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PREFACE

This document is the final technical report on the
Material Characterization task of the SAMSO PTP-II program,
e Contract F04701-77-C-0126. This report presents character- 3
| ization information on 45 ground tested specimens (24 ablation
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models and 21 erosion samples) examined in this program.

1 . This task was conducted under the directicn of lé
E D, A. Eitman as principal investigator. The program manager )3
] | was J. F. Courtney. Captain J. W. Bohlen provided technical

direction on this task for SAMSO.
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1.0 INTRODUCTION

A wide range of carbon-carbon compoéites are available for
use as reentry vehicle nosetip material. These include several
varieties of well-defined baseline materials, which are being
evaluated in current flight-test programs, as well as develop-
mental materials aimed at altering either performance character-
istics or end-item costs and availability for DOD selection. Key
variables in the microstructural makeup of these materials
include the yarn type, weave geometry and processing history.
Each of these contributes to the finished composite's ablation
and erosion performance and are, to a large extent, elements
which can be easily changed by material developers. These
various carbon-carbon materials can be assessed by performing

ablation and erosion ground tests and subsequently obtaining

micrestructural characterization information on the tested model .

to determine the role of each parameter of the material's makeup
in the simulated flight test environment. In addition, the
characterization information may also be used for making com-
parisons between test materials to definé material variability
and for a general assessment of weaving and process related
defects which have been observed in the microstructure of prior
materials.

For this program a selection was made of materials which
represented several areas of interest to the Air Force. A list
of these materials and ‘he objective addressed in each case, is
shown in Table 1. A total of 24 ablation models and 21 erosion
specimens have been characterized and documented in this report.
A complete list of the ablation models is presenteac in Table 2
which delineates the characterized models according to construc-
tion, billet identification, processing history, and final tested

model appearance (laminar or turbulent).
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‘from the tested ablation model to accurately represent local

Erosion samples from single particle impact tests, and
various range tests (Holloman, AEDC K and AEDC G) are shown in
Section 3 of this report. These samples clearly show that dif-
ferences exist in material response between single particle impact |
and range tests. The coupling of flowfield and impact damage ap-
pears to be responsible for the major differences observed.

2.0 MATERIAL CHARACTERIZATION

' Material characterization of post-test ahlation models pro-
vides both gualitative and quantitative information for consid- !
eration of the influence of materialvmicrostruCCUre on ablation '
per formance.

The characterization plan relies on obtaining information

microstructural effects. A typical cutting plan is shown in
Figure 1. The ablated portion is used for microscopy while
other characterization tests are being run on the aft end of
the specimen. A flow diagram of the complete model character-
ization cycle is shown in Figure 2. A series of computer pro-
grams developed for coupled data reduction (Figure 3) are used
to provide quantitative descriptions for modeling efforts.

Subjective information from microstructural observations
may be used to indicate processing parameters having the poten-
tial for improving ablation and performance. These observations
include the responsé of each constituent in the carbon-carbon
composite to the processing environment and to the resultant
structure. Quantitative measurements are made using photo-
micrographs to determine surface roughness, pore structure, and
weave geometry. Further tests are conducted to determine per-
meability, internal surface area, and open and closed porosity.
The data is then reduced to arrive at a format which is con-
sistent with its application in analytical ablation models.
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2.1 Description of Characterization Tests

A description of characterization methods being used on this
program is presented in the following paragraphs. Data obtained

is presented in Sections 2.2 and 2.3.

]

2.1.1 Microscepy - Following an initial inspection, macrophoto- i
graphs were taken to characterize the developed shape and symmetri
of each ablation model. These photographs included an overall
view and sufficient top views (including a stero pair) to show
asymmetries and/or preferential transition locations. The modelsa
were then sectioned and vacuum mounted in thermosetting plastic
for maximum edge retention during subsequent polishing. Photo-
micrographs were taken at approximately 25, 50, and 350X (see
Section 2.3). Structural paramet:rs and pore sizes were mea- E
sured optically on the 25X photomicrographs, macroroughness was
measured at 50X and microroughness was measured at 350X.

A Chd o A

TR

The structural measurements made are shown schematically in
Figure 4 and are reported in Section 2.3. This information is
used to describe the unit cell geometry for calculating the area
of each composite consituent on the ablated surface and for cal- |
culating opt cal pore volumes from measurements made on each |

cross-section. i

Roughness measurements of the height (h), width (w) and
peak-to-peak distance (L ) were made at both 50 and 350X. The
roughness height measurements were made from an optically deflnea

]
3

mean surface as indicated in Figure 5. This procedure was used
to eliminate undue influence of deep pores intersecting the

ablation surface. The measured roughness heights, distributionsj
and calculated roughness quantities are reported in Section 2.3,;

2.1.2 Density - Composite densities were measured using severa{
different techniques. Dimensions and weights on regularly shapA
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specimens were used to determine bulk density loo). The apparent
density was measured using an immersicn technique on irregular,

large samples. Helium density (pHe) was determined using a helium-

gas pycnometer to measure the volume of helium gas the specimen
displaced. Since the helium permeates open pores of a sample,
this measarement, combined with the bulk density, gives the open
porosity of the composite.

2.1.3 Permeability - Permeability measurements were made on
machined samples 0.3 inches diameter by 0.3 inches long. The
apparatus is shown schematically in Figure 6. The flowmeters
used are capable of measuring flow rates as low as 5 X 1073 crM
(1.3 cm3/min.).

The permeability test procedure involves measuring the fiow
rate of nitrogen gas through a sample for selected values of
gas pressure incident on the upstream face of the sample. Flow
rate was then directly related to pressure differential hy the
test measurements. The viscous and inertial resistance coeffi-

- cients of each material were determined from permeability data

uning plots auch as those shown in Figure 7 (Ref. 5). Plotted in

this manner, experimental Adata should fall in a straight line. The :

intercept on the abscissa is the viscous resistance coefficient,
o, while the slope is the inertial resistance coefficient, 8.

Additional calculations of the molecular permaability, B,
and tortuesity, Tz, were made using this data in combination with
nther information about the pore structure.

2.1.4 Internal Surface Area - The internal open surface area
(8,) was measured using the BET method (Reference 1}, This
method assumes multilayer adsorption of gases on solid surfaces
using a modification of the Langmuir equations. In general, this
technique requires measurement of gas adsorption at several dif-
ferent pressures. The type of gas usad must also be considered,

10
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since chemisorption and catalytic effects can influence the
results. Based on the results reported in Reference 2, krypton
gas adsorption was selected for use in determining inrternal

surface area.

2.1.5 Mercury Porosimetry - Mercury porosimetry measurements
were made on material from the aft end of most tested ablation
models. The technique used was to immerse the sample in a mercury
bath and raise the hydrostatic pressure gradually to 60,000 psi
(4080 ATM) while recording the volume of mercury intruded. When
the mercury volume was corrected for comnpressibility, a measure
of the specific void volume of the samgle (Va) was obtained as a
function of apparent pore size. The a»jparent pore diameter was
obtained using the contact angle for mercury and indicates the
smallest size of the microporosity connecting the larger pores in
the material. This data is used to evaluate the molecular per-
meability, tortuosity, and mean viscous molecular pore diameters
in combination with the permeability.data.

2.1.6 Porosity - The total porosity of each composite was deter-
mined using several techniques. The open porosity calculation
used helium and bulk density data (pHe and Pq respectively.) The
closed porosity was calculated by using both the helium density
and the final density (pf) of the material obtained in the mercury
porcsimetry tests. In this case, the assumption was made that
60,000 psi, which corresponds to pore diameters of 0.003 microms,
filled virtually all of the closed porosity. The norosity cal-

culations were made as follows:

0

€ = 1 - =2 (Open Porosity)
“He
“He :
e =1 - — (Closed Porosity)
c Pg

12
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The data from helium density, bulk de sity and mercury porosimetry
tests were then combined with »ptical rore measurements for an
overall description of the poresity. Porosity date is presented

in Section 2.2.

2.2 Data Summaries

Data cbtained from measurements on photoricrographs and
various characterization tests have been reduced and are pre-
gsented in this section. Some limited analytical considerations
which have heen applied to improve the utility of the numerical

output for modeling are also presented.

A reference page (Table 7) at the end of this report
detailing model numbers, ablation environment, and material
descriptions is provided for convenient reference while review=-

ing data presented in this section.

4.2.1 Structural Measurements - The structural measurements
Figqure 4 is a schematic of a

made are tabulated in Table 3.
unit cell in a 3-D composite with appropriate labels designating
the measurements taken. Since, for 3-D composites, the Z yarns
are either square or, for the case of Fine Weave Pierced Fabric
(FWPF), are round in cross-section, these measurements are suf-
ficient to completely describe the composite unit cell., It
should be noted that the difference between lx and Lx/2 indicates

the degree of transverse yarn billowing (Rx > Lx/2) or shrinking

(2, <L,/2).

2.2.2 Permeability and Porosity - Critical tests to define the
microstructural characteristics of carbon-carbon composites con-

sist of bulk and helium density measurements, permeability
Data from these tests and some analyt-
Porosgity data

measurements of porosity.
ical permeability terms are presented in Table 4.

is also summarized in Figures 8 through 17,
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The items listed in Table 4 are summarized below:
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= Bulk density

Helium density

% Open porosity

% Closed porosity

% Porosity from optical measurements
Viscous resistance coefficient
Inertial resis<ance coefficien=z
Visccocus mean pore diameter
Mclecular mean pore diameter
Permeability coefficient
Tortuosity

Open internal surface area
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The bulk density (po) and helium density (pne) were calculated
as follows:

- 0 a

P vo bulk density
and

pHe = VE_ = helium density

e

where

m = mass

Vo = bulk volume

VHe = volume of helium gas displaced by a specimen.

These measurements were used to calculate the open porosity

(eo) where

Closed porosity (ec) was obtained similarly by:

Vae = Ve

£ =T —_— =] - ==
¢ VHe Pe

where the subscript f denotes measurements taken on a specimen
immersed in mercury at a hydrostatic pressure of 60,000 psi.

Optically measured porosity (Eopt) was determined from
measurements made on photrmicrographs and, since this measure-
ment is restricted to cne plane, ~an be influenced by local
variations. These variations, such as an isolated large crack
in a 2 yarn, were included in the calculated optical porosity
values since adjustment for their frequency would require con-
siderably more data than the sections examined. However, where

28
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their influence is large enough for the optical values to exceed
those obtained using mercury pordsimetry, an indication of vari-
ability inherent in the material is suggested.

_ The péfmeability test yields the viscous and inertial resis-
tance coefficients a and B respectively using:

. 2. . .
A(PT) O, m
2LR'1fpxh,f°‘+Bp
where R and f are the viscosgity and temperature of the gas, R is

the gas constant L is the sample thlckness, m is the flow rate

and A(P ) is the difference in the squares of the upstream and
downstream pressures.

Microstructural properties governing molecular permeability
(B) and tortuosity (Tz) were then calculated using the relations:

[v3)
M

. 2
0.2?o DM/T

)
|

2
= aeg DV /16

where

o)
I

M = molecular mean pore diameter

DV = viscous mean pore diameter

DM and DV were calculated from the porosity data using a correla-
tion due to Wiggs (Reference 3).

sz - D 2

‘7“"“""‘2‘ dVy = 0
V

29

T T e, oA e s

ey oyt oA e e st *-w“'-“v e e

v
2
A M 3 : P WL e bt a e il Dt s et S T .Mmr.in-n...a.... B - “FPTRNT W )Rl SRRPT. A

o e i A e bt 1 e

PP AN TP SRPE. Iy




1
p
i Au“

- oD - D o
i —8_qv =0
i ' D+ 20D o 3
) 0 M E

% . The open internal surface area, Sa’ was obtained by measuring

iz

krypton adsorption as a function of pressure and reducing the

data using the BET method (Reference 1), This information,

L e

when coupled with permeability considerations, may be of use
S g in modeling efforts to define the relative accessability of
internal surfaces for thermochemical reaction.

SERTIPCR VP R

1 E 2.2.3 Microroughness Measurements - Microroughness measure-
' ments for the ablation models are presented in Table 5. These
measurements are separated into four groups, the composite (as

i aries il S LB

a system) and the individual components -- % yarns, transverse
§ arns, and matrix pockets. The technique for making these measure-
i ments has been discussed in Section 2,1.1.

For the composite, values of the average roughness height, T3
and the median roughness height, (h)m, are shown. The '

TR AT T A

(h)av’
; average roughness height for the composite is a weighted average
! of the three components. 2Also in Table 5 are the values for the
average and median roughness heights for each component along

prH——

with its second statistical moment.

TIPS SN S NN

. Satistical moments are used to describe the statistical :
nature of the roughness height distribution. Fcr each value

of the average roughness height, approximately fifty discrete
{ % measurements were taken. The average of these individual é
’ ? measurements is the first statistical moment. The second statis- !
: tical moment, E [(h-u)Z], is the variance of the distribution ]
4 i and the square root of the variance is the standard deviation. ;

; | These roughness height distributions, in the form of

! : cumulative histograms, are presented in Figures 18 to 38. Each

SCE Dbl i act b A b A

| B 30
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3
F
5

figure compares the 2 yarn contribution to tae composite rodgh-
ness height. This comparison illustrated th= dominant behavior

of the Z yarn in microroughness measurements.

A summary of

(h)av
(h) .
()0,
[(h) ],

E[ (h)-p)?)

((h)_ 1]

av’' xy
LN

E[(h)-p) 2]

[(h) )y
(0 1,
E[ (h=y) 2]

the headings on Table 5 are as follows: . .

Average roughness height for composite

Median roughness height for composite

!

Average roughness height for z-yarn
= Median roughness height for z~yarn

= Second statistical moment for z-yarn
roughness height (Variance)

= Average roughness height for transverse
yarn

= Median roughness height for transverse:
yarn

= Second statistical moment for transverse
yarn roughness height (Variance)

= Averaye roughness height of matrix
= Median roughness height of matrix

= Second statistical moment for matrix
roughness height (Variance)

2.2.4 Macroroughness Measurements =~ The macroroughness measure-

ments as described in Section 2.1.1, are presented in Table

6. The measurements include a complete statistical descrip-
tion of the roughness height (as explained in Section 2.2.3),
i.e., average roughness height, median roughness height, and

the second, third, and fourth statistical moments.

physical insight of these roughness heights, PFigures 39 to
60 illustrate the macroroughness height distributions (in the

form of cumulative histograms).

b Tt e epmimamn .
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Also included are the measured
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values for the average width of the roughness element and the
average peak-to-peak spacings between roughness elements.

Two other roughness measurement&rare presented -- that
of adjusted roughness height and equivalent sand roughness
height. The adjusted roughness height is given by the formula:

(k) =

av (h)

4
LJ av

where, (h)av is the average measured roughness height. The

% factor, from a probabilistic view, accounts for the failure

of a plane cross-section to pass through the peak of a hemis-
pherical roughness element. The equivalent sand roughness
height is determined from Figure 61, (Reference 4). The equiva-
lent sand roughness height is ks, where k is the adjusted
macroroughness height, (Ap/AS) is a shape factor given by the
ratio of element surface areas projected noraml to the flow,

Ap and actual windward surface area, A_ (for this case, AP/AS

S
= 0.45), and the spacing defined as:

w?) £
8 p’ av (W)av
where (Lp)av is the average peak-to-peak spacing between rough-

ness elements and (w)a is the average width of a rouginess

v
element as shown in Figure 5.
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A summary of the data presented in Table 6 is: :
f 0 ‘ (h)av = Average roughness height ]
(h)m = Median roughness height
X f E[{(h-u)?] = Second statistical moment for
F ' Macroroughness height (Variance)
3 : .
g E{(h-u)?] = Third statistical moment for ]
E Macroroughness height (Skewness) i
4 E[((h-u)*] = Fourth statistical moment for
Macroroughness height (Peakedness)
i
i
, (w)av = Average width of roughness element 1
1
v | (LP)av = Average peazk-to-peak spacing between
! . roughness elements !
% -
: b
;) (k)¢ = Average adjusted roughness height :
i kg = Ecuivalent sand rouchness height é
1 |
) ';
' ]
; ¢
: N
;
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It should be noted that while ks values are reported in
Table 6 for laminar models, the utility of equivalent sand
roughness values for describing laminar fiow phenonmena has
not keen established.

2.3 Microscopy

Macro - and microphotographs of each ablation model are pre-
3ented in this section. Desuriptive information regarding
the material, test conditions and model number is contained
on each sheet.
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L ' 2.4 Ablation Model Observations

2.4.1 Yarn Effects on Matrix Microstructure (Figure 73 -~ 223
HAT, Figures 80 and 81 - pitch yarn). The 223 HAT material
was a composite fabricated without CVD and processed at 10 KSI ;
to provide a microstructure which typically transitions at i
high altitudes. This material, as expected, had large pores

in the matrix pockets which were uniform throughout the sections
examined. Its surface roughness was also approximately twice

that of a standard 223 material, which had transistioned during

a peaked enthalpy test (1.56 vs .83 mils equivalent sand rough-

ness). An interesting comparison, however, can be made between ﬂ

R

B Ra U

T —

this material, which was processed at 10 KSI, and the pitch- 3
yarn materials, which were processed at 5 KSI. In view of the
lower processing pressure, it would be expected that a similar
microstructure with large pores would also develop in the pitch-
yarn materials. However, the pitch-yarn materials have a matrix .
pore structure which is more typical of higher pressure processed
materials (15 KSI) rather than the large pores associated with
low pressure processing. A careful examination of these matrix
pockets indicates that filaments have been frayed, or spalled,
from the pitch-yarns dvring processing and are located in the
matrix pockets. Thess:. filaments are probably the major cause

for the fine porosity in the microstructure, sinée they provide

[T

o 2 e

a substrate for matrix formation.

e o e

2.4.2 Processing Facility Effects at Y-12 and MDAC - Three
standard GE 223 models scheduled for flight tests and densified
by two different processors were examined. The two processers
were Union Carbide (¥Y-12) and MDAC. There appears to be a fairly
significant difference between these pieces of material. An
examination of the data shows that the permeability coefficients
for models GE-07A and GE-O0lA (Y-12) were 101.4 A and 96.58 A ’
{

GEaam al Lac £l T

respectively. While earlier data (Reference *} shows that a
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permeability coefficient (in the range of 43 A to 92 A) is

not uncharacteristic of material processed at Y-12, both of
In addition, both of

T Ty g gy

TP IR

these values are high, even for ¥Y-12.
' the models from material processed Y-12 transistioned in 1

ground tests which is uncharacteristic of standard GE 223,
Model GE-07A, which had the highest permeability coefficient,
showed more complete transistion than did model GE-0lA which

is consistant with the correlation between high permeability
The ablation

T T TR = . e e g o o1 o

and early transistion noted in reference 5.
models also showed extremely high preferential erosion of
E axial yarns, thereby leading to a macroroughness greater than
: any seen heretofore in GE 223. The model which was made from
MDAC-processea material (GE-02A3) had a permeability
coefficient of 65 R, which is typical of standard GE 223
; material. Also, it did not display the large preferential
: axial yarn erosion observed in the Y-12 processed material.
It should also be noted that larger microroughness heights
were found in the axial yarn ends of the MDAC material than
in the Y¥-12 material. This is the opposite of what would
normally be expected since larger microroughness heights imply
earlier transition to turbulent flow. The fact that, for both
materials, the axial yarns receded significantly below the
i surface may be important. If this gecession was enough to
: ' remove the axial yarns from the flowfield, then the roughness
! of the other composite constituents would govern transition
3 O0f the remaining constituents, (matrix and transverse

behavior.
the only differences in matrix roughness were found with

A

ket mse i th

yarn),
the Y¥-12 material being approximately 20% rougher than the MDAC

material.
2.4.3 CVD Effects - (Figures 65, 66, 67) The effect of pre-

E form prestiffening was investigated on three 223 PAN models :
One of the materials had no CVD (Figure 65),

processed by MDAC.

£ :
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another had ar initial low pressure carbonization (Figure 66),

and the third had initial CVD with low temperature graphitiza-
Both of the materials

e Likdin,

tion throughout processing (Figure 67).
without CVD were similar in nature, even though one had an _
initial low pressure process cycle. The material with the i
initial low pressure processing cycle had approximately the

same roughness character as the material which was all high j
pressure processed. The biggest differences between these
two materials were in the amount of large porosity and in the
permeability coefficients. A larger amount of porosity and a

higher permeability coefficient were fcund in the material with

-

initial low pressure processing. This higher permeability was
consistent with the macrostructural observation that a large
number of yarns were cracked on at least three sides. Both of
the materials without CVD had few pores in the yarn bundles
while the material with CVD exhibited extensive porosity in
each yarn bundle cross-section. The material with CVD also
displayed less differential erosion at the surface between each

of the composite constituent phases.

2.4.4 Axia'ly Symmetric Weave Geometries - (Figure 83) One new
the AVCC "Jellyroll", was characterized after ground

material,
test. The model retained a laminar configuration throughout

the peaked enthalpy test in spite of the fact that it exhibited

a lairge macroroughness in cross-section. Miccoroughenss measure-

ments could not be made on this material due to the unusal
character of its surface. It can only be surmised that the
closed cell chatacter formed through differential erosion
betw=en the reinforcement layers resulted in a configuration
which did not influence the boundary layer surficiently to cause
transistion to turbulent flow conditions. Analysis of flow con- :
ditions cver this type of surface may provide insight into the j
nature of this behavior, as well as influence the selection of

10€
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specimens for examination taken from other materials. If a
closed cavity consideration is necessary, then perhaps more
emphasis should be placed on modeling surface geometries in ]

™

transistion modeling efforts.

2.4.5 Topographical Mapping of Ablation Models - (Figure 72)

A surface map was made of a 223 PAN laminar ablation model to
compare surface characteristics with those deduced using plane
section observations under the microscope., Stero pair scanning
electron micrographs were used in constructing this surface map
along with standard aerial map making machines. The mapping
shows that yarns which lie parallel to the surface (X, Y Yarns)

have varying amounts of recession related to the constituent
In the location examined, the

B e R —
i,

N
AL bt o B Ll o e o i ok L it

R St S

: material adjacenrt to the yarn.
transverse yarns eroded less than the axial yarns (2 yarns)

| and more rapidly than the matrix pockets. The axial yarns

appeared to recede slightly more than matrix pockets, but tne i
differential recession between the axial yarns and matrix pockets 55
appeared to be on the order of only 0.001 inches. However, there !
were much larger differences between transverse yarn recessions !

and their nearest neighbor. Where the transverse yarn ran be-
its recession was significantly greater

tween two matrix pockets,
than the matrix pocket recession. This implies that each com-
posite constituent is affected by the performance of its nearest
If this is indeed the case, then more extensive map-

it )

T

L
L 4

neighbor.
ping would be required for obtaining sufficient data on this

interactive behavior for input into modeling activities.
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3.0 EROSION MODEL CHARACTERIZATION

A series of carbon-carbon specimens which had been subjected
' to erosion ground test were evaluated in this effort. Both

standard GE 223 and 223 PAN were examined to compare their
microstructural response in various ground test environments,

, Facility effects, particle velocity, and particle type were

i all addressed. Several of these specimens were also being
studied under subcontract to California Research and Technology
in support of modeling efforts on a program entitled Multiple
Impact Modeling of Composites (AFML Contract F33615-78-C-5059). 1

? One of the primary motivations for this work was that sections

3 of samples which had been tested in Track G (ballistic range)

§ . exhibited a character completely different than that experienced

f in single particle impact testing. The ballistic range models :

i showed a distinct lack of the type of subsurface damage commonly ‘
found in the microstructure of single particle impact specimens.

! The potential mechanisms for the lack of damage were:

E 1. Loss of matecrial in the recovery tube.

Multiple particle impact effects.

gy

Particle size effects.
Flowfield interaction.
Debris shielding.

Elevated temperature material response in the
ballistic range. :

(<2 TN O B - R VI ]
. P

3.1 Single Particle Impact Specimens

A total of 5 samples which had been subjected to single particle
impact tests were examined. Three of the samples were standard ;
GE 223 T-50 and two were GE 223 PAN. The initial four samples
! had been tested using 1000 micron glass beads at both room and
f elevated temperature. The intent of evaluating these samples
was to‘determine if elevated temperature effects were strong
enouglk to account for the loss of, or inhibition of, the in-

i
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depth damage in the material. The fifth sample was 223 T-50 3
and was impacted with 350 micron glass beads at three locations
to determine if particle size effects significantly altered

the in~depth damage. All specimens were examined with cross-
sections showing both the axial yarns (yzrns parallel to the
impact direction) and the transverse yarns (yarns perpendi-

T T T RS e e g

e e Lok

cular to the impact direction.

Cross-sections of the specimens which were impacted with

1 g < 71

1000 micrcn glass beads at room temperature are shown in

: Figures B85 through 88. The standard 223 material shows con-

? siderable in-depth damage immediately below the impéct site
with extensive crushing at the bottom of the crater. The view
with yarns parallel to the impact direction shows both shear

-

! ) failures immediately under the impact site and tensile failures
i in one yarn immediately to the right of the crater center as

[ ; evidenced by the separations in the 2 yarn. The damage appears
» much more extensive to the transverse yarns (Figure 86) which

? ‘ . were immediately adjacent to the view shown in Figure 85. Yarn
damage occurs well beyond the central location of the impact
site and approaches the edge of the crater. 1In some instances
there appears to be damage extending out beyond the edge of the
crater. In addition there is considerable in-depth deformation

of the weave geometry which, upon measuring, extends several
unit cells below the readily observable damage. In order to

characterize this deformation measurements were made of the

TR T ey sy

space between the transverse yarns immediately below, to the
right, and to the left of the impact site (two unit cell measure-
ments to the right and left of the impact site). A plot of the
unit cell spacing as a function of depth from the specimen sur-

§ face is also shown in Figure 86,

] The 223 PAN material is shown in Figures 87 and 88. While the

damage immediately under the impact site appears much more

109
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CROSS SECTION SHOWING EFFECT OF SINGLE PARTICLE

AT ROOM TEMPERATURE ON AXIAL YARNS OF 223 PAN

(1000u glass bead,18.4 kfps, 70°F)

Figure 87
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extensive than for Standard 223 T-50, it should be noted that the
velocity uf the impacting particie was much higher (18.4 versus
13.2 kfps). As was observed earlier the damage extends further
toward the edge of the crater in the transverse section

(Figure 88) than in the section with yarns parallel to the
impact direction (Figure 87). Similarily a large amount of
in-depth weave deformation was measured on this specimen as

is shown by the plot included in Figure 88.

The elevated temperature test cross-sections arc shown in
Figures 89 through 92. The crater in the standard 223 T-50 ma-

terial appears very similar to the room temperature test when varns

parallel to the impact direction are examined. However there
is a great deal of difference in the cross~section with trans-
verse yarns. The most apparent difference is that the yarns
at the impact site bow upward toward the crater surface where-
as in the room temperature test, which was shown in Figure 86,
all of the yarns remained bent downward. In addition the trans-
verse yarns are fractured well beyond the crater edge and de-
formation appears to have occurred deep in the composite. As
with the specimers shown earlier, a plot of yarn spacing as a
function of depth from the surface reveals deformation of the
geometric structure of the composite well below the area of

readily observable damage.

The elevated temperature test on 223 PAN is shcown in Figures

91 and 92. Extensive tensile fracture can be observed in the
view where yarns are parallel to the impact site. As was

found in the standard 223 T-50 material, damage where yarns are
transverse has also occurred well beyond the impact zone. Also,
the in-depth deformation of the weave structure extends further
than that experienced in the other specimens as is seen by the

plot shown on Figure 92.
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Figure 91 CROSS SECTION SHOWING EFFECT OF SINGLE PARTICLE IMPACT

AT ELEVATED TEMPERATURE ON AXIAL YARNS OF 223 PAN

(10001 glass bead, 14.6 kfps, 3900°F)
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The photomicrographs of these four specimens clearly reveal
that elevated temperature is not responsible for inibiting
in-depth damage in ground test erosion models. They also show

' that the damage present in both standard 223 T-50 and 223 PAN is
similar in nature with more tensile fracture occurring in the

‘ 223 PAN. Further, the measurements made on unit cell spacing

. : under the impact site indicate that damage to the composite

E ! has occurred to a depth beyond that where yarn breakage can

E

i il [P PIRTIT. AETPT

be observed. This observation is consistent with results ié
obtained at ETI (Reference 6) in which the shear strength of ]
material immediately below an impact site was measured. ETI ]
reported that the shear strength of the material was degraded

for an extensive distance below the point where microstructural

yarn breakage had been previously observed.

The issue of small particle size was addressed in a single g
particle impact test in which three 350 micron particles were
shot at a piece of standard 223 T-50 at room temperature at a
velocity of approximately 12,000 ft/second. Cross-sections of
these impacts are shown in Figurc 93. As can be seen in these :
photomicrographs, in-depth damage is present in all views ex-
amined except when the impact was directly on the matrix pocket.
However, the size of the impact site was such that the photo-

P,

~ET T

5 micrograph showing the matrix pocket is slightly off center
from the immediate impact zone thereby accounting for the lack

of observable in-depth damage.

ST

3.2 Holloman Sled Test Specimens

Another series of five samples which had been tested in the

3 rainfield on the Holloman sled were evaluated. The materials

] included 223 T-50, 223 PAN, Fine Weave Pierced Fabric PAN, a 1-1-1=3
4-D material (T-50) and a material designated SSN which has the
standard 223 construction with metal in place of the carbon yarns
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in the direction parallel to the impact. All of the specimens

were tested in a field which had raindrops with a mean diameter

of 1.73 mm at a velocity of 4.2 kfps and an impact angle of 60°.
It was anticipated that if flowfield effects were indeed important
then the 60° orientation of the specimen would show drastic re-
ductions in the amount of subsurface damage present even with the
relatively low velocity experienced in the rainfield.

T e e

T

Typical cross~sections of the specimens evaluated are shown

in Figures 94 through 99. As can be seen in these photomicro-

graphs, the primary impact damage present is small cracks obser-
vable only at high magnification in the axial yarns. However, 1
in some isolated cases more severe cracking was also observed
(Figure 97) but to a much lesser extent than that observed in

A TR s e

a single particle impact tests.

It was not possible to ascertain whether any in-depth damage oc-
Since it appeared that the metal

o o

curred in the SSN material.
was relatively discontinuous, added damage was difficult to

Al L i K a1

identify.

3.3 Ballistic Track (K) !

' A total of four samples were examined after recovery from ground ;
All of these samples had been im-

tests in ballistic track K.
Both

pacted using 700 micrcn particles at a velocity of 13 kfps.
* standard 223 and 223 PAN materials were subjected first to impact

with a single particle and then to impact with two particles im-

pacting in the same site. The standard 223 T-50 showed extensive
1 in-depth damage retained in the impact crater with much of that
damage being lost in the specimen which experienced two coincident
The buckling and shearing of yarns parallel

T o
e kil

ol i eiths

Rinilf

impacts (Figure 100).
to the impact direction is obvious for the single impact case

whereas for the double impact specimen c¢nly straight tensile

] AR A b .

PRI

fractures are present in these yarns.
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1

contrast, the 223 PAN material (Figure 101) showed no extensive
in-depth yarn fracture even after the single particle impact.
The subsequent impact into the same zone appeared primarily

to widen the impact site rather than increase its depth. For
223 PAN (Fiqure 102), the transverse yarns and matrix

pockets appear to be removed around the impact crater with 2Z
yarns protruding from the surface. The behavior of these

L ik Lot

materials in track K under single and multiple particle impact
appears to point to the fact that both flowfield effects and
multiple particle impact phenomena are responsible for the
lack of in-depth damage in multiple impacted ballistic range
samples.

Y T S D N DT

3.4 Ballistic Track (G)

A total of 8 ballistic range models which had been tested in
track G and recovered for post-test examination were evaluated. 1
The initial sample had been impacted by large welding debris

on the initial part of its flight down the range. While the
character of this welding debris is not specifically known, the |
value of this specimen is that it clearly indicates that loss %
of predamaged material in the recovery tube is not a likely |
mechanism for removal of material which has been damaged during

the impact event. While this type of material removal cannot be
completely ruled out, the prior photomicrographs shown earlier
indicate that multiple particle effects combined with a dynamic
flowfield is a more likely cause for removal of predamaged

material (Figure 103). Typical examples of the remaining

materials tested are shown in Figures 104 through 107. These
include standard 223 T-50 and 223 PAN tested with both dust and snow
as the iwpacting particle. 1In all cases microcracks observable

only at very high magnifications could be found in these samples.
Yarn failures, such as that shown in Figure 103 and in typical
single particle impact tests, were totally absent. In most cases,
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: ! . as seen in Figures 104 and 107, axial yarns protrude frcm the

{ | surface of the specimen after testing., This indicates that

' both the transverse yarns and the matrix pockets were signi- i
ficant contributors to mass loss in the impact event. This 2
further indicates that improvements in material performance |

which address these material constituents (transverse yarns ;ﬁ
and matrix pockets) may have the potential for improving the E?
erosion performance of the carbon-carbon family of materials. 'j

T I =

4.0 CONCLUSIONS AND RECOMMENDATIONS

The results presented in this document, when considered in
light of the analytical modeling efforts described in Reference
5, and with ongoing erosion modeling activity (AFML contract
) AF33615-78-C-5059), show that definite relationships exist
l between the microstructural chracteristics of carbon-carbon
composite materials and their performance in a simulated reentry

R il BT

T T —— T e e

; ) environment. Based on this data the following conclusions and

k recommendations can be made,

fo—

l. The molecular permeability coefficient, B, has been

, shown to be a strong correlator of transition per-

; formance (Reference 5). Ablation models from billets
fabricated by two different vendors were characterized

prior to flight tests with the results showing that
(Billet 399), had considerably i

one of these materials,
higher permeability than did the other (Billet 408).

This difference was pointed out in an interim report

on this program (Reference 7). Subsequent flight test

results showed that the material with the high perme-
ability coefficient had a recession rate which was 3
typical of fairly high altitude transistion. The ;
material with lower permeability appeared to stay

laminar throughout the flight. While the flight test

TP —
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conditions were not exactly the same - the low reces-
sion material was on a "bent" nosetip configuration -
the differences in recession during flight were too
significant to be explained by the configuration
difference. In view of this correlation with flight
test results, it is recommended that all carbon-

carbon nosetip billets be characterized to‘determine the
molecular permeability coefficient as a part of their
receiving-inspection data package. This would involve
tests to determine the bulk density, open porosity,
data obtained from a permeability test, and data
obtained from a mercury porosimetry test. All of these
tests require less than .S-inch3 of material.

Topographical mapping and the appearance of the AVCO
"Jellyroll" material strongly sugcests the influence

of macroscale roughness (on the order of yarn bundle
size) on transition behavior. Modeling efforts to

date have concentrated on utilizing roughness measure-
ments made on much smaller scale discontinuities. It

is therefore recommended that future analytical modeling
efforts address the influence of gross surface topography

in transition performance.

Sufficient microroughness data has now bheen obhtained
on laminar ablation models to input in future trans-
ition modeling efforts. However, it should be noted
that the microroughness measurements on Fine Weave
Pierced Fabric were considerably less consistent than
those obtained for woven constructions. It is recom-
mended that the data obtained in both this report and
in Reference 5 be utilized in any current or future

ablation modeling efforts.
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Microstructural examination of erosion models clearly

show that major differences exist in the material

response for various ground tests, This information

is currently being used to provide comparisons with
erosion modeling efforts on contract F33615-78-C~-5059.
elevated temperature, and flowfield

Particle size,
effects continue to be issues that should be addressed

in modeling efforts in order to provide material

developers with direction in their material improve-
It is therefore recommended that con-

ment efforts.
tinued microstructural examination of tested erosion

samples be conducted to provide material response
information in support of these modeling efforts.
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