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ABSTRACT 

Dynamic tensile properties of monolithic (ATJ,   POCO (AXF), and 

Graphitite G) and pyrolytic graphite (PG, boron-doped PG, and hafnium- 

doped PG) have been obtained.    In all cases, the dynamic tensile strength is 

2 to 7 times the published values of static tensile strength.    Material failure 

modes are similar to those observed for fracture under static loading 

conditions. 
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I.    INTRODUCTION 

\ 

Graphitic materials are receiving consideration for nose tip and heat 

shield application on advanced reentry vehicles because of their low ablation 

rate and high strength at elevated temperatures.    In selecting materials for 

design application where impulsive loading is encountered,  the dynamic response 

characteristics of the candidate materials must be known.    The present invest- 

igation studies the response characteristics of pyrolytic and monolithic 

graphite:   material failure modes, dynamic strength, and relative performance 

are included. 

The materials under investigation are monolithic graphites (ATJ,  POCO 

(AXF),  and Graphitite G) and pyrolytic graphites (conventional PG,  boron- 

doped PG, and hafnium-doped PG).    Samples are subjected to strain rates of 

200 to 2000 in/in/sec and peak stress wave amplitudes between 2000 and 30, 000 

psi.    The results of this investigation have found immediate application in 

the evaluation of these materials in studies concerned with the simulation of 

certain weapon effects. 

-1- 



IL    THEORY 

A.        MATERIALS BACKGROUND 

Pyrolytic graphites are formed by vapor deposition techniques,   resulting 

in a highly oriented,  highly anisotropic material without a binder phase and 

having almost no porosity.    The c-direction strength of the PG materials 

(i. e. , across the oriented -rystallite layers that are in the a-b plane) is 

both the lowest and generally the most critical in advanced reentry system 

applications.    One approach to improving the c-direction strength is the 

introduction of boron, which may pin the crystallite layers together. 

The pyrolytic graphites are expected to fail in tension by delamination j 

between crystallite layers (i. e. ,  in the c-direction) because of the highly j 

oriented nature of the material.    The growth and joining of microcracks is 

the most likely manifestation of this failure mode.    The existence of micro- I 

cracks in the various PG-based materials is evident from photomicrographs 

of laboratory control samples (Fig.   l),and is attributed to the manufacturing i 
'6 

processes. j 

Monolithic graphites are made up of carbon crystallites in a carbon 

binder,  generally a pitch-like material.    A lining up or layering of the 

carbon crystallites along preferred directions is caused by the particular 

fabrication process employed; for example,  ATJ is a molded graphite having 

a large fraction of the individual crystallites oriented in planes perpendicular 

to the molding axis.    Graphitite G is an extruded graphite, and the majority 

of the crystallite planes are parallel to the extrusion axis.    POCO graphite 

is reported to have an anisotropy of less than 3% and mav be assumed to be 

isotropic for all practical purposes. 

A study of deformation mechanisms in a typical monolithic graphite 

under static tensile and compression loading to failure (Ref.  1) showed 

extensive cracking between crystallites and parallel to the a-b direction. 

The hypothesis was advanced that cracking always tends to initiate in inter- 

layer directions and that cracks are propagated,  by some type of interlayer 

3- 
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Pyrolytic graphite {PG). 
Taken X 100; shown X 70. 

Boron-doped PG (BPG). 
Taken X 100; shown X 70. 

Hafnium-doped PG (HPG). 
Taken X 50; shown X 40. 

Figure 1.    Pretest Photomicrographs of Pyrolytic 
Graphite Materials,    (c-direction is vertical.) 
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fracture mechanism, between imperfections that lie in planes parallel to 

the general trend of crystallite orientation.    The imperfections could be 

pores or flaws that develop between crystallites during cool-down from the 

graphitization temperature.    Under tensile loading, the cracks were perpen- 

dicular to the direction of the applied stress, but in compression the cracking 

was parallel to the applied stress.    Thus,  failure modes of the monolithic 

graphites under dynamic loading would be expected to be more complicated 

than for the PG materials, but should still be controlled primarily by the 

grain orientation and the direction of loading. 

The mechanical properties of polycrystalline graphite materials depend 

on porosity,  grain size, and crystallite orientation.    Data presented in Ref.  2, 

for example,   show a significant difference in Young's modulus and ultimate 

strengths for loading "with the grain" and "against the grain" for a number of 

graphitic materials.    Similar data for additional materials are given in 

Refs.  3 and 4.    The effect of porosity on the mechanical properties of isotropic 

graphites is discussed in Ref.   5 and is shown to be a significant factor in 

material properties.    The physical properties of the materials studied in this 

program are summarized in Table I. 

Data presented in Ref.  2 also indicate differences in material response 

depending on whether the loading is tensile or compressive, and that,  under 

either loading condition,  the stress-strain curve is nonlinear.    Therefore, 

caution must be exercised in employing published material property values 

that do not specify the appropriate conditions of grain orientation, loading 

direction, and whether tensile or compressive loading was used.    The speed 

with which a stress disturbance will propagate depends on the square root 

of the slope of the stress-strain curve (which, as noted,  is nonlinear for 

most graphites).    Accordingly,   sound speeds computed on a basis of the 

initial elastic modulus (at stress levels below 750 psi, usually) are high 

when compared to those measured where the stress amplitude of the disturbance 

is two or three thousand psi. 

-5- 
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B.        SHOCK WAVE PROPAGATION 

In the present study, a dynamic load is applied to the test specimen 

by a stress wave,  generated through the impact of a flyer bar or slug against 

one end of a transmitter bar.    The test specimen is bonded to the other end 

of the bar.    The initial compressive wave traverses the transmitter bar and 

the test specimen,   reflects as a tensile wave from the free end of the test 

specimen, and returns through the system (Fig.  2).    The material under 

study is thus first subjected to a compressive pulse,  followed by an unloaded 

period, and then subjected to a tensile pulse; the unloaded period occurs 

during the time when the transmitted compressive wave and the reflected 

tensile wave cancel each other, as shown in Fig.  2.    For the present experi- 

ments,   the compressive and tensile pulses in the test specimens have a 

duration on the order of 2. 5 (isec at the transmitter bar-specimen interface 

and about half this duration in the middle of the specimen.    The amplitude of 

the stress wave is derived from strain measurements made on the transmitter 

bar near the bar-specimen interface. 

To simplify the analysis,  four assumptions are made: 

1. The loss or decay of the stress wave between the strain gage 
station on the transmitter bar and the bar-specimen interface 
is insignificant. 

2. The reflected tensile wave has the same stress as the compression 
wave. 

3. The elastic modulus of the specimen remains constant. 

4. The specimen does not fail during passage of the compressive 
wave. 

Assumption 1 is supported by calibrations of the transmitter bars that 

show losses to be less than 3% of the peak strain per inch of bar traversed, 

for strain levels less than the apparent elastic limit.    Assumption 3 implies 

a linear stress-strain behavior for the graphites, which may be valid only 

for low stress levels.    Hysteresis effects due to loading first in compression 

and then in tension are ignored in this first-order approximation,  as is the 

effect of stress-dependent Young's modulus (due to the nonlinear stress- 

strain relation) on sound speed. 

-7- 
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Figure 2.    Tension Wave Development 
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During passage of the transmitted compressive wave, the particle 

velocities are equal across the bar-specimen interface, because of continuity 

requirements.    For a given impact condition,  the initial particle velocity v. 

may be obtained from the strain measurement by the relation 

xrl = cBe (1) 

where cR is the bar sound speed for the transmitter bar material and e is the 

measured strain. 

From conservation of momentum requirements the particle velocity (v.) 

in the sample is related to the initial particle velocity by 

v2 = vj- ± \ |2) 

where QR and o    are the density of the bar and specimen material,   respectively. 

The stress a in the specimen is related to the particle velocity in the 

specimen material by 
Ev2 ff=  (3) c *   ' 

s 

where E and c    are Young's modulus and bar sound speed for the specimen 

material,  respectively.    Thus for a given impact condition,  the peak stress 

in the specimen is obtained from the strain by the relation 

(4) 



IIL    EXPERIMENTAL RESULTS 

The primary method,  currently,  of obtaining dynamic compressive 

properties of materials at high strain rate is by the use of the split-Hopkins on 

bar.    Reference 8 presents data obtained by this means for a number of reentry 

materials,  describes dynamic testing techniques, and lists additional refer- 

ences. 

The study herein discussed is concerned with the tensile properties; 

however,  the test apparatus is based on the same principles as the splitr 

Hopkinson bar,  except that the pressure bar used to measure the impulse after 

it passes through the sample has been removed.    This allows the compressive 

wave that is propagated through the system to reflect from the free end of 

the sample and return through the system as a tensile wave.    Figure 3 shows 

the experimental arrangement used to study dynamic fracture. 

Dynamic tensile failure was achieved for all materials studied except 

for the POCO (AXF) graphite.    Post-test photomicrographs of the PG-based 

materials,  Fig.   4,  show multiple delarnination normal to the c-axis, as 

expected,  in all cases.    The Graphitite G material, which was loaded in the 

"with the grain" direction,  exhibited cracking at the free surface, along a 

diametral line, but with the cracks initiating between layers (i. e. ,  parallel 

to the direction of loading), the fracture then turned to become essentially 

normal to the loading direction as the crack propagated to the lateral surface 

of the sample.    Failure of the ATJ,  loaded across or "against the grain, " 

occurred with the fracture essentially normal to the direction of loading and 

to the c-direction of the material (these two directions coincided).    General 

views of typical failed samples are shown in Fig.   5. 

The experimental data are given in Table II.    Because fracture levels 

are best approached on a statistical basis, and because of the limited number 

of experimental data points from this study,  the results in Table II have been 

grouped in stress loads of 1000 psi width.    The last column (median fracture 

stress) is chiefly for use in comparing the relative performance of the various 

11- 
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graphitic materials.    The "percent fractured" column indicates the ratio of 

the number of samples fractured at a given stress level (band) to the total 

number tested at that level.    The method of determining the median fracture 

stress for PG is shown in Fig.  6, which also indicates typical data scatter 

and points out that there is no sharp division between the nonfracture and 

fracture stress levels. 

PRESSURE RELIEF PORTS 

GUN BARREL 

IMPACT SLUG 

STRAIN 
TRANSMITTER BAR-,   GAGE 

d    ' 
bz-jy  zzksg 

gS # //   /t SFT ■*-\^ S S 3 

l|  i 

Figure 3.    Test Geometry 
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Boron-doped PG (BPG) Hafnium-doped PG (HPG) 

Figure 4.     Post-Test Photomicrographs of Pyrolytic 
Graphite Materials,    (c-direction is vertical. 

Taken  X50; shown  X40. ) 
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grain,  except as noted. 

Pyrolytic Graphite (PG) 

'";*. 

^/^.J 

Boron PG Graphitite G, with grain 

* •'<■**. 

Hafnium PG ATJ 

Figure 5.    Fracture Patterns 
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Table II.   Fracture Stress of Graphitic Materials as 
Obtained from Impact Tests 

Applied Stre •s Percent 
Fractured Material Nonfracture Fracture < Stress (psi) 

ATJ 6. 5, 6. 5 

7.5 

8.4 

0 

100 

100 

7,000 

... 12.0, 13. 4, 19. 2 100 

POCO 11.0. 30, 4, 34 8 ... 0 >30, 000 

Graphitite G 2.5,  3.5. 

13.7 

19.0 

5 0. 5.5 

19.0, 19. 0 

0 

0 

67 

18,000 

PG 4.4 

5.6 

6.3. 6.. 5 

7.5 

9.3 

5.6 

7.5 

8.7 

9.0 

10.0, 

11.3, 

10. 

11. 

0 

3 

0 

50 

0 

50 

100 

50 

100 

100 

7,500 

... 15.0, 15. 0. 20. 0 100 

Boron PG 5.5 

8.3, 8.9 

11.0 

0 

0 

100 

15,000 

13.2,  13. 8. 13 .8. 13.8 13.8 20 

16.5 ... 0 
... 22.0, 27. 6 100 

Hafnium PG 9.6 9.6 

12.5 
50 

0 
10,000 
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IV.    DISCUSSION 

The fracture surfaces of the dynamically fractured monolithic graphites 

are similar to, but considerably rougher than,  those observed under static 

loading conditions (Ref. 4 ).    The mode of failure of the Graphitite G and the 

ATJ materials is consistent with the hypothesis advanced in Ref.   1; fracture 

of the Graphitite G initiated at the free surface and in a direction parallel 

to the main grain orientation,  so that interlayer failure could have occurred, 

though subsequent crack propagation eventually turned to become normal co 

the direction of loading.    The PG-based materials failed as expected,  i. e. , 

by delamination along planes normal to the c-direction,  which was also the 

direction of loading. 

The ratio of dynamic to static tensile failure stress varies from slightly 

less than 2 to around 7 (Table III).    These ratios are only rough indicators of 

relative performance,  however, because of the great uncertainty that must 

be ascribed to the static tensile strength values employed (in addition to the 

qualification,  discussed in Sec.   Ill,  regarding the dynamic median fracture 

levels in Table II).    The greatest uncertainty is the static tensile strength of 

the hafnium PG and the boron PG; the values given in Refs.   2,   3,  and 4 are 

believed to apply reasonably well for the remainder of the materials studied. 

The Graphitite G shows the greatest increase in dynamic over static 

tensile strength (excluding the POCO material from consideration); this 

material is less porous than the ATJ materials but has a larger grain size. 

Shock attenuation effects might be expected to be greater and could account 

for the improved performance under dynamic loading.    The dynamic behavior 

of the boron-doped PG is superior to that of the undoped PG; the apparent 

improvement, in dynamic performance, as compared to static loading,   must be 

taken with some reservation,  however, because of the uncertainty in the 

boron PG static strength level,  as noted above.    Smaller improvements are 

shown in the dynamic strength of the HPG and ATJ graphites. 

17- 



Table III.    Comparison of Static and Dynamic Tensile Strength 

Material Density 
(g/cc) 

Tensile Str 
Static 

ength (psi) 
Dynamic 

Dynamic 

"^Static 

ATJ (AG) 1.73 3,000 7,000 2.3 

POCO 1.76 9,000 > 30,000 > 3.3 

Graphitite G (WG) 1.90 2,500(AG)    18,000 7.2 

PG (AG) 2. 18 2,000 7, 500 3.8 

Boron PG (AG) 2.21 3,000 15,000 5.0 

Hafnium PG (AG) 2.50 5,000 10,000 2.0 

18- 



V.    CONCLUSIONS 

Dynamic tensile properties of a number of monolithic and pyrolytic 

graphite materials have been obtained; in all cases,  improvements over the 

published static tensile strength have been observed, by factors ranging from 

2 to 7.    The material failure modes are similar to those observed for 

fracture under static loading conditions.    Further refinements in analysis 

techniques and better statistical data are required for improved understanding 

of the experimental results. 
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