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Ablation of Graphitic Materials in the Sublimation Regime

John H. Lundell* and Robert R. Dickeyt
NASA Ames Research Center, Moffett Field, Calif.

A large variety of graphitic materials has been tested in an arc-heated airstream at a surface pressure of 4.3
atm and a nominal surface temperature of 3925 K. Included were commercial and developmental grades of ar-
tificial graphites, both two and three-dimensional carbon-carbon composites, and several special materials such
as pyrolytic graphite, mesophase graphite, glassy carbon, and natural graphite. ATI graphite was used as a con-
trol material. The mass-loss rate for all the man-made graphitic materials fell within the range of 17% less to
30% more than the rate for ATI. Thus, it is concluded that wide variations in constituents, processing,
fabrication, and structure have relatively little effect on the ablation performance of graphitic materials, at least
under the conditions of the present tests. Particulate mass loss was observed for all the materials tested and ap-
pears to be the dominant mechanism for mass removal at the present test conditions. It is suggested that this
mechanism results from physical failure, primarily by compressive thermal stress.
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Nomenclature
= specific heat, cal/g- K
= elastic modulus, dynes/cm2

= thermal conductivity, cal/cm-sec- K
= defined by Eq. (2)
= mass-loss rate, g/cm2-sec
= mass-loss rate for ATJ graphite, g/cm2-sec
= incremental mass-loss rate, g/cm2-sec
= pressure at stagnation point, atm
= radius, cm
= final nose radius, cm
= temperature of the unheated specimen, K
= surface temperature, K

Vs - surface recession, velocity, cm/sec
a = thermal expansion coefficient, 1/K
ju, = Poisson's ratio
p = bulk density, g/cc
at — thermal stress in tangential direction, dynes/cm2

I. Introduction

GRAPHITIC materials have received much attention
in recent years for application to both planetary entry

probe heat shields and ballistic missile nose tips and heat
shields. To date, however, there is little information in the
literature on the ablative behavior of this class of refractory
materials in the sublimation regime (above 3500 K). Con-
sequently, an extensive experimental program was initiated to
obtain such information. In the initial phase of this work,!

ATJ graphite was examined extensively in both the diffusion-
controlled oxidation regime and the sublimation regime. The
objectives were to compare experimental results with the
available graphite ablation theories, to ascertain if there are
any ablation mechanisms which are not accounted for by the
available theories, and to thoroughly characterize ATJ so it
could be used as a "control" material in tests of other
graphitic materials.

The results of the initial phase of the program demon-
strated that particulate mass loss becomes a significant
ablation mechanism for ATJ graphite when the surface tem-
perature exceeds about 3600 K. At a temperature of 4000 K,
for example, it is estimated that 65% of the mass is lost by
particulate removal. As a result, the equilibrium ther-
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mochemical ablation theories for graphite2'5 cannot be used
to predict the performance of ATJ graphite in the sublimation
regime. These theories simply do not adequately model the
ablation process at elevated temperatures.

The question naturally arises as to whether particulate mass
loss is significant for other grades of artificial graphite and
other types of graphitic materials. Thus, a second phase of
the program was initiated to investigate a large variety of
graphitic materials in the sublimation regime and to study
possible mechanisms for particulate mass loss.

II. Experiments
All the tests were performed in the Ames Heat Transfer

Tunnel, which is a conventional arc-driven wind tunnel. The
test gas is heated by means of an electric arc heater and then
expanded through a supersonic nozzle into an underexpanded
free jet. For these tests a Linde N4001 arc heater was coupled
to a 5.1 cm diam contoured nozzle with a 1.9 cm diam throat.
This combination produces a high-enthalpy air stream with a
nominal Mach number of 3.5. A unique feature of the facility
is its model support system which contains 18 support arms.
Any or all of the support arms can be sequentially inserted in-
to the test stream for a predetermined time by means of an
automatic control system.

For the present tests, a standard test condition was selected
to produce a high surface temperature and, potentially, a
large particulate mass loss. The condition selected was an arc
chamber pressure of 21.4 atm, an arc current of 2700 amp,
and a nominal voltage of 1830 volts. These conditions resulted
in a nominal convective heating rate of 6500 W/cm2, a cen-
terline enthalpy of 39 Mj/kg, a surface pressure of 4.3 atm,
and a surface temperature of about 3925 K. The surface
pressure was measured with a copper pitot probe, and the con-
vective heating rate was measured with a transient, slug-type
calorimeter which had the same size and shape as the ablation
specimen. Surface temperature is a critical measurement
which is discussed in some detail in Ref. 1. For the present
tests, temperature was measured with an automatic optical
pyrometer (Thermodot TD-9), and a surface emissivity of
0.916 was used to correct brightness temperature to true tem-
perature.

The test procedure was the same for all the runs. From 10 to
13 ablation specimens were tested during a single run, and in
all cases an ATJ graphite specimen was included as a control
to account for slight variations in the actual test conditions.
Once the specimens and instrumentation were installed, the
test chamber was pumped down to a pressure of 200/u, and the
arc heater was started and brought to the desired running con-
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\ Fig. 1 Ablation specimen.

Table 1 Commercial graphites
Maximum
Grain Size

Density
g/cc

ME 11**
ME14**
ME14**
ME15**
ME18**
H-205
H-205**

H-205-85**
MHLM**

MHLM-85**
2BE**

2D8D**
2D9B**
W119**

AXF-5Q
AXF-5Q
AXF-5Q

L-56**
L-56**

L-56(GP)**
P-03
P-3W**

P-3W(GP)**
3499**
3499S**
39- RL**
4007**
8827**
8882
9050**
9326
9821
9RL**
E-24**
E-24**
LI**
LSI**
L31**
331 "

201?
AGSX**
ATJ**

ATJ(GP)**
ATJS**

ATJS(GP)**
ATL**

ATL(GP)**
AUC

CDA**
CDG**

CDG(GP)**
CMS**
PGR**
RVA
ZTA

General Electric
General Electric
General Electric
General Electric
General Electric

Great Lakes Carbon
Great Lakes Carbon
Great Lakes Carbon
Great Lakes Carbon
Great Lakes Carbon

Ohio Carbon
Ohio Carbon
Ohio Carbon
Ohio Carbon

Poco
Poco
Poco

Pure Carbon
Pure Carbon
Pure Carbon
Pure Carbon
Pure Carbon
Pure Carbon
Airco Spee
Airco Speer
Airco Speer
Airco Speer
Airco Speer
Airco Spee
Airco Spee
Airco Spee
Airco Spee
Airco Speer
Airco Speer
Airco Speer

Stackpole Carbon
Stackpole Carbon
Stackpole Carbon
Stackpole Carbon
Stackpole Carbon

Union Carbide
Union Carbide
Union Carbide
Union Carbide
Union Carbide
Union Carbide
Union Carbide
Union Carbide
Union Carbide
Union Carbide
Union Carbide
Union Carbide
Union Carbide
Union Carbide
Union Carbide

PC.LB.AG
PC.LB.AG

LB.PC.AG
PC.LB.AG

PC
PC
PC
LB

LB.PC
PC.NG

LB

LB

PC
PC
PC
PC
PC
PC
PC
PC
PC
PC

PC
LB

PC
LB

PC

PC
PC
PC
PC
PC
PC
PC
PC

PC.LB
PC.LB
PC.LB
PC.LB

PC
PC
PC

076
076

18
076
41

15
84
84
15
18
18
25
025

15

15
076
15
15
076
076
076
20
076
076
076
020
020
076
13

15
15

076

41
15
15
15
15
76
76
20
15
41
41
076
76
76
15

.63

.74

.74

.59

.78

.84

.78

.86

.51

.48

.69

.74

.80

.61

.60

.82

.66

.64

.68

.59

.63

.66

.76

.83

.78

.90

.92

.67

.57

.54

.61

.70

.82

.64

.73

.71

.83

.83

.79

.78

.68

.65

.50

.49

.81

.68

.84

.95 |

2.79

2.54
2.54
2.92
4.76
3.43
3.94
3.18
3.68
2.79
2.03
1.65
3.68
5.40
3.68
2.79

_
-

3.30
4.76
3.18
3.18
3.05
2.92
3.05
3.68
3.81
2.54
2.92
4.45
1.78
3.05

2.92

2.79
5.40
2.67
3.30
3.05
3.18
3.81
2.79
3.18
2.67
3.30
2.92
3.18
3.30
2.54
3.81
4.76

3945
I

3930
3945
3955
3870
3945
3930
3945
3955
3940
3905
3920
3920
3840
3910
3940

-
3915
3840
3930
3930
3945
3945
3930
3945
3945
3940
3940
3890
3935
3945

B
B

3955
B
B

3935
3805
3945
3945
3945
3945
3945
3940
3945
3945
3945
.3945
3945
3935
3945
3840
3890

.07
roke
.04
.93
.10
.00
.99
.02
.98
.96
.05
.04
.23

02
20
06
29

roke
roke

04
.06
.96
03
12
14
04
08
08
21

.05
30
17

.11
roke
roke

08
roke
roke
.96
.03
,93
.00
.98
.95
.92
.93
.98
.17
.99
.94
.06
.94
.97
.15
.96

.... rtificial graphiti
vestigated by Maahs(7"9>

LB, lampblack; NG, natural graphite; PC, petroleur
(GP) denotes a gas-purified version of the standard grade.

dition. The instruments and ablation specimens were then
sequentially inserted into the stream for a preselected time,
typically 8 sec for the ablation specimens. This exposure time
was sufficient to produce a recession of about 0.8 cm for a
typical artificial graphite.

The design of the ablation specimen is illustrated in Fig. 1.
This shape evolved as a fairly steady-state shape for ATJ
graphite during the initial phase of the program. In most cases
the specimens were machined so that their centerlines were in
the across-grain direction. Exceptions to this procedure will
be noted. Since all graphitic materials expand appreciably
when heated, a notch was cut in each specimen to provide a
*'local" reference for the recession measurements. The sur-
face recession history for each specimen was determined by
means of motion pictures which were shot at either 24 or 64
frames per sec. The steady-state mass-loss rate was deter-
mined by multiplying the recession rate by the bulk density.

III. Materials
A large variety of graphitic materials were investigated in

the experimental program. Included were both commercial
and developmental grades of artificial graphites, both two-
and three-dimensional carbon-carbon composites, and several
special materials. In addition, Teflon and boron nitride were
included to obtain a direct comparison of graphitic materials
with a low-temperature subliming material and another type
of refractory material. A total of 85 materials were tested.
They are briefly described in Sec. III. in Tables 1-4.

The work on most of the commercial graphites represents a
cooperative effort with Dr. Howard Maahs of Langley

Research Center. Over a period of several years, he charac-
terized 40 different grades of commercial graphite by
examining their chemical impurities,7 crystallographic struc-
ture,8 and physical microstructure.9! The selected grades in-
clude a wide variety in filler material, grain size, density, im-
purity level, crystallographic structure, and physical
microstructure. Thus, the end objective was to relate these
characteristics to the ablative performance9 of the various
grades. The ablation tests performed by Maahs were done in
the oxidation regime, at a surface temperature in the range of
2045 K-2300 K. This temperature range is of interest In such
applications as the space shuttle, but it is significantly below
the range of interest for most planetary probe and ballistic
missile applications. Hence, a cooperative effort was
initiated, and the same grades were tested in the present
program. The commercial graphites obtained from Maahs
and those obtained directly from the manufacturer are listed
in Table l.§

In addition to the microstructure, other factors which may
influence the ablation behavior of artificial graphites are the
initial constituents and the processing of these constituents in-
to the final product. Unfortunately, information regarding
these factors is generally not available for commercial
graphites; manufacturers treat this as proprietary in-
formation. Thus another cooperative effort was initiated with
several groups which are working on the development of im-
proved graphites. These groups include the Los Alamos Scien-
tific Laboratory (LASL), Oak Ridge National Laboratory,
ORNL, and the McDonnell Douglas Astronautics Company
(MDAC).l

The developmental grades are materials which the several
groups thought were representative of their better materials at
the time they were supplied. To date there has not been a
systematic variation in constituents and processing among the
grades investigated. A description of the various develop-
mental grades is given in Table 2, where initial constituents,
method of fabrication, and density are listed. In all, 19 grades
were received from LASL, two from MDAC, and one from
ORNL. The materials from LASL include a variation in filler,
addition, binder, crystal orientation, and method of
fabrication.10 The two materials supplied by MDAC provide
a variation in type of filler. MDAC 1 is similar to ATJS ex-
cept that is has filler particles which are half the size of those
in ATJS. Thus comparison of these two grades will provide an
indication of the effect of particle size on ablation per-
formance. MDAC 228 is made with pyrolytic graphite filler
particles to provide a filler which is more anisotropic than that
used in MDAC 1. The final developmental grade was IP-59
which was obtained from ORNL. In this material, the filler is
low-strength, low-modulus carbon fiber (2ju diam by 250/x
long) which is produced in the Y-12 plant at Oak Ridge, and
the binder is a coal tar pitch. A description and some ther-
mophysical properties of the IP materials are given in Ref. 11.

It is apparent that the developmental materials provide
variations in constituents, fabrication, and processing. Tests
on these materials may help to elucidate the effects of filler
type and size, binder, additions, calcining temperature,
method of molding, and grain orientation on ablation per-
formance.

Carbon-carbon materials are a two-phase system consisting
of a graphitic reinforcement in the form of cloth or fiber and
a graphitized pitch or resin as the matrix material. They ap-

JThe characterization includes various measures of density; pore
radius, area and volume; surface area; porosity; and thermal con-
ductivity. All measurements were performed at room temperature.

§The grades obtained from Maahs are denoted by a double asterisk
in Table 1. Several of the grades were obtained in a purified form.
Purification was accomplished by high-temperature halogenation
(presumably chlorine) of the standard grade. The purified grades are
denoted with (GP) after the grade designation.

iThe authors wish to acknowledge the cooperation of M. Smith of
LASL, K. Kratsch of MDAC, and W. McWhorter of ONRL in sup-
plying developmental grades for this phase of the program.
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Table 2 Developmental graphites
Calcining

Designation Supplier Filler Temperature Additionrac ion oc rac ion

65B LASL Isotropic .769 1090
Coke

73C LASL Isotropic .794 1090
Coke

73F LASL Isotropic .806 2170
Coke

77J LASL Isotropic . 680 2500 Carbon . 120
Coke Black

77F LASL Needle Coke . 758 1190

77G LASL Needle Coke . 827 2420

77L LASL Needle Coke . 714 2520 Kynol . 033
Fiber

Fine Natural . 079
Graphite

75K LASL Needle Coke . 714 2520 Kynol . 033
Fiber

Fine Natural . 079
Graphite

75K LASL Needle Coke . 714 2520 Kynol . 033
Fiber

Fine Natural . 079
Graphite

77 B LASL Fine Natural .814 Kynol .034
Graphite Fiber

75A LASL Fine Natural . 814 Kynol . 034
Graphite Fiber

77D LASL Fine Natural .697 Carbon .123
Graphite Black

59K LASL Fine Natural . 697 Carbon . 123
Graphite Black

59K LASL Fine Natural . 697 Carbon . 123
Graphite Black

77A LASL Coarse Natu- .842 Kynol .035
ral Graphite Fiber

77C LASL Coarse Natu- .658 Carbon .219
ral Graphite Black

75D LASL Coarse Natu- .658 Carbon .219
ral Graphite Black

77E LASL Coarse Natu- .618 Kynol .035
ral Graphite Fiber

Carbon . 217
Black

75H LASL Coarse Natu- .618 Kynol .035
ral Graphite Fiber

Carbon . 217
Black

MDAC 1 McDonnel Coke
Douglas

MDAC228 McDonnel Pyrolytic .650
Douglas Graphite

IP-59 ORNL Graphite
Fiber

_. . BinderBinder Fraction

30 MH . 231
Pitch
30 MH . 206
Pitch
30 MH . 194
Pitch
PFA .200
Resin
30 MH . 242
Pitch
30 MH . 173
Pitch
30 MH . 174
Pitch

30 MH . 174
Pitch

30 MH . 174
Pitch

30 MH . 152
Pitch
30 MH . 152
Pitch
30 MH .180
Pitch
30 MH .180
Pitch
30 MH . 180
Pitch
30 MH . 123
Pitch
30 MH . 123
Pitch
30 MH . 123
Pitch
30 MH .130
Pitch

30 MH . 130
Pitch

Pitch

Pitch . 350

Pitch

Fabrication
Method

Molded
Billet
Molded
Billet
Molded
Billet
Extruded

Molded to
Shape
Molded to
Shape
Molded to
Shape

Molded
Billet

Molded
Billet

Molded to
Shape
Molded
Billet
Molded to
Shape
Molded
Billet
Molded
Billet
Molded to
Shape
Molded to
Shape
Molded
Billet
Molded to
Shape

Molded
Billet

Molded
Billet
Molded
Billet
Molded
Billet

Orientation

AG

AG

AG

AG

AG

AG

AG

WG

AG

AG

AG

AG

WG

AG

AG

AG

AG

AG

AG

AG

Density Run Rn-
g/cc Number cm

T ———————— ' ———————— ' —————

1.755 6

1. 765 6

1. 799 6

1.896 7

1.752 7

1.904 7

1.883 7

1.890 6

1.890 6

1.817 7

1.908 6

1.850 7

1.819 6

1.819 6

1.930 6

1.865 7

1.854 6

1.840 7

1.834 6

1.850 8

1.849 8

1.85 7

3. 05

3.68

2. 79

Ts
K

3910

3910

3895

m

^ATJ

1.

1.

0.

12

19

98

- Broke

3. 56

3.56

2.

4.

92

45

3940

3940

3950

3930

1.

1.

1.

1.

17

10

17

10

- Broke

3.

3.

2.

2.

18

56

67

79

3930

3915

3940

3910

1.

1.

1.

1.

12

12

00

11

- Broke

4.

2.

3.

6.

3.

2.

3.

3.

19

92

81

67

81

79

18

30

3910

3930

3910

3940

3910

3945

3940

3945

1.

1.

1.

1.

1.

1.

1.

1.

08

01

07

08

,09

,00

.00

.12

Table 3 Carbon-carbon deposits
Reinforcement Matrix Addition

Designation Supplier Description Type Fraction Type Fraction Type Fraction

AGCarblOl S. R. Two-dimensional plies WCA Cloth . 65 Phenolic . 35
parallel to stream

AGCarblOl S. R. Two-dimensional plies WCA Cloth . 65 Phenolic . 35
perpendicular to
stream

3D C/C MDAC Three dimensional, Thornel 508 Pitch
coarse weave
x-y^-z Spacing =
.127 x .127 x .318 cm

3D C/C MDAC Three-dimensional, Thornel SOS Pitch
fine weave x-y-z-
spacing = . 094 x . 094
x . 127 cm

pear to offer great potential as heat shield materials, both
from the standpoint of fabricating large pieces and the ability
to vary properties in three dimensions. Thus both two-and
three-dimensional composites were included to see how their
ablation performance compares with artificial graphite. Per-
tinent information about the structure of the composite
materials is given in Table 3. The two-dimensional materials
were formulated by San Rafael Plastics Co.,** and the three-

* The authors wish to acknowledge the cooperation of P. Bayliss in
furnishing the two-dimensional materials and K. Kratsch in furnishing
the three-dimensional materials.

Density Run Rj^
g/cc Number cm

1.40

1.40

1.70

1.82

5 3.18

5 4.76

8 1.91

8 2.16

Ts
K

3900

3900

3945

3940

m

0.

1.

1.

1.

m

ATJ

92

00

02

02

Table 4 Special materials

Designation

Pyrolytic Graphite

Pyrolytic Graphite

Mesophase Graphite

Glassy Carbon
Natural Graphite
Moldable Graphite
Moldable Graphite

Teflon
Boron Nitride
HD0092

Supplier

Pfltzer

Pfitzer
UCAR

Great Lakes
Res. Lab.
Lockheed
Mexico
S.R.
S.R.

Saunders
Union Carbide

Processing

Pyrolytic
Deposition

Pyrolytic

Pyrolysis
Mined
Cured
Pyrolyzed and
Graphitized

Hot Pressed

Densi* Nu^er

2.15 8

14
2.20 9

14
1.813 8

1.45 15
1.90 14
1.69 5
1.70 5

2.17 9
1.90 10

Knf

3.94

5.08
4.32
3.81
3.43

2.03
0.89
2.03

.3.30

0.89
1.27

Ts

K

4300

4300
4290
4290
3945

3995

3900
3900

_ i

0.

i.
i.
i.
i.
i.
i.
i.
3.
2.

n

83

04
04
12
05

27
8
32
04

64
09
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Table 5 Test conditions and results for ATJ and ATJS
Chamber Stagnation

ATJ ATJSATJS
2700
2700
2700

21.4
21.4
21.4

Average for Run 3
2700 21.4
2700 21.8
2700 21.8
2700 21.4
2700 21.4
2700 21.4

2700
2700
2700
2700
2700
2700

.166

.162

.154

.163

1.02
1.02
1.01
1.02

3965
3965
3965

4.47
4.40
4.39
4.31

1.02
.954
1.02
.980
1.01
1.00
1.00

.967

.954
1.03
.967
1.03
.993
.02

3820
3930
3915
3945
3940
3940
3935
3935
3935
3935
3935
3935

3945
3940
3945

dimensional materials were furnished by MDAC.12 The two-
dimensional composites are designated AGCarb 101 since
they are one of the materials produced for Aerojet General
Corp. for rocket nozzle applications. The materials were
made with WCA graphite cloth (Union Carbide Corp.) as the
reinforcement and a phenolic resin as the matrix.

The three-dimensional composites differ from each other
only in the fineness of weave of the reinforcement. Both
materials consist of a three-dimensional, orthogonal struc-
turett woven with Thornell SOS high-modulus graphite fiber
(Union Carbide Corp.) and a proprietary pitch matrix.

A variety of special materials were included in the program
to obtain a direct comparison of their ablation performance
with both artificial graphites and composites. This group of
materials is described in Table 4 and includes pyrolytic
graphite, mesophase graphite, glassy carbon, natural
graphite, and moldable graphite. One reason the first three of
these materials are of interest is that they are single phase
rather than two-phase materials such as artificial graphites. It
has been suggested3 that the cause of particulate mass loss in
artificial graphites is preferential erosion of the binder phase
over the filler phase. If this is indeed the case, the single phase
materials should not be susceptible to particulate mass loss.

From the previous brief descriptions of the various
materials, it is apparent that they differ significantly in such
characteristics as initial constituents, processing, fabrication,
and resultant microstructure. The experimental results will
now be examined to determine if the variations in these
characteristics cause appreciable differences in ablation per-
formance.

IV. Results and Discussion
Experimental results for the four groups of materials are

given in the last three columns of Tables 1-4. Included are the
final steady-state nose radius (Rn), surface temperature
(T5), and the ratio of the mass-loss rate to the rate for ATJ
(m/mAT}). Generally the materials were tested in groups of
10 to 13, including ATJ as the control, during a single run. In
all, 15 runs were made, and the test conditions and ablation
results for ATJ for each run are given in Table 5. Note that in
Tables 1-4 the number of the run, during which each material
was tested, is listed. Thus if the mass-loss rate for any given
material is of interest, it may be obtained by multiplying
^/^ATJ by raATJ f°r the appropriate run.

A. Repeatability
Since a number of runs were required to test all the

materials, the question of arc-jet repeatability, from run to
run, arises. To account for arc-jet variations, ATJ was used as
a control. But what of the repeatability of ATJ? The question
of both material and arc-jet repeatability can be answered by
examining the results presented in Table. 5.

tf Produced by Fiber Materials, Inc.

A check on run-to-run repeatability can be obtained from
the results for ATJ for all 15 runs. The results indicate that
generally the run-to-run repeatability is within 5%. The major
exception to this is run 10, for which the mass-loss rate is 9%
above the average. Note, however, that the chamber pressure
was somewhat high for this run. The results for run 4 were not
included in the average, since the mass-loss rate for this run
was exceptionally low. The arc electrodes were reaching the
end of their useful life during this run and were replaced,
along with the nozzle, after this run. With the exception of
run 4, it appears that the run-to-run repeatability may be as
high as 9%, but generally it is within 5%.

To check on material repeatability, a separate run (number
9) was made in which seven ATJ specimens were tested. The
results show that for all except one specimen, the material
repeats within 2%. The exceptional specimen had a mass-loss
rate which was 5% below the average for all specimens. Thus
it appears that the control material can be expected to repeat
within 5%, and probably within 2%. Similar results were ob-
tained on ATJS in run 3, where 6 specimens were tested. In
the ensuing discussion, the results are presented relative to the
control material, ATJ.
B. Commercial Graphites

The results for the commercial graphites are given in Table
l.Jt The first conclusion that is immediately apparent is that
no commercial grade has an appreciably lower mass-loss rate
than ATJ; the best grade is the gas-purified version of ATJS
which has a rate only 8% lower than ATJ. On the other hand,
no grade has a significantly higher rate than ATJ. Speer 9326
had the highest rate, but it was only 30% higher than ATJ.
Except for the grades tested during run 4, there is very little
variation in surface temperature. There is some variation in
nose radius, but no correlation with mass loss or material
characteristics can be established.

The low percentage variation in mass-loss rate is in contrast
to the results of Maahs9§§ who found a ratio of 2.8 between
his highest and lowest rates. Also the grades with the highest
and lowest rates in his tests were not the same as those in the
present tests. In fact, there is no correlation in mass-loss
results between the two test programs. This fact is not sur-
prising. Maahs' tests were performed in the oxidation regime
and show evidence of sizable effects of chemical kinetics; the
present tests were performed in the sublimation regime where
particulate mass loss is a significant ablation mechanism.

Attempts to relate the mass-loss results to the other
microstructural characteristics9 were not successful. This was
also generally true when Maahs9 attempted to correlate his
mass-loss results with the same properties. He did find a trend
of increasing mass loss with grain size, but even this trend did
not show up in the present results. Either the room tem-
perature values of these properties are not the right values to
use, or the set of properties is not complete. The set does not
include, for example, some of the thermal and physical
properties which influence thermal stress. The possibility of
thermal stress failure will be discussed in Sec. IVF.

Particulate mass loss was observed for all the commercial
grades tested. The visibility of his phenomenon is related to
grain size; it is very difficult to see for very fine grain
materials such as AXF-5Q and very readily observed for
coarse gain grades such as MHLM. We cannot conclude from
this observation, however, that AXF-5Q has a lower mass-
loss rate. Quite the contrary, the rate for AXF-5Q is as much
as 29% greater than that for ATJ, while MHLM has a 2%
lower rate than ATJ.

Summarizing the results for the commercial grades, we find
(except for the grades that fractured during the test) a
relatively small variation in mass-loss rate for a group of

^Several grades failed during their first test and were retested
during later runs.

§§Maahs' tests were performed on 1.27 cm diam hemisphere-
cylinder specimens in an airstream at a stagnation pressure of 5.6 atm.
The surface temperature varied from 2045 K to 2300 K.



AUGUST 1975 ABLATION OF GRAPHITIC MATERIALS IN SUBLIMATION REGIME 1083

almost 50 grades which differ widely in density, filler
material, crystallographic structure, impurities, and physical
microstructure. We also find that particulate loss is a
significant ablation mechanism for all the grades tested.

C. Developmental Grades
Test results for the developmental grades are given in Table

2, along with the description of the various grades. Again it is
obvious that there is not much difference from the per-
formance of ATI. On a mass-loss basis, the best material
(73F) is only 2% better than ATJ, and the worst material
(73C) has a 19% higher rate than ATJ. As with the com-
mercial grades, there is very little variation in surface tem-
perature and relatively little variation in nose radius.

Both the grades furnished by MDAC performed as well as
ATJ. This is not too surprising in the case of MDAC 1, since
it is quite similar to ATJS. As mentioned previously, the
major difference between the two grades is in the size of the
filler particles, MDAC 1 having particles about half the size
of those in ATJS. The smaller particles may improve per-
formance slightly since MDAC 1 performs as well as ATJ,
and, on the average, ATJS has a 5% higher mass-loss rate
than ATJ, (see Table 5). Since MDAC 228 performs no better
than ATJ, we can conclude that there is no advantage to using
pyrolytic graphite as a filler material.

The IP-59 material has a 12% higher mass-loss rate than
ATJ. Thus carbon fibers do not offer any advantage as a filler
material at the present test conditions. As with the com-
mercial grades, particulate mass loss was observed for all the
developmental grades.

In summary, the results for the developmental graphites
show that a wide variation in initial constituents, processing,
and method of fabrication produces a relatively small
variation in the performance of artificial graphites. Let us
now examine the results for materials which are significantly
different in structure.

D. Carbon-Carbon Composites

The experimental results for both the two-and three-
dimensional composite materials are given in Table 3. The
two-dimensional material was tested with the fabric plies
oriented both parallel and perpendicular to the air stream.
Surprisingly the material performs better with the plies in the
parallel direction. In this orientation the material had an 8%
lower mass-loss rate than ATJ, while in the perpendicular
orientation its rate is identical to that of ATJ. Both three-
dimensional composites performed about as well as ATJ.
Thus, it appears that the fineness of weave of the reinforcing
fiber has no effect on performance, at least at the present test
condition.

Results for the composite materials are both encouraging
and discouraging. They are encouraging from the standpoint
that both types perform as well as artificial graphite and yet
offer much greater flexibility of fabrication. On the other
hand, the results are discouraging because even with high-
strength, high-modulus graphite fiber as the reinforcement,
composite materials do not perform significantly better than
artificial graphite. As with the artificial graphites, particulate
mass loss was observed during the tests of all the composite
materials. Thus marked changes in the structure of graphitic
materials do not alleviate this problem.

E. Special Materials

The results for the last group of materials, the special
materials, are presented in Table 4. This group includes the
single phase materials, natural graphite, and the moldable
materials.

On the whole, the single-phase materials have a somewhat
higher mass-loss rate than ATJ. The Pfizer pyrolytic graphite
did perform about 11% better than ATJ during its first test
and thus had the lowest mass-loss rate of all the materials
tested. But its performance proved to be erratic; during a

second test it had a rate of 4% higher than ATJ. The other
grade of pyrolytic graphite (Union Carbide) was also erratic;
its mass-loss rate varied from 4%-\2% higher than ATJ. Par-
ticulate mass loss was observed for these materials, but gross
failure by delamination was not a problem. The mesophase
graphite has a value of m which is 5% higher than that for
ATJ. It too produced a shower of particles. The poorest per-
former of the single phase materials was glassy carbon which
had a 21% higher mass-loss rate than ATJ. This may result
because this material is not fully graphitized. Very fine par-
ticles were visible in the downstream flow while the glassy car-
bon was being tested, and the specimen finally shattered when
it got very thin at the stagnation point.

The Mexican natural graphite had, by far, the highest
ablation rate of all the materials investigated. It ablated at 8.8
times the rate of ATJ, and produced a profuse shower of both
liquid and solid particles.

The moldable materials had measurably different per-
formance. The material which has just been cured had a 32%
higher mass-loss rate than ATJ, while the material which has
been pyrolyzed, graphitized, impregnated and then
regraphitized performed about as well as ATJ.

For comparison purposes, the results for Teflon and boron
nitride are also included in Table 4. Teflon, which sublimes
under the present test conditions, ablated 3.6 times as fast as
ATJ. Boron nitride, which is sometimes called white graphite
because of the similarity of its crystal structure to that of
graphite, ablated at twice the rate of ATJ.

In concluding Sec. IVE, it should be noted that particulate
mass loss appears to be significant ablation mechanism for all
graphitic materials at a temperature close to 4000 K. The
results for the single phase materials provide an interesting in-
sight into the problem. The most prevalent theory for par-
ticulate removal3 is that intrinsic differences between the two
or more phases in a graphite result in the preferential
recession of the binder over the filler. This leaves the filler
particles unsupported and susceptible to removal by
aerodynamic forces. We can conclude from the present results
on the single phase materials, however, that preferential
recession is not the complete answer, for by this model the
single phase materials should not exhibit particulate mass
loss. Thus there must be other causes for this phenomenon.
One possibility is that the materials simply fail physically; that
is, they have inadequate high-temperature strength properties.

F. Thermal Stress

Howe13 has considered the problem of thermal stress in an
ablating elastic material exposed to uniform electromagnetic
radiation. One special case which he treats is that where all the
radiation is absorbed at the surface and conducted inward.
This case can be applied to convective heating if the input
heating is assumed to be the hot-wall convective heating rate
diminished by the effects of convective blockage and
reradiation. At the surface, the radial stress is zero, and the
tangential stress is compressive. The compressive stress is
maximum at the surface, and for a solid hemisphere is given
by

aE [1- k,r

(TS-T0) (1)

where the negative skin indicates a compressive stress, r is the
radius, and

(2)

Note that the thermal stress is coupled to the ablation rate
through the k{ term. The significance of this coupling will be
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discussed later. For simplicity, let us rewrite Eq. (1) in the
form

otE
(TS-T0) (3)

which contains three terms; aE/\— ^ which involves only
thermophysical properties, f ( k , r ) which involves the
geometry, the ablation rate, and two thermal properties, and
lastly a temperature difference term.

To obtain this simple closed-form solution, it is necessary
to assume that the ablation process is steady state and that the
material properties are independent of temperature. This lat-
ter assumption is not very realistic for graphitic materials,
because all graphite properties vary with temperature. Note,
however, that there are compensating effects; the thermal ex-
pansion coefficient a. and Poisson's ratio //, increase with tem-
perature, while the elastic modulus E decreases. As will be in-
dicated later, the compensations are not perfect, at least for
ATJ graphite. In the ki term, both the specific heat cp and
thermal conductivity kc become fairly insensitive to tem-
perature above 2500 K.

Even though graphite properties do vary with temperature,
Eq. (3) can be applied to ATJ graphite to obtain a first-order
estimate of thermal stress for the conditions of the present
tests. 11 To obtain such an estimate, properties values to 4000
K must be available. No data exist to that temperature level as
can be seen in Fig. 2 where the available necessary data are
compiled. Some of the properties shown are sensitive to
crystallite orientation; for these properties, values for the
with-grain direction were selected. For most of the properties,
the extrapolation shown on the figure is not extensive and
takes place after the trend with temperature is well
established. The properties shown in Fig. 2 were compiled
from Refs. 14-17.

The properties have been combined into appropriate
groups, as suggested by Eqs. (1) and (2), and plotted in Fig. 3.
Here it is evident that the compensating effects mentioned
earlier are not perfect. The group aE/l — ̂  varies by a factor
of 3, while cp/kc is fairly constant in the high-temperature
range.

Now let us consider the k{ term which involves the mass-
loss rate. The available mass-loss data on ATJ from both the
previous work ] * * * and the present investigation are plotted
against surface temperature in Fig. 4. At lower temperatures
the mass-loss rate varies with pressure, but at higher tem-
peratures (where particulate mass loss is the dominant
ablation mechanism) the data correlate reasonably well with
temperature. For purposes of the present approximate
analysis, the mass loss variation with temperature represented
by the solid curve will be used. Based on this approximation,
and the fact that ratio cp/kc depends solely on temperature, it
is apparent that kf is a function of temperature alone.

From the previous discussion, we see that all the terms in
Eq. (3) for a, are functions of temperature, and thus, to a first
approximation, at depends solely upon temperature. This
functional relationship is plotted in Fig. 5.
G. Particulate Mass Loss

The possibility that thermal stress is the cause of particulate
mass loss can now be investigated by comparing the calculated
stress with the ultimate compressive strength of ATJ
graphite. 18 Such a comparison is made in Fig. 5 where we see
that the compressive strength decreases with increasing tem-
perature, and that failure is predicted at about 3500 K. Note
that as temperature increases above the failure value, the ther-
mal stress increases very rapidly. This, of course, is a result of
the coupling between stress and the mass-loss rate, Eqs. (1)
and (2), and the fact that the mass-loss rate increases rapidly
in this temperature range (Fig. 4). It appears that at tem-
peratures above 3500 K, the material is heated to a point
above which its physical integrity can be maintained. As tem-
perature increases, thermal stress increases, causing an in-
crease in particulate mass loss. Thus the total mass-loss rate
(thermochemical plus particulate) increases, which, in turn,
increases the stress and so on until a steady-state condition is
established.

The sharp increase in the experimental mass-loss rate at
about 3600 K is an experimental result which is not predicted

the ablation specimen is not hemispherical, the actual nose
radius of the unablated specimen is used.

***Only earlier data obtained with the ablation specimen shown in
Fig. 1 are used in the analysis.
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by thermochemical ablation theory. This fact is readily shown
by the correlationl of the incremental mass-loss rate (the dif-
ference between the experimental and theoretical mass-loss
rates) with temperature. This correlation is reproduced in Fig.
5 as the curve labeled Am. From this curve it is apparent that
the experimental results are in reasonable agreement with the
theory until the surface temperature exceeds the failure tem-
perature. Above this temperature, however, the experimental
mass-loss rate increases much more rapidly than the
theoretical rate. This effect is the result of particulate mass
loss which begins to appear at temperatures above 3000 K but
becomes dramatically more visible at temperatures above
3600-3700 K. The presence of particulate mass loss at lower
temperatures is probably the result of preferential ther-
mochemical ablation of the binder phase over the filler phase
in the ATJ graphite. At higher temperatures, however, the
present analysis suggests the particulate mass loss is the result
of thermal stress as well as preferential ablation. In fact,
preferential ablation will weaken the surface material and
make it more susceptible to physical failure.

Although the previous analysis has been specialized to ATJ,
it is believed to be qualitatively applicable to all graphites. The
high temperature properties that have been measured on other
grades show trends similar to those of ATJ. The temperature
at which the compressive strength approaches zero may vary,
and thus there will be some variation in the temperature at
which particulate mass loss begins to dominate the ablation
process. The results of the present tests indicate, however,
that this temperature is below 4000 K for all the artificial
graphites and other graphitic materials tested. This poses a
serious problem in the application of graphitic materials to
probes entering the atmospheres of the large outer planets. An
analysis of Jovian entry probes19 indicates that the surface
temperature of a graphite heat shield may reach 4500 K.

V. Summary and Conclusions
An experimental investigation has been conducted on 85

different graphitic materials in an arc-heated wind tunnel at a
surface pressure of 4.3 atm and a nominal surface tem-
perature of 3925 K. The principal objectives were to deter-
mine if there are significant differences in the ablative
behavior of graphitic materials which have grossly different
physical structure and to see if particulate mass loss is an im-
portant ablation mechanism for all such materials. Included
were commercial and developmental grades of artificial
graphite, both two and three-dimensional carbon-carbon
composites, and special materials such as pyrolytic graphite,
mesophase graphite, glassy carbon, and natural graphite. For
control purposes, ATJ graphite was included in each run.

The experimental results can be summarized as follows: 1)
The mass-loss rate m of the control material, ATJ, repeats
within at least 5%, and generally within 2%. 2) For the ar-
tificial graphites, m varied from 8% below to 30% above the
rate for ATJ. 3) The composite materials had values of m that
varied from 8% below to 2% above the value for ATJ. 4) In
general, the single-phase materials (pyrolytic graphite,
mesophase graphite, and glassy carbon) had values of m
greater than that for ATJ. 5) Particulate mass loss was ob-
served for all the materials tested.

Several conclusions can be drawn from the present study:
1) Wide variations in density, initial constituents,

processing, fabrication, and structure have relatively little ef-
fect on the ablation performance of graphitic materials, at
least at the present test conditions.

2) The mass-loss rate of commercial artificial graphites
cannot be correlated with any of the microstructural proper-
ties reported in Ref. 9.

3) The observation of particulate mass loss for the single-

phase materials indicates that this phenomenon is not solely
the result of preferential ablation between different phases.

4) An analysis of the effects of thermal stress indicates that
particulate mass loss probably results from physical failure.
Particulate mass loss increases with temperature because the
compressive stress is coupled to the total mass-loss rate.

5) Apparently none of the materials tested have sufficient
strength at a temperature of 4000 K to maintain their physical
integrity under ablation conditions. Much work remains to be
done on the development of graphitic materials with im-
proved high-temperature properties.
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