of the t hree grades, cut in t hree direction s with respect to 
the direction of extrusion or of molding pressure, was determ ined at various t emperatures 
between 20° and 1,370° C in vacuum. Resul ts show that specimens cut perpendicular to the 
extrusion direction or paralJel to the direction of molding pressLil e had greater expan sions 
than specimens cut parallel to t he extrusion d irection or perpendicular to the molding pres
sure. The data obtain ed are tabulated. 

I. Introduction 

In connection with creep studies of graphite, the 
need arose for accmate thermal expansion data 
within the range from 980° to 1,370° C on the 
particular graphites being studied. The daLa were 
needed primarily to correct for the thermal ex
pansion that would result from changing the test 
temperature during elongation or creep tests of 
graphite in tension. 

Because of the marked anisotropy of the graphite 
crystal ,2 3 4 5 any departlU'e from a random orienta
Lion, as may result from the forming proce fl, would 
be expected to have an effect on the thermal expan
sion in various directions with l'espect to the direc
tion of forming. Specimens for creep testing were 
cut both perpendicular and parallel to the dil'ection 
of extrusion or of molding pressure. Therefore, 
specimens for thermal expansion determinations 
were cu t similarly to duplicate the cry tal orientation 
of the creep specimens. 

In order that the thermal expansion data might 
be of more general use, expansion values were 
obtained while heating from room temperature to 
1,370° C, and contraction values were obtained 
during cooling from the maximum temperature 
to 400° C. 

II. Materials 

Three grades of artificial graphite were obtained in 
the form of blocks. For each grade, at least two 
specimens were made representing each of three 
orientations with respect to the dircction of molding 
pressure or of extrusion. Additional specimens were 
used to check the reproducibility of the testing 
equipment and the uniformity of the block samples. 

1 T his project was sponsored by the NEP A. division or the F airchild Engine and 
A.irplane Corp. 

' J . D. Nelson and D. P. Riley, 1'he thermal expan sion or graphites rrom 15°C 
to 800° C : P art I experimental; D. P. Riley, The thermal expansion or graphite: 
P art II, thcoretical, Proc. Phys. Soc. London 57 , 4i7 (1945). 

3 Jacques Pierry, Physiquo etude sur la dilattaion du graphite Compo Rend. 
L'A cadomio Dcs SCiences, Paris 223.501 (1946). 

• P etor Hidnert, T hermal expansion of artificial graphite and carbon, J. Re
search N B S 13, 37 (1934) RP693 . 

, Potor Hidnert an d W . 'r. Sweeney, Thermal expan sion of grapllite, B S 'l' ecb . 
P ap. 335 (1927). 

The specimens w('r e right cylinders machined Lo ap
proximately % in. in diameter by 2 in. in length . 
Figure 1 shows how the specimens were cuL from 
the blocks. The cross-sectional area of th e blocks 
perpendicular to the direction of extrusion or of 
molding pre sure represents the die opening for the 
extruded Grades A and B and the mold size for 
Grade C. 

III. Apparatus and Methods of Test 

The dilatometer used in determining Lhe thermal 
expansion of graphi te was similar Lo that used in an 
investigation of zirconia.6 The dilatometer con
si ted of an alumina base into which three artificial 
sapphire rods were cemen ted to support the dial 
gage and a fourth sapphire rod centrally located to 
provide the mechanical linkage between the dial 
gage and the cylindrical graphite specimen, which 
rested on the alumina base. Dial gages reading 
either to 0.0001 in. or to 0.01 mm were used . Gage 
readings were corrected for the expansion of the 
sapphire. The values for the expansion of the sap
phire were taken from a determination from room 
temperature to 1,000° C by the in terferometer meth
od and extrapolated to 1,400° C (see footnote 6). 
The specimen and the lower par t of the dilatom
eter were heated in a wire-wound furnace, the 
inner winding of which consisted of platinum- 20 
percent rhodium and the outer winding of Chromel A. 
The furnace and the dilatometer fitted under the bell 
jar of a vacuum coating unit. 7 The shield clamped 
to the tripod below the dial gage never reached a 
temperature above 70° C during a test- The equip
ment is shown in figure 2. 

The measuremen t of the temperature offered 
greater difficulty experimentally than did determina
tions of the change in length. The temperature near 
the specimen in the first 22 tests was measured with a 

6 R . F . Geller and P. J . Yavorsky, Effects or some oxide additions on tbe tbermal 
length changes or zirconia, J . R esearcb NBS 35, 87 (1945) RPI662. 

1 Manufactured by Distillation Products Inc., Rochester, N. Y . Type LCl-
500-3. 
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MOLOING PRESSURE 

F l GUR E 1. Orientat'ion oj thermal expansion specimens in 
sample blocks and sizes oj original blocks of graphite. 

30 gage Pt-Pt 10-perccnt Rh thermocouple in a 
closed-end protection tube extending radially through 
tbe furnace to the specimen. The protection tube 
was needed to preven t reaction between the graphi te 
and the thermocouple metal. This reaction, the 
nature of which was not determined , had been ob
served in tests at temperatures above 980° C. In 
later tests, it was found that chromel-alumel thermo
couples could be used without a protection tube. 
Although a new base-metal couple was used in 
each test, those removed were bright and co uld 
probably have been reused since subsequcnt calibra
tion disclosed no deleterious effect. 

B efore making a test, the bell jar was evacuated to 
less than 0.05 mm of mercury by mechanical pumps. 
At the beginning of the test the oil diffusion pump 
was started. The vacuum attained by the combina
tion of mechanical and oil diffusion pumps was 
usually less than 2X 10 - 4 mm of mercury during the 
test. The heating rate was then adjusted to 3° C 
per minute, and measurements of expansion were 
obtained at 30° C in tel'vals by observing d ial read
ings through the glass wall of the bell jar. The 
maximum temperature of 1,370° C was held for 45 
min after which the specimen was cooled to 400° C 
at the same rate of 3° C per minute. Air was admitted 
when the specimen had cooled to 400° C to permi t 
reaching room temperature by the next morning. 

For tests 1 through 22, for which a closed-end 
protection tube was used, the thermocouple had to be 
calibrated at the prescribed rate of heating to obtain 
true temperature readings . It was found that, 
because the protection tube could not be placed in 
the same position for each test, an error resul ted 
in the temperature readings especially at the begin
ning of the tests. The effect of this error was reduced 
by averaging of the values. 

The average deviation between expansion values 
determined under similar conditions for the same 
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FIGURE 2. Equipment used for determining thermal expansion 
of graphite. 

grade and orientation of graphi te specimens was 
found to be ± 0.02 percent (see table 3). 

A test of the apparatus was made by meas uring 
the expansion of a single crystal of periclase (MgO) 
to 1,370° C in vacuum and comparing the results 
with a previous dilatometer measurement on the 
same specimen heated to 1,700° C in air (see footnote 
6) . The comparison is given in table l. 

TABLE 1. Compm'ison of the linea?" thermal expansion data 
obtained on the same j\![gO spec1:men in vacuum and in air 

Lincar thcrmal ex pansion 
Room tem- in-

perature to-
Vacuum It. Ail' b 

° C Percent Percent 
100 0.09 0. 06 
200 , 20 . 16 
300 ,32 . 30 
400 . 47 . 43 
500 .61 . 58 
600 .7.1 . 71 
700 .89 . 87 
800 1. 04 1. 01 
900 1.19 1.17 

1, 000 1. 32 1. 32 
1,100 1. 47 1. 48 
1, 200 1. 61 1. 64 
1,300 1.77 1.81 
1, 370 1. 88 1. 93 

a No loss in weight was found as a result of heating in a vaCllum . 
b Geller and Yavorsky (see [ootllote 6), No data on cooling were reported by 

tbese observers. 

Another check of the apparatus was obtained by 
comparing the dilatometer measurements with those 
obtained by the interferometer method between 



room tempe rature and 400 0 C. The agreement 
obtained with specimens of grade A graphite is 
given in Lable 2. 

IV. Results a nd Discussion 

The linear thermal expansions and contractions 
expressed in percentage for lOO-deg intervals from 
room temperature to 1,370° C, and the average 
coefficients of expansion and contraction per degr ee 
centigrade over 200-deg intervals, arc given in 
table 3 for each of the three grades of graphite and 
for the three directions with res pect to forming 
pressure (one parallel and two perpendicular) . 

Values arc given for at least two specim ens repre
sen ting each grade and ori entation with r espect to 
the direction of forming . Also , t esLs were repeated 
twi cc for specimen Xl of grade A a nd once for speci
men Al of grade B to show the reproducibil ity. 
yloreover, specimens XI and X 2 of gr adc A ·were 
taken from the inside of the block (sec fig. 1) to 
compare wi th specimens Al and A2 of grade A from 
the outside face of the block, both pairs of specimens 
cut parallel to the extrusion direct ion . The average 
of the linear thermal expansion valucs from Lable 3 
are shown in figure 3. Average coeffi cients of ex
pansion computed from the curves in figure 3 arc 
given for intervals of 200-deg cen tigrade in table 4. 

TABLE 2. Compm·i son of expansions of grade A graphite de/ermined by the interferometer and the dilatometer me/hods 

Orientation T emperature range 

°C 
RT , to 100 ____________ .. __ _ 
100 to 200 ______________ . ____ _ 

P a rallel to extrusion direction A b. --- - ------- .. --- .. ~~~ tg ~~:::::::::::::::::::: 

Coe fli cients of lin ear thermal 
expansion Linear t herm al expansion 

Interferometer Dilato lllctcr a. Interferometer Di latomctcr 

0.7 XI 
1. 1 
1. 5 
2. 0 

0.8X IO-6 
1.6 
2. 1 
2. 6 

Percent Percent 

RT to 400 _____________________________________ ••.. _____________ • 0. 05 { 
b O. 07 ( AI ) 

. 06 (A,) 
111' to JOO_. ___________ .... __ 2. 8 3.6 
100 to 200 __ .. _._._. ___ ._.___ 3.8 4. 7 

P erpendicular to extrusion d irection L , M b _________ _ 200t0300 .... _ ..... ______ .. _. 4.3 5. 0 
300 to 400 ______ . _____ . _____ . 4.4 5. 0 
RT t0400 _______________ .. _______ . ___________ . _________________ _ 0. 15 { 0. [8 (L ) 

. 17 (M ) 
RT to 100 ____ .... ___ . ___ ..• 
100 to 200_ ... _._. ____ . ___ ._._ 

P erpendicu lar to extrusion direction U b. ____________ • ~~ tg ~~:::::::::::::::::::: 

4. 0 
5. 2 
5.5 
5. 6 

4.5 
4.8 
4. 8 
5.5 

RT t o 400 ______________ . _____ ____________ ___ . ___ . ____________ _ 0. 19 { 0. 19 (UI) 
. 18 (U,) 

II. Avera~c of 2 companion specimens. 
b Sec orientation di agra m, fig. 1. 
e Rrr = room tem perature. 

The differences in the expan ions perpendicular 
and parallel to the direction of forming, for the three 
grades of graphite, are at tribu ted to the different 
degree of preferred orientatioll, and to the marked 
anisotropy of th e graphite crystal. The positions 
of the crystals depend on the method of forming. 
With the extruded graphites, the C axes of the hex
agonal crystal plates tend to be alined perpendi cular 
to the sides of the die, this tendency being a function 
of the size of the grains, th e density of the mass, 
the extrusion pressure, the size and shape of the die, 
etc. In the casp of the molded graphite, the crystal 
plates tend to be alined with t he C axes parallel to the 
sides of the mold. Since th e direction of greatest 
expansion of the graphite crystal is parallel to the 
C axis (i. e., perpendicular to the basal cleavage), the 
specimens cut parallel to the direction of molding 
pressure and perpen dicular to the extrusion direc
tion showed the greater expansion. As is generally 
the case with clay bodies, th e crysLals arc prcferen
Lially oriented to a greater degree by extrusion than 
by molding. This accounts for the fact that in the 
case of graphi tes A and B th e difference in expansion 
be tween specimens cu t parallel and perpendicular 
to the extrusion direcLion is greater than the differ
ence for comparable specimens of molded graphite C. 

In the case of grade B graphi te, the two pairs of 
specimens (U, T and L 1, L 2), which were cut perpen
di cul ar to each other and to the direction of formin g, 
differed significan tly from each 0 ther in their linear 
thermal expansion. For comparable specimens of 
grades A and 0, this difference was not significant. 
The large and rectangular die opening used in ex
truding the grade B graphite may have allowed a 
different degree of orientation of crystals between 
die faces than the relatively mall squ are opening 
used for extruding grade A. This same explanation 
may account for the uniformi ty of expansion values 
for specimens of grade A cu t parallel to the extru
sion direction, despite the fact that specimens Xl 
and X 2 were cu t from the cen ter of th e block. Note 
in table 3 the uniformity of the expansion values 
for various specimens of grade A graphite cu t per
pendicular and parallel to the extrusion direction 
for tests in which the temperature was measured in 
the same mann er, that is, with the pro tected thermo
couple or wi th the bare thermocouple_ 

The results of the determinations for indicating 
the reproducibility are given in table 5. Comparison 
shows that th e values do not deviate materially. 
Note that in test 44 the temperature was maintained 
for at least 1 hour at each of 10 temperatures. This 
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w 
ex> 

Orientation a 

ParalleL __________ _ 

Speci· 
men 

A I 
A, 

XI 

x, 
'{ L Perpend icular_ -----1 !vI 

D o _______________ { B: 

ParalleL ___________ { ~: 
{ L I Perpendicular______ L , 

Do ________ _______ { ¥ 

{
AI 

ParalleL ___________ 1 ~: 

B, 
{ 'J' 

P erpendicular. --- --I 'r: 
Do _______________ { t: 

T A BLE 3. Linear thermal expansion and contraction data of oriented specimens fr om three grades of graphite 

T est 
N o.' 

20 
21 

{
IS 
43 

'44 
]9 
14 
l7 
15 
16 

2S 
40 
33 
34 
35 
36 
37 

1000 C 12000 c I~~~:c I 4000 C 

P ercent Percent P ercent Percent 
0. 01 0. 02 0. 04 d O. 07 (. 05) 

. 00 . 02 . 04 . 06 (. 04) 

. 01 .04 . 06 . 09 (. 07) 
· 00 . 01 . 03 . 05 (. 00) 
. 00 . 01 . 03 . 05 
. 00 . 02 . 04 . 07 (. 05) 
. 03 . OS . 13 . IS(. 14) 
· 02 . 07 . 12 . J7 (. 13) 
. 03 . OS . 13 . 19 (. 17) 
· 04 • OS . 13 . I S (. 15) 

0. 01 
. 01 
. 01 
. 02 
. 02 
. 03 
. 03 

0. 03 
. 03 
. 03 
. 06 
. 06 
. 08 
.07 

0. 05 
. 05 
.06 
.09 
.10 
. 13 
• )2 

0. 07 (. 02) 
. 07 
. 08(. 02) 
. 13(. 06) 
. 14 (. 07) 
. 17 (. 07) 
. 16(. 09) 

~ 000 o. os 
. 07 
. 08 
. 08 
. 05 
. 06 
. 05 
. 0.1 

0. 14 
. 11 
. 12 
. 12 
. 09 
. 09 
. OS 
. 09 

0. 19 (. 16) 
. 16(. 07) 
. 17 (. 12) 
. 17 (. 12) 
. 12( . OS) 
. 12 (. 06) 
. 11 (. 06) 
. 12(. OS) 

~ .00 
29 . M 
n . 00 
M .~ 
U .m 
w . ~ 
~ . ~ 

L inear thermal expansion and contraction rrom room temperature to-

5000 C 6000 C 7000 C SOO° C 9000 C 1],0000 C 1 ] ,1000 C 11.200' C 1 1,3000 C 1,3700 C ' 

Percent 
0. 10 (. 07) 
.09 (. 07) 
. ] 1(. 10) 
. 07(. 02) 
. 07 
. 10 (. 07) 
.24 (.19) 
. 22 (. 19) 
. 24 (. 22) 
. 24 (. 20) 

0. 09 (. 04) 
. 10(. 00) 
. 11 (. 04) 
. 17 (. 10) 
. 1S(. IO) 
. 21 (.31) 
.21 (.13) 

0.24 (. 22) 
. 20 (. 12) 
.22 (. 16) 
. 22(. 17) 
. 16(. II ) 
. 16(. 10) 
. 15(. 09) 
. 15(. 13) 

Grade A (extruded) 

Percent 
0. 13(. 10) 

. 12 (. 10) 

. 14 (. 12) 

. 10(. 04) 

.09 

. 13(. 10) 

.29 (.24) 

. 2S(. 24) 

. 30 (. 2S) 

.29(. 25) 

Percent 
0. 16(. 13) 

. 15(. 12) 

. 17 (. 15) 

. 13(.06) 

. 12 

. 16(. 13) 

.34(.29) 

. 34(.30) 

.36 (.33) 

.34(.31) 

Grade B (extruded) 

0. 11 (. 06) 
. 12(. 02) 
. 14 (. 07) 
. 21(. 14) 
.22 (. 14) 
. 26(. 16) 
.25(. 17) 

0. 14 (.09) 
. 15(. 05) 
. 16(. 10) 
. 25(. 18) 
. 26(. 18) 
.31 (. 20) 
. 30(.21) 

Grade C (molded) 

0.30(.27) 
. 24 (. 16) 
.26(.20) 
. 27(. 21) 
.20(. 14 ) 
. 19(. 13) 
. 18(. 12) 
. 19(. 16) 

0.35(.32) 
.29(. 21) 
. 31 (. 25) 
.32(. 26) 
.24 (. 18) 
. 23(. J7) 
. 22 (. 16) 
.23(. 19) 

Percent 
0. 19(. 16) 

. IS(. 16) 

.20(. ]S) 

.16(.09) 

. 15 

. IR(. IS) 

. 40(.35) 

.39(.35) 

. 42 (. 39) 

. 40(.36) 

0.16(.11 ) 
. 17 (.07) 
.20(. 12) 
. 29(. 22) 
.31(.22) 
.36(.26) 
. 35(.26) 

0. 41(. 38) 
.34(. 26) 
. 36(.31) 
.38(.32) 
. 2S(. 22) 
.27(.21) 
.26(.20) 
. 26(.22) 

Percent 
0. 22(. 19) 
.21 (. 19) 
.23(. 21 ) 
. 19(. 12) 
. 18 
.22(. 19) 
.45(.41) 
.45(.4 1) 
.48(.45) 
.46(.42) 

0. 19(. 14) 
.20 (. 10) 
.22(. 16) 
.34(.26) 
. 36(. 2S) 
. 41(,32) 
. 40(.32) 

0. 47(.44) 
. 39(.31) 
. 41 (.36) 
.43(.37) 
.33(.25) 
. 31(.25) 
. ~0(. 24) 
.30(.25) 

j . 

Percent 
0. 25(.22) 

. 25(.22) 

.27(.24) 

.22(.1.1) 

.21 

. 25(.22) 

.51 (. 47) 

.51 (. 4S) 

.54(.51) 

.51(.4S) 

0.22 (.17) 
.23(. 15) 
.26(.20) 
.38(.31) 
.41 (. 33) 
. 46(. 3S) 
.45(.3S) 

o~(.~ 
.«(.~ 
.V(.~ 
.~(.~ 
.~(.~ 
. ~(.~ 
.M(.~ 
. ~(.~ 

Percent 
O. 2S(. 26) 
.28(.26) 
. ~O (. 2S) 
.2.',(. 19) 
.24 
.28(.26) 
.57(.53) 
.57(.54) 
.61(.57) 
. 5S(. 54) 

0.25(. 20) 
.26(. 16) 
.29(. 24) 
. 43(.37) 
. 46(.39) 
.52(.45) 
.51(.44) 

0.59 (.56) 
.49(.42) 
.52(.47) 
. 54(.50) 
.42(.34) 
. 39(.34) 
.39(.33) 
.39(.34) 

Percent 
0.32(.30) 
.32(.30) 
.34(.32) 
. 28(. 24) 
.27 
.31(.29) 
. 63(.61) 
.64(.6 1) 
.67(.65) 
. 64 (. 61) 

o. 2S(. 24) 
.29 (.21) 
.32(.2S) 
. 4S(. 43) 
.51 (. 46) 
. 5S(. 52) 
.57(.52) 

OM(.~ 
.54(.~ 
.~(.~ 
. OO(.~ 
.~(.~ 
.«(m 
.«(.~ 
.«(.m 

Percent 
0.36(.34) 
.37(.34) 
.37(.36) 
.32(. 29) 
.3 1 
.35(.33) 
.70(.60) 
. 70(.60) 
.74(.72) 
. 70(.68) 

on(.~ 
.n(.~ 
. ~(.~ 
.~(.~ 
. W(.~ 
.M(.~ 
. ~(.~ 

on(.~ 
~(.~ 
.~(. m 
.M(.~ 
.5O('~ 
.~(.~ 
.~(.~ 
. ~(.~ 

Percellt 
0.38(.38) 

.40(.39) 

. 40(. 40) 

.35(.32) 

.33 

.38 (,37) 

.74(.74) 

.75(.74) 

. 79(.7S) 

.74 (.74) 

OM(.~ 
M(.~ 
.~(.~ 
.M(.~ 
.Ol(.~ 
.M(.~ 
.M(.~ 

o~(.~ 
~ OO(.~ 
.M(.~ 
ro(.~ 
54(.5 1) 
m(.~ 
m(.~ 
m(.~ 
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TABLE 3. Linear thennal expansion and contraction data of oriented specimens from three grades oj graphite-Continued 

Coc{[icients of linear t.hermal expansioI1-
Speci- Test Orientation· m on NO,b 

I I 
I 1,000° to 1,200° 0 11,2000 to 1,370° 0 ' Roo m tern pera-I 2000 to 400° 0 I 400° to 600° 0 600° to 800° 0 800° to 1,000° 0 tu re to 200° 0 

Grade A (extruded) 

r"ru'" -- --- - I 
Al 20 1. 3XIQ-' 2. 4XlO-· 2. 8(2.8) X IO-' 2.9 (3.0) XIQ-' 3.2(3.7) X 10-6 
A, 21 1.1 2.3 2.8(2.8) 2.9(3. 0) 3.4(3.2) 

{ 18 2.1 2. 5 2.9(2. 7) 3. 0(2. 8) 3. 1(3.2) 
XI 43 0.8 1.8 2.5(2. 0) 2.9(2.4) 3. 0(3.1) 

, 44 0.8 1.7 2.3 2.8 3. a 
X , 19 1.2 2.6 2.8(2.6) 2.9 (3. 0) 3. I (3. 1) 

per::~_i~~~~~ ~~~: :: :~: :: : :: ::: : ::: ~: ~ : : : ::: ~ : _I{ ~: 
14 4.5 5.1 5. 4(5.1) 5.5(5.5) 5.7(5.9) 
J7 4. a 5.1 5.5(5.3) 5.6 (5.5) 6. O(~. 2) . 
15 4.7 5.3 5.6(5.3) 5.9 (5.4) 6.1(6 . . 3) 
16 4.7 5. a 5. 3(5.2) 5.6(5.4) 5.8(6. 0) 

Grade B (extruded) 

ParalleL __________ _____ ____ __ ____ ___________ __ _ { Al { 28 1.8 2. a 2.1 (2. 0) 2.5(2.4) 2.8(2.9) 
40 1.7 2. I 2.4(2.1) 2.6(2.4) 2.8(2. 9) 

A, 33 2. 1 2.4 2.6(2.4) 2.9(2. 7) 3. 1 (3.5) 
Perpendicular ____ ___ ___ ____ ___ ________ _____ ____ { L I 34 3.4 3.6 4. 0(3. 8) 4.2(4. 1) 4. 6(4.7) 

L, 35 3 .. 1 3.7 4.2(3.3) 4.5(4.2) 4.8(5.2) 
Do _______ ___ ___ _____ __ ____________ ________ . { ¥ 36 4.5 4.5 4.5(4.3) 4.9(5. 3) 5.3(6. 1) 

37 4.1 4.5 4.6(4.0) 4.9(4.7) 5.2(5.7) 

Grade 0 (mold ed) 

{ A l 
22 5. a 5.2 5.3(5.3) 5.8(5.6) 6. 0(5. 9) 

P aralleL ____ __ ____ ___ __ __ ________ ____ ___ __ __ __ . A, 23 4. a 4.3 4.3(4.3) 4.9 (4.9) 5.0(5.1) 
B I 29 4.4 4.5 4.7(4.3) 4.9 (4.7) 5.3(5 3) 
B , 32 4.6 4.6 5. 0(4. 6) 5.4(5.1) 5.3(5.9) 

Perpendicular ____ __________ __ _____ _____ _____ ___ { '1'1 24 2.9 3.6 3.8(3. 0) 4.1 (3. 5) 4. 4(4. 0) 
'1', 25 3.2 3.2 3.6(3.5) 3.8 (3.8) 4.1(4.1) 

Do _____________ ____ __________ __ __________ __ { L. 26 2.8 3.2 3 5(3.0) 3.9(3.9) 4. 3(4.2) 
I" 27 3.1 3. 4 3.5(3.8) 3. 7(2.9) 4.2(3.6) 

• R elat ive posit ions of the specimens with respect to each other and with respect to the direction of 
extrusion or molding pressure can be seen in fig.!. 

, Held at 1,370° for 45 min. before cooling. 
d Values in parentheses were obtained during cooling. 

3.5(3.6) X 10-' 3.7(4.5) X 10- ' 
3.7(3.7) 4.5(5.5) 
3.6(3.8) 3.8(4.4) 
3.2(4.4) 3. 7(4.8) 
3.2 . 3.4 
3.2(3.6) 3.8(4.4) 
6. 1(6.8) 6.4(7.8) 
6. 0(6.8) 6.6(7. 7) 
6.5(6.9) 6.8(7.7) 
6.0(6.5) 6.3(7.5) 

3.2(3.5) 3. 4(5. 1) 
2.9(3.8) 3. 0(5. 7) 
3.3(4.3) 4.1(5.7) 
4.8(5.8) 5.3(7. I ) 
5.1(6.4) 5.9(7.9) 
5.7(7. 0) n. 0(8. 2) 
5.6(7. 1) 6.4(8. 0) 

6.1 (6. 3) 6.5(7.9) 
5. 0(5. 9) f 5. 3(7. 3) 
5.4(6.3) 5.9(7.8) 
5. 6(b. 3) 5.9 (7.0) 
4.5(5.0) f 4. 5(6. 7) 
4.4(4.9) '4. 8t6. 6) 
4.5(4.9) f 4.8(6.6) 
4.4(4.9) f 5.1 (6. 3) 

b Protected 90% platinum-lD% rhodium thermocouple was used in tests 1 through 22, after which 
chromel-alumel t hermocouples were used. Tests I th rough 13 were t r ials and are not included . 
Other missing test numbers were eit her faulty tests or tests of other materials. 

, H eld for at least 1 hour at each of 10 temperatures between room temperature and 1,370° O. 
f Held at 1,390° for 45 min. before cooling. 

TABLE 4. Average coefficients of linear thermal expansion JOT thTee graphites 

A verage coefficients of expansion frorn-

Grade Orientation a Room 
tempera- 200° to 400° to 600° to 800° to 1,000° to 

ture to 400° 0 600° 0 800° 0 1,000° 0 1,2000 G 
200° 0 

2. OX 10-6 2.6XIO- · 3. OX 10-' 3. OX 10-' 3.4Xl0-' 3.5XIQ-· 
4.9 5.2 5.5 5.7 6. a 6.5 
2.0 2.4 2.5 3.0 3.1 3.5 
4.4 4.5 5. a 5.0 5.5 6. a 
3.6 4.0 4.2 4.5 4.9 5.1 
4.4 5. a 5.0 5.2 5.4 5.9 
:3.2 3.4 3.7 4. a 4.2 4.5 

A (extruded) - -- - - -- ----- -- - - --- {f~~~~~~i~~~~:::::::::::::::::::::::::::: ::: :::: 
dedi _________ _____ _ {perpendicular (U, '1') ________________ ________ __ _ 

B (extru - -- - P erpendIcular (L I, L ,) ___ ___________________ ___ _ 

o (molded) _____ ______ ____ ______ m;:~~~~icula~~:::::::::::: : :::::::::::::~:: :: ::: 

• W ith respect to direction of extrusion or molding pressure. 
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FIGURE 3. Average lineal' thel"mal expansion of three graphites. 
Grade A graphite: 1, a verage of fo ul' s pec imen~ perpend icula r to extrusion 

d irect ion; 2, average of four specimens para llel to extrusion d irection . Grade B 
graphite : 3, average of two specimens, U and T , perpen dicular to extrusion 
d irection; 4, average of two s pecimens, L I and L 2, per pen d icular to extrusion 
d irection; 5, average of two s pecimens para lle) to ex trusion d irection; grade C 
graphite: 6, average of fo ur specimens parallel to molding pressure; 7, average 
of four specimens perpendicular to mold ing pressure. 

was done to ev aluate th e lag in temp erature m eas
urem en ts m ade wi th th e bar e chrom el-alumel 
th ermocouple. The expansion m easurem en ts show 
th at ab ove 600 0 C th e values during th e r egul ar test 
(43) wer e sligh tly larger in every case, indicating a 
temper ature m easurem en t lag. H owever , the dif
fer en ce does no t materially affect th e expansion 
valu es. 

N o attemp t was m ade to compare th e thermal 
exp ansion determinations of th e three graphi tes 
investiga ted in this work wi th determinations of 
oth er graphi tes because of th e wide vari ation of 
values found in th e li terature. The varia tion is 
attribu ted to the anisotr opic ch ar ac teristic of th e 
crystal and th e structm al natm e of th e m ass. Th e 
structure of a graphi te body is unlike th at of a 
m etal or a por celain b ody . The flat graphi te 
crystals do n ot form impermeable solids, but rath er a 

low den sity porous body . The m any voids decr ease 
th e total th ermal expansion considerably . The 
total effect would dep end on th e gr ain size and pore 
distribu tion . 

The. work of Nelson and Riley (see foo tno te 2 ) 
and P18rry (see foo tno te 3) indicates the degr ee of 
anisotr opy of th e gr aphi te crystal. Most of th e 
th ermal expansion of th e crystal is due to th e ex
p an sion in the "C" direction . Along the "C" 
axis, th e former observers (see foo tnote 2) found that 
th e coeffi cien t of expansion was abou t 29 X 10 - 6, and 
along th e "A" aXIs only 0. 9 X lO - 6 b etween 600 0 

and 800 0 C . 

T AB LE 5. L ineal' thel"mal expansion data obtained jTOm repeat 
tests· of two grades of gra phi te 

Grade A specimen Xl b Grade B speci men Al 

T em perature range 

Test 43 I Test 44 Test 28 I Test 40 

L inear thermal expansion 

°C 
R T ' to 100. ____ __ _____ _ 
R T to 200 .. __ __ _ . ____ ._ 
RT to 300 .. _____ . __ ___ _ 
RT to 400 .. ____ _ . _____ . 
R T to 500. ____________ _ 
RT to 600 .. _____ . _____ _ 
RT to 700 .. _____ . __ . __ . 
RT to 800 .. _____ . ___ __ _ 
RT to 900 .. ___ ___ __ .. __ 
RT to 1,000 _. _________ _ 
RT to 1, 100 . ____ . __ . __ _ 
R T to 1,200 . ____ ._ .. __ _ 
RT to 1,300 . _____ ____ _ _ 
RT to 1,3iO . ____ . __ . __ . 

P ercent 
O. on 

. 01 

. 03 

. 05 

. 07 

. 10 

. 13 

. 16 

. 19 

. 22 

. 25 

. 28 

.32 

.35 

Percent 
0.00 
.01 
.03 
.05 
.07 
. 09 
.1 2 
. 15 
.18 
. 21 
. 24 
. 27 
.31 
.33 

P ercent 
0.01 

.03 

.05 

. Oi 

. 09 

. 11 

. 14 

. 16 

. 19 

. 22 

. 25 

. 28 

. 32 

. 34 

A verage coeffi cien ts of linear t hermal expansion 

RT to 200. __ .. __ . __ . __ . 0.8 X IO-6 
200 to 400 .... __ _ . ______ 1. 8 
400 to 600 .... _._. ____ ._ 2.5 
600 to 800 .. _ . ___ . __ .. _. 2.9 
800 to 1,000.___ ___ ______ 3.0 
1,000 to 1,200 .__ ____ ____ 3.2 
1,200 to 1,3iO ____ . ____ ._ 3. i 

0.8X I0- 6 
1.7 
2.3 
2.8 
3.0 
3. 2 
3. 4 

I. 8X I0- 6 

2.0 
2. 1 
2.5 
2.8 
3. 2 
3. 4 

Percent 
0.01 
. 03 
. 05 
.Oi 
. \0 
. 12 
. 15 
. 17 
.20 
. 23 
.26 
. 29 
. 32 
. 34 

1. iXlO-6 
2.1 
2.4 
2. 6 
2.8 
2.9 
3. 0 

• Tests 43 and 44 are first and second heat ings, and tests 28 and 40 a re second and 
tbird heatings. C 

b T est 18 was not included hecause of t he ex pected d ifTerence between expansion 
valu es due to t he d ifferen t method of measuring temperature. 

o R 'L" =room temperature. 

V. Summa ry 

. 1. The linear th ermal expansion of specimens of 
three grades of gra phi te , cu t in three directions with 
respect to th e direction of extrusion or of molding 
pressure, ViaS determined at various temperatures 
betw'een 200 and 1,370 0 C in vacuum. 

40 

2. Specimens cut perpendicular to the extrusion 
direction or parallel to th e direction of molding had 
greater expansions than sp ecimens cut parallel to th e 
extrusion direction or perpendi cular to th e m olding 
pressure. 

3. It was fo und that chromC'l-alumel thermocouples 
could be used successfull y in vacuum at temperatures 
well above those at which th ey fail in air. 

W ASHING'l' ON , Sep tember 13, 1950. 
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