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ARMY MATERIALS AND MECHANICS RESEARCH CENTER

IRREVERSIBLE DIMENSIONAL CHANGES AND THE INITIAL
GRAPHITIZATION KINETICS IN ANNEALED PYROLYTIC GRAPHITE

ABSTRACT

The irreversible dimensional changes in the "a" and "c¢'" directions in
pyrolytic graphite have been studied as a function of time (up to 4 hours)
and temperature (2500 to 2800 C). The change in the '"c" lattice parameter
has also been studied. Activation energies for the initial stages of
dewrinkling and graphitization huve been obtained.
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INTROOUCTION

Pyrolytic graphite is known to exhibit substantial irreversible dimen-
sional! changes upon prolonged exposure to temperatures above its deposition
temperature.!~5 However, little is known about the kinetics of this process,
as the bulk of the measurements of these irreversible dimensional changes
have been made after a relatively long time at temperature (> 4 hours)."
Since irreversible dimensional changes as large as 16 percent have been
observed> in the "c" direction compared with a maximum possible decrease
in this direction due to graphitization (that is, decrease of the interlayer
spacing) of about 2.3 percent, the irreversible dimensional change must be
due to some mechanism other than graphitization. Generally, this phenomenon
has been attributed to the dewrinkling of kinked sheets of graphite.“»3
The area of thc graphitization kinetics of pyrolytic graphite is also one
deserving more study. Although many studies of the graphitization kinetics
of conventional graphites have been made, only two studies on pyrolytic
graphite5:6 and one on boronated pyrolytic graphite’ are available. These
studies, however, were performed on powdered specimens. Pyrolytic graphite
is known to possess large mechanical stresses as deposited and since these
stresses have been shown to strongly affect the recrystallization of pyro-
lytic graphite,® it is probable that the behavior of massive pyrolytic
graphite should differ from the powdered material in which one may assume
that the deposition stresses have been relieved.

In this paper the authors will present data on the irreversible dimen-
sional changes in pyrolytic graphite in the temperature range of 2500 to
2800 C for times up to four hours. The initial activation energy for the
process of dimensional change will be calculated. The changes in the lattice
parameter in the 'c¢'" direction and the initial activation energy for graphi-
tization will be presented for the same samples.

MATERIAL AND EXPERIMENTAL PROCEDURES

The material used in this study was a continuously nucleated, fine cone
pyrolytic graphite deposited at 2000 C, obtained from the Raytheon Company.
This material was 98.5 percent of theoretical density; the as-received micro-
structure is shown in Figure 1. Specimens 2 x 1/4 x 1/4 inch were cut from
this material for subsequent measurement. The specimens were then placed in
a fixture which allowed the simultaneous heat treatment of six specimens at
a given temperature for a given time. Heat treatment was accomplished by
lowering the specimens from a quenching tower into a carbon resistance fur-
nace containing an argen atmosphere. After the specimens were in the furnace
for the required time, they were withdrawn to the quenching tower and quenched
in flowing argon for 1/2 hour. The use of the quenching tower minimized the
time the specimens would reside at high temperatures. Typically, s sample
would reach temperature in 3 to S minutes. All temperatures were monitored
by an optical pyrometer and the temperatures quoted are £20 C. The specimens
were measured with a micrometer at their midpoints prior to and subsequent
to heat treatment. The specimens were also weighed before and after heat

<




Figura |. MICROSTRUCTURES OF CONTINUOUSLY NUCLEATED PYROLYTIC GRAPHITE
Polarized Light. Mag. 100X



treatment.

Ac/c of 0.04 percent, which is insignificant.
the average of six specimens.

PGy

The maximum weight loss due to vaporization corresponded to a
Each data point represents
The X-ray data was obtained on a diffrac-

tometer utilizing CuK; radiation and measuring the (002) and (004) peaks.

RESULTS AND DISCUSSION

Figure 2a shows the irreversible percentage decrease in the ''¢" direc-
tion (deposition direction) and Figure 2b shows the irreversible percentage
increase in the "a" direction (along the basal plane) for the heat-itveated

-10.0

a. "¢" Direction
. 2800 C

1 | N | N | i
100 200 300 400
Time at Temperature (min)
b. "a" Direction
2800 C
2700 C
—o 2600 C
[o]
4 l yu l A
100 200 300

Time at Temperature (min)

Figure 2. IRREVERSIBLE DIMENS IONAL CHANGES OF PYROLYTIC GRAPHITE AS A

FUNCTION OF TIME AND TEMPERATURE
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pyrolytic graphite as a function of time and temperature. Although the
rate of dimensional change decreases significantly sfter the first S0 to
100 minutes, there is no evidence that it will become negligible at times
well beyond four hours.

If one plots the irreversible dimensional change versus temperature
for a four-hour heat treatment as in Figure 3, it is observcd that the
current data are in good agreement with those of Richardson and Zehms! and
Stover? but not in close sgreement with those of Kotlensky and Martens.3

The X-ray data presented in Figure 4 show the decrease in the '¢'" lat-
tice parameter with ti:o and temperature. Here we notice a limiting "c"
spacing of about 6.73 A being approached with varying degrees of rapidity,
depending on temperature. The limiting value seems to be somewhat above
the ideal graphite layer spacing of 6.708 A.

The activation energy for the initial stage of the dimensional change
phenomena can be calculated from plotting the logs nf the initial slopes of
Ac/c varsus time curves against 1/T°K. This 1s done in Figure 5. The acti-
vation energy obtained is approximately 281 kcal/mol. In a similar manne:
one can obtain the activation energy for the initial stage of graphitization
from the initial time derivative of the '"c' lattice parameter versus 1/T as
in Figure 6. This value is approximately 180 kcai/mol. Clearly this differ-
ence in activation energies indicates a difference in the atomic mechanisms
which may be responsible for the two phenomena.
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CHANGES IN PYROLYTIC GRAPHITE AS A FUNCTION
OF TEMPERATURE AFTER A 4-HOUR HEAT
TREATMENT (after Richardson & Zehms, Ref. |)



The activation energy associated with the initial stage of graphitization
found in this investigation is substantially below the previously reported
values of 250 to 270 kcal/mol.5,® This discrepancy may be attributed to the
different sample preparation involvec. Blackman and Ubbelohde® have demon-
strated the effect that the large residual deposition stresses have on the
recrystallization of pyrolytic graphite. They showed that material with the
highest degree of residual stress became the most ordered after annealing.
Thus one might well suppose that residuzl stresses aid the graphitization
process. The X-rayed surfaces of the bulk samples used in this work were
those away from the deposic¢ion surface, and thus were areas of high residual
stress prior to annealing. This stress presumably aided their graphitization.
Powder specimens, on the other hand, would have substantially lost their depo-
sition stresses by mechanical relaxation upon the loss of boundary constraints.
These samples would then not have the deposition stress available to aid the
graphitization process. To graphitize they would require more thermal energy
and thus have a higher activation energy than the bulk specimens.

3.0
o 0.1
I = -281 kcal™ 0.08
SHope =281 hca 006 | Slope = -178.2 k cal/M
- -
t;g - 0.04 |
8 i X-ray Data
0.6 r Initial Slopes
0.4 + 0.02
dFAS]
oz b ® 001
£ T
dto) ot
0.08F 0004:
0.06 +
0.04 - 0.002 I
0.001 N e (| e O/ W W
0.02 - 0.30 0.3 0.40
/T (degK)
0.01 U W (Y GO I T VA . d["c" Lattice Parameter)
0.30 0.35 0.40 Figure 6. INITIAL SLOPE OF -
/T (deg K) VERSUS I/T
. Figure 5. INITIAL SLOPE OF
irreversible Oi::ensional Chnnnl VERSUS 1/T
19-066-! 307/AMC 468
5




6.

7.

LITERATURE CITED

RICHARDSON, J. H., and ZEHMS, E. H. Structural Changes in Pyrolytio
GCraphite at Elevated Temperatures. Aerospace Corporation, Report
SSD-TDR-63-340, September 1963, AD-427346.

STOVER, E. R. Effects of Annealing on the Struoture of Pyrolytic
Craphite. General Electric Research Laboratory, Schenectady, New York,
Report 60-RL-2564M, 1960.

KOTLENSKY, M. V., and MARTENS, H. E. Tensile Properties of Pyrolytic
Oraphite to 5000 F. Jet Propulsion Laboratory, Pasadena, California,
Technical Report 32-71, 1961.

RILEY, W. C. "Graphite" in Ceramics for Advanced Technologies.
John Wiley and Sons, New York, 196S.

FISCHBACH, D. B. KXinetice of Graphitization. Jet Propulsion Laboratory,
Pasadena, California, Technical Report 32-532, 1966.

FISCHBACH, D. B. Xinetios of High Temperature Structural Transformation
in Pyrolytio Carbons. Applied Physics Letters, v. 3, 1963, p. 168-170.

KOTLENSKY, W. V., DONADIO, R. N., and HAGEN, L. OCraphitization of
Boron Pyrolytic Graphite. Presented at the 8th Carbon Conference,
State University of New York, Buffalo, New York, June 1967.

BLACKMAN, L. C. F., and UBBELOHDE, A. R. Stress Recrystallisation of
Graphite. Proceedings Royal Society, A, v. 266, 1962, p. 20.



ARMY MATERIALS AND MECHANICS RESEARCH CENTER
WATERTOWN, MASSACHUSETTS 02172

TECHNICAL REPORT DISTRIBUTION

Report No.: AMMRC TR 69-01 Title: Irreversible Dimensional

January 1969 Changes and the Initial
Gra~hitization Kinetics in

Annealed Pyrolytic Graphite

No. of
Copies To

1

20

Office of the Director, Defense Research and Engineering, The Pentagom,
Washington, D. C. 20301

Commander, Defense Documentation Center, Cameron Station, Building S,
5010 Duke Street, Alexandria, Virginia 22314

Defense Ceramics Information Center, Battelle Memorial Institute,
505 King Avenue, Columbus, Ohio 43201

Defense Metals Information Center, Battelle Memorial Institute,
Columbus, Ohio 43201

Chief of Research and Development, Department of the Army,
Washington, D. C. 20310
ATTN: Physicel and Engineering Sciences Division

Commanding Of ficer, Army Research Office (Durham), Box OM,
‘'uke Station, Durham, North Carolina 27706
ATTN: Information Processing Office

Commanding General, U. S. Army Materiel Command,
Washington, D. C. 2031S
ATTN: AMCRD-TC

Commanding General, Deseret Test Center, Fort Douglas, Utah 84113
ATIN: Technical Information Office

Commanding General, U. S. Army Electronics Command,
Fort Monmouth, New Jersey 07703
ATTN: AMSEL-RD-MAT

Commanding General, U. S. Army Missile Command, Redstone Arsenal,
Alabama 35809
ATTN: Technical Library

Commanding General, U. S.- Army Munitions Command,
Dover, New Jersey 07801
ATTN: Technical Library




D
Security Ciusiflcaﬁon
DOCUMENT CONTROL DATA - R&D

(Security clessitication of title, body of abetrect and indexning annotation must be entered when the overe!l report is clessilied)

1. ORIGINATING ACTIVITY (Corporete suther) 26. REPORT SECURITY C LASSIFICATION
Army Materials and Mechanics Research Center Unclassified
Watertown, Massachusetts 02172 25 smoum

3. REPORT TITLE

IRREVERSIBLE DIMENSIONAL CHANGES AND THE INITIAL GRAPHITIZATION KINETICS IN
ANNEALED PYROLYTIC GRAPHITE

4. DESCRIPTIVE NOTES (" ype of repert and inchioive dates)

8. AUTHOR(S) (Loat name. Hret name, initial)

Katz, R. Nathan and Meyer, Frederick P.

6. REPORT DATE 7a. TOTAL NO. OF PAGES 7b6. NO OF REFPS
January 1969 6 8
86 CONTRACY OR GRANT NO. 92 ORIGINATOR'S REPORT NUMBER(S)
s snostcT no. D/A 1T06210SA330 AMMRC TR 69-01
c. AMOMS Code 5025.11.296 13 g't.u'l.:.:’-mn NO(S) (Any other numbers thet may be sssigned
¢ Subtask 39191

10. AVAILABILITY/LIMITATION NOTICES

This document has been approved for public release and sale; its distribution
is unlimited.

1. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

U. S. Army Materiel Command
Washington, D. C. 20315

13 AssTRACT ~The irreversible dimensional changes in the "a" and "c" directions in
prrolytic graphite have been studied as a function of time (up to 4 hours)
and temperature (2500 to 2800 C). The change in the "c" lattice parameter
has’ialso been studied. Activation energies for the initial stages of
dewrinkling and graphitization have been obtained. (Authors)

DD .. 1473

Security Classification



UNCLASSIFIED

“Secunty Classification

14
KEY WORDS

LINK A LINK 8 LINK C

AOLE wy AROLE LAJ ROLE wY

Pyrolytic graphite

Heat treatment

Irreversible dimensional changes
Lattice parameters

Graphitizing

Kinetics

Graphite

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Depeartment of De-
fense activity or other organization (corporate author) issuing
the report.

2a. REPORT SECURTY CLASSIFICATION: Enter the over
all security classification of the report. Indicate whether
‘“Restricted Data’’ is included Marking is to be in eccord
ance with sppropriate security regulations.

2b. GROUP: Automatic downgrading is specified in DoD Di-
rective 5200. 10 end Armed Forces Industrial Manual. Enter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 as author-
1zed.

3. REPORT TITLE: Enter the complete repont title in all
capital letters. Titles in all cases should be unclassified.
If » meaningful title cannot be selected without classifice-
tion, show title classification in all cepitals in parenthesis
immediately following the title.

4. DESCRIPTIVE NOTES: If sppropriste, enter the type of
ieport, e.g., interim, progress, summary, annual, or final.
Give the inclusive dates when a specific reporting period is
covered.

S. AUTHOR(S): Enter the name(s) of suthor(s) as shown on
or in the report. Enter last name, first name, middle initial
If military, show rank and branch of service. The name of
the principal author is an absolute minimum requirement.

6. REPORT DATE: Enter the date of the report as day,
month, year, or month, year. 1f more than one date appears
on the report, use date of publication.

7a. TOTAL NUMBER OF PAGES: The total page count
should follow normal paginstion procedures, L.e., enter the
number of pages containing information

7b. NUMBER OF REFERENCES Enter the total number of
references cited in the report.

8a. CONTRACT OR GRANT NUMBER: If sppropriate, enter
the applicable number of the contract or grant under which
the report was written

8d, &, & 8d. PROJECT NUMBER: Enter the appropriate
military department identificetion, such as project number,
subproject number, system numbers, task number, etc.

9s. ORIGINATOR'S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identified
and controlled by the originating activity. This number must
be unique to this report.

95. OTHER REPORT NUNBER(S): If the report has been
assigned any other report numbers (v ther by the originastor
or by the sponaor), also enter this number(s).

INSTRUCTIONS

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-
itations on further dissemination of the report, other than those
imposed by security classification, using standard statements
such as:

(1) ‘Quaslified requesters may obtain copies of this
report from DDC.*’

(2) ‘'Foreign snnouncement and disseminastion of this
report by DDC is not authorized.’’

(3) "“U. S Government agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through

(4) '"'U. S military agencies may obtain copies of this
report directly from DDC. Other qualified users

shall request through

(S) **All distribution of this report is coatrollied Qual-
ified DDC users shall request through

If the report has been furnished to the Office of Techr ol

Services, Department of Commerce, for sale to the public, . U

cate this fact and enter the price, if known

1L SUPPLEMENTARY NOTES: Use for additional exp’ :»
tory notes.

12 SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or 1sborstory sponsoring (pay
ing for) the research end development. Include addrese.

13. ABSTRACT: Enter an abstract giving a brief snd fectual
summary of the document indicative of the report, even though
it may also appear elsewhere in the body of the technical re-
port. If additional space is required, a continuation sheet
shall be attached.

It is highly desirable that the abstract of classified re-
ports be unclassified. Each paragraph of the abstract shall
end with an indication of the militery security classification
of the information in the paragraph, represented as (TS), (S).
(C). or (U).

There is no limitation on the length of the abstract. How-
ever, the suggested length is from 150 to 228 words.

14. XEY WORDS: Key words are technically meaningful terms
or short phreses that characterize a report and may be used as
index entries for cataloging the report. Key words must be
selected so that no security classificstion is required. lden-
fiers. such as equipment mode! designation, trade name, mili-
tery project code name, geographic location, may be used ss
key words but will be followed by an indication of technical
context. The assignment of links, rules, and weights is

optional

""'“"__Sé£5§$§§E£&EEZHSF__——___'

C S e . e e il S

i e Tedas



