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ABSTRACT

Therma! conductlvity, spacific heat, thermal expansion, and o complete micro-
stiuctural and chemical compasitional characterization were established from room
temperature to 4500°F for MX~-4926 phenolic—carbon and FM-5014 phenolic-graphite
rozzle throat chars recovered from firec: 120-inch solid bocsters. Choractarization
of FM-5055A ablative chars from plasma tests simulating reentry was also compieted.
Characterization, versus depth from the char surface, included determination of

l apparent and solld density, total porosity, open porosity size distribution, mic-- .
structural characteristics, elemental composition, thermal stability, and extent and
nature of char "graphitization". Computer predicted internal density and temp-

, erature histories ralated post-test abiative char characteristice to temperature during
prior ablation. Thermophysical proparties were measyred as a function of layup
angle on virgin material and on furnace charred samples duplicating three distinct
char zones found in the nozzle chars. Thermophysica! properties were correlated
with sample characterization and heat transport theory to predict properties appli-
cable during ablation. Thermal conductivity, obtained by the steady state, uni-
directional comparative disk method, depended on the rate controlled pyrolysis
generation of porosity and on temperature dependent "graphitization” so that data
for any application must be extrapolated from values measured on after-test chars.

. Low lamination angles relative to the heat flow path gave substantially lower con-
ductivity for all states of ablating material. Specific heat, obtained from Bunsen
ice calorimeter enthalpy measurements, was established as a function of temperature

. in third order equations for all states ot ablating materfa!. Linear thermal expansion

, did not behave systemotically and permanent dimansional changes were obtained on
all samples, Permanent crossply shrinkage during pyrolysis offset thermal expansion
and was the largest dimensional change resulting from ablation heating.
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SECTION |

INTRODUCTION

Analytical predictions of abiation performance require accurate values for thermo-
physical properties of ablators at the temperatures and states of decomposition
encountered during ablation, Although data for the virgin stute of cammonly used
ablators have been available, thermoprhysical properties for the highly unstable
pyrolysis zone ond high temperature char layers have nbt . Design of refractory
reinforced ablation systems for large rocket motors and reentry vehicles has been
urcerfain because of lack of data on ablaton for over 80 percent of the ablation
temperature range, Most previous attempts to obtain these data heve utilized
transient or steady state measurements on "charred® sanples. However, o wide
range of values were obtained ond those applicable to active ablation could not be
identified due to lack of suitable chasacterization of the thermophysical property
samples and their correlation with actual chars.

" The objective of this program was to determine thermal conductivity, specific
heat, thermal exponsion and density to 4500°F on well-defined samples of charred
phenolic~corbon and phenolic~graphite ablators. Method: were to be established
for characterizing chars of three phenolic carbon or phenolic graphite ablaton
from tested full scale hardware., Then methods for producing stable duplicates of
threa zones between 1200 and 4500%F in each char were to be developed. Samples
of each of these zones and the virgin ablator were to be produced for measurement
of thermal conductivity, specific heat ond thermai expansion by Battelle Memorial
Institute. Properties parallel to and perpendicular to the laminate were to be
determined from room temperature to 700°F on virgin material and between 1200
and 4500°F on chars, Properiies for the unstable pyrolysis zone were to be derived
by extrapolation guided by characterization and heat transport theory. |

The accomplishment of the program objectives presented in this report provides

accurate phenolic-carbon and phenolic~graphite thermophysical properiy data to

4500°F for all ablation applications.




SECTION I
SUMMARY

This final repart to the Materials Applicatrion Divition summarized work on Contract
No. AF33(415}-3804. Under this contract, thermal ccaductivity, specific heat
and thermal expansion were measured between room temperature and 4500°F on
laboratory produced samples representing four stages of ablation in MX=-4926 phe~
nolic-carbon and FM-5014 phenolic-graphite ablators. The Boeing Company pre-
porcd and characterized ell chars while Battelle Memorial Institute performed ali
thermophysical property measurements under contract to Boeing. The four zones

for which properties were measured were as iollows:

Char Zone | - Stable surface char that has experienced temperatures from
4500°F on the outer hot face to 2900°F at the inner boundary .
It is characterized by significont “graphitization™, high porosity,
high residual cafbon content ond absence of phenolic resin.
Property specimens representing this zone were produced at 4000°F,

Char Zone I} - Stable char that has experienced temperatures frem 2900°F down
xp
to 1900°F at the lower boundary. It is characterized as fully
charred material similar to Zone | except that it is not “graph-

itized." Property specimens representing this zone were
produced ot 2500°F .

Char Zone I} = Unstable char including the outer portion of the pyrol ssis zone
that has experienced temperatures from 1900°F to 1200°F. |t
Is similar to Zone |] except that it coarains some unpyrolyzed
phenolic ond less 1esidual carbon. Property spacimens representing
this zone were produced at 1200°F.

Virgin Zone - Ablation materiol unaffected by henting except for volatilization
losses not exceeding four percent by weight with a total porosity
le:s than 3 percent. The maximum temperatures to maintain
these characteristics are 500°F for MX-4926 and 700°F for
FM-5014,

Characterization of ablative chars from full scale tested hardware delineated the
distinct zones in an ablative char for which properties were required. Tha Air

Force provided charred nozzle throats recovered from test firings of 120-inch solid
propellant boosters for both of the matetials or which properties were measured. The
first was Fiberite MX-4926 phenolic-carbon from a Thompson-Rome-Wooldridge




oblique tape wrapped nozzle for the Aerojet-Cenerol Corporation 120-55-1 motor.

The second was U.5. Polymeric FM-5014 phenolic~graphite from an H.l, Thompson
rosette-molded nozzle for the United Technolog, Courporation Titen 3C~10 solid
sttap-ori. The Air Force also provided, for characterization only, o plasma-test
specimen of U.S. Polymeric FM-5055A phenolic-carbon typical of reentry applications.

Complete characterization of the po-t-ablation chors yielded a microstructural
and chemical compositional description as a function of depth in the char. Density,
total po-osity and pore size distribution measyrements were used to delineate char
miciostructure and provide porosity daiv o co.relation ¢° thermal conductivity
results. Elemental and therma! analyses were used to determine amounts of unpyrolized
resin and establish tha presence of hydrocarbon material deposited in the mature char
during cooling from the ablation exposure. Polarized light photomicrography ond
X-ray diffraction analyses established the nature and extent of "graphitization" in
the char ond enabied correlating the effects of "graphitization" on thermal conduc-
tivity. In this report "grophitization" is referred to parenthetically as the accepted
description of increased crystallinity in the char with the characteristic crystal
. spacing of grophite but unknowr crystal structure. Intemal temperature and density
versus time during the ablution exposure and cooldown period were established by
compute predictions, and identified the maximum temperature requirement for therm-
o, hysical properties in each distinct char zone.

Thermally stable fumace chor analogues of nozzle char zones |, 11 ond Il were
produced in an induction heated graphite retort. Characterization of the furnace chars
showed that they reproduced all characteristics of active ablation chars except apparent
density, which was higher due to pyrolysis shrinkage 01 unrestrained material in the
fumace.

The thermal conductivities of the virgin material and three char zones of both materials
were measured parctlel to the laminations, representing ablators with laminations
perpendicular to the char surtace (hereafter called 90° layup angle material jand
perpendicular to the laminations representing ablators laid up parcilel to the char
surface (hereafter called 0? Jayup angle moterial}. Dato were also obtained at 20° and
45° to the laminations. In MX-4926 the lcyup anglie was defined along the bias
directicn in the uniformly oriented carbon cloth reinforcement toprovide properties
applicable to tape-wroasped construction. In FM~5014 the graphite cloth reinforcement
layers were randomly oriented. Thermal conidictivity was determined by the steady
state, unidirectional comparative di sk method. Estimated precision of the measure-
ments was best, #B%, on iow temperature 0? layup materiol and decreased with
increasing temperature wnd layup angle to £25% on 90* layup Zone | material.
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The theimal conductivity versus temperatuie of both FM-~5014 ond MX-4926 char
zone specimens was co related to enable extrapolation within the accuracy of the
measu emer:!s 1o all states of ablation up to 4500%F. The coiielations were
established foi both the laminate ditectior: and the crossply direction ir each
mateiial so corductivity in any other ditection car. be obtained by a layup angle
relationship to these *wo piincipal conductivities. The correlations weie developed
by sepaiating th iadiation ond the solid conduction components of appaient (mea-
suied) conductivity versus temperature and establishing the effects of pyrolysis and
high tempeiature chai "graphitization" on the soiid comnonent. The effect of
pyrolysis was shown to be due to the pyrolysis rate dependent generation of po.osity
which lowers the solid component of conductivity aad is essentially complete at
temperctures below the o1set of the radiction component. The pyrolysis rote (hance
heating rate) dependent lowering of conductivity by generation of porosity must be
separa’ely superimposed fo: each different obiation application. Therefore, the
ra’e independent solid conductivity component versus temperoture correlations were
established for theoretical zero-porosity or "dense” charred material by calculating
out the effect of porosity included in apparent solid conductivity using the porosity
effect equatior given below. "Craphitization" depended only on the maximum
temperatures reached so its effects could be combined in thz "dense" materiol solid
conductivity versus temperature correlations. The final "dense" material solid
conductivities and the separate radiation components of conductivity versus temper=~
ature are given in Figures 86 and 88 for FM-5014 and MX-4926 respectively.

The conductivity dota applicable to any ablstion problem are extrapolated from the
data of Figures B4 and 88 by correcting the "dense' material solid cenductivity, Kf,
for pyrolysis generated porosity and adding the radiation component, K'o at each
temperature point desired. The equation used for ( and 90 degree iayup angle, @,
material is:

) 149
1-Xp f'c } K0+ Kb (7, page 149)

K() = 1+X;BZ'C s

where:

= Pore shape factor;
4/5 for8> 0° layup angle,
1/8 for §= 90° layup angle

£tc = Final char porosity;
0.31 for FM-5014
0.45 for MX-4926

X = Pyrolyzed resin fraction




Valyes of the pyrolyzed resin fraction term, X, versus temperature for typical
applications of these materais are given in Figure 83. They may also be obtained
from applicable computer results. Ideally, this entire data correlation would be
incorporated directly into in-depth ablation computer programs to insure that
values of conductivity corresponding to the instantaneous state of the material
were used. The desired K versus T curve in the pyrolysis zone is different for each
differant heating rate encountered as illustrated in Figure 84. Due to irrevenible
temperature dependent pyrolysis and graphitization, conductivity values versus
tempercture applicable to cooling or reheating in the char are different than for
Initial heating; each ievel of permanent change gives an individual curve appli-
cable to these periods as illustrated in Figure 84, 86, and 88. The above equation
must also be applied to the cooling curve data.

Yo obtain conductivity data for intermediate layup angles, 8, the results for both
0 and 90 degree layup ongles obtained from the above equation are combined in
the foilowing relationship:

o ) s
Ko" KO 1 _io_-lsinzo (8, page 150)
K
0

The results obtained are assumed to apply for all cloth orientations within the
laminate plane. This layup angle correlation applied for all cases except for layup
angles above 45 degrees in the virgin or pyrolysis zones, where substitution of sin @
for sin" will give better fit to the experimental data.

The thermal conductivity results show that low layup angles relative to the char suface
gave substantially lower conductivity versus temperature due to the lower virgin
thermal conductivity, more conductivity decrease due to pyrolysis generation of
porosity and little conductivity increase (a decrease in MX-4926) from intemal
"graphjtization." The effect of "graphitization" was the greatest in MX-4926, sub-
stantially increasing the conductivity at high temperatures in the laminate direction.

Specific heat was obtained on virgin and Zone | furnace char samples of both materials
ond on corresponding samples from the MX-4926 nozzle char. Specific heat was
determined from entholpy measuraments in a Bunsen ice calorimeter to better than £5%
accuracy and results on fumace chars and nozzle chars agreed well. Virgin material
specific heats were higher than the low temperature specific heats of “graphitized"
mature char as shown in Figures 93 ond 94. High tempe rature char specific heats

were near those for grophite. Third order equations for enthalpy and specific heat as
a function of temperature for both virgin and charred material were establishad for yse




in ablation computer programs. Values for the pyrolysis zone may be considered
as intermediate between the average of char values and virgin volues with
corrections for the amount of pyrolysis.

Linsar thermal expoansion was measured in the laminate ond crossply directions of

the virgin zone and Zone lil and ! furnace chors of both materials and on correspond-
Ing samples from the MX=~4924 nozzle char. Permanent dimensional changes were
obtained in all expansion cycles on both nozzle and fumace chars regardiess of the
maximum test temperature. Thermal expansion did not behave systematically so

no general correlotion was possible. Comparison of measured thermal exponsion and
the pyrolysis shrinkage occurring in fumace char production showed crossply shrinkage
to be the largest thermally induced dimensional change.
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SECTION 1l

MATERIALS

COMPONENT DESCRIPTION

All ablative materials studled on this program were high density carbon or graphite
reinforced phenolic laminates provided by the Alr Force after component test firing.
Two were charred throat sections taken from 120-inch solid propellant boosters,
specifically: Fiberite MX-4926 phenol!c~carbon from a 120-55-1 motor, Figure 1,
and U.S. Polymeric FM-5014 phenolic~graphite from a Titen 3C-10 motor, Figure 2.
The third ablator, U.S. Polymeric FM-5055A phenolic~graphite, represented material
for reentry vehicle opplications. Detuails of these samples are furnished in Table 1.

The FM-5014 phenolic-graphite charred nozzie sections were !arge enough to
provide all of the virgin material needed for thermal property test specimens but
additional virgin MX-4926 phenollc-carbon material was required. This additional
material was obtalned from Thompson-Ramo-Wooldridge and from Fiberlite.
MANUFACTURER'S DESCRIPTION - PREPREGS

All prepregs consisted of woven cloth rainforcement Impregnated with a carbon
filled phenolic resin per MIL-R-9299. Table Il lists the range of values for the
lofs used to manufacture all of the items used in the program.

MATERIAL SPECIFICATION ~ FABRICATOR

Table i1l l1sts the materlal specifications used by the originai fabricators of the
charred oblators provided by the USAF,

FABRICATION PROCEDURES

MX-492%

Nozzle Component

The preprag tape was bias-wrapped on a cylindrical mandrel with a starting-ring
surface Inclined 75 degrees to the nazzle center!ine, minimum tape tersion (less
than 10 Ibs.), and a roller pressure of 100-300 pounds per Inch of tape width.
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TABLE II

MANUFACTURERS' DESCRIPTIONS Of PREPREGS

Fiberite MX-4926 U. S. Polymeric U. 5. Polymeric
FM-5014 FM-5055A
Resin:
Trade Name Monsanto SC 1008 CTLQILD CTL QILD
Generlc Nome Phenolic Phenolic Phenolic
Curing Agent None Proprietary Proprietary
Resin Mix - F-014 F-014
Resin Solids 31.,5-36.5% 30 - 35.2% 3 -37%
Filler or Resin
Relhforcement:
Trade Name Sterling R USP-6 (Carb. USP-6 (Carb.
Chemical Comp: Powder) Powder)
Carbon 9% 99.5% min, 99.5% min,
Ash - 0.10% max., 0.10% maox.,
Solid Density
g/cm3 1.9 - -
Size Ronge, 0.080 0.01-0,05 7% 0.01-0.05 7%
Microns 0.10-0.40 85% 0.10-0,40 85%
0.40-0.70 8% 0.40-0.70 8%
Concentration 6-10% 12-14% 12-14%
Reinforcement:
Trade Nome HITCO-CCA-1 Union Carbide=WCA HITCO-CCA-1 (1641)
Generic Name Carbon fabric Graphite ¢cloth Pure carbon fabric
Weave Typa 8-Homess Satin Square 8-hamess satin
Weight, oz/sq.yd. | 7.0 -9.0 7.6 7.0-9.0
Thickness, inches | 0.0146 - 9,020 0.025 0.017-0.023
Yam Count -
Warp 52 - 58 28,9 50-40
Fill 47 - 53 22,7 45-55
Yam Construction | Continuous Fil. -- ——-
Filament/ 720 1440 720
yom
Fil. size, in. | 0.00035 - 0,00045 | 0.0003 0.00035-0,00045
-- 1.5 (ASTM-C-135-61) 1,8-1.9

Fiber Donihy,
fem

|
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TABLE II

PREPREG MATERIAL SPECIFICATIONS

MX-4926 FM-5014 FM-5055A
Phenolic Carbon |Phenolic Grophite |Phenolic-Carbon

Resin Weight Loss on 31.5-36.5% 30.4-35.2% 35.6%
Solids Pyrolysis to 1200°C
Volatile Weight Loss 4 - 8% 3.2-3.5% 4.5%
Content 20 Min. @320°F
Resin 150 psi 2-7% 1.1-8.0% 17.4%
Flow
Specific ASTM D-792-50 1.40 Min. 1.41 Min. »
Gravity
Viscasity 1.8-2.8 - -
Index
Infrared - 1.49-1.70% -
Polymer-
ization
Index
Prepreg [ he/in - 45 Min. -
Breoking |
Strangth
Flexyra! ASTM D-790-617 30,000 Min. 17,000 Min. -
Strength psi
Tersile psl - 9,500 Min. -
Strength
Interlominar |psi - 1,700 Min. -
Shear
Strangth
Procurement Thompson-Ramo=| H. |. Thompson -
Specification Wooldridge ECO-5224

WS-1048A, UTC-4MDS-40721 4,

Type |, Ciom 2 Class |

infrared per
4MDS-91605,
para. 4.4.1

12




Tape temperature was controlled to optimize tcck characterlstics during wrap-
ping. An overwrcp of U.S. Polymeric FM-5131 phenolic-silica was applied
for additional structural support. Processing sequences follow:

1,

Wrap bias tape onto mandrel.

2.  Seal in rubber bag.

3,  Preform in hydroclave; pressure 100Q psi, hold temperature at 185°F for
six houn, then raduce to room temperature at a rate of 100°F per hour,

4,  Machine outer surface to Interface dimensions.

5.  Apply FM-5131 phenolic-silica overwrap. Use two-inch wide tape
parallel to outer surface and same wrap technique as phenolic—carbon.

6. Seal in rubber bag.

7.  Cure in hydroclave; pressure 1000 psi ond temperature 185°F for nine
hours, then temperature 32G°F for 13 hours, then reduce to room temper~
alure ot a rate of 100°F par hour,

8.  Finish machine to outside diameter,

9.  Inspect radiographically for flaws,

10, Bond nozzle to steel shell with epoxy adhesive Epon 913,

1. Remove mandrel.

12,  Machine interior contour of throat,

The carbon component shrowed the following test properties on sections taken from

ond test rings:

Characteristic Standard Average Test Value
Spacific Gravity 1.38 min, T.48
Volotiles 3.0% max. 2.18%
Acetone Extractables 1.0 max. 0.14%
lnterlaminar Shear Strength 1000 psi min, 1,030 psi
Edgewise Compression No standard 36,200 psi
Strength

Radiographic inspuction by radial shots along the angle of the plies showed no
Indications of unsound sections.

Virgin Material Blucks

TRW Blocks

Thompion =Ramo~-Wooldridge determined that the MX-4926 prepreg remalning
from the nozzle progrom still met the material specification, WS 1048A Type |
Class 2, NASA reloased the prepreg for use in this progrom and TRW moldad

13
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two blocks, duplicating the original nozzle cure cycle as closely as
possible. The blocks were molded from MX-4925 lot A-430 roll No, 4
which had the following properties:

Resin Solids 33.3%
Volotile Content 4.9%
Laminate Flow 4,9%
infraced Polymerization

Index 1.0%

These blocks were used to produce virgin and fumace charred thermophysical
property specimens, since they best reproduced the nozzle material in both
prepreg characteristics and final cured density,

The cure cycle for the TRW biocks follows:

Place lominate in press (vacuum bag maintained at 26.6 inches Hg).
Apply 200 psi pressure,

Ralse temperature to 185°F (approximately 20 minutes).

Hoid far 20 minutes.

Roise pressure to /B0 psi,

Raise tenperature t¢ 320°F (approximotely 1 hour),

Hold for 19 hours.

Reduce temperature to 85°%F in 2.5 hours under 780 psi pressure.
Remove luminate from press.

om\ao.u).wn-—

The TRW laminated blocks possessed the following properties:

Property Block A Block B
Nominal Minimum Size, in. GxB x4 127x8x 3
Clotn Worp Direction Long Dimension Long Dimension
Specific Gravity 1.45 1.4
Acetone Extractables 0.32% 0.15%
Alcohol Penetrant inspectior No Indization No indication

Fib wite Blocks

Since Insufficient virgin material molded from the original prepreg was available
for ali laboratary char production trials, ndditional laminate blocks of virgin
MX~4926 reproducing the nozzle material as tlosely as possible were purchased
from Fiberite Corporation, The two Fiberite laminate blocks were 8,5 x 9 x 4




[

inches with avercge densities of 1.51 g/cms. Since this density was higher
thon the nozzle material, thase blocks were used only for laboratory chor
production trials. The block: were moided from MX-4926 fot C-412, roll
No, | which had the following properties:

Resin Solids 35.1%

Volatile Content 5.3%

Laminats Flow at 4,7%
15C psi

The cure cycle for the Fiberite blocks follows:

Vecuum bag 56,000 grams of precut 10,5 x 11 inch plies of MX-#926,
Pioce In hydroclave and drow full vacuum,

Increase hydroclove pressure to 1000 psi.

Increase temperature 100°F per hour to 185°F,

Hold ut 185°F for 15 hours.

increase temperature 100°F per hour to 320°F.

Hoid ot 320°F for 13 hours.

Coo! down 100°F per hour under pressure,

Remove port and vacuum bag.

*
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FM-5014 Nozzle Component

U. S. Poiymeric FM~5014 phenolic-graphite fabric wus molded in nozzle ring sec-
tions by H. |, Thompson Company (HITCO), Gardena, Califomia.

The throat section of the nozzle was produced by hand rosette layup of ring sections,
sach with a finol thickness of 4 inches in the nozzle axlal direction. The hand lay-
up was done in a female mold using prepreg segments cut to a pattem that resuited

in each ply extending for approximately 70 degrees around the nozzle ring segment i.
o plane extending from edge to edge in the nozzle oxial direction and intersecting
both the inside and outiide surface of the ring. Viewed with the nozzie cross section
in o horizontal plane, the sdge~to-ege siope of the laminate plane was 5 to 10
degrees, extending clockwise from top to bottom. Initial pattems were iaid on o
sloped block which was removed ond reploced with prepreg plys when the layup
saquence around the ring soction retumed 1o the starting point. The finished hand
layup extends above the mold surface. The prepreg patterns were cut randomly from
the broodgoods for maximum utilization of materlal, 30 that yom orientations inthe
final pert are random. The processing sequence Is described by MITCO s follows:

. 1.  Cut layup pattems from broadgoods, package in moisture resistant fiim with
identifying pattem number and store until used.

shiurii




2, Clean mold ond apply release ogent.

3.  Layup precut patterrs in a clockwise direction (mold horizontal), main-
taining a consistent hayun density throughout that will insure a 5* to 10
face-to-face orientation of the cured ring.

4,  Vacuum bag layup assembly and preheat in circulating air cven for a
maximum of 95 minutes, depending on temperature, ot 160 to 200°F,

5.  Mechanically compress (debulk) the preheated layup assembly in a cold
press by altemately opening and closing the press followed by holding
under pressure until the surface temperature is below 110°F,

6,  Preheat the assembly in o vacuum bag at 26 inches Hg vacuum to over 170°F
in 2 1/2 hours, then apply 300 psi autoclave pressure and maintain both
pressure and vacuum during ¢ 30 minute hold at temperature followed by a
3-hour cool down to below 100°F.

7. Hydroclave cure the debuiked assembly in vacuum bag held at more thon
24 inches Hg initial vacuum and no more than 12 inches Hg above initial
value throughout the cure. Raise temperature to 170 to 210°F ot 200 psi
maximum and maintain for 130 minutes maximum. Raise pressure to 1000
450 psi and then raisk tempercture to 290 to 340°F; maintain temperature
for 150 to 240 minutes, and cool to 125°F maximum before increasing
pressure,

8. Remove cured billet from layup mold and postcure in circulating air oven
ot 275 % 20°F for 18 % 2 hours, followed by cooling to 200°F maximum
before removai from oven,

9.  Package billet to protect from moisture and dirt until machining.

10.  Moachine billet in following sequence:

a.  Machine diameters .

b. Cut 24 core specimens and 12 dust samples for quaiity inspection,
c. Machine billet top surface.

d.  Machine billet bottom surface,

The phenolic graphite ring sectien for which records were provided showed the
following properties on six core specimens:

Characteristic Test Method Standard Test Values
Density ASTM D-792 88 Ib/53 min.  89,7-90.3 Ib/f>
Volatiies 4 MDS 91605 44,8 3% max. 2,8-2.9%
Interlaminar Sheor Strength  FTMS 406-1041 1500 psi min.,  3,599-4,935 psi
Dogree of Cure ASTM D-494 99.5% min. 99.9%

Final [nspection of the ring segments determined that billet density was above 88
ibs/R” and that dimensional, radiol and flot radiographic, and alcoho! penetration
tests were passed.
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FM ~5055A Piama Test Specimens

The U, 5. Polymeric FM-5055A phenolic carbon plasma test somples provided by
the Air Force had been machined by Aeraspace Corporation from o block provided
by General Elect/ic Company, MSD, Philadelphia, Pennsylvania. Seven right
cylinder models, with the circular test face parallel to the laminates, were
exposed to a simulated reentry environment at Space General Corporation, El
Monte, Califomia, to produce the chars for characterization. Pictures of the
models before and after test and o discussion of the plasma tests are given in
Referance 22 .

The 7 1/4" x 6 5/8" x 2 5/8* block from which all plasma test somples were obtained
wos mlded from FM-5055A prepreg loc C-6845, roll No. 17 with the following
properties:

Resin Solids 35.6%
Volatile Content 4,5%
Flow 17.4%

The molding cycle was as follows:

« 500 psi ot 300°F for 5 minutes

. Reduce to zero pressure at J00°F for 30 minutes

.  Raise pressure to 1000 psi ot 300°F for 60 minutes
«  Post cure material ot 250°F for 16 hours

ol A -

The plasma test models were machined from the block by conventitnal methods, except
that all cutting was done dry to avold contamination of the material.

ol




SECTION IV

CHAR CHARACTERIZATION METHODS

Methods of char characterization were developed for defining microstructural and
chemical compositional features of charred ablators as a function of depth and prior
thermal history. Thete methods snabled correlating fumace-produced chary, used

in thermophysical property measurements,to real chars. An X-ray density measure-
ment technique provided a continuous, nondestructive measurement of the varia~
tion of density with depth in ablation chars and nundestructively verified the
uniformity of fumace chars. Photomicrography, X-ray diffraction, density and
porosity techniques delineated microstructure and areas of graphitization. Thermo-
gravimetric (TGA) ond elemental chemiccl analyses were used (o determine the
amounts of. fesidual resin while differential themal analyses (DTA, indicated the
thermal stability of the chars, Computer predictions of density and temperature
throughout the ablator, inciuding the cooldown period, were transformed to func=
tions of depth in the final ablation chars to relate observed characteristics to
tempoarcture history. These predictions showed that the major density and resin
content gradients in chars from ablated specimens were formed during cooling but
also identified the char charocteristics resulting only from the period of heat up and
steady stote ablation.

Chaoracterization as a function of depth in the post-test chars enabled delineation
of the major abiation zones in each char as foHows:

1.  Ths virgin zone, where no pyrolysis has occurred.

2.  Tne pyrolysis zone, where phenolic resin pyrolysis occurs leaving the
major density ond resin content gradients,

3. The mature char zone, where resin pyrolysis is complete bui redepo~
sited hydrocarbon material may exist.

The mature char zone Is further subdivided into:

Zone |, A “grophitized" mature chor zone at the surface

Zone H, An “ungrophitized” intermedicte mature char zone

Zone lil, A zone of nearly complete pyrolysls at the boundary between the
mature char and pyrolysis zones,

which are reproduced by charring virgin material in a fumace to yield the speci-
men: for thermophysical property measurements. These subdivisions are described
below and in Section Vill. Both charactedization and thermophysical propesty
results ore discussed In terms of char zdnesl, 1, and Iil.




CHAR SAMPLING

The sampling sequence for each post=test ablation char was established fo insure
maximum utllization of material and good resolution of property variation with
depth. Sampling of 120-inch nozzle sections was based on char columns approx-
Imately one inch square which provided sufficient surface size and bulk quantities
when increments were taken at 0.1-inch depths, The 0.1-inch increment was
based on photomicrographic observations on the post-test nozzle chargbut ofter
the Radocon X=-ray density survey technique wos develaped, increments were
varied to obtain maximum resolution of property variations in areas exhibiting a
steep density gradient such as the pyrolysis zone, This approach endbled obtain-
ing all required characterization samples with good depth resolution on a single
column of material from the small plasma test sample of the FM-5055A materiai.

It

Sampling of each post-test char is described below. Samples are coded to provide
location refsrences for all data, Rough sample cuts were made with a casbide saw
and fine cuts, with a diamond saw. All cuts were made dry to avoid zontamina-
tion of the somples.

MX-4926 Char Sampling

Figures 3 through 5 illustrate the specimen locations in the MX~4926 nozzle
material . Radial columns on upstream faces of segments are designated by a W
series of numbers and char~layer depths, by an H series.

The one-inch thick segment, |I-C between axial stations L5 and L6, was selected
as the throat sample for the analyses because it was iocated at the crown of the
char surface ond represented the location of minimum throat area in the nozzle,

The char surfaces and char zone layers were found te be parallel to the silica-
phenolic base in segment 11-C; therefore, char layer depth specimens (H series)
were cut parallel with the base for machining accuracy on columns W-2 and W-3,
as shewn in Figure 5,

Radial plane photogrophic analyses were mode of the Dwradial plane from excess
material adjocent to W-1, Column W-4 was used for initial X-ray transmission

onalyses, ultra=thin section photographic analyses, and ulectron mic-oprobe ele~
mental analyses, Subsequently, column W-1 and a downstreom segment fram half
11 between stations L6 and L7 were used for Radocon X-ray transmission analyses. 3
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FM-5055A Phenolic-Carbon

Only one of the plasma test models displayed reasonably flat laminations and
uniform side-to-side density suitable for meaningful characterization. The
characterization of this model required eliminating the mercury porosimeter tests,

vsing minimum somple sizes, and proper sequencing of all other characterization
tests.

Rodocon X-ray determinations of the density profile on 0.75-Inch wide slices
from the center of the plasma test specimens provided the basls for selection of
uniformly charred material for characterization. Rodocon data for the most uni-
form plasma test model, Number 2C, is shown in Figure 31.  The X-ray density
surveys showc d significant side-tc - .. wvariation In final char density coused by
two factors: uneven interlaminar .  nsional changes and delaminations, and
uneven fabricatio.: of the original biock. The laminations were so nonuniform,
even in the virgin materlal, that a ply across the 2-inch diameter might curve up
0.25 Inch at one end and down 0.25 inch at the other. Rodocon testing identi-
fied only model Number 20 as suitable tor characterization. The X-ray density
profile also guided the sectioning illustrated in Figure 6.

The sections shown in Figure 6 were utillzed to provide samples for all tests.
Reflected light photomicrographs were cbtained on the vertical face of the un-
sliced portion of the slab. X-ray diffraction measurements and electron beam
microprobe analyses were made on the slice surfaces. Dry bulk density ond
helium pycnometer penetrated porosity were determined on the 0.75-inch square
test portion of each slice. Each slice test porticn was then ground and the powder
was proportioned among the thermal and elemental anaiyses.

FM=-5014 Phenolic-Graphite

Figures 7 and 8 Illustrate the specimen sample locations on the FM-5014 nozzle
material. Figure 7 shows the long nozzle-segment configuration comprised of
successive canted blocks. The downstream portion of Block B was located at the
crown of the char surface with respect to the outer cylindrical surfoce and repre-
sented the minimum diameter nozzle throat area location.

An outward warp on the duwnstream face of Block B was machined flat to make a
reference surface. Th.oat sample section 3-1 was cut to a uniform thickness of
1.10 inches. Rudial plane lines wero then established on the faces. Radial
column widths betwaen radlal planes are denoted by a W serles of numbers and
char~layer deg.ths by an H serles, as in the MX-4926 material.
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Column W-1 was used for photographic analvsis of the 1-1 radial plane. Columns
W-2 and W-3 were used for char-layer dopfh samples. Ultra-thin section phoio~

graphic analyses ond electron micraprobe elemental onalyiss were canducted
on Column W-4,

Segment W=5 of Section B-1 was used for Radocon X=-ray transmission analyses.

The two radial columns W-2 and W-3 weras sectioned differently for char-layer
dep:th samples. Column W=2 char-layer specimens were cut parallel to the char
surfoce and column W-3 char-layer sped mens were cut parallel to visua! char
layer zones in order to obiain true char zone data, Measurements on s ection B-1
and un Initial one-power photomacroc -aph of the 1-1 radial plane indicated thot
ths char-surface plane slcped downwuid in the upstream direction at an Bi® angle
with the foce plones. Viiual char~zone layers were parallel with the chor surfaca
to enly about @ 0.3=inch depth; below o Q.4~inch depth char zones were parallel
wirth the outer cylindrical surface at an 85° angle with face planes (4® angle with
char surface).

el o L s, < a1

PHOTOMICROGRAPHY

gl e

This method was used initially to estimate char zone depths, the thickness and

- depth requirements for char-zone samples, and the condition of matarial in chor
zones. In characterizotion, it was used to confirm the spatial arrangement, phases
present, void dimensions, and genetal orlentation of the various phases.

Photomacrographs, 1 to 2,5 power, were made under reflected light on plonar
polished “urfaces of both unpotted and Marglas epoxy resin vacuvm potted specimens.
ctc mic-ographs with the Zelss Ultrarint |1 Metailograph, 2.5 to 2500 power,
utiiized potted and polished planar viw..s, with reflected light for conventional
detuil and polarized light for anlstwrppic effects such as intemal graphitization.
Thin sectidas were made by thinn.a;, potted planar sections to the thickness of the
specimen component viewed (e.g., o cloth, yam, or fiber thickness dimension).
Reflected ond transmitted light were used separately and in combination on thin
section photomicrographs.,

Special emphcsis was placed on differentiating crystalline from amorphous material
by reflection characteristics under polarized light. The high magnification
obtained with the Ultrophot makes the primary zones of char graphitization discem-
able. Since crynta’'ine particles con have dimensions much less than one micrsa,
all crystallt<e carbon cannot be seen using optical techniques.

B e e B nn 4 =T PSR




DENSITY AND POROSITY ANALYSIS

Density and porosity are considered as combined characteristics that affect both
thermoph ysical and thermomechanical properties,and tharmal conductivity proved
fo be very dependent on Jensity/porosity charocteristics, Direct measurements
of densities and porosities provided the primary data ond the calibration for the
Rodocon X-ray transmission analysis of density profile developed on this progrom.

The particuiar density obtained is a function of the method used to measure
sample volume. The total sample volume, including oll voids, gives the apparent
Pc. Since both waight and volume data were usually obtained o dited samples,
the term Pod, apparent dry density, is used for dried samples. Soild densities,
¥$, aro based on the weight and the solid volume of dry powdered somples as
determined In the gas pycnometer. Powdsring the sample is assumed to eliminate
oll closed porosity. Gas pycnometer determinations of solid volume on dry bulk
samples yisld ooy , apparent solid volume, since the volums of closed poradry is
included.,

Porosity data was cbiained as porosity fraction, § , from denslty data by the
relationships;

tf . l'pd/ps M

‘O - | "pm/pm (2)

£ ¢ is total porosity based on true solid density, p, and §, is open porosity
comsistent with its calculotion basec on gpporent solid density, Pge that
includes closed pores. Closad porosity, £ ., Is simply the difference Lstween §,
and § ,. Porosity froction: measured directly by mercury penetration are desig-
nated s penetratad porosity, fp.

Direct Density and Forosity Measurements

Apparent dry densities,  poq, apparent solid densities, gy, and open porosity
fractions, § o, were determined for sliced specimens and blocks before thelr

usage in other tests,

Apparent dry densities, ).3 percent pracizion were calculated from

weight and dimensionul n. .ents on the dried char depth slices. Most of the
direct density mecsuremenh. wers made on oven dried (150°F) and vacuum cutgassed
samples, It was found eorly in the progrom rhat the charred materiols were hygro-




scopic and hod to be dried to obtain reproducible data, Before drying o mass
spectrogranhic survey of the entrained volatiles was run {2 establish that only
water was being eliminated.

Solid volumes of both bulk and ground samples for the calculation of  pg, ond

Ps were determined in a Beckman Model 930 gas pycnometer, Initial tests with
air for MX~-4926 char were unsuccessful due to absorption of moisture during the
compression cycle. Outgassing, desiccator storage, and three helium purges
were required to obtain reproducible results on all three charred materials,
Accuracles of p . and P, were estimated at 3 percent, based on the solid voi-
vme determination.

Total penetrated porosity fractions, £, including alf open porosity with open-
ings between 0.01 ond 100 microns in d?umeter were determined by mercury pene-
tration with the Aminco~Winslow 15,000 psi porosimeter. Photomicrographic
analysis had indicated that,except for complete delominations, the pore/micro-
crack diameters were below the 100 micron upper limit of this technique. Deter-
mination of approximate pore size distribution by porosimetry provides dota needed
for detailed correlations of char thermal conductivity data and for use in analysis
of internal gas flow and pressure build-up during ablation, When the data is used
for these purposes,it should be correlated with the photomicrographs showing pore
shapes and sizes relative to the sizes of pore openings. The amount of mercury
penetration vs, pressure gives porosity fractions as a function of the size of pore
openings, which may be smaller than the pores themselves.

X~Ray {Radocon) Transmission Anblysis of Density Profile

The Radocon X-ray transmission test provided a sensitive and rapid nondestructive
method for establishing the density gmgient in carbon or graphite reinforced chars
since density variations of 0.005 3/cm” cun be resolved in o distance as small as
10 mils along ony path in material up to I~inch thick. This sensitivity was useful

in establishing that important density changes were being resolved by the measure-
ments on char slices. This nondestructive test clso provided a method for establish=~
ing the uniformity of thermophysical prope rty test samples,

The test facility khawn infigure 2 utilized.a Norelco X-ray tube, 25 to 150
KVCP, with a beryllium window operoted at 90 KV and 7.5 millamperes. Samples
were supported on ¢ horizontal traversing mechanism operated at 2 inches per
minute. The sensing system aperture was a 0.128-inch thick lead sheet contain~
ing a slot 0,0124nch wide (in the travene direction) and 0,25nah iong (paraliel
with char surfoce) located 5 inches below the tubs target. An unshielded
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Victoreen Model 601 ianization tube sensor was positioned directly below the slot.
X-ray transmission {rom the tube sensor was received by a standard Radocon

Madel 575 ratemeter an« t-onsmitted to o Sonbom char recorder.. Figure 10
shows the radial troce orientations for the FM-5014 char sample, where the sample
faces were sloped (o 1raintu'n X-ray penetrotion parallel to the ch 'r surface,and
Figure 1] typice.i Rodoces. traces for MX-4926 ond FM-5014,

An empirical calibration for obtaining apparent dry density , Pad, based on curves
of log Radocon readout R (Roentgens/minute) versus the product of apparent dry
density and thickness, Pygt (g=inches/cm”) wos used for each material. This
approach is similar to the theoretica! exponential relationship

! .
log R=F(t 2 X; 0 m,) (3)
1

fraction - density * X-~ray absorption coefficient) for very solid phase present in
the char layer.

but avuids the necemity of determining the porameter X; P,; g (volume

This calibrution method utilized the apparent dry densities, pad (g/cm3), determined
directly or: char depth slices. Densities ot terminal (virgin and extreme char surface)
and char zore inflaction points {(meximum and mirimums within char layer) were
obtained. Somple thickness t{inches) ond Radocon readings R were then obtained from
the rodial traces for chiorred materials ot corresponding terminal and inflection points
regardless of char depth position. Plots of log R versus product p__t for each mat-
erial are showr. in Figure 12 independent df char depth position. ?ﬂe colibration
abtained for MX-4926 was ossumed to hold for FM~-5055A, since the two matecials

are simiiar,

individua! Radocon traces were analyzed ot char depth intervals corresponding to
density specimen centerlines. Products p,4t,corresponding to each Rodocon number,
were obtainec from the semi-log plots ond divided by true thicknesy, t, at the char
depth lucation in order to obtain Radocon predicted density, Predicted density pro-
files were then plotted versus ck.or depth location from Radocon traces.

THERMAL ANALYSIS

Thermogravimetric (TGA) and differential thermal analyses (DTA) of char depth slices
identified fully charred layers and characterized the char layer versus depth in terms
of thermal stability. These tests, porticularly TGA, give quantitative characterization
in the pyrolysis zone since the measured responses ore proportional to the amount of
incompletely pyrolyzed resin remaining.
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FIGURE 12 EMPIRICAL CORRELATION OF X-RAY TRANSMITTANCE, R,
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Dynamic TGA's of 0,5 gram samples were run in helium to 1900°F at a constant
heating rate of 10°F minute in a Stanto~ Thermobalance. The data Is reduced fo
tabular form for cor.cise presentation by tabulating the nodes or temperature

points denoting changes in rate of weight loss. Relative thermol stabilities of

char slices are indicated primarily by total weight loss ond secondarily by the
tabulated tempercture nodes. Incremental weight icsses bet ween nodes are also
related to the quantity and nature of residual resin or pyrolysis deposition products.

DTA tests on 5 to 15 milligram sar¢ies were run on a Stone Differential Thermal
Analyzer in air and helium at a constant heating rote of 18°F/minute to 1800*F.
Data in the usual form of microvolt putput of the differential thermocouple versus
temperaiure were obtained for the net exvthermic events in air atmosphere,
FM-5055A material was also run in helium, but the endothermic events expected
were too small to give meaningful date. For each discemable exothermic event,
the initial temperature, Ta, exotherm maximum temperature, Tp, and end temper-
cture, Tc, were tabulated along with the heat of reaction for the event,

Heat of reaction, AH, for each net exothermic event is proportional to the area
under the reaction curve. Areas under exotherms were gruphically integrated by
planimeter measurements and were converted to heats of reaction psr unit weight
of sample (microvolts *C/milligram) by the follqwing relationship:
Te
HwW = 1 5 (uv)ar (4)
w  Ta
This DTA porameter was calculated for MX-4926 and FM-5014 chars to determine
its usefulness for choracterization. The single DTA parameter most sensitive to
specimen locution in the chur was the initial temperature of the first exothermic
event in the air atmosphers maossuraments,

ELEMENTAL ANALYSE

Quontitative elementsl anulysis of major constituents (C and H) confirmed results
of othar characterizotions which deparid on amcunis.of hydrocarbons, poarticuiarly
thermal analysls, that definad zones of ma*ure char, pyrolysis product deposition
zones, and interior pyroiysls zones. Clemental analysis also provides a basis for
partition of the char at any depth info the fraction of reinforcement and residual
resin, A qualitative onalysis for signficont impurities was conducted using an

el ectrom beam microprobe.

Thie primory analysis method was the microcombustion datermination of caibor: and
hydrogen by the merhod of Pregl., The difference between the total mass and sum
of carbon, hydrogen, and ash wus assumed to bs oxygen. Sompies were finst
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thoroughly oven dried and vacuum degassed to remove abscrbed water then bumed
in on oxygen atmosphere ot 700°C, except for more stable layers near the char
surfoce which required o temperature of 900°C. A standard of CgHoNO was run
between specimen runs.

Electron beam microprobe analyses were used mainly to detect the mare stable
impurltios such as metals and thelr oxides since the vacuum snvironment and
heat of the electron beam tend to Frive off less stable components, Analyses
were coriducted on an Applied Research Loboratories microprobe using oscillo-
gfwh fm'o

X-RAY DIFFRACTION ANALYSIS

X-ray diffraction analysis of the surfaces of char depth slices providad a quan=~
tiiative measure of the relative concentrations of anisotropic or crystalline
material. Most of this anisotropy was visible in polarized light photomicrographs.
This enisotropy wes arbitrarily referred to as “graphitization® in this report,
through the crystal spacing intensities are far less than for bulk graphite, and
there is no confirmation of the true grophite structure in the anisotropic material,

X-ray diffraction analysis of "graphitization " produced chart recordings of
diffraction intensities, i, in counts per second versus diffraction angle. Maxi-
mum or peak intensities occurred at the angles corresponding to the two predomi-
nant crystal spacings for geaphite and were used as a measure of graphitization.
Figure 13 shows typical char data and corroborating Deby e cherrer diffraction
pettern photographs for an MX~-4926 char, The graphic determination of intensity
relative to the bockground is also illustrated. Diffraction pattem photographs
are less sensitive measures of graphitization, but they verify tha crystal spacings.

COMPUTER ABLATION ANALYSIS

Meaningful ablator char characterization must be related to the density and temper-
ature history at that point during ablation since ablation processes and rates depend
upon temperature and thermophysical properties of the ablator at any given time.

In addition, the maximum temperaturs exparienced establishes the maximum temper-
ature at which thermal properties are raquired at that point in the char and gives
the temperature limits for the thres zones in the char selected for reproduction in
the form of thermophysical property test specimens.
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SECTION V

MX-4926 PHENOLIC CARBON CHAR CHARACTERISTICS

Characterization of the char inthe MX~4926 phenolic carbon nozzle throat
from ‘Aerojet~General Corporation's 120-585~i 120-inch solid propellant booster
provides a complete physical and chemical description of the post-test ablator as
a function of depth. The results are discussed in terms of their variations within
and between the major zones: virgin, pyrolysis, end mature char zones,

The data are also discussed in terms of their significance for the definition of the
three subzones in the mature char zones I, Il, and lll,used as the basis for thermo-
physical properties.

VISIBLE CHARACTERISTICS

Major char zone, char depth, and cloth layer orientations were defined by the
1.25 power photomicrograph shown in Figure14 . Analysis of this plane to o

depth of 1.1 inches using a 63-power assembled strip photomicrograph (6 feet long)
showed size ond distribution of voids, char zone degradation effects, and spatial
dimensions of the carbon cloth matrix.

Cloth-yam spatial dimensions, cloth weave information, additional description of
voids, extent of char degradation and polarized light observations of anisotropic
"graphitized" portions of the char were obtdined on potted and polished thin sec-
tions. Thin sections were made in both yam directions in planes perpendicular to
cloth as shown in Figure 15 . Because there was no distinguishable difference
between the photomicrographs of the two yam directions, only those of thin-
section A are shown. in Figure 16 , large cracks and: voids are apparent under
transmitted light. Figure 17 shows the surface portion in a4 25X magnification
combined light view where voids are represented by th = white (clear through the
thin section) and dark areas. Successive 200X and 2000X magnifications of a
void location shows light transmitted through o small portion of the dark void area
as well as the size and undegraded condition of fill yam fibers.

Successive magnifications under polarized light in Figures 18 through 21 show the
high concentration of anisotropic "graphitized" material at pore surfaces and
around fibers and the columnar deposition of anisotropic material at the surfaces

of large pores. White areas indicate high concentrations of anisotropic material,
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MX-492¢ PHENOLIC CARBON CHAR CHARACTERISTICS
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Major chor zone, char depth, and cloth layer orientations were defined by the
1.25 power photomicrograph shown in Figure14 . Analysis of rhis plene to

depth of 1.1 inches using o 63-power assembled strip photomicrograph (6 feet long)
showed size a1d distribution of voids, char zone degradation effects, and spatial
dimensions of the carbon cinth matrix,

Cloth=yam spatial dimensions, cloth weave information, additional description of
voids, exient of char degradation and polarized light observations of anisotropic
"graphitized” portion: of the char were obtained on potted and polished thin sec~
tions, Thin sections were made in both yars directions in plares perpendicuiar o
cicth os shown in Figure 15 . Because there wos no distinguishable difference
be' ween the photomicrographs of the two yamn directions, only those of thin-
section A are shown, In Figure 16 , large cracks ond voids are opparent under
transmitted light. Figure 17 shows the surface portion in a 25X mogrification
combined light view where voids are represented by the white (ciear through the
thin section) and dark areas, Successive 200X ond 2000X magnifications of a
void location shows light transmitted through a small portion of the dark veid area
us well as the size and undegraded condition of fill y.m fibers,
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high concentration of anisotropic “"graphitized" material at pore surfaces and
around fibers and the columnor depo:ition of anisotropic material af the surfaces
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FIGURE 18 MX-4926 CHAR ANISOTROPY WITH POLARIZED-REFLECTED LIGHT




50X View made from Mne 25X Photomicrograph of the Mosaic {Arrow-1)
Anisotropic Material Deposition in a Large Pore

FIGURE 19 MX-4926 CHAR ANISOTROPY WITH POLARIZED-REFLECTED LIGHT
45
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1000X View Mode on Thin Section "A", at One Lccation Indicoted on the SUX View
{Arrow=|1), Showing Anisotropic Material Deposition at Pore Surfaces and Betweun Carbon Fibers

FIGURE 20 MX-4926 CHAR ANISOTROPY WITH POLAR!ZEu-REFLECTED LIGHT
4




3800X View, Polarized-Reflecied Light

FIGURE 21 MX-4726 CHAR COLUMNAR ANISOTROPY AT PORE SURF ACES
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"Graphitization", as evidenced by visible aniiotropy, extended to 0.25 inch

| below the char surface, in good agreement with X-ray diffraction results. The
depth of g-aphitized moterial vas the major consideration In establishing the

| boundaries of char zone |.

|

"Graphitized" deposits are one of the most distinctive characierlstics of the
MX-4926 noxzle char. The concentration of "graphltized" materlal in falrly
continuous paths along cracks and flben is belleved to be a major factor in the
t very high thermal conductivity of graphitized char mewsured pamilel with

l laminore planes.
i

The follov'ing observations wers made by correlating the photographlc analyses
with the other anal.ses described in Section IV,

Char Characteristics

Visible char zones, such as the pyrolysis zcne/virgin zone Interface, were parallel
with the surfaca. Resin degradation indlcated by porosity at <3IX was visible to o
depth of 0.8 inches, about the middle of the pyrolysls zone on te basis of density/
porosity data. Heat-affected material, indlcated by color change, was seen tc o
depth of 1,2 inches. Thls is approxinuo tely where density/porosity data indicates
the beginning of ths viigin zone.

Inter-yamn pores and microcracks were up to 100 microns (U.004 inches) wide 1-acr
the surface and decreased In size with depth to 40 microns (0.0015 Inches) ot @
depth of 1.03 lnches. The maximum depth of vislble Inter-yam crocks was below
the visible rasin degrodation depth. The inaximum limit of inter-fiber void size
was about 10 microns. These por: size ilmits provided o basis for classification of
| penetrated porosity results In ronges representing inter~yam ond Inter~fiter 1ize

' porosity. The inter-yam size porosity wouid be expected to vary the most as o

E tunction of the themmal cracking and delamination enzountersd in any ablation
appiization.

Anlsotropic or "graphitized" moterial coated pore surfaces und fibers in o sub-~
surface band from 0.06 Inches to 0.25 inches dapth. The highast concentration
of visible anisotropic material was cuolumnar deposits on the surfaces of gas-pcth
pores.

Carbor Cloth, Matrix Characterlstics

Spacings of cloth yarns and cioth layers were constant with char depth regardlass
of resin degradation of porosity changes. Volumetric concentrations of cloths,




yams, and fibers were therefore constont, but there was disiocation or cracking
of the fibers in high porosity zones.

Cloth layers were oriented downstream at a 60® angle with the surface in the
mature char, but appeared oriented at lesser angles down to 55° in the virgin
zone., Yarr directions were 45° to radial plones in the cloth iayer as expected
for bios tape wrapped construction, There were 42 fill yams per inchv compared
with an averoge of 50 in the prepreg, indicoting the resulis of bias stretch and
hydroclave compression. The carbon fibers had irregular sbrfaces ond a mean
diameter of 0,0003 inches. A count of 70 cioth layers per inch indicu!ed that
approximately 40 percent compression had occurred during the fabrication cycle.

CENSITY AND POROSITY PROFILE

Apparent dry densities obtoined on vacuum-dried char-depth clices are piotted
in Figure 22 along with computer predicted densities and open porosity calcule-
ted from helium pycnometer determination. of p,.. Figure 22 illustrates the
following observations based on density/porosity data:

1. Most of the porosity increase and appareat dry density decrease occurs in
the pyrolysis zone und these changes are inversely proportional.

2. The computer results are raasonably accurate based on post-test char
density profiles. Agreement of predictec and measured post-test density
profiles lends confidence to predicted density and temperature histories .
at ony point in the char,

3,  The spparent dry density in the pyrolysiz zone of the post-fest char represents
the low heating rate cosl-dewn period, not the motor firing psriod.

These observations, which also hold for FM-5014 phenolic-graphite, support the
approach used in the presentation of thermophysical property data, particularly
thermal conductivity; that is, a density/porosity correlation of properties is the
proper basis for predicting properties in the unstable pyrolysis zone. This approach
is discussed in datail in s ection IX,

The apparent density profiie given by Radocon X-ray transmission measurements is
shown in Figure 23 . Agreement with direct measured values is good, and it is
apparent that no significant density variations have beer: missed by the char sampl-
ing technique. The Radocon data does give somewhat better resclution of o density
peok at the 0.3-inch depth,
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Since I’twe effect on thermal properties of the density changes accompanying
pyrolysis is most easily visualized in terms of porosity, all other density/porosity
data is presented in terms of porosities in Figure 24 . All data was obtained on
H.-series depth slices, except the unconnected points, which were obtained on
slices representing char zones I, 11, and Il after these zones were defined.
These zone data are an average from three measurements on each of two sets of
specimens and represent all values to within 5 percent. In zones I and Il the
high total and trapped porosities, which are a result of high solid densities, are
consistent with the results obtained on fumace char analogues of these zones.
The “graphitization" in zone | apparently yields material of low solid density.
Fumace chars "graphitized" after pyrolysis showed the same behavior.

The reason that open porosity measured on char zone samples was higher than that
of small H-series char depth slices is probably related to the proportion of sample
surface to sample volume. Smwoothing the surfaces of a thin slice tends to
eliminate some of the large size open porosity and give lower open porosity
values. On this basis, th= difference betwr:an open porosity values on zone
specimens and char depth slices is attributed to large open porosity associated
with partial delaminations. The difference between the open and penetrated
porosity measurements on char depth slices is believed to be due to porosity larg-
er than about 100

The density/porosity data indicates that the mature char layer ends at a 0.5-

inch depth in agreement with thermal analysis results. Beginning at the surface,
there is a rapid increase in opparent density and decrease in porosity to a depth

of 0.15 inches, where apparent density levels off but solid density increases
accompanied by an increase in both interlaminar and inter-yam size porosity and
in closed porosity. The decrease in inter-fiber and fine range void fractions into
the pyrolysis zone to a depth of about 0.8 inches is due to the increase in undecom-
posed resin content indicated by thermal and elemental analysis. A peak in inter-
fiber range voids at 0.8-inch depth followed by a decrease to a depth of 1,2 inches
is attributable to thermal cracks rather than pyrolysis generated vents on the basis
of photomicrographic observations, '
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THERMAL STABILITY PROFILE

All thermogravimetric (TGA) and differential thermal analysis (DTA) results are
summarized in Tobles IV and V . The total weight=loss to 1800°F in the
heli'um TGA measurements and the initial temperature, Ta, of the first exotherm
in the 5ir DTA measirements weie quantitatively sensitive to deoth in the chor
and are plotted versus char depth in Figure 25 .

The total weight-loss to 1800°F in TGA measurements is considered the primary
meosure of the thermal stability of all material ot any depth in the char. The
data from node to node (inflection points) give confirmatory information on
thermal stability. High thermal stability is indicated by the first node occurring
at high temperatures ond by few nodes. The increase in total weight-loss, ond
in weight-loss at the temperature of the first node in specimens token near 0.5
inches depth indicates the end of the mature char zone, in agreement with other
analyses. Within the mature char zone, however, specimen H-3 at a depth of
0.25 inches exhibits the highest weight loss, the lowest temperature initial node,
and the most nodes in the mature char zone. This indicates deposition of hydro-
carbon pyrolysis products as confirmed by elemental analysis. Thermal instability
indicates that this deposition occurred during cooling at a depth having the
moximum apparent density and low open porosity characteristics typical of
pyrolysis product deposition zones. Specimen H-4 exhibits these same character-
istics to a lesser degree consistent with the density/porosity data. Specimens
H-1 and H-2 indicate stable mature char material in the region of high porosity,

wherein apparent and solid density decreased and "graphtitization " increased
near the surface.

The initial temperature of the first DTA exotherm decreases starply through the
mature char zone to a depth of 0.45 inches. This same behavior was not noted
on FM-50140 no general interpretation of the DTA data is possible. Only the
initial temperature of the first node was independent of sample size and the rate
of oxygen transfer in the particular test setup. Since it could not be related to
physical and chemical characteristics in the char, DTA offers little in the way
of reproducible, quantitative characterization.

COMPOSITION PROFILE

Microcombustion analysis provided composition versus depth in the char. Eiactron-
beam microprobe analysis indicated no significant amount of contaminants, but o
upplementary spark analysis of ash from the carbon~hydrogen analysis indiccted
small amounts of Al, Fe, and Si and traces of Ca, Cu, and Mg.
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Avercged results of duplicate carbon, hydrogen and ash analyses with the
remainder aftributed to oxygen, are presented in Table VI , The ¢lemental
analysis correlated well with TGA, showing hydrocarbon contents proportio-
nal to the weight losses measured to 1800°F, This confirms the location of

the pyrolysis zone and the presence of redeposited material in the mature char
zona. The partition ot the el ements among the constituents in the char (Table
V! ) provided more descriptive data for catrelation with other characteristics,
The constant volume of cloth and filler indicated by photomicrographic analy-
sis provided on initial basis for carbon partition and the assurned stoichiometry
for the remaining constituents, resin, pyrolysis residue, and trapped condensa-
tion cure reaction water allowed complete partition of the elements,

The constant volume of cioth und filler was first used to calculate char surface
elemental analymes assuming no other constituents and the virgin elemental
analysis assuming a resin conceniration per the prepreg specifications, Excel-
lent agreement with the exparimental elementd analysis was obtained, veri-
fying the constant concentrations of cloth and filler. At other depths in the
char, stoichoimetric balances assumed that ail oxygen existed in residual
phenclic (specimen H-3), that the ratio of hydrogen atoms to seven carbon
atoms in phenolic resin was 5.5 (specimen H-5), or that all carbon not fixed
in cloth and filler was in phenolic resin (remaining specimens). Of course,
the use of phenolic resin stoichiometry to represent hydrocarbon material
deposited in the mature char zone simply represents the presence of unknown
hydrocarbon material, The resulis of the partition of the major element, carbun,
are plotted in Figure 26 .

iNTERNAL “"GRAPHITIZATION® PROFILE

Both top and bottom surfaces of all char slices H=1 throuch H=6 of column W-2
were used in X-ray diffraction tests to sstablish o measure of "graphitization"
versus depth in the char. The maximum diffraction intensities recorded for the
two pr inant crystal spacings for graphite are plotted in Figure 27 . The
3.37 A crystal spacing is the most sensitive, as expected. High background
intensities in the virgin and pyrolysis zones indicated some crystallinity, but
brood peaks indicated primarily amorphous carbon. This ag ees with polarized
light photomicrographic examinations showing that fiber ends in this region were
partly anisotropic. The peak intensities in the virgin MX-4926 trom all fabri-
cators reproduced the nozzle valve within £two counts at 3,37

The decrease in diffraction intensities from the suiface to virgin material values
at o depth of 0.25 inches was selected as the primary characteristic defining the
outer char zone, zone |, for thermophysical measurements, "Graphitization® at
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the char surface was almost equal to that for virgin FM-5014 material containing
graphite cloth, Photomicrographic andlysis alone did not show maximum aniso-
tropy at the surface, which indicates grophitization of carbon cloth fiber or
filler material not discemable by photomicrographic analysis. Just below the
surface, the diffraction intensities correlate with the visible concentrations of
anisotropic material deposited at pore surfaces and between or around fibers.

\ COMPUTER PREDICTED INTERNAL ABLATION HISTORIES

Computer predictions of density and temperature by Aerotherm were transformed

to functions of depth from the final char surfote and interpolated to produce the

plots in Figure 28 . The temperature histories show that the surface cools so

rapidly by radiation aofter shutdown that the outer char regions are effectively

quenched in the active oblation state without surface recession. The continued

pyrolysis during the after-sock period that consumes the pyrolysis zone existing

) at shutdown is olso apparent. The close agreement between computed and

; measured final density profiles shown in Figure 22 justifies using the computer
results for estoblishing both the post~test chor density and temperature histories,

| The temperature limits for char zonesl, H, ond Il were established by computing

i peak temperatures at the zone boundaries. A water quench at 132 seconds

‘} during the cool-down was not included in the analysis, but the curves indicate v

! that the probable effects ware negligible on char above 1200°F, the lower limit
| of zone Itl,

Since the computer results plotted in Figure 22 stow that the pyrolysis zone
y formed during the firing no longer exists, it is necessary to assume that pyrolysis
zone material resulting from the aofter-soak is representative of thot existing during
active ablation. This is substanticled by the elemental analysis which assumed
that undecomposed material was phenolic and that the residual decomposed
material was simply carbon. On this basis, chemical changes in the solid state
are olways the same for a given extent of pyrolysis, and pyrolysis can be defined
in terms of the large density/porosity changes,

The assumptior that pyrolysis zone material con be described on the basis of
density/porosity characterisitcs forms the basis for extrapolating thermal conduc-
tivity dato to on active ablation pyroiysis zane as discussed in section 1X. The
necessity for extrapolation is a consequence of the rate effects encountered in

: pyrolysis. An iilustration of the effects of pyrolysis rates is provided by the

‘ isotherms on the density versus time plot in Figure 28 . The apporent density exist-
ing ot a given temperature decreases rapidly as the interrai heating rate decreases
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at the beginning of the after-soak period. Both the post-test and fumace chars
represent low heating rate states in the pyrolysis zone, ond neither ¢ A fully
represent active ablation pyrolysis at temperatures where rate contro.ied
pyrolysis is occurring, Partially pyrolyzed post-test chars ond fumoce chars

produced ot 1200*F may represent the state of the matarial existing up to 2500°F
during active ablation,
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SECTION VI

FM-5055A PHENOLIC-CARBON
CHAR CHARACTERISTICS

Characterization of FM-5055A phenolic-carbon chars indicated that their pro-
perties ware sufficiently similar to those of MX-4926 phenolic-carbon, that ther-
mal conductivily and specific heat data for the latter can be used for the former
until actual thermophysical properties are measured for the FM-~5055A chars,

Since the plasma charred specimens were received late in the progrom, and only
one of the models was considered suitable for choracterization, the results on
FM=-5055A are not as extensive as on the other materials. The results are presented
as a function of depth from the char surface and discussed in terms of the major
ablatior, zone~ with MX-4926, Subzounes |, Il, and Il in the mature chor are not
designated in the FM-5055A results, since reproduction in the form of thermo~
physical property specimens was not required and the responses of plasma samples
are not necessarily typical of those obtained in full scale applications.

i Mok At,.l[l“-||I‘||H‘:;fl;‘.,.‘,‘,4

U S P

VISIBLE CHARACTERISTICS B

The uneven laminate spacings in the FM-5055A phenolic carbon plasma test
model are apparant in the photomicrographs in Figure 29 . However, the follow-

ing characteristics that affect thermophysical properties are similar to those of
MX-4926 and FM-5014,

1. Porosity increases gradually through the pyrolysis zone and pore shapes are
elongoted paraliel to the adjacent fibers, This is consistent with the density/
porosity measurements,

2,  The concentration of deposited or residual anisotropic material visible under
polarized light decreases as a function of depth below the char surface.
This is confirmed by the X-ray diffraction results.

3.  The anisotropic “graphitized™ material forms fairly continuous paths along
fiber and pore surfaces as in MX-4926,

The major differences apparent between FM-~5055A and MX-4926 phenolic carbons

are related to the different mechanical loading during ublation., The MX-4926
phenolic carbon nozzle was not free to expand or contract due to the nozzie
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geometry and structure. The relatively unrestroined FM-5055A did not exhibit
significant microcracking in the virgin material balow the pyrolysis zone and
delominailons in the char did not crack open completely during cool down.

DENSITY AND POROSITY PROFILE

The appoient dry dsnsity and connected porosity profiles for FM-5055A are given
In Figure 30. The small specimens available for thesc measurements limit the
cccuracy of the connected porosity measurement to approximately 25 percent.
Solld density and total porosity measurements on powdered samples in the gos
pycnometer could not be accurately made on these samples. The agreement
between measured and predicted density profiles is poor in this material, due
primailly 1o poor luminate quality. However, the density and connected porosity
profiles correlate with other measurements in the same way as for the other
materials.

Or the basis of apporent dry density and connected porosity, ths mature char
zone extends from the surface to approximately 0.3 inches depth, and the pyrolysis
zone from 0.3 inches to 0.8 inches depth. The boundary at 0.3 inches Is not
sharply defined due to some partia! delamination extending to o depth of 0.5 inches.
This also accounts for the peak in connected porasity occurring at 0.44 inches

. depth and the tendency for porosity to increase continuously toward the char
surface.

The boundary between the mature char zone and pyrolysis zone is defined best in
the Radocen data versus depth shown In Figure 31.  The largest delaminations

are also gpparent in the Radocon data. The Radocon data taken on a path parallel
to the char surface in Figure 31 illustrates the nonuniformity of the density grod-
lants in the olosma test chars. Only plasma test model number 2J had o flat
portion on the side-tc-side Radocon density traces made to identiy uniform
density samples for charocterization.

THERMAL STABILITY PROFILE

Total TGA welght loss to 1800°F versus char depth is plotted in Figure 32. The
content of thermally unstable material is proportional to the apparent density

and to the hydrocarbon content Indicated by elemental analyses in the same way

as on the other post~test chars. Analysis of nodes in the TGA data was not conducted
becouse this analysls proved to be of little value in the case of the other materials.
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Since the significance of the DTA measurements in air on the other materials
could not be estublished, on attempt was made to obtain endotherm data by DTA
measurements in helium, The responses were so smail relative to dato on stable
reference samples that no analyses could be made.

COMPOSITION PROFILE

The results of carbon-hydrogen analyses on char depth slices are presented in
Figure 33 . Since the reinforcement concentrations varied significantly versus
depth in the char, no basis for partition of the elemental analysis of FM=-5055A
was available. The dota follows the same trends through the mature char ond the
pyrolysis zone as in the other materials. The results parallel the results of TGA
onalysis where waight loss is associated with the presence of hydrocarbon moeterial
and increasing hydrocorbon content corresponds to increasing apparent density
versus depth in the pyrolysis zone,

INTERNAL'GRAPHITIZAT'OM" PROFILE

X-roy diffraction intensity at 3,37 R on the top and bottom surfaces of char depth
slices is plotted versus char deptn in Figure 34 . The x-roy diffraction results

foilow the trend in concentration of anisotropic material visible under poiarized
light., The values at the surface are nearly as high os surface values obtained on
FM-5014 phenolic graphite, while virgin values are neor those of MX-4926

phenclic carbon. The leveling-off toward virgin material values occurs at the same
peak predicted tempercture observed in the other materiols, 2900°F, at o depth of
0.25-inches whick suggests that char zone | would extend that deep in the FM-3055A
plasma test char,

There are several factors that may account for the high''graphitization" level at the
surface of this material relative to the other phenolic-carbon material, MX-4926,
Both FM-5055A phenolic corbon and FM-5014 give high x-ray diffraction intensities
at the surface, and since both have the same resin and filler, the results may be
controlled by graphitization of pyrolysis decomposition residue and filler. The
temperotire~time histories in the plasmo tests indicate thut the period of exposure
to temperctures over 2900°F in the FM-5055A char is from two to four times as long
as in the nozzle chars, while the maximum temperature is nearly the same, Of
course, the internal pressures, pyrolysis gas flow rates, and other variables that
would affect cracking of pyrolysis gases and "graphitization® processes are also
different in the plasma test models. At present it is not known which of these or
other factors are significont, but the influence of “graphitization" in the application
of thermal conductivity data from MX-4926 to FM-35055A must be considered, as
discussed in Section IX,
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COMPUTER PREDICTED INTERNAL ABLATION HISTORIES

Predicted density and temperature versus time ond depth for the FM-5055A plasma
test specimen are given in Figure 35 . The computer results pradicted a total
surface recession of only 0,005 inches, which was neglected in constructing these
plots. The major difference between these plasma test histories and those of the
rocket firings is the two to four times longer exposure to very high temperatures in
the outer portion of the char. This is a result of the combined effects of a low
initiol heat flux and the lack of sutfoce recession. the plasma tests were started
at a cold wall heat flux of 94.3 Btu/ft2sec. that was held for 5 seconds, increased
linearly to 4945 Bru/ft®sec. over the next 30 seconds, and then held at that value
to the end of the run. This cycle was an approximation of a reentry heating cycle.

The predicted and final density profiles for this material shown in Figure 30 were
not in as good agreement as on the rocket nozzle chars. This is due to several
factors such as the probable deviation from one dimensional heat flow used in the
computer and the fact that the models were of relatively low density compared tc
the normal material specifications used as computer inputs. This last factor accounts
for most of the diffarence between predicted and final densities on this material,
The test models were instrumented with an axially inserted thermocouple at 0.75
inches depth to give a check on the temperature predictions. Comparison of the
predicted ond measured responses ot 0.75 inches in Figure 35 shows good ogree-
ment, considering thot the thermocouple readirgs would be expected to be lower
due to side heat losses and the losses along the wires due to axial insertion. Based
on this comparison the computed predictions are considered substontially correct,

The general observations made in reference to the intemal histories on MX-4926
giso hold for this materiai,
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SECTION Vil

FM-5014 PHENOLIC GRAPHITE
CHAR CHARACTERISTICS

Characterization of the char from the FM=5014 phenolic-graphite nozzle throgt
from the Titan 3C-10 120-inch solid strap-on motor provides a complete physical
ond chemical description of the post=test char as o function of depth. The results
are presented in the some manner as for MX-4926 phenolic carbon so that the
characteristics of the two types of chan may be easily compared.

VISIBLE CHARACTERISTICS

The major visible differences between FM=5014 ond MX-4926 wers the greater
char depth on FM-5014 and absence of delemination in the char, o, microcrack~
ing extending through the pyrolysis zone, and of anisotropic deposits on pore
surfaces. Reflected light examinations were made on the radial plane shewn in
Figures 36 and 37 . Low magnification observations were made before potting,
Figure 36, for maximum visual discrimination of light ond dork bands in the char,
Potted and polished thin sections, locoted as in Figure 38 , were used for com-
bined transmitted ond reflected light analysis of spatial characteristics and
polorized light observations of anisotropic "graphitized™ moterial. Results of
thin section A ore illustrated in Figures 38 through 40, The absence of aniso-
tropic material other than graphite cloth fibers is apparent.

The combined results of all photographic analyses and relationships with other
analyses are duscribed below.,

Char Charocteristics

Altemate dark and light bands 0, 1-inch thick were visible to a depth of 0.9 inches.
The bands from the char surface to a depth of 0.4 inches were parallel to the sur-
face while most bands below this depth mode a ~4°® angle with the char surface in
the downstream direction,

Density/porosity measurements of H series char depth specimens established that

dork bands were of higher open porosity and higher apparent solid density while
light bands were of lower open porosity and greater apparent dry density. The
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FIGURE 36 FM-5014 CHAR SURFACE AND VISUAL ZONES
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FIGURE 37 FM-5014 CHAR AT THE SURFACE LOCATION USED FOR
PHOTOMICROGRAPHIC STRIP ANALYSIS
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CHAR SURFACE

REFLECTED LIGHT 2X VIEW

TRANSMITTED ' GHT  2,5X VIEW

i
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FIGURE 38 FM-5014 CHAR THIN SECTION A VIEWS
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SPECIMEN ROTATION ANGLES

THIN SECTION A
OFf
FM-5014

Anisofropic graphite fibers
appear alternately light
and dork with 90° rotation
in polarized light.

4B

FIGURE 39 FM-5014 CHAR ANISOTROPY 25X PHOTOMICROGRAPHIC ANALYSES
WiTH POLARIZED-REFLECTED LIGHT
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most prominent band, a light band between 0.4 to 0,5 incnes depth, coinclded
with the region of greatest apparent density and least porosity in the mature
char zone, The second most prominent band was a 0,2-inch wide light bond
below 0,9 inches depth coinciding with the beginning of the pyrolysis zone.

A third prominent visible zone was a black band from a depth of 1,1 inches to
1.5 Inches coinciding with the pyrolysis zone,

Both inter~yam ond inter~fiber porosity were visible to a 1-inch depth. The
largest pores or microcracks were the inter-yam type with 80 micron (0.0032
inzh) maximum width., These were concentrated mainly In the repetitive dark
bonds and ot the char surface. That microcracking did not extend through the
pyrolysis zone , a significant difference from the phenolic carbon materials,

is balieved related to the lesser pyrolysis shrinkage noted in fumace char
preparation and may explain the relative lack of delaminations in the FM-5014
char. Lack of delamination Is also believed to be related to the construction of
the nozzle in ring segments; the net char shrinkoge was resolved in large cracks
ot the weakly bonded ring joints,

No anisotropic or "graphitized™ material other than the graphite cloth fibers was
discemible under polarized reflected light, Dark inter-fiber areas in both
polarized light rotations in Figures 39 and 40 Indicote the lack of anisotropic
materiol on pore surfaces.

Graphite-Cloth Matrix Characteristics

As in the tape wrapped MX-4926, there was nc visible volume degradation of
reinforcement fibers and the volumetric spacing and cancentration of cloth layers
and yorns appeared constant versus char depth, Cloth layers were oriented ot an
tngls of 83° from the chur surfuce upstreom direction, Yam orientations between
plies veere . :ndom. Mean fiber diameter wos estimated to be 0.00032 inches, In
one plane with {1ll yams orlented at 60* and warp yams oriented at 30° to the
char surface, counts of 27 fill yanis per inch and 28 warp yams per inch were
obtained. These are higher than prepreg values, indicating compression. A
count of 63 cloth layers per inch indicated that approximately 56 percent cum-
pression had occurred during fabrication,

DENSITY AND POROSITY PROFILE

Figure4lillustrates the inverse proportionality between apparent dry density and
open porosity obtained on éhar depth slices and the comparison of measured and
computer predicted densities in the post-test char, These results are on H-serles
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char depth slices taken parallel to the surface to a depth of 0,4 inches and

at -4° tc the surface below 0.4 inches. These results yield the same conclu-
sions as for MX-4926 phenolic carbon and validate the use of o porosity corre~
lation of thermal conductivity data, The measured g is higher thon predicted
in the moture char zone due to the presence of thermalfy unstable material
deposited during the cooling period. Both thermal and elemental analyses show
the presence of material that could not exist a* the temperatures encountcred in
the mature char during the motor firing period.

The apparent density profiles given by Radocon X-ray transmission measureme::ts
are shown in Figure 42 . An abrupt decrease in apparent density ot the char sur-
face is cleurly shown by the greater resolution of the Radocon measurements. This
daota was verified by supplementary direct density measurements on the surface
slice of column W-3. The apparent density at the surface decreases to below 0.8

g/cm3 and open porosity increase to above 0.6. The solid density at the surface
is then over 2,1 g/cm3,

All other datc are presented in terms of porosity in Figures 43 and 44 . Com-
plete dcto for both char deptth. slice orientations shaw similar behavior of porosity
versus depth, The total and open porosity curves are an averoge of three measure-~
ments on each of three specii ens per zone and all values were within #5 percent
of the average. Both totcl porosity and closed porosity are lower than for
MX-4926, and total porosity ond solid density do not increase with depth in the
char, As with MX-4926, the behavior of total pososity from zone to zone was
reproduced in the fumoce chars for thermophysic  property measurements however
better agreement between open porosity meosurements on zone specimens and char
depth slices was obtained on FM-5014 due to the smail amount of very large
porosity. The open ond penetrated porosity values are more similar to MX-4926
for the same renson, Typical mercury porosimeter data on a chaor depth slice are
shown in Figu.e 43 . Continuvously increasing values at the high pressure end of
the run were attributed to compression of the specimen, which would tend to make
the results iow in the fine porosity range,

The porosity cata Indicates that the mature chor zone ends at approximatel, » 0.8-
inch depth, ir agreement with all other unalyses. Below 0.7 inches the “ycreasing
proportion of fine volds is characteristic of this material. At this depth the difference
between pene rafed anJ open porosity is believed to be fine voids not resolved by

the mercury pcrosirreter or closed due to specimen compression, Closer to the sur-
face the differmce Is probably iarge voids as in the case of MX-49264, Apparent
densities increcse and porosities decreuse steadily in the pyrclysis zone and con-
verge on virgin material values beyond a depth i 1,8 inches,
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THERMAL STABILITY PROFIL:

Tables Vi1 and Vill present the results of TGA and DTA analyses on depth slices
from the FM-5014 post-test char. As was the case for MX=4926, values of two
parameters were dependent upon depth in the char, the TCA total weight-loss
and the initial temperature, Ty, of the first exotherm in the air DTA, These data
are plotted versus char depth in Figure 45 . The total weight-loss data is sasily
interpreted as a measure of thermal stability of all material at any depth in the
char. However, the DTA data appecred to be a function of both pyrolysis and
"grophitization®, whereas in MX-4924 it seemed to be reloted only to "graphiti-
zation, "

The weight-loss data indicotes that the mature char zone exter Is to a depth of
approximately 0.85 inch, While opparent density o-d porosity data suggest that
the mature char zone might extend to as deep as 1.0 inch, both the TGA weight-
loss data a~d the elementa! analysis data indicate that the density/porosity pro-
file is offected by o high content of pyrolysis residue. The temperature of the
first node in both the TGA and DTA results increases over pyrolysis zone values
at a depth of 1,05 inches, but this is believed to be related to chemical changes
from partiy pyrolyzed phenolic rather than a transition from the pyrolysis zone to
the mature char zone.

A weight-loss peak in the mature char zone ot 0,45-inch depth indicates a large
amount of hydrocarbon pymlysis products, in agreement with elemental analysis.
This deposition occurred during cool-down at a region of maximum apparent
density and minimum open porosity in the moture char. These products showed
very stable node characteristics, believed indicative of a high temperature crack-
ing fraction,

COMPOSITION PROFILE

Composition versus depth inthe post=test char was obtained by microcombustion
analysis. Electron beam microprobe analysis of o char slice ot 0,75<nch depth
showed the presence of 1 to 2 percent chlorine and less than 1 percen? potassium.
Spark analysis of ash from the carbon-hydrogen onalysis indicated small amounts
of Al, Fe, and Si and traces of Ca, Cu ond Mg.

Microcombustion anolysis on duplicote char depth slices for total corbor, hydrogen
ond osh with the remainder attributed to oxygen are summarized in Table IX .,

The results of the partition of the elemental analysis are also shown. These results
confirm that thermally unstable hydrocarbon material was deposited below 0.2 inch
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in the moture char. Deposited material was also indicated by the TGA weight-
loss results and by high apparent density relative to computer predictions in the

mature char zones. Pyrolysis product redeposition is not included in the compu~
ter predictions.

The elemental analysis partition wos developed on the basis of the constant
volume concentration of carbon in cloth and filler shown in photomlicrographic
analysis. This is the same basis used for MX-4926 and it was verified in the
same way by calculating the elemental analyses of virgin and char surface mav-
erial, At other depths in the char, stoichiometric balances were mode assuming
that the ratio of hydrogen atoms to seven carbon atoms in phenolic resin was
5.5 {specimens H-3 through H-11) and that the total oxygen content existed in
residual phenolic (specimens H-13 and H=15). The results of carbon partition
ore plotted in Figure 46 .

INTERNAL “GRAPHITIZATION™ PROFILE

X-ray diffraction on the top surfaces of char depth slices established the profile
of char "grophitization® shown in Figure & . The diffraction intensities at the
char surface are about twice the levels for the virgin moterial. Since no inter-
fiber anisotropy was discemible by photomicrogrophic analyses with polarized
light, the additional graphitization in the mature char must be attributed to small
crystallites of graphite in residual or filler material or further graphitization of
fibers. The decrease in diffraction inter ies from the surface to virgin material
levels ot a depth of 0,3 inches was the , .mary characteristic defining char zone
{in this meterial,

COMPUTER PREDICTED INTERNAL ABLATION HISTORIES

Predicted densitiss and temperature versus time and depth for the FM-5014 nozzle

throat are given in Figure 48 . The results are similar to those on MX-4926 except

that deeper charring and milder temperature gradients result from the longer expo-
sure time and higher thermal conductivity for this material. Ablation after shut-
down is more extensive since more heat is stored in the deeper char, The general
observations made in reference to the intemal histories on MX-4926 also hold for
this moterial.
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SECTION Vil

CHAR SAMPLES FOR THERMOPHYSICAL PROPERTIES

This section defines the subzones in the mature chars of the nozzle throat materials,
MX-4926 phenolic-carbon and FM-5014 phenclic-graphite. Fumace charring
methods used to reproduce these subzones, designated as zones |, I, and Hil, In
the fom of large samplies for thermophysicel property measurements are descitbed.
A summary of the results of complete characterization on the thermophysical pro-
perty samples, required for analysis ..f the property data, Is givan.

CHAR ZONE DEFINITION

The quantitative description of the post-test nozzle chars provided by characterization
enabled the selection of three distinct subzones In the mature char layer for thermo~
fhysical property measurements. Measurements on each of these zones plus the vie-
gin material enables defining changes In thermophysical properties accompanying
ablation in these materials. The mature chor subzones and the virgin material of

both MX-4926 and FM-5055A are described as follows:

Char Zone | = This stable surface zone is charccterized by o significant omount of
graphitization, high porosity, high residual carbon content, and absence of
phenolic resin. This zone has experienced temperatures from 2900°F on the
inner boundary to 4600*F on the outer hot face.

Char Zone |l - This stable middie char zone it similar ro zone | w.cept that there is
no graphitization md pyrolysis Is complete for both the nozzle chon and the

chars produced ot low heating rates in the laboratory. This zone has experienced
tenpaiotures frum 1900°F to 2900°F,

Char Zone Il = This zone includes the outer portion of the pyrolysis zone and is simi-
lar to zone Il except that it contcins some unpyrolyzad phenolic and contains
less resiaual carbon. The inner boundary of this zane is arbitrarily placed ot
a level which - ~pertenced o 1200*F maximum temperaiure.

Virgin Zone - Th. & material unaffected by heating except for velatilization
losses not axce _ + petcunt by welght. The density and composition are those of
the original ablator with o totc! porosity less than 3percant. The upper temperature
limit of this zone Is 500°F for MX-4926 and 700°F for FM~-5014,




The characteristics of each of these zonas in the MX-4926 and FM-5014 mature
chars are summarizedin Tobles X and XI ond were used as targets for establish-
ing fumace charring methods. No attampt wos made to duplicate the thermally
wistuble material deposited during cool down in the zone | and |l chars because
these deposits are not characteristic of an ablating char. All zone characteristics
were duplicated except that unavoidable shrinkage accompanying the pyrolysls of

the unrestroined fumace chars resulted in higher apparent density and lower parosity
than measured on the post-test nozzle chars,

THERMOPHYSICAL PROPERTY SAMPLE PRODUCTION

Virgin material from the ~0zzle segment was used to prepare FM-5014 char samples,
but the MX-4926 nozzie segarent virgin materid wos insufficient to provide all the
samples required. Therefore, a virgin block purchased from TRW was used for the
MX-4926 char samples. It was produced from prepreg remaining from nozzle
production and its density was close to that of the nozzle. Oversize slabs with the
required laminae crientations for the thermal conductivity specimens were rough-
cut using a 16~inch reinforced, aluminum oxide, abrasive wheel. Virgin specimens
were machined directly fromt he rough cut slabs ond char specimens were machined
after the charring cycles using conventional lathes and grinders. Therma! expansion
and specific heat specimens were machined from the slab material adjacent to the
portion used for thermal conductivity specimens,

Table X1 lists all thermal property specimens produced from the slabs described
dbove and gives the code identifications used in this report. In addition, expansion
and specific heat specimens were also machined directly from the virgin and char of
the MX-4926 nozzle-throat to enable direct comparison of real and analogue char
malerials for one ablator, Dato from these specimens are designated as "nozzle™
dota in the discussion of thermal expansion and specific heot results,

The fun.ace char analogues of zones I, I, and I} were produced by charring virgin
slohs in an argon atmosphere in an induction~heated graphite retort, shown inFigure 49,
Eoch slob wos supported by posts inserted into the bate plate. Up to four slabs were
chorred at the same time to insure uniformity. After the Inaded retort was placed

into o ceramic-potted, water-cooled induction coil, fine graphite powder was

added as thermal insulotion between the coii and susceptor and over the cover, Heat-
ing cycles were controlied with two interchongaable cam progrom controliers - one

for Type R thermocouple control to 2500°F and the second for radiometer control
between 2500°F and 5000°F ~ which activated o 100 KW, 9600 cycle induction power

supply .

CTRE e,
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A lorge number of heating cycles were tried to establish the fastest cycle that would
not couse delamination, The MX-4926 material was much more sensitive in this
respect, so that the common haating cycle used for both materials was established

by the behavior of MX-4926. Salection of the maximum fumace temperature for
producing zone Il chars, 1200°F, was based on weight lost on heating to 1800°F in
TGA tests of test pieces. The maximum fumace temperature for zone 1l and | chars,
2500*F an¢ 4000°F respectively, was based on X-ray diffraction analysis for “graphi-
tization® on trail fumace slabs. The zone | samples were processay so that they were
sufficiently graphitized that they were like near-to-the-surfoce chars, thereby yield-
ing stable samples for measurements at the highest temperatures.

The fumace charring cycles for zones ll and i1l are shown in Figure 30 - The stepwise
holding ot several temperatures was found necessary for minimizing delominations and
precluded varying heating rates to modify sample characteristics. The sample
characteristics were astablished primarily by the maximum temperature reached. All
zone | fumace chars were first subjected to the zone 1l cycle to complate all pyrolysis
ond then rerun on the cycle given in Figure 51 to graphitize to zona | condition.

The thermal stability of each virgin and furiace char matetial for thermophysical
property measurements was verified in advance by o five-hour temperature soak ot
the highest hot face temperature expected in the thermal conductivity tests. TGA
tests on portions of the rough-cut virgin slabs shown in Figure 52 gave a 4 percent
weight loss on FM=5014 ot 700°F and indicated that virgin MX=4926 could not be
heated absve S00°F if greater weighi loss was to be avoided. Temperature limits of
700® F and 500°F were then established for virgin themmal properties. The TGA datau
shown in Figure 53 indicated that 1000°F should be the fomporafure limit for zone
HI chars. Stability vas verified for o vacuum test environment in a Cohn Vacuum
Microbalance by o weight .oss of only 0,13 percent in 2.5 hours at 1000°F and 10-2
Torr. The thermal stability limits for zone i and | char sampies were the same as the
maximum charring temperatures, 2500°F and 4000°F respectively, since negligible
changes in weight or X-ray diffraction intensity resulted from continued heating at
these temperatures.

The fact that the “graphitizatior ® during all fumace charring trigls was found to be

a function of temperature, but not time, was the basis for assuming that "graphitization™
during cblation could be considered independent of any rate effects, i.e., extent of
“graphitization " ot any temperature Is independent of the heating rote in reaching

that temperature. Yhis assumption simplified the extrapolation of thermal conductivity
data in the "graphitized®, fully pyrolyzed char as described in section 1X, Although
the difference between active ablation heating rates and heating rates obtainable in

a fumace does not permit direct evaluation of this assumption, the fact that "grophiti-
zation™ in the zone || and | post=test chars was reproduced ot temperatures on 400°F to
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S00°F lower in fumace chars is taken as evidence that "grophitization " rate effects
are small compared to pyrolysis rate effects. In pyrolysis rate controlled zone i,
equivalent fumace chars were obtained at 900°F lower temperatures than active
ablation chars, That pyrolysis rate effects cannot be ignored in applying thermal
conductivity data was previously discussed in section V.

THERMOPHYSICAL PROPERTY SAMPLE CHARACTERISTICS

Fumace chars were characterized in the same manner as post-test chars. DTA measure=-
ments were omitted, since, as previously discussed, they were uninterpretable. Micro-
combustion elemental analyses were run only on zone Ill chars, since virgin analyses
were already available and zones il and | were completely pyrolyzed. All characteri-
zation prior to thermophysical property measurements utilized portions of the fumace
slabs adjacent to the thermal conductivity specimens. This program has emphasized
density/porosity measurements because of the assumption that conductivity is markedly
porosity dependent and because of fumace char slabs with controlled and uniform
density were desired. The Radocon X-ray transmission measurement of density turned
out to be very suitable for chars. The only deviations from the required char uni-
formity (20,02 2 gm/cm3) were in the O-degree and some of the 20-degree orientation
samples which tended to have lower apparent density near the edges due to delamina-
tion at the edges. Since the expected strong effect of porosity on themmal corductivity
was verified during the conductivity measurements, density/porosity measurements

were made on the center portion of the thermal conductivity specimens after they were
tested, whenever time permitted. These test values include any effects of the exposure
to the property measurement environment,

Fumace slab and conductivity sample characterization results for char zones |, [l, and
Il are summerized in Table Xlil. The two types of values agree well except for speci-~
mers 2C-1i-20 ana 1 w~1il-0, which apporently had a ter.dancy fo contract in ine 90~
degree orientation and expand or delaminate in the O-degree orientation during the
thermal conductivity measurements. Generally good agreement of before and ofter
test values from different portions of the fumace char slab verified that the samples
were iniform and stable during the measurements.

It was anticipated that future more detailed correlation of porosity with thermal con-
ductivity would require a knowledge of the pore size distribution. Therefore, the

limited number of fumace char slab portions available for density/porosity characteri-
zation were assigneg to one or the other of the two destructive tests: determination of
true solid density ond total porosity or determination of the size distribution of open
pores, This accounts for the oltemate appearance of P _, ond £ yor § , andsize
distributions in Toble XIlI . The nondestructive determination of §_ was conducted

on all of these specimens. Two sets of € _ and size distribution resu?fs are missing due
to equipment failure during the runs. In general, the fumace chars have a lower fraction
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of the large interfiber and interlaminar "pores” and a comrespending lower £
than do the equivalent nozzle chars, probably a resuit «f the shrinkage of unrestrained

specimens in the fumace during pyrolysis ond the rela-ed delamination in nozzle chars
restrained by attachment to virgin material,

Partition of the results of elemental analyses on zone IlI furace slabs showed that both
furnace char materials had a higher HyO content but the same ronge of phenolic hydro-
carbon content as the post-test nozzle chars. The amount of pure carbon pyrolysis
residue was the same in both nazzle and fumace chars of FM-5014 material, but the
results indicated th t MX-4926 zone 1l fumace chars had slightly less carbon pyrolysis
residue than the zone |l nozzle cher. The MX-4926 PC-111-90 specimen had the

lowest phenolic content, ronsistent with the fact that it had the lowest TGA weight
loss of the MX~4926 zone |li fumace char.

The internal appearance of zone | fumace char specimens is shown in Figures 54 and 55.
Under polarized light, the MX~4926 material shows a high concentration of "graphitized"
residual material botween fibers, just as in the nozzle chars. Although FM-5014 nozzle
chars contained no “graphitization®, the amount of "graphitization” in FM=5014 fumace
chars was very low compared to MX-4926 fumace chars, thereby maintaining the rela-
tive effect of graphitization in the two materials. Even though furnace charring
conditions are very different from active ablation, the "graphitizaticn™ phenomena of
each nozzle char was reproduced in the fumace chars.

Characterization of virgin materials for thermophysical property measurements consisted
simply of verifying their uniformity and establishing that all target values for the virgin
zone in Tables X and XI were met. Rodzzzr Jensity surveys showed the virgin speci-
mens to be uniform within 40,008 g/cm® of the target values. The only other require-
ment for virgin sample characterization wus assurance that the laminates met the

material specification requirements for tensile strength, For FM=5014, strength had

been measured by the nozzle fabricator. Tor MX-4225, zamples from the TRV blocis
were selected bacause they were made from nozzle prepreg, reproduced the nozzle
density, and were of generally excellent quality. There was insufficient materici
available to conduct mechanical property tests in addition to all the other tests.
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SECTION IX

THERMAL CONDUCTIVITY MEASUREMENT §

TEST METHODS

Thermal conductivity was measured by a steady-state, one~-dimensional heat flow,
comporative method using disk-shaped specimens, This method uses a heat meter

of knc'w conductivity in series with the specimen to measure the heat flux common

to both, Thermocouples ore placed along the axis of the specimen at known loca-
tions to measure the temperatures. The conductivity of the specimen is ther calcu-
lated from the uiual one-dimensional formuls, K = . Q is the measured

heat flux through the test volume of the specimen, A/d is the test areo to thermocouple
spocing ratio in the specimen, and AT is the tenperature difference between the
axiol specimen thermoosuple:.

A one-dimensional steady-state heat flow measurement method iz dasiroble and
highly procticai for severcl reasons, Steady=-state methods yield the highest accur-
acy attainable in thermal conductivity memurements becouse the conductivity is

the only \ariable involved in o steady flow of heat through a inateriai. By forcing
the steady heat flow to be one-dimensional, the amownt of required information i
reduced and the interpratation ot the data is simpiitied, The attainment of truly one-
dimensional heat flow of the proper magnitude through a specimen is complicuted by
many foctors, especially in highly anisotropic specimens. The two main considera-
tions ore rodial heat fluxas within the specimen and control of axial temperature
gradients through the specimen and heat meter.

Test Appoaratus

The self-guarding disk comporative technique permits contrel of thete facters,
Generally, the expeiinia.i 4 wiwigement consicts of ~ heater, the disk specimen,
ond the heat~flow merer with otrached hsat sink all in series, with each element
thermally bonded to the next, Figure 56 will help in the visualization of the
physical arrangement of the components in the discussion to follow.,

Control of axial temperature gradients ic importont because the grodient in the heat
meter is used to compute the steady state heat flux in the specimen, and the gradient
in the specimen is required for the calculation of its thermal conductivity. If the
gradient in either the specimen or the heat meter is too smail, individual temperature
errors will constitute a large percentage of the measured temperature gradient, and
couse a large error in the computed conductivity. If the gradient is too large, the
resulting mean conductivity will not apply at the corresponding arithmetic me n
temperature if the conductivity is @ non=linear function ot temperature.
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The test apiraratus was desipgned to provide optimum can trol of the uxial temper-
ature gradients, First, the gradients in the specimen ond in the heat meter were
mude neatly equal by raatching the conductivity of the meter to that of the
specimen. Since pyroceram 2606 apjroximates the conduztivity of the virgin
maiecials, it was used for the low-~temperature measurements or: the virgin “peci-
mens. Similarly, type 347 stainiess steel wos visd for the high temperature
measurements because its conductivity approximetes those of the char specimens.
Sscrnd, the gradient was contiolled within the des'red iunge by varying the
thermal resistonce between the specimen and the heat meter, thereby controiling
the level of heat flux in the system. For the low temperature virgin ond zone Il
specimens, either one or thiue pads of woven araphite cloth were placed between
the specimen od the hea! nater. For zonc I} und | specimens, the number of
pads used {~ iximum ot tem} 1=perded on the specimen lamination argle ond the
highest test ten,«1cture expectad,

Radial hear tiuxes must be minimized, because the conductivity is calzuiated fron

the axicl Hux leaving the specimen ond entering the hcat meter, Depending on

its direction, o radial flux wiil either add to or subtract from the axial flux

measured by the heat meter, thus introducing error in the conductivity determina- .
tion.

Radial heat fluxes are vxtremely difficuit to eliminate i the one~dimensional,

axial flow technique, and usuolly can only be minimized by o prudent chzice of
specimen diometer-to-thickness ratio ad the use of appropriate heat shielding
around the curved surface of the specimen and heat meter. Only the central
1-inch-diameter specimen is utilized as tha test volume, The rumainder of the
specimen acts as a guard ogainst radial loss of heat from the test core. An optimum
practical choice of specimen diameter-to-thickness ratio exists for euch specimen,
depending on the lavel of conductivity and the degree of spacimen anisotropy

expacted. in generai, the high vaives of diameter-to-thickngus ratio are bettei

Radial heat flow in the heat-flow meters is minimized by a series ¢f guard

cylinders. Only the innermost 1-inch-diameter cylinder is used as the meter for
measuring heot flow from the 1-inch-diameter specimens test core. The construction
of the heat~flow meters is illustrated in Figures S aoad 57 .,

The heat shielding around the spacimen and | eat meter was designed to fit the
temperature range that was to be experienced. The virgin and zone Il specimens
ware tested in one atmosphere pressute of argon, so care was taken to prevent

heat transfer by convection. For the zone Il and zone | specimens, which were run

116




PNEMI03dS ASIQ 3G 4 INNIY QavND HLIM ¥3L3W MOT+LVIH SHL 40 dOL 3HL
DHAORS SNLVIVAIY ALIALDMANOD TvWiIHL 3dNLvaddWIL-HOIH 3O sONNALNI 45 33N914

117




in vacuum, shielding against radiation losses was ot prime importance. The actual
shielding arrongements used ir zone H1l, 11, and | measurements were variations of
those shown schemati=olly in Figure 58 .

Conduction~type hecters were used in the iow-temperature virgin and zone §li
materiol measurements, These heater:, shown in Figures 56 ond 58 , consisted
of massive metal blocks intemally heated electrically. The metal biock which
had bigh conductivity relative to the spacimens distributed the heat generated by
the resistance heater. The waight of the metal block kept the specimen fiat
against the heat-flow meter below and discourogec delamination of the specimen.
In the virgin and zone 11! measurements, one layer of woven graphite cloth was
placed between the heater block and the spacimen to make uniform the heat
distribution ove. the surface of the specimen by filling the sma!l gaps between the
heater and specimen surfaces caused by macroscopic variations in the surfaces of
the specimen.

7ne |l and | measurements dictated the use of radiation heaters in order to provide
the temperature and flux density required, For the zone il specimens, o tontalum
radiotion heater was used. A molybdenum cylindrical block of the same diameter
as the specimen was placed on the specimen to keep it flat against the meter below
ond to reduce the possibility of delaminotion. Again, one loyer of grapkite cloth
provided a conduction bond between the weight and the specimen. For the zone !
measurements, a grophite paddie heater was used, and a tungsten cylindrical
block weighted the specimen. No graphite cloth was used between the tungster:
block and specimen in this case because radiation heat tronsfer reduces the effect
of surfuce iregularities on the thermal bond between the block and specimen.
Figure 58 shows the positioning of the heoters, specimen weights, and specimens.

Chromel-alumel thermocouples were used in the virgin and zone Il char materials,
platinum=-rhodium ond tungsten=rhenium in the zone |l chars, and tungsten-rhenium

in the zone | chars, The thermocoupie bead was bonded to the specimen with a

high temperature, graphite~base cement, A goaod thermal bond between thermo-
couple and speciren is essential to insure precision and accuracy in the differen-

ticl temperature measurements required for the calculation of the thermal conductivty,

Test Procedure
The measuremen! procedure, after appropriate setup involving instrumentation, insy-
lation, ond enviroament cuntrol, entailed the racording of temperatures in the

specimen ond heat-flow meter at each of several thermal equilibria, These data
permitted calculation at each equilibrium of three values of thermal conductivity =
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one for the average temperature between each pair ot specimen thermocouples.
See Figures 56 and 58 . Data were recorded at four or more equilibria for
each specimen. Mot measurements were made at equilibria af successively
increcsing temperatures, followed by at least one set of measurements at o
lower t. mperature equilibria to determine the effect on the stability of the

spevimens of the long soak periods required for tha measurements at high temper-
ature ,

The specimens wers machined to appropriate dimensions. In some cases,
especially those with O-degree lominctions, it was necesscry to lap the fiat sur-
faces of the 3-inch-diameter by 1/2 to 3/4=inch thick disks to achieve plane
surfaces. Thermocouple wells were then drilled and thermocoupies fitted.

RESULTS CF THERMAL CONDUCTIVITY MEASUREMENTS

Figures 5§ through 80 show the measured conductivity values. Data are
included for all specimens identified in Table X!I , section VIIl except PC-li-45
and PC-|-45, Results of measurements o1 these specimens showed too much
scatter 0 permit good definition of conductivity and there was insufficient time
in the program to remeasure them, However, certain correlations appear reason-
able, as pointed out in subsequent sections, and these permit the conductivity
values for these two specimens to be estimated.

The locations of the curves fitted to the data wore weighted on the basis of
several factors, discussed in later sections and represent bast estimates of the
actual property values. The scales chusen for euch curve reflect the accuracy
attained in the maasuremenis.

Figures 81 and 82 are composites of the thermal conductivity curves for all zones
of the two materials. The following summary points are noted:

(1)  Apoarent thermal conductivity, or conductaonce, of these materials is not
especially sensitive to temperature in moderate temperature runges. Effects
of photon transfer become obvious above about 2400 R,

(2) The radiation transfer effect appears to be much more pronounced in the
FM-5014 material than in the MX-4926,

(3) In ganeral, conductance decreases as pyrolysk increases; this Is attributed
to a corresponding increase in porosity, Howsver, values for zore | chars
were usually higher than thoss for zone il chars, The higher level in zone
| over zone !l and in the case of the MX~4926 material, zons Il over zone
U, is considered to be due to “graphitization.”
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(4) Comparison of results for all materiais shows the dominont «ffect of the
cloth direction on conductivity.

(5) Conductivity of the MX-4926 material appears to be dramatically offected
by "graphitization,*

(6)  The laboratory~charred speciment wcre extiemely stable. No change in
the measured therma: conductivity upon retum to low temperatu-e from the
maximum prescribed temperature limit was discovered, and the appearance
of the specimens was uncharged.

ANALYSIS OF THERMAL CONDUCTIVITY RESULTS

In addition to items mentioned ir the general statements in the “Results® section
obove, several other pertinent factors influenced the measured thermal conducti~
vity of the MX:-4926 and FM-5014 virgin and char matarials. These included
porosity, “graphitizaticr, " effects of layup angle, effects of onisotropy, and radia-
tion transfer, Also an analysis of errors associated with the tesi method is considered,
These topics are discussed next,

Error Anolzsis

The apparent symmetry and sesmingly simple boundary conditions of the self-
guarding disk method suggest that an aenalytical model could be developed which
would describe well the influence of the various experimental parameters on the
temperature distribution and heat-flux pottem obtained in a given specimen,
However, the boundary conditions are actually quite complex, and simplification,
lead to analytical models which are insufficiently definitive and therefore give over=
simplified results. Several analyticol models which were developed during this study
proved inadequate to explain the temperature profiles observed in the instrumental
specimens and neat~flow meter, Appropriate complex models could have been
developed, but would have required numerical solutions, and therefore, woula not
have allowed the relative influence of exparimental varicbles to be discemed with-
out extensive parametric studies, particularly in view of the highly anisotropic
specimens measured in this program,

For this reason, specimens were instrumented and measured under appropriate condi-
tions in order to demonstrate experimentally the accuracy and reproducibility that
could be expscted in the measurements conducted, This approach to error analysis
was uccepted as the most realistic after the difficulty ond inadequacy of analytical
analysis was proven by the failure of several models tu account for the observed
temperaturs profiles,
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The accuracy of the reported measurements is defined as the confidence asso~
clated with the values assigned to the specimen conductivities by the curves
fitted to the data. The accuracy of the dota was limited by the uncertainties
associated with thermocouple calibration and thermocouple bead iocation, heot
meter calibration, ond measurement technique. The latter refers largely to the
effects of heat fluxes developed in the specimen, the graphite cloth thermol
resistance elements, and in the heat~flow meter in directions other than that
desired for the longitudinal conductivity measurement.

The precision of the measurement refers to the reproducibility of the values
obtained, i.e., the limits within which the measurements can be reproduced.

Two of the specimans (PC-11=0 and PC-11-70) were instrumented for use in the
error experiments, Both were measured urnder various boundory conditions which
produced variations in measured thermal conductivity due to an accumulation of
experimental errors. The observad variations in measured thermal conductivity
were then used to estimate probable experimentol error. The range of boundory
conditions which produced variations in measured conductivity were axtreme
enough that any other 0~ and 90~Jegree specimens would have a high probabil-
ity of being measured under condilions included in the range produced in the
error experiments. The erro: for specimens with lamination angles between 0-
and 90~degrees was inferred from the two extreme cases. Zone |l specimens
were chosen for the error experiments because the zone || measurements included
more sources of error for the high temperature zone | measurements, Zone |
specimens were ol considereu rur the error experiments because of difficulty in
reliably instrumenting a high=temperature specimen for exiensive measurements,

Details of the procedure and results of this experimental error analysis are presented
ond discussed in Appendix A.

Because of the procedures followed, the precision and the accuracy are intimately
connected. For example, in the error experiment on specimen PC-11-0, the boundary
conditions were varied to bracket the conditiors under which any O-degree speci-
men may have been measurea. Then the observed variation of the measured thermal
conductivity from the mean was taken as the accuracy limit for the : norted thermal
conductivity curve. Similarly, any O-degree specimen may have exp - ienced a set
of boundary conditions within the range estoblished with specimen PC-11-0, since
the exact boundary conditions experienced by o given soecimen hod some degree

of randomness attached. Thus, ifs precision in this cose was, at wortt, the same

as the accuracy assigned to the measurement. For this reason the precision and
aczuracy have the same percenrage values.
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Utilizing the procedure outlined above, limits for the accuracy and precision for

the reported data for all specimens measured in this program were obtained. The

details of the procedure appear in Appendix A results are listed in Table XIV .

These error limits include al! sourcas of error sutlined here and in the following

sections. As such, they should be considered maximum limits. For most of the

spec’ a2 3, the maximum deviation of the measured data points from the curve was N |
les. dian 142 that listed in Table XIV

TABLE X!V SUMMARY OF THE ASSIGNED ACCURACY AND
PRECISION LIMITS FOR THERMAL CONDUCTIVITY
MEASUREMENTS, IN PERCENT REPORTED VALUE

All O-degree lamination specimens in zones Il and Virgin: 8

All 0-degrec lamination specimens in zones || and |: £16

All 20-degree lamination specimens in zones |1l and Virgin:  $I1C

All 20-degree lamination specimens in zones Il and |: t18 d
All 45-dagree lamination specimens in zones |Il and virgin: %12
All 90-degree lamination specimens in zones Il and virgin: 15

90-degree lamination specimens in zone !l and zone |,
; FM-5014 only: +20

3
H

90-degree lamination specimens in zone ! and zone |,

MX-4926 only: 125

Correlation of Conductivity and Porosity

As curves were fitted to the conductivity data, it wae noticed that the changes in
conduciivity from one zone to onother followed the pottern predicted by the known
changes in porosity between zones. Therefore, a semi-quantitative correlation of the
thermal conductivity data across zones was developed. 1n some cases, good correlgtion
of the change in conductivity fron one zone to another, in terms of the changes in

‘ ‘ porasity of the specimens between these zcnes, wos obvious . The poresity correlation
; is one of the relationships needed to extrapolate the conductivity data to nonequilibrium
E states of active chars. It is the primary correlation ~eeded to predict conductivity in
4 the pyrolysis zone. Details ralative to the esiablishmant of this correlation are pre-

i sented in Appendix B. A brief summary of this evaluation as it pertains to the two
materials foliows,
g

|

t E 136

[k
!

A - o e 2. W e T S N -




For the FM-5014, O-deqree lamination material the change in thermal conductivity
with continued pyrolysis of the resin from the dense virgin state up to the region

where significant "graphltization" of the filler material and resin retidus occurred
could largely be accounted for simply by a change In porasity of the material. In

other words, up to the temperature region whore the process of "graphitization®

begins to significantly affect the microstructure of the material, the degradation of

the resin appean to affect the thermal conductivity only through an assoclated in-
crease in the porosity of the material, the chemical changes accompanying the pyrolysis
process having little influence on the thermal conductivity.

In the FM-5014, 90-degree lamination matarial the effact on conductivity of the Initlal
pyrolysis of the virgin material could not be accounted for simply Ly an associated in~
crease in porosity, as In the O-degree lamination case. This indicates that the pyrolysis
reactions do influence the thermal conductivity parailel to the reinforcing fabric to o
significant degree. However, for this case the change In thermal conductivity from
zones |! to Il could be attributed to a corresponding Increase in porosity from zones 111
to H, indicating that the influence of the chemical reactions on the thermal conductivity
bocame negligible after pyrolysis had reached the state of develapment represented by
the zone |I| material,

The breakdown cf the porosity correlation from zones [l to | in both the 0~ ond 90-degree
lamination angle specimens was interpreted as o measure of the effect of "graphitization”
1 on the thermal conductivity. "Graphitization™ occurring in the zone | reglon resulted

] in an increase in the apparent conductivity in the O—~degree lomination case by a factor
of about 1.8 over the increase which could be expected as « result of the decrease In
porosity from zone i to zone | . In other words, "graphitization" resulted in an increase
in the solld matrix conductivity for this case.

For the MX-4926 material, the results of the porasity correlation applied to both 0- and
1 90-degree lamination virgin and zone |1l specimens gave rise to the same Interpretation
as that put forth for the FM-5014 O~degree iamination material . That is, for both the
0- ond YO-~dagree lomination case the solid motrix material conductivities for the virgin
ond zone |l materials were nearly the same.

For the MX-4926 material, the greatest effect of "graphitization" seemed to occur in
the zone Il region. No porosity-thermal conductivity correlation was possible from

zone |} to zone || for either the 0- or 90-degree lamination cases. However, for the
O-degree lamination case, an approximate correlation existed from zone Il to I, although
the eftect of further "graphitization” seemed to be one of lowering the value of zone |,
0-degree !amination conductivity somewhat below the porositypredicted value. A sur
prising result considering the apparent occurrance of "graphitization” in zone |1 was

the low apparent conductlvity In the O—degree specimen. The value was lower than that
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predicted by the porosity formulation by a factor of 1.8, so that "graphitization"
appeared to have the effect of lowering the solid matrix material conductivity in

this case. In the 90-degree lamination case, continuing "graphitization" steadily
raised the solid matrix conductivity. This suggests the development of highly oriented
crystalline material during the general process of "grophitization” in this material and
may be related to the tendency for "graphitized" pyrolysis depositicn products to

form continuous paths along fibers.

For both materials, good agreement in predicted conductivity ratios across zones was
obtained using both total and apen porosities, even though the individual values
differed significantly in some cases.

"G raphitization" Effects

The offect of "graphitization" on the chars is strikingly evident in the thermal con-
ductivity data for the MX-4926 material in the upward transition in level from zone

1l to zone 1l to zone | chars. On the other nand, only relatively small effects were
observed for the FM-5014 material. That "graphitization" effects should be more
evideni on the MX material than on the FM material was expected since the reinforc-~
ing fabrics for the two materials were carbon and graphite, respectively. The
"graphitization” of the carbon reinforcing cloth was expected to make the MX matericl
perform somewhat like the FM material in zone |. However, the increase in the value
of the thermal conductivity for the"graphitized" MX material over the FM material, o
factor of two in the low-temperature region of the zone | measurements, was surprising.

This difference probably is related to the mechanics of the “"graphitization" process
occurring in the MX material, and could depend strongly on the permeability paro-
meters of the material and the efficiency of the carbon reinforcing cloth in cracking
the pyrolysis gases that evolve as the specimens are heated. Carbon deposition
occurring at the pore sites as some of the fibers themselves became “graphitized"
could generate crystai growth and crientation to account for the observad incremes
in themal conductivity. Since the MX data show that the solid matrix conductivity
in the direction normal to the reinforcing cloth was decreased by the "graphitization"
process, the crystalline material would have to be highly oriented with the "a" axis
directed along the cloth fibers. The very high conductivities in the direction of the
lominates may also be related to the “graphitized" deposits formed in continuous paths
along fibers that were noted in photomicrographic analyses. The decrease in material
porcsity in the high temperature chars could well reflect the depasition ond crystal
growth processes occurring during "graphitization”. There are so many factors that
affect the final properties of a graphitic material, such as stresses that may be present
during "graphitization"”, deposition temperature, time-temparature history, etc.,
that full explanation requires further intensive investigation.

Furthar references to particular effects of "graphitization" on the thermal conductivity
oppear in othar parts of this section.
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Effecr. of Lamination Angle

Consideration of the thermal conductivity data for the specimens of both materials
clearly shows that the reinforcing cloth dominates the thermal conductivity process.
Except for the virgin material, the thermal conductivi.- in the direction along the
cloth layers is several times that normal to the cloth layers, This suggests that the
directions along and normal to the cloth layers may represent the directiors of o set

of principal conductivity axes. This hypothesis was investigated in some detail o3
reported in Appendix C.

A comparison betwesen measured conductivities for specimens with a given lamination
an, 'th values calculated from conductivities obtained at two different angles
indicates that the conductivity of the MX-4926 materia! for any lamination angle con
be predicted if knowledge of the conductivity at two angles is available. It is

inte esting lhat asin @ relation better applies in the partiaily pyro'yzed zone lil,
whereas a sin2 @ relation better applies in zones 1| and | where "graphitization"

hos cpparently occurred. ' licappearance of the resin as an entity and subsequent
"graphitization" of the fille, _.1d carbon reinforcing cloth have the effect of establish-

ing better defined principal conductivity axes in directions parallel and normal to the
reinforcing cloth,

e SN e, s

bt 3 v

Although the FM-5014 materials were measured at 0 and 90 degrees only, the angular
correlation established for the MX-4926 material should also apply with the same
degree of accuracy to the FM-5014 material in the temperature region below about
2400 R where radiation tramsport apparently contributes negligibly to the effective
conductivity. Due to the obvious difference in rodiation transport characteristics
between the FM-5014 and MX~4926 materials, the applicability of the angular
correlation at high temperatures, above 2400 R, is doubtfur without further experi-
mental investigation for lomination angle effects between 0 and 97 degrees.

Effects of Specimen Inhomogeneity ond Anisotropy

The inhomogeneous and anisotropic structures of the materials in this program have o
significant effect on their thermal conductivities along the various axes. n the experi-
mental procedures of these measurements, this effect required that considerable care

be exercised in determining temperature profiles through the specimens. The difficulty

in precisely determining local specimen temperatures resulted in data scatter, porticularly
in specimens with lominate angles other than O degrees.

One principal cause of data scatter was related to the difficulty in obtaining precise
thermocouple placement in the specimens. The layered structure of the materials made
placement in desired locations .:y difficuit in non-zero-degree specimens. However,

post-test measurements of the actual locations permitted the elimination of this source
of data scatter.




A more unmanageable data scatter is believed to have been caused by the closeness
in thickness of the reinforcing cloth layer and the thermocouple junction. Appendix
D discusses this cause of scatter and describes o technique that allowed an estimation
of the temperature perturbation required to cause the data scatter observed in the
cne of specimen PC-111-90, Figure 46 , when it was assumed that the scatter was due
1o this source. In general, the adjustments afforded by this technique are minor and, !
on the basis of application to the data for specimen PC-{11-90, quite reasonablie.

The anisotropy of the specimens limited the precision of thermal conductivity measure~-
ments in a third way. In specimens with lamina nomal to the direction of heat flow
(O-degree lamination), the isotherms within the specimen probably were almost circular.
However, due to the anisotropic conductivity of the materials, this was not the case
for specimens with lamination angles other than O degrees. Since the three specimen
thermocouples entered the specimen at different angles to the lamination direction,
each could have been influenced to o different degree, depending or. the magnitude
of radial heat flux within the specimen. Minor radial fluxes in those measurements
would not cause significant error in the average level of conductivity, as determined
by on oppropriately weighted average of the three conductivities measured at each
equilibrium. However, they could cause scatter.

To investigate directly this material anisotropy effect on data scotter, an experiment
was run in which radial temparature profiles were determined within and around a
90-degree (worst case) specimen. The results are discussed in Appendix D. They
Indicate that under typical experimental conditions, this characteristic of the material
is capable of cousing 5 parcent scatter in the data for the non~zero-degree lamination ' i
specimens, :

Rodiation ““‘ech !

The total effective or apparent conductivity (sometimes referred to os conductance) of
the specimens was the quantity measured in this program. In these measurements, the f
appearance of a (T3) function in the effective conductivity at high temperatures is
uwall‘f attribuied to a contribution by infer??l radiation to the lattice conductivity;
Bellel 0), Viskunto(”), Bates( 12), Kingery 3), and Kellet{15). Radiarion transport
through a solid material is determined by the optical parameters ond structure of the
material. The carbonaceous materials of this program should be quite opaque, suggesting
thot the radiation effects which appear around 2500 R are due mainly to structure, i.e.,
specimen porosity. Energy is transported by photon conduction across the pores with
incroasi% efficiency cz: the temperature of the specimen is increased. (See Loebl16), ' {
Larkin(! , and Francl ‘8)). :

Studies of the radiant energy tr:.xport across pores have suggested ways of including
the rodiation effects in an effactive conductivity. One method comsists of oktaining
an expression for the effective radiant conductivity for the pore in terms of appropriate
pore dimensions and materiai properties, and then combining this conductivity with

the conductivity of the solid matrix surroundirg the pores.
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The work by Loeb(lé) and Belle (10) demonstrates this technique. Although the work
in these references may combine the pore ond solid material contributions in the proper
way, the applicability of the results to the present work is limited by the lack of
knowledge about the pore conduction term. The data obtained in this program show
that the temperature dependence of thermal conduct, /ity at high temperatures is
different for the MX-4926 and FM-5014 moterials. The porosity shape and size

distribution studies did not indicate significant differences betwse these materjals
in these respects,

The effects of pores on radiant energy transport through the material zan be obtained
by investigating the effect: of the pore shape and optical parameters on the orientation
of the principal conductivity axes of the material in the higher tamperature region.
Principal axes can be defined only for a sample of the material which is large in
comparison to the average pore dimensions and inter-pore spacings. For such a sample,
the axes will have a given spatial orientetion at low temperature ond in o vacuum
where the pore conductivity is essentiolly zero. As the temperature increases into the
region where photon conduction across the pores becomes significant, the contribution
of the pores will depend on their orientation relative to the principal axes and on their
microscopic optical properties.

Consider the case where the heat flux is along a principal axis so that the local isotherm
is normol to this cxis. If the pores are elliptical with their long axis ot somz angles other
than 0 and 90 to this principal axis, the net heat flux transported across the pores
generally will not be normal to the local isotherm. This will tend to distort the isotherm
to a degree that depends upon the local absolute temperature ond in effect destrovs the
orientation of the principal axes which was established at low temperature with negligible
pore contribution. The optical parameters of the material enter in the same way.
Regardless of the pore orientation, the heat flux transported across the pore will depend
upon the bi-directional reflectance associoted with the pore shape and material, The
net result is a local principal axis orientation which depends in pari on the local

absolute temperature.

This mechanism could enter into an explanation of the observed differences between tne
high temperature conductivities of the FM~5014 and MX~4926 materials. Another result
would be the breck down of the angular correlation discussed in the section “Effect of
Lamination Layup Angle" at high remperatures. A complete explanation requires more
thorough investigation than measurement of the apparent conduciivity.
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EXTRAPOLATION OF VALUES TO NONEQUILIBRIUM STATES OF ABLATING CHARS

The themal conductivity versus temparature results obtained on this program have been
shown to be strongly affectad by pyrolysiz generated purosity ond by "graphitization”
in the char. If pyrolysis ond "graphitization” waere both simole functions of temperature,
a single conductivity versus temperature relationship for u given layup ongie could be
obt ined by inrterpolation between values measured in the virgin and char zones. The
char characterization results indicated that this could be done for "graphitization”
effects but not for pyrolysis generated porcsity effects because the pyrolysis process

is significontly affected by rates as well as temperature during the ablation process.
Pyrolysis proceeds at slow rates relative to the rate of tamperature increase at any
depth in the ablator. The faster the temperoture increases, the greater the extent

of pyrolysis lags the equilibrlum value and pyrolysls is then said to be rate controlied.
This means that "graphitization" evfects on conductivity can be combined in the
measured temperature depsndence of thermal conductivity durlng ablation, but that
pyrolysis gensroted porssity effects must be senorately super-imposed versus temp-
erature to obtain the complete conductivity versus temperature curve applicable to
any specific ablation application or heating rate.

The post-ablation char characterization results showed that porosity is produced In
proportion to the amount of pyolysis, and tha thermal conductivity results showed
that an increase in porosity reduces thermal conductivity. The extent of pyrolysis
con be expressed for broad abiation materlal catagories in terms of X_, the fraction
of the criginal resin content thar Is pyrolyzed. In virgin moterial the pyrolyzed resin
fraction, Xp. Is 2010 ard the total porasity, f s, is Zero while in the mature char
the pyrolyzed resin fraction is one and porosity is fuily developed to the constant
total volue, ffu 1wpical of mature char.  In depth ablation computer programs
normally express pyrolysis @ o reduction in apparent density, RQg, from a fixed
value for virgin material, pv, to a /ixed volue for mature char, P.. The pyrclyzed
resit. fraction may be cbrained from computer results by e following relutlonship:

RPa-Pc
X = (] o cee—— 5
P ( pv'pc) )

Using equation (5) and availeble computer predictions of density versus tsmperature,
the pyrolyzed resin fractlon versus tenperaiure for the entire range of potential
applications of phenolic-carbon and phenclic~-graphite were obtained as shown in
Figure 83. Pyrolysis genemted porosity develops in praportion to the pyrolyzed resin
traction so the appropriate value of poresity, £ t+ for we in correcting the con-~
doctivity data at any temperuture is glven by:

| £, = %, &, (8)
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Since porosity develops in proportion to the pyrolyzed resin fraction and lowers
thermal conductivity, the wide range in possible resin fraction res ults shown in
Figure 83 indicates the wide range in the possible effects of pyrolysis on a therma!
conductivity versus temperature relationship. The curves for nazzle conditions and
cooldown or reheat perlods were obtaired from the Aerotherm computer predictions
used in nozzle char characterization. The |ICBM peck heating curves are from
Boeing computer runs and are believed to represent the most severe conditions
passible since the chor surface is near the maximum temperanire limit in the sub=-
limatior regime.

The remainder of this saction dascribes the develapment of the thermal cotuuctivity
data correlation and presents the method of extrapolation 10 all states of ablation
up to 4500°F . The final result is o conductivity versus tamperature curve, since
the data in this form Is easily visuallzed and utillzed in computer ablation aonalyses.
Final results for @ single layup angle appeor as illustrated in Figure 84, where the
range of effects of the rate controlled pyrolysis given in Figure 83 are illustrated.

wmemn  Heating Curves Graphitization and
wee=  Cooling Curves
[Porosity Effects

rolysis Rate Conirolled

? orosity Effects

0 Rate

1000 2000 3000 4000
T - oR

FIGURE 84 BEHAVIOR OF K VERSUS T

It can be 1een that where rute controlled pyrolysis effects occur, no single K versus
T curve con represant cll applications, or even pyrolysis rate changes during a single
application. Figure 84 also illusirates the fact that irreversible moteriai changes

result in on altered K vs. T relationship opplicable during cooldown or reheat cycles.
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I+ was beyond the scope of this program o deveiw a compiete analytical correlation
of thermal conductivity data for direct use i1 all computer predictions. Con-
ductivity datu is prasented in a g=reralized format o1 ¢ first step so that the
specific K versus T relatiunship for specific applications con be extrapolated. This
generalized data was derived from the measured conductivities for both the 0- cnd
90~dagrme loyup ongles by removing the affact of the pyrc!ysis generated porasity
in the specimen, resulting ir. predicted conductivities for zers porosity material.
All *hat Iy necessary to obtain the conductivity required for any active ablation
condition is to opply the porosity correlation described acriiar to the zero porosity
data. Dacta for intermediate layup angles is obtalned by applying the layup angle
correlation to porosity corrected data for 0- and 90-degree layup angles. It Is
hoped that users will formulate the results so that this is done as part of the com-
puter prediction of ablation performance. This should be possible by develaping
therma! conductivity equations as a function of both temperature and apparent
density along with any associated programming changes required.

i i) o

Lot L Ty Bl

[rs
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Development of Data for Extrapolation

ol -

T W

The development of dara from which the conductivity needed for any specific pro-
blem may be obtalned is described for the FM-5014 material. The equations
developed in Appendix B, "Correlation of Thermal Conductivity and Porosity",
were used to relate the solid component of thermal conductivity of each specimen o
to a theoretically dense sample of the same material on the basis of pore shapes ]
and pore volume fraction, These equations were applied to the data curves for the

. porous specimens below 2400°R where a radiation component became apparent to
calculate the solid component of conductivity, K, of theoretically-dense material.
The K¢ data curves were then extrapolated versus temperature to cover all cases of
octive ablation. By using only the data from the low temperature recions of zone |
where no rodiation transport effects were yet apparent the approximation of zero
pore conductivity assumed in the porosity correlation was satisfied. The resulting
curves for 0- and 90~degree layup angles appear In Figure 85, The temperature
regions of actual measurements of conductivity on porous specimens are indicated.
The virgin specimens represent theoretically dense material so that the virgin data
required no conversion.

The agreement between virgin ond porosity adjusted zone tll curves is very good
considering the chemical changes toking ploce between the virgin and zone 1l
states. The change in conductivity from virgin to zone 1l material In the $0-degree
case cannot be accounted for only by a porasity increase. An assumed transition
from virgin material to zone |1l is indicoted by a dashed line. Greater detail in

the porosity correlation such as an Inclusicn f the effects of size distributions may
Improve the results.

The effects of "graphitization” show up in Figure 85 as discontinuities in thae solid
component curves between zones |1 and I, Fumace charring studles indizated that
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'graphitization ", although a strong function of the maximum specimen temperature
reached, was independent of the heating rate or sook time at the maximum tempera-
ture. A linear increase in "graphitization" effect versus temperature was assumed
beginning at the temperature at which the zone Il specimens were charred, 2960°R,
and passing through the temperature at which the zone | specimens were charred,
4480°R, This appears in Figure 85 as the dashed lines between the zone 1l and

zone | data. As better knowledge of "graphitization" threshold temperature and rote
become available, the dashed transfer path can be adjusted.

In order to generalize at temperatures higher than 2400°R, the radiation component
of the thermal conductivity had to be separated from the measured conductivity.

This was done by essuming that the straight-line, low-temperature portion of the
zone | measurements represented the solid conductivity, and then extrapolating

this portion of the datc curve up through the higher temperature range. The difference
between the measured and extrapolated solid conductivities above 2400°R was thon
assumed to be the radiation transport contributiOn, K', to the total effective conduct~
ivity, These differences are plotted as Ko ond Kqa' in Figure BS, representing the
radiation conductivity components for rhe 8 -degree specimens. As a result,
the effective conductivity for the theorencclly dense materials represented by the
curves in Figure 85 is given by the sum of the dense materiai solid conductivity, K,
and the radiation component conductivity, K'. Phenomenologically, the radiation

is now by means of absorption and re-radiation through o dense material rather than
primarily across pores. If enough were known about the properties of the material,
an explicit relation could be sought for the radiation conductivity component
associated with specimen porosity in terms of temperature, optical pczmeters, pore
fraction, and pore dimension, Belie 10), Kingery 3;’, and Lerkin Without
the necessary additiona! information, the radiation components obtained for the 0~
and 90- degree specimen: wsare assumed to apply to material of different porosity from
that of the specimens measured. For material of higher perosity fraction or laiger
pore dimensions, the radiation components of Figure 85 will be low, and for

material with lower porosity fraction or smaller pore dimensions than those of the
specimens measured, they will be high.

The smoothed results of the dota extrapoiation shown in Figure 85 are given in

Figure 86. Solid lines show the "dense' material solid component of conductivity,
K,, applicable to active ablation and the radiation compoaent, K', applicable to all
periods. Dotted lines show iypical K_results applicable to cooling or reheat periods,
e.g. the case of a rocket nozzle ofter shutdown, where the temperature at the
intersection, with the solid K_ curve was reached during ablation. The specific case
where cooling began after full "graphitization" (Zone ) had been reached in the
region of the ab!atcr under consideration is indicated for both 0« and 90-degree
lamination material. These cooling cycle curves are simply the zone | K, data and
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they may be extrapolated as far into the low temperature region as required.

Straight line "dense" material cooling curves from either lower or higher temperatures
in the region affected by "graphitization" must be estimated using the available da‘a
as o guide to the appropriate slope. "Dense" material cooling curves are the same
as the solid line heating curves in the region indicated to be affected by pyrolysis
only, except for K 90 between 1000 and 1600°R. "Dense" material data applicable
to cooling or reheat periods must be corrected for the equilibrium value of porosity
associated with the maximum temperature reached as indicated by the appropriate
pyrolyzed resin fraction in Figure 83. Full use of the available data indicates that
each depth increment in the char has a diiferent K versus T curve applicable to
cooling or rehecting depending on the level of iireversible material change due to
pyrolysis or “graphitization” that is achieved. This was previously illustrated in
Figure 84,

From the above discussion, the Thermal coaductivity data from FM=-5014 0- and 90-
degree lay-up angle, {), material applicable to any oblation problem are extrapolated
from the data of Figuie 84 by correcting the "densc" material solid conductivity, K8 ,
for pyrolysis, generated porosity and adding the radiation component, K% . “Dense
material KU is corrected for porosity using the porosity developed in Appendix B and
substituting Equation (6) to obtain porosity values corresponding to the appropriate
pyrolysis rate with the aid of Figure 83 or available in-depth computer predictions.
This extrapolation procedure is summarized in Equation (7) used to obtain the
conductivity for lay~up angles of 0 or 90 degrees at rach temperature.

1-Xp é
tc |, 0 r
K,= K™+ Kp (7)
[ |+XHE ol s
where:
Kso" "Dense" material solid component of conductivity
Ka;“ Radiation component of conductivity
8- Layup Angle, 0 or 90 degre=s
B = Pore shape factor;
4/5 for § = 0° layup angle
1/8 for 8 = 90° layup angle

f tc = Final chars total porosity obtained from ablative char characterization;

0.31 for FM-5014
0.45 for MX-4926

X_ = Pyrolyzed resin fraction from Figure 83 or from equatioa (5) and
available computer predictions of apparent density versus temperature.
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Equation (7) will reproduce the measured Therma! conductivities to within two percent
at the highest temperatures.

The extrapolation procedure for MX-4926 is identical to that for FM~5014. Figure 87
shows the development of the "densa" material solid component curves and the
radiation component curves for MX~4926. "Grephitization effects are more evident
thon in the FM-5014 material, and therefore knowledge of the threshold temperature
for significant "graphitization”, an.' its rate of progress with tempemature are more
crucial for the application of this extrapolation procedure. The dashed transition
lines between the maximum temperatures for zones |11 and Il as shown in Figure 87 are
based on the assumption that the strong effects of “graphitization™ on Thermal
conductivity in MX-4926 begin just beyond maximum tempercture of zone (11, In
MX-4926, two stages of “"graphitization" were represented by zones il and |, whereas
only one stage, zone |, was found for the FM-5014 material. The smoothed results
of the MX-4926 data extrapolation for use in Equation (7) are given in Figure 88.
These curves cre intarpreted in the same way as for FM-5014,

To obtain the Thermal conductivity for layup angles, §, other than O and 90 degrees, the

porosity corrected results for both 0 and 90° layup angles from Equation (7) are combined

in the layup angle correlation developed in Appendix C. The results are assumed to .
apply for all cloth orientations within the laminate plone. The most widsly applicable

form of the layup angle correlation is given by Equation (8).

Ko KOE _;:1_) sin20] (8)

Equation (8) applies for all cases except for layup ongles above 45 degrees in the virgin
or pyrolysis zones, where substitution of sinf for sin wili give better fit to the
experimental data.

Summary of Extrapolation Procedure

The extrapolation procedure developed above is considared to make maximum use of
the information gained in this measurement program. The procedure is summarized as
follows:

Initial Heating Active Ablation Cycle —
The conductivity of 0 - and 90 - degree layup angle material at each temperature .

point of interest is obtained from the data of Figures 86 or B8 by correcting the "dense"
material solid conductivity, Ks, for the effects of pyrolysis generated porosity and

150




e e

NOSYVD DNONIHY 97.6r-XW ‘S1INSA ALAILINGNOD TYWYIHL 40 NOUVIINIGD L8 N4

¥, ‘SnDIGD)

SBUDY USEMASG UO({IND) | POUNTIRY
o0 paNjpy )0 0140|0004 G
P340 1pu| HeUOT Ui, DTG 'AIII0N04 10§ POIINiPY D40() PALMOYY

e Vo140 §1ydos S AuQ) s1shjoudy
\ L - —
\\\ puo —_E:o.ua o Aqg peidayy *y
-~ Aq poiddyy
‘\\
d
”
L
e

8

Ott

)

¥ lu JH/YV| L8 9eNIALINpuoD) ", fqusuodwo ) WIDIpoy PUD { y Doty | eSus(],

151




NOSEVD MNIONIHJ 974y-XW '3¥N03D08d NOHVIO4VILIXI NI 35N 304 ALAILINGNOD TVWEIHL
1, ‘snmsdwe;
ozs 009y 0OVE 00R 0022 09 000! cor
v 0
<4 ol
- W
1%
4w
-~ ‘\“\ gl L oc
e K
woueTIYRD koo ukponiy 4 o,
o —
po sty | Aq pasdeyyy
Ag phveyy 2
¢ - 8
, / .
It ¢
i J 06
-4 wi
(o213 ) mnioa 'y weyey 0 BUIEO) == = ==
s X UC10IGY BUIDeH [DU(U] PUB BNIOA 1, S e—
% Oft
< ozi

23 1¥NOI4

¥ z.—, IH/ N N1LE TR ALINPWO) ") /euGdw0 ) Vo) IDIpty PUB ‘3 ‘1DIMOYY | seis(,

152




adding the radiaticn component, K'; using Equation (7). Use of Equation (7) also
requires pyrolyzed resin fraction versus temperature data, which may be estimated
for each temperature point from Figure B3 or may be obtained for specific cases
from Equation (5) and availeble computer predictions of upparent density versus
temperature.

Full use of this procedure would show the conductivity verus temperature in the pyrolysis
zone to be continuously varying during ablatian applicationsdue to the range of
rate controlled pyrolysis shown in Figure 83.

Conductivity data for layup angles between 0 ana 90 degrees are obiained by substituting
the results obtaired above for both 0 and 90 degrees into the ioyup angle correlation,
Equu.‘inn(B)

Cooling or Reheat Cycle -

The procedure is the same as given above for the initial heating ablation cycle, except
the dotted linus in figures B6 and 88 must be used as a guide to estimating the K, dato
applicable in the regions where K has been affected by graphitization. A separate
dotted line should be inferpolatedi:etween those given to represent the K data for
material that has attained any temperature during initial heating in the region offected
by grophitization, e.g. each element of thickness in a cooling or reheating char has

a separate conduciivity curve. In addition, the pyrolyzed resin froction used in
Equation {7) to correct K for porosity effects now is fixed at a single volue for each
moximum initial heating temperature on the cooldown and reheat curve in Figure 83.
Therefore, each element of thickness in o cooling or reheating pyrolysis zone also

hus a separate conductivity curve versus temperature, each curve being lower than

the initial heating K, curve in proportion to the extent of porosity developed. Such
cooling cycle data was illustrated in Figure 84,

It any reheating cycle extends beyond the maximum temperature that was experienced
during the initial heating, the conductivity data above this previous maximum ternperatyre

is obtained in the same manner as for initial heating.

Remorks on Extrapolation

The extrapolation procedure was presented to ollow generalization of conductivity
values fo arbitrary porosity md to demonstrote pyrolysis and “graphitization” effects
on the thermal conducrivity. it was assumed that “graphitizatior" was a function of
the temperature attained ny the moterial, The material porosity was a determinable
function of rate centrolled pyrolysis so that the cctive ablator differs from ithe
pre-zharred specimens only through its porosity-temperature history. The forms of
Equations (5) , () and {7) were chosen tc ailow easy calculation of the apparent
conductivity for an ablator with known mature char porosity, under the assumption that
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the pyro'ysis and “graphitization” effects present in the ablator were approximated
by those in the test specimens, and that the radiation contribution in the ablator
will be similar to thot found in the test specimens. Equation (7) was of a form to
give back the meosured conductivity deta when used as prescribed in conjunction
with Figures 86 and 88, but is not theoretically correct if the radiation contribution
is allowed to increase indefinitely with temperature. Ever if the poie conductivity
were allowed to appraach infinity , the heat flux, and thus the totai effective

conductivity for the material, woul 'be limited Ly the finite conductivity of the
solid matrix.

In fact, the thermal transport processes active in the char ot high temperatures

are not understood. The work of Rasor and McCleiland (7) in determining the
thermal conductivities of several graphites up to their subiimation temperatures
indicated that the apparent conductivity dropped exporentially towards zero

above 5500 R. Those authors attributed the decreuse in thermal conductivity to
therma!ly activoted lattice vacancy formation, bosed on the conception that thermal
transfer is predominately by means of elastic lottice waves. On the other hand,
recent work on graphite by Kaspar (]43 has indicated that the predominant transport
proces: may be electronic in nature at temperatures above 3600 R. Untii the thermal
transport process is understood, it wiil be difficult to separate the radiotive component
from the effective thermal conductivity and extrapolate data to higher temperatures
with ony degre. of confidence. In addition to these considerations, the additional
possibility of a direct influence on the effective t' armal conductivity due to the
substontial thermal gradients s)p to 30,000 R/incl., met in octive ablators is raised
by Engelmann and Schmidt (9,

APPLICATION OF MX-4926 RESULTS TO FM-5055A

The characterization of the FM=53055A post tesr chars showed that, up to the point
whete "graphitizction” begins, the behavior of FM-5055A during ablation is simila
to thot of MX-4926. At least through the pyrolysis zone then, the conductivity of
MX-4926 should be applicable with resonable accuracy to FM-5055A, since in this
rar ge the data is primarily a tunction of the type of reir.forcement, the layup angle
and the development of porosity during pyrolysis. Although "graphitization" along
pores and around fibers will have o stiong effect on conductivity paraliel to the
fabric in both materials, the "graphitization" in FM=-3035A proceeds further during
ablation. Therefore, between the initiation of "graphitization" and where the
conductivity is controlled primarily by the radiation component, direct measurements
of FM-5055A chars are required for accuracy. The application of MX-4926 da‘a
to FM-5055A in the "graphitization" range should be limited to where the heat flux
it nearly normal to the fabric, in which case the stfect of graphitization on
conductivity is comparatively smoll.

154

B PR T ARy~ OO RRECY




AT &

SECTION X

SPECIFIC HEAT MEASUREMENTS

SPECIFIC HEAT TEST METHOD

Specific heat was computed from heat content (enthalpy) dato generated in an ice
calorimater,

Apparatys

Enthalpy measurements were made in a Bunsen ice calorimeter of the type described
by Glnnings and Cormccini(ﬂ? In this Instrument, heat from « specimen meits ice
in equilibrium with water in a closed system, The resulting volume change of the
ice-wuter system Is determined by weighing displaced mercury (in contact with the
water) as the system expands or contracts, The ratio of heat input to the mass of
mercury displaced is a constant for the apparatus, There is no temperature change
in the calorimeter during specimen cooling bacaeuse all heat transfer occurs at the
fce point,

Figure 89is a schocgmfic of the calorimeter vsed for this program as described by
Deem and Lucks(2), As the previously heated, encapsulated specimen is dropped
into the central chamber of o double-wall vessel, it releases heat to the ice-
covered finned sectlon which is enclosed in water in equilibrium. The portion of
heat given up by the specimen only is determined by subiiucting the contribution
feade by the copsule from the total, this furmer amount being evoluated by o
separate drop of an empty capsule. As the ice melts, mercury from an extemal
accounting system enters the inner vessel through a tube to make up the volume
difference of ice melting. The total volume of mercury displaced while the speci=
men cools from its drop temperature to the ice point is accurately measured, The
heat quantity transferred is relared tc the weight of mercury by o constant measure
by Ginnings, et ol (3,4,5) and by Bartelle to be 270.48 joules per gram of mercury.

Test Procedure

Each specimen vus secled in a capsule to provide a protective atmosphere for the
high temperature measurements, Either type 347 stainless steel or tantalum cap-
sules were used depending on the specific temparature range,

Initial measurements on the virgin material used sealed type 347 stainless steel
capsules at one atmosphere of helium. Under this condition, a discontinuity wos
observed in the enthalpy ~tempsrature relation which was believed to be due to
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the heat of vaporization of a component of the specimen, or of some material
absorbed by tie specimen. Therefore, additional mesitaments were made with
the capsules vented, thus allowing the vapors present to escope and produce o
more cortinuous enthoipy-temperature relation. These latter mecsurements ore
believed tc be appropricte for the motericl, Dute from both measurements ore
given in Agpendix E,

SPECIFIC HEAT RESULTS

Entholpy measuremaents were made on virgin and zone | chars only of MX-4926
and FM-5014, Zone i and llichars were not measured becouse the spacific
heat was assumed to be ralativeiy insensitive to the irtermediote char states,
whereas the virgin and zone | charswere considered tc represent the extremes of
the specific heat variation. The virgin measurements ware made at low tempar-
ctures to avoid further pyrolysis, while the zone | chars were measured up to
4460 R, In each case data wmere token at enough points to establish a clear
definition of the properiy varsus temperature.

Power series equations were fitted to the data by o least squares method, The
first derivatives of these equations give the expression for specific heot.

MX--4926 Phenolic~Carbon

For this materiol, measurements were made on two specimens each of the virgin
and zone | char materials, one specimen being prepared by laboratory procedures,
while the other was cut from the nozzle of an ablative component.

The enthalpy~temperature relations for the two virgin materials and the two zone |
chor materials are given in Appendix E. Equations for the observed enthalpy
volues are as follows:

MX=4926 Virgin Material:

Hy > -2.943 x 102 4040947 + 4,562 x 104 7-! %)
(492-960 R)

MX-4926 Virgin Material -~ Nozzle A;

My = -2.894 x 102 + 0.3958 T +4.720 x 104 T°1 (10)
(492-960 R)
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MX~4926 Zone | Char Material:

Hp = -3.538 x 102 + 0,379 T+1.732x 1075712},
+8.312x 104 T-1 (492-4460 R)

MX=4926 Zone | Char = .Nozzle Moterial:
Hp = -3.628 x 107 40,3896 T+ 1.480x 10572 (1)
+8.421 x 104 T -1 (492-4460 R)
where:
Hy = enthalpy, Bty Ib~!

T = temperature, R

The first derivotives of Equations (9) through(12)give the specific heat equations as

follow:
MX-4926 Virgin Material:
Cp = 0.4094 - 4,562 x 104 1-2 (13)
(492-960 R)
MX-4926 Virgin Material - Nozzle A:
Cp = 0.3958 - 4,730 x 104 7°2 (14)
(492-960 R)
| MX~4926 Zone | Char Material:
Cp = 0.3779 +3,464 x 1075 T-8.812x 104 T2 (35
(492-4460 R)
| MX~4926 Zone | Char - Nozzle Material:
| Cp = 0.3896 +2,960 x 1077 T - 8.42] x 104 1-2 (16)
| (492-4460 R)
where:
Cp = specific heat, Btu Ib~! R™!
T = temperature, R
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Figures90and9 tshow the spacific heat~temperature relation for MX-492, matertal
calculated from the preceding equations.

FM-5014 Phenolic-Graphite

Measurements were made on one specimen each of the virgin and zone | chor
materials . The specimens were prepared in the laboratory; no nozzle 2ecimens
were employed.

The enthalpy=-temperature relations for the viigin materlal and the zone | chor
material are given in Appendix E,

Equations for the observed enthalpy values .+ as follows:
FM=-5014 Virgin Material:

He = -3.577 x 102 40,4223 T+7.581 x 10411 ()
' (492-1160 R)

FM-5014 Zone | Char Material

Hy = <3.766 x 102 +0,3976 +1.297 x 10512+ (ig
T i )
9.004 x 104 + T-1 (492-4460 R)

where:
Hy = enthalpy, Btu ib~!
T = temperatute, R

The first derivatives of Equations(17)ond (18) give the specific heat equations as
follows:

FM~5014 Virgin Materiol:

Cp =~ 0.4223 - 7,581 x 104 T-2 (19)
(492-1160 R)

FM-5014 Zone | Char Materials

Cp = 0.3976 +2,594 x 1075 T - 9,004 x 104 7-2 (20)
(492-4460 R)
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where:
Cp = specific heat, Btu Ib™1 R”!
T = rtemperature, R

Figures 72 and 93 show the specific heat-temperature relation for the FM=-5014
material calculared from Equations (19) and {20).

ANALYSIS OF SPECIFIC HEAT MEASUREMENTS

Error Anolnls

Errors associoted with heat content measurements by the ice calorimeter may be
classed as systemic errors or as those associoted with temperature and mercury
weight measurement. The systemic erron can be minimized through calibrotion of
the instrument either absolutely or by measuring reference standard materials.

Errons in temperature or mercury weight measurements usually result in lack of pre-
cision in the dota,

System performance was frequently checked by heat content measurements of NBS .
standard AL,O4, During the most recent 150 such measurements, performed before

and during this progrom, all observed values were within 40,8 percent of absolute

in *he tempercture range 490 - 1900 R, and within £1.5 percent of absolute in

the range of 1900 - 4500 R. In oddition, calibration was checked periodically by

introducing a known hect content {elecirically) and comparing it with the amount

measured through mercury volume displacement, The most recent such measure~

ment indicoted an error o -0.06 percent, This is smaller than errors in measure-

ment of a standard material, so no correction was applied.

The precision of data for o given specimen is o measure of the accuracy with
which temperature and mercury displacarient measurements are made. In this
progrom, several repeat mearuremenis were made at nearly identical temperatures.
The agreement of heat content values ot a given temperature was generolly within
43 percent. This is reasondble In view of o nominal & 2 percent error in temper-
ature measurements, and considerably less than % | percent error in mercury weight
measuremeants ,

The overall eccuracy for the measurements may be assumed conservatively to be
within 2 § percent.
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Comparison with Published Data

Only one reference was found on specific t1 at measurements on the materials of
this program. The values of Pears, et al, for the specific heat of virgin
MX-4926 material agreed wel! with those mecsured in this program.

EXTRAPOLATION OF VALUES TO NONEQUILIBRIUM STATES OF ABLATING
CHARS

While specific heat measurements in this program were performed on only the virgin
ond zone | char states of the materials, it is desirable to have some information

on the properiy of the material during the various stages of pyrolysis during ablation.
Since the values of virgin and zone | char are similar at the beginning of temperature
range in which pyrolysis occurs, it is reasonable to extrapolate the virgin data to
cover the case during pyrolysis.

Information available on these materials indicates that under conditions of ropid
ablation the virgin state can exist to temperatures as high as 1800 R. If the curves
for virgin materials in Figures 90 and 92 are extrapolated to this temperature region,
and the curves for zone | chars in Figures 91 and 93 are added, the specific heat for
intermediate char zones can be estimated. Figures 94 and 95 show these curves.

The shaded area between curves represents the zone of partial pyrolysis. Specific
heat moves from virgin material valuesto char values in proportion to the appropriate
pyrolized resin fraction discussed in Section IX and illustrated in Figure 83.

The specific heat for the zone | chars of these materials at very high temperatures
can be estimated by extrapolation of curves through the present data, and by
assuming thar the materials behave like graphite at the higher temperatures. The
initial extrapolation can be made using Equations (15), (16) or (20). Since the third
term (_!__.) approcches O at the higher temperatures, the equations will assume
the form! (A + BT), a straight line. The high temperature char specific heats are
nearly the same for both materials. Equation (16) for MX~4926 nozzle char gives
results within + 1% of those for FM-5014 iaboratory chars given by Equation (20).

Equation (15) for MX-4926 Laboratory chars gives results within =5% of those from
Equation (20).
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SECTION Xi

THERMAL EXPANSION MEASUREMEN TS

THERMAL EXPANSION TEST METHOD

Linear thermal expansion measurements of the MX~4926 and FM-5014 materials
in the virgin, zone Il char and zone | char states were made by a comparative
technique using dilatometers. Zone Ii chars were not measured. 1t was assumed
that the zone 11l and zone | chars would represent the extremes in the expansion
variations. Two types of dilatometers were used, a low-temperature manual
dilatometer for the virgin and zone |1l materials, and a high-temperature auto-
matic recording dilatometer for the zone | mataiials.

Low-Temperature Apparatus

Figure 96 shows schematically the vertical, quartz-tube dilatometer used for virgin
and zone lli specimens. In this dilatometer the total expansion of a specimen
being heated is measured by a dial indicctor which is gradis tad in 0,0001-inch
divisions and con be read approximately to #0,00003 inches. A chromel-alumel
thermocouple, embedded in the specimen, is used to measure its temperaturs,

High-Temperature Apparatus

The linear thermal expansion measurements of zone | chars were mede in a record-
ing dilatomete-, illustrated in Figure 97. The specimen is supported or: a graphite
structure in the tantalum tube fumace. The relative displacement of the upper
and lower platforms due to differential expansion between the specimen and
adjacent structure Is transmitted through the structure to the linear-variable~
differential transformer (LVDT) in the cool zone. A signal from the LVDT propor-
tional to the specimen expancion is displayed on one axis of an X-Y plotter as the
specimen is heated, while a signal from a tungsten~rhenium thermocouple,
positioned in close proximity to the specimen, is displayed on the other axis of the
plotter. The electrical power input to the tube fumace is regulated by a program-
med proportional temperature controller to produce a temperuture increase ond
decrease of the specimen ot a rate of 6 R per minuta. At the higher temperature,
the tenperature is periodicaliy measured by optical pyrometry through a quartz
window in the dilatometer-vessel wall,
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Test Procedure

The room-temperature densi ty of each specimen was calculated from length,
diameter and weight measurements before and ofter each expassion measursment.
The virgin and zone I}l materials were measured in the low tempercture dila-
tometer in a flowing argon atmosphere. Temperature and dial indicator read~
ings were taken simultansously during heating and cooling. The specimen hoote
wa: regulated manually. The linear expansion-remperature data were corrsc ted
for the effect of the quartz structure. Heating and cooling rais: were maintained
manually at 6 degrees R par minuts.

Zone | moterici was measured in the high-temperature dilatometer under flowing
argon ofter evacuation. The fotal expansion~temperature data as recorded on the
X-Y plotter were corrected for the affect contiibuted by the graphite structure.
This corcection is determined through measurements on materials of known thermal
expansion. The hsating and cooling rates were maintained at é dagrees per minute
throughout the medsurements.

THERMAL EXPANSION RESULTS

Measurements were made on laborotory~prepared specimens of virgin, zone ill char,
and zone | char of both the MX~4926 and FM-5014 materials. In addition, specimens
in these zones cut from MX-4926 ablative nuzzle component material were measured,

All measurements were made from room temperature to the thermal stability limits
for eazh zone given in section Vill.

For each material specimens having laminations normai and parallel to the long exis
{expaniion direction) were tested. In addition, o specimen of MX-4926 zone if}

char having a 45 degree lamination ongle was measured. As in the thermai conduc-
tivity specimans, the lamination angle in MX-4926 was defined along the bias direction
in the uniformly oriented carbon cloth reinforcement and the lamination angle in
FM-5014 was established in randomly oriented graphite cloth reinforcement.

Because the resin portion of the specimens has ¢ much greoter cosfficient of expansion
thon the reinforcing fabric, the specimens with fabric laminations normal to the long
axis had the greoter exponsion. This was more evidant in the virgin ond zone ill chan
than in the zone | chors. Permanent dimensional changes occurred in almost every
specimen as a result of the thermal expansion meosurements.
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MX-4926 Phenolic Carbon

Figures 98 thrcugh 106 show the expansion-temperature relations for the
MX-4926 sp rcimens.

It 13 interesiiig to note the similarity between the virgin and zone 1li chans. In
the nozzle specimens with leminations nommal to the axis of the specimen, the
shape of the curvas are similar. In the zone | chars, both the laboratory char
and nozzle chor exhibited similar characteristics, Both specimens with parailel
laminations sxhibited an inflection hetween 3500 to 3900 R and had o permanent
length increase at room temperature. Both specimens with normal laminations
hod a permanent shrinkage ot room temperature.,

Difficulty was encountered in cbtaining the thermal expansion of MX-4926 char
nozzle material (zone I11) with the laminations normal to the longitudinal axis,
Figure 101 The specimen had to be cut t less than 1/2-inch in length to obtain
a sowrd specimen, The large amount of expansion In the heaing portion may
have bean caused by delamination of the specimen.

An ottarpt was made to determine the temperature at which MX-4926 zone Il|
char material starts fo deform pe.manently, A step~type heatizg scheduie was
used wherein the specithen was heated to 850 R, cooled to 76 R, then haated to
940 R, and back to 850 R, etc., to 1570 R, and then cooled to room temperature.
It was anticipated that the point ot which the expansion did not double back on
itself would be the "elastic limit” of the material. Figure104illustrutes this
heating schedule. The specimen did not double back on ifself at any point, By
contrast, o stalnless stael specimen, of known expansion, was subjected to this
same progrom and did dauble back on itself over the whole program. Therefore,
the effect illustratud in Figure104is a characteristic of the material rather than of
the apparatus, Mo mochanism to explain this effect has Leen found,

Figure 105shows a specimen of the same material token adjacent to the first
specimen and measured o* a normal heating cycle. Figure106shows a third speci-
men measured at a much slower heating rate with 1/2+hour hold at the bottom of
the step heating. This change in heating rate did not eliminate the effect
cbserved in Figure 104 .

FM-5014 Phenolic Graphite

Figures 107 through 109 show rhe expansion-temperature relotion for the FM-5014
specimens.
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The virgin specimen having normal laminations had an extremely large shrinkage
between 750 and 1000 R, This amount of shrinkage was not exhibited by any of
the other virgit, materials.

ANALYSIS OF THERMAL EXPANSION RESULTS

Error Anqlzsis

Vfith each series of linear-exponsion measurements it is routine prc:tive to make
calibration measurements using standard specimens. Type 316 stainless steel and
molybdenum specimens are used as standards for the different temperature ranges.
Any deviation from the literature values (8) and (9) of these materials is applied
to the unknown sample as a correction. The high~temperature dilatometer is
calibrated periodically by inserting a precision micrometer barrel in place of the
structure and checking this known movement as displayed on the X-Y plotter.
The main sources of error are considered to be the temperature measurements and
the accuracy of the expansion values for standard materials.

The overall error for the measurement is considered to ba less than £ 3 percent.

Data Sianificonce - Combined Thermal Expansion and Pyrolysis Shrinkage

Expansion data is required for computer analy:!s of stresses during ablation.
However, the stresses induced by shrinkage during pyrolysis aiso must be con-
sidered. The magnitude of these shrinkage effects, which tend to offset expan-
sion measurements, is illustrated in the following tuble.

FURNACE CHARS - AVERAGE PERCENT TOTAL SHRINKAGE

MX-4926 FM-5055A
Perp Lam,  Para, Lam, Perp. Lam. Para. Lam,
Zone il 2.9 0.30 2.3 0.22
Zone i: 5.5 0.5 3.2 0.33

Since the total pyrolysis shrinkage is mora than the total thermal expansion,it is
useless to rely on thermal expansion measurements alone in the analyses. Further-
more, the anisotropy of the materials, which is responsible for the difference in
expansion between the perpendicular and paralle! to the laminate directions, must
olso be considered in any analysis. Before a meaningful thermal stress analysis can
be performed, however, methods of measuring ond analytically combining the
separate effects of expansion, shrinkage and anisotropy must be developed.
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SECTION Xi!

CONCLUSIONS

A thorough characterization has been accomplished on two post-test chars from 120~
inch solid rocke* nozzle throats, tape-wrapped MX-4926 phenolic carbon and rosetta-

molded FM-5014 phenolic graphite, and on one plasma test char representing reentry
coplications, molded FM-5055A phenclic carbon.

Characterization provided a microstructural and chemical definition of three distinct
zones representing major changes occurring in the mature char. These were a "graphi=-
tized" zone near the char surface, an "ungraphitized”™ ot fully porous and pyrolyzed
intermediate zone, and a thi: zone containing some residuci unpyrolized phenolic,
which renresented the trunsiti-i into (he pyrolysis zone. These zones and the virgin
material precursor were reproduce:! in the form of large =lahs to provide stable speci-
mens for thermarhysical property measurements. Themal conductivity, specitic heat
and thermal expansion measurements by Batteile Memorial Institute established the
variations in these properties to 5000°R expected during active ablation. Char
characterization provided a basis for extrapolating from properties measured on stable
char analogues = nonequilibrium states existing during active ablation .

Themal! conductivity measurements on both MX=4926 and FM-5014 showed that the
values are dependent on porosity generated during pyrolysis, on the amourt of
"graphitization” of the char, and on the lamination angle relative to the heat flow
path. The developr .t of porosity was dependent upon the rate of pyrolysis which
is in tum heating rate dependent. "Graphitization" was essentially independent of
heating rate and depended upon the maximum temperature attained.

Low layup angles relative to me char surface resulted in lower thermol conductivity
in all stages of ablation. As layup ongle is decreased, virgin material conductivity

decreases, pyrclysis generated porosity lowers conductivity more effectively, and char
“gremhitization" increases conductivity less.

Equations correlating conductivity with significont material changes during ablation

were established and used to develop generalized conductivity data and a method of
extrapolation of conductivity to vurious temperatures for other ablation applications.
Because pyrolysis rates affect development of porosity quite markedly, the conductivity
versus temperature relationship varies for each heating rate experienced hy the

pyrolysis zone. Pyrolysis generated porosity irreversibly decreases conductivity, so
conductivity versus temperature in the pyrolysis zone during cooling or rehecting periods
is lower than for initial heating. Due ‘o irreversible "graphitization" effects, conductivity
versus temperature relationships applicable to cooling wr reheating periods in the mature
char are also different than for initial heating. Each level of pyrolysis or "araphitization "
gives on indivual corductivity curve applicable to *hese periods.
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Specific heats of saumples taken from the nozzle chars and of samples of fumace
reproduced chars were in good agreement and values for the virgin material were
higher than "graphitized® mature char at low temperatures, Char specific heats
were similar to those of graphite. Third order equations for enthaipy and specific
heat as a function of temperature for both virgin and charred material were estab~
lished for use in computer predictions of ablation parformance. Averaging the small
differences between virgin ond char values through the pyrolysis zone will account
for all pyrolysis rate effects.

All thermal expansion results of either nozzle or fumace chars showed !arge, per-
monent dimensional changes regardless of the maximum test temperature. No
general correlation of expansion data applicable to active ablation was possible.
The tendency for phenolic laminates to shrink in a direction normal to the laminates
during pyrolysis causes greater cimensianal change on unrestrained material than
does thermal expansion.



i
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SECTION X

RECOMMENDATIONS

Thermophysicei properiies of relroctory fiber reinforced ablotive chars above
5000°R should e determined by extension of the techniques developed on
this program to aszertain the significance of additional transport mechanisms
and the effect of the lorge temperature gradients occurring ir ablation.

Characterizotion and thermophysical property measurements or char ana-
logues should be conducted for on actual phanolic-carbon reentry char
to evaluate the effect of additional "graphitizatior. ™ noted on FM-5055A
plasmo test chars simulating reentry

The techniques developed on this pregram should be applied on material
representing variations in @ given type such as phenolic~carbon to estanlish
data for performance trade studies between types and provide guidance for
improvement of ablater insulcing effectiveness.

Thermal conductivity should be measured for more levels of porosity ond
"graphitization™ to reduce the extrapolction required to ar.count for the
effects of these changes during ablation.

Methods should be developed to measure both pyrolysis shrinkage and
tharmal exparsion in reinforced phenclic ablators te enable onalysis of
thermally induced strains during ablation,

Lharacterization und thermophysical property measurements shouid be con-
ducted or: other ablators, particularly the widely-used phenolic silica type
where porosity effects ma. be greater due to low reinforcement conductivity.
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APPENDIX A

DETAILS OF ERROR ANALYSIS FOR THERMAL
CONDUCTIVITY MEASUREMENTS

The estimates of accuracy and precision of the themal conductivity data were obtained
from the resulty of two separate experiments designed to indicate the accumulated effects
of all sources of experimental error on the measured thermal conductivity vaives. The
accuracy and precision of the data were detarmined by the uncertainties wssociated
with thermocouple calibration, thermocouple bead locatizn, heat-meter calibration,
and measurement technique. The latter includes many factors, such os the effects of
radial heat fluxcs in the anisotropicipecimerns, thermal resistance  'ements, and the
heat-flow meter on the measured conductivity value; the effects associated with vari-
ations in thermocouple-specimen thermal bonds due to inhomogeneity of specimer,
moterial, heoter-power flucrictions, and possible thermocouple deterioration due to
environmental fcctors. Many of these sources of error interact and so are correinted

in the error experiments. For this reason, the experimenta! approach to error ezti-
mation is considered realistic.

The error experiments were performed on one O-degree and one 90-degree lamination
specimens. When the errocs for these extreme cases were determined, errors for the
specimens with lamination angles between these two extremes could be inferred.

For studies relating to G-degree lumination specimens, an experiment was performed

on spezimen PC-11-0. This specimen was measured under a range of conditions which
produced variations in measured thermal conductivity due to the accumulated sources
of error mentioned above. The range of boundury conditions was extreme enough that
measurements on any other O-degree lomination specimen would have a high probability
of falling within this range .

To investigate the possibility of rudial heat flow, specimen PC-17-J was instrumented
with twvo radio! thermocouples in addition to the three used in the calculation of the
thermal conductivity of the specimen. These were placed at distances of approximately
3/4 inch and 1 inch from the center of the specimen, and ot opproximately its mid-
plane. Alswo, a thermocouple was cemented with graphite-base cement to the 1/4-inch
thick layer of carbon felt insuiation which was placed oround the curved surface of the
specimen. This was also at about the midplane of the specimen, and gave a measure of
temperature of the carbon felt insulation relative o the specimen temperature during
the measurements.

Several measurements of conductivity were made on this specimen at approximately
the same average specimen temperoture, but with varying temperature differences
ocross the flat faces of the specimen. The flatufcce temperature differcnces were
varied by changing the thermal resistance between specimen and heal meter, done by
varying the number of woven graphite cloth pads placed the-e. The reduced data for
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all data points appear in Figure A-1 and in Table A- 1. The table is ordered in
positively increasing temperature differences between the one-inch radial thermo-
couple, T1, and the insulation thermocouple, T, because the radial neat flux is
proportional to this quantity, In the O-degree specimens, radial heat flow should
have been nearly symmetric about the centerline of the specimen,

The temperature differences between the one=inch radial thermocouple, T1, and the
insulation temperature, T;, correlated well with the difference between the averoge
specimen temperature, Ta, ond the insulation temperature, as seen in Table A-1;
both the temperature differences, (TA-T() and (T -T}), indicated the same direc-
tion for the radial heat flux in all cases. The cclumn labeled g(5-1)' refers to the
direction of radial heat flow as indicated by these two temperature differences; minus
indicates heat flcw from the insulction to the specimen, plus indicctes heat flow
from the specimen to the insulation. (It should e noted that the curve for the data
of Fig‘ure 67 wos waighted toward those points where q(5.}) was indicated to be near
z8r0,)

Also listed in Table A=1 for each equilibrium are the number of graphite pads used as
thermal resistance units in the experiment, an increasing number of pads giving in-
creasing thermal resistance between the specimen and heat-flow meter, and thus a
smaller te~perature difference across the specimen. The temperature difference, AT,
across the specimen is listed in the last column. Arrows are drown between those
values of AT which were obtained ot approximately the same average specimen
temperature, Comparison of the two scts of data so indicated shows that q(S_ ) changed
from minus to plus as AT was changed ct the fixed value of Tp. The dataat Ty
1875 R were the most complete since q(s.1) changed from minus, to near zero, to plus
in this case, The two cases indicated by the two sets of arrows probably represent the
extreme in heat flow pattems experienced by the O-degree lamination specimens. in
the cases where q(5, ) is minus, the temperature difference across the specimen was
alsc large in relation to the cases where q(5-|) was positive for the same average speci-
men temperoture. This, together with the fact that q(3/4 - 1) was always positive,
indicates tha in the cases of lorge AT's ot the lower volues of TA, the high tempera-
ture portion of ihe specimen was hotter, or as hot, as the insulation and lost heat to
it, whereas the lower temperature portion of the specimen was heated by heat flowing
from the insulation, In the cuses of larger thermal resistance between specimen and
meter, AT across the specimen was smaller, the specimen tended to be at a higher
temperature than the insulation, and heat flowed from the specimen to the insulation
along its entire thickness.

Figure A-] shows the data obtained for specimen PC-1F0 along with the temperature
differerices across H.e spacimen experienced at each equilibrium. The accuracy in

the thermal conductivity values for the O-degree specimens is based on the variation
of conductivity shown in this figure ot 1875 R. It is considered that this variation in
conductivity with boundary conditions represents the worst case experianced in zones Il
and | by the O-degree specimens. Also, the variotions in conductivity in this case
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TABLE A-1

PERTINENT INFORMATION ON THE ERROR DETERMINATION
EXPERIMENT PERFORMED ON SPECIMEN PC-11-0

7.- - - -T . 7
N T AT e [ Tae T Tae T | e [ S5 |3
] ~82.4 -87.6 | 1390 +48.2 -34.2 + - 737 -
1 -62.6 -51.2 | 1809 +37.5 -25.2 + - 851 =~
| -47.9 -69.4 604 +30.1 -17.8 + - 353
1 -45.5 -72.3 740 +26.5 -1%9.0 + - 422
10 -9.9 +24.7 913 ~ ~ ~ 0 218
5 -6.8 +14,2 1 1415 +27.9 +21.0 + 0 467 -1
10 +1.1 +37.6 | 1800 | +27.2 +26.1 + 0 413>
10 +2.3 +33.1 | 1410 ~ ~ ~ + 326 = |—
10 +7.6 +1.1 | 2210 +17.1 +24.6 + + 532
N The number of graphite pads placed between the specimen ond heat
meter. This determined the thermal resistance and therefore, the
temperature difference obtained across the specimen.
TI & The temperature at one-inch and 3/4-inch distances from the cenier
T3/4 of the specimen at approxim:-tely the midplane of the specimen. All
temperatures in degrees R,
TI The temperature at approximately the midplane of the specimen of
the carbon felt insulation surrounding the curved surface of the specimen.
TA The average temperature of the specimen as calculated from the hot and
cold flat surface temperatures which were obtained by extrapolation
from the three central specimen thermocouples.
93 /4.1 Indicates the direction of radial heat flow ot approximately the mid-
- plane of the specimen as given by (T3/4-Ty). Plus indicates heat flow
outward from the central test volume of the specimen.
qs-| Indicates the direction of rodial heat flow at approximately the mid-
plane of the specimen as given by (Tj-T;). Plus indicates heat flow
from the specimen to the surrounding insulation, zero indicates neor
zero radial heat flow, minus indicates heat flow from the insulation
into the specimen.
AT The temperature difference between the hot and cold flat surface of the

specimen at the particular equilibrium.
192

s et e —— e p——— L 0 5




e — ———

include the accumulated uncertainties in specimen thermocouple calibration, thermo-
couple bead location, radial heat flux effects, heater-power fluctuations, possitle
thermocouple chonges and the uncertainty related to the heat-meter function of
determining tha volue of the heat flux through the test volume of the specimen.

To calculate the mean deviation of the thermal conductivities at the temperature of

1875 R, Figure A-1 was used to obtain the necessary conductivity values. Using

K = 2.55 for the AT = 467 equilibrium, K =2.15for At =328, and K = 1.90 for
AT =737, the mean value for K at 1875 R is 2.20. The largest deviations within

the three conductivity valuss from this mean value are plus 13.6 and minus 15.9

percent, The uncertainty in the thermal conductivity for the O-degree lamination

specimens of both materials for zone Il and | are thus taken to be £16 percent.

For the virgin und zone Itl, O-degree lamination specimens, time in the program did
not permit experiments of the type described above. However, because a conduction
heater was used for measurement of these zones rather than the radiation type hecter
as used in zones il and |, and the lowar temperatures required in virgin ond zone 111
measurements, several of the problems encountered in the high~temperature measure~
ments simply did not arise in the lower-temperature zones. Less conduction of heot
along thermocouple assemblies, more predictable insulation temperatures relative to
the specimen temperatures, more reliable, easily handled chromel-alumel thermo-
couples, and other similar factors all contribute tc increasing the accuracy of the
virgin and zone |l thermal conductivity measurements over thet attained fer the
zone 1l and | measurements. For these reasons, an overal! uncertainty of 18 percent

is ossigned to the themmal conductivity data for the O-degree lamination specimens of
both materials for zones |l and virgin.

An experiment similar to that performed on specimen PC~11-0 was planned for speci-
men PC-11-90. For reasons described in Appendix D, "Thermal Conductivity Data
Scotter and Adjustments"  the anisotropy of the 90-degree lamination specimens gave
rise to more uncertainty in the values of meosured thermai conductivity than was the
case for the more symmetric, O-degree lamination specimens.

A specimen, PC-11-9), was instrumnented to indicate the asymmetrical heat flow
pottern developed during measurement*. The pianned variations in thermal resistance
between the specimen and heat meter to note the effect on the measured value of
thermal conductivity were not tctally successful due to data scatter introduced by
specimen anisotropy. For the error estimation of the thermal conductivity for the
90-degree lamination specimens, the results of Table D-1 are relied upon to indicate
some of the cause for uncectainty, but the error estimate itself must be made on the
basis of experience with, and degree of confidence in, the measurement technique.
Accordingly, it is considered that the data presented for the 90-degree lamination

*Teble D-1 gives the results of the measurements which are discussed in Appendix D
in some detail.
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specimens in zones || and | for the FM-5014 material, PG-i1-90 and PC -1-90, have
an yncertainty of 120 percent. In the case of the ?0-degree, zone Il and |, MX-4926
specimens, an additional uncertainty was added to compensate for difficulties in
obtaining consistent heat-flow meter readings late in the program. For thase two
materials, PC-11-90 and PC-1-90, an urzertainty of £25 percent is considered appro-
priate.

For the same reascns o- givan abova for tha O—degree lamination specimens, the un-
certainty in reported thermal conductivity curves for both materials in the virgin and
zone I} specimens is less than in the zone Il and | specimens. [or the ?0-degree
lamination specimens of both materials for zones 11l and virgin, an overall uncertainty
of £15 percent is assigned.

The accuraecy and precision of the thermal conductivity measurements for the specimens
with lamination ongles between 0 and 90 degrees will be betwean the limits established
for the 0~ and 90-degree specimens. Since severe anisctropic effects begin for any
angle other than 0, o lineor interpolation with lamir stion angle between the extreme
values is not appropriate. However, relying on obsirved dota scatter, it is safe to say
that the 20-degree specimans lie closer to the O-deyree limit, whereas the 45-degree
spacimens lie closer to the 90-degree iimit,

A summary of assigned accuracy and precision limits for all specimens measured in this
program is given in section IX,
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APPENDIX 8

CORRELATION OF THERMAL CONDUCTIVITY Arvo FCROSITY

Char zones 111, |, and that portion of zone | wherein the data indicate that radiant
energy transport across pores is negligible are comidered in this correlation, A
puivaii, cuneluiio. couid not be expected between zones whare tignificant “graphiti-
zation" occurred in the higher-temperature-zone specimen. I[ndeed, the porosity
correlation proves of value in determining the significance of the effects of "graphiti-
zation" on the themmal conductivity.

Many theories exist which give the effective conductivity of a muttiphase system in
terms of the conductivities of the constihésnt “pure" phases. The Maxwell~Eucken
relation, as developed by Belie, et al ! , is used here to relate the effective
conductivity of the char fo those of the solid and void phases comprising the char. in

a vacuum ot argon gas environment and at low temperatures, the conductivity attributed
to the pore itself is negligible compared tc that of the solid matrix surrounding the pore.
In this case, which was met in the present measurements in zones |ll, Il and the fow~
temperature portion of zone |, the porosity relation is in the form given in Equation (1)

- (1-8§)
K = K = )
!
where B = pore shape factor = (T—X-1—~) R (2)
-t =
y z
K = conductivity of porous material
Ks = conductivity of deme material
€ = volume pore fraction {porosity)
x = axis of ellipsoidal pores parallel to the heat flow
through the porous material
y,z = other two axes of ellipsoid
R = 'roughness factor" for pore which represents the

extent of departure of the pore from an ellipsoidal
shape. R is greater than one.
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The study of char porosity through the use of photomicrographs indicated that the large
pores (inter-yarn size) hove o tendency to form along the yams and with about a 4:1
dimension ratio, the lnng dimension being along the yarn direction. Assuming that
these pores are largely responsible for the deviations of the thermal conductivity of
tha porous specimens from that of the theoretically dense material, and that they are
ellipsoidal in shape, (R = 1), the following values of B are obtained for heat flow
parallel and normal to the pores.

B = 4/5 for heat fiow normal to the long axis of (3)
the elligsoidal pores distributed throughout
the material .

B = 1/8 for haat flow parallel to the long axis of (4)
the ellipsoidal pores distributed throughout
the material .

A simplified picture of the reinforcement fabrics as seen by the applied heat flow shows
* ¢ artreme views for the cases of O-degree and ?0~degree angles of the reinforcing

< . 1. *he surface of the specimen. In the O-degree case the applied heat flux sees
al i+ yarus of the fabrics essentialiy as cross~hatched cylinders, the axes of the
"cylinden" being nomal to the applied heat flux. Since the pores are assumed to be
aligned along the yarns, this case represents the flow of heat nomal to the long axis
of ellipsoidal pores for which the pore shape factor is given in Equation (3). In the
90-degree case, applied heat fiux sees the equivalent of about one-half the yarns
aligned parcliel to the direction of heat flux and about one-half of the yarns aligned
nomal to the heat flux. Thus, the pore shape factor for the 90-degree lamination
specimans is o linear combination of those given by Equations (3) and (4). Since the
ratios required in the porosity correlation varied little from the use of Equation (4) in
place of an appropriate combination of (3) and (4) for the 90-degree case, Equation (4)
was used for the shape factor.

The conductivities of the theoretically dense material in Equaticn {1) must be different
in the 0- and 90-degrse specimens since these two cases actually approximate the
orientation of the principle conductivity axes for the lominate materials.

Using Equations (3) and (4) in Equation (1) gives the required equations describing
porosity effects in the thermal conductivities for the 0~ and 90-degree lamination
materials.

| Ky = K ——._4.._-'(1" ¢ (5)

) (1-¢§)

K. . =K i
(“”g‘)

90 s
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If it is assumed that the changs: in thermal conductivity between zones 111, il and |
are due only to changes in porasity, K, in Equations (5) and (6) will be the same for

each zone and only € will change. This gives three equations each for the 0- and
?0-degree lamination spacimens.

; o (I-¢&)

K, = K - (7)

0 s 4

0+ ¢ J
1-4¢3
K V= 90 ( $i (8)
90 s 1] 4 ,] i 3\
AN 8 il

where i = 3,2, 1 for zones iil, il and |.

From Equations (7) and (B} it follows that the slopes of the conductivities from one zone
to another will be related in the same ratio as the conductivities.

i i

K dK_ /dT

.__OT. = _.._Oi,__ (9) .
KO dKO /dT

The same is truve for K '

90

Porosity correlations for the two materials studied in this program will now be discussed
separately.

FM-5014 Material

As discussed in Section X1ll. open porosities were measured for duplicates of all of the
conductivity specimens te<ted (taken from the same furnace siab char), and apparent solid
density was calculated from the open porosity and the measured apparent dersity. Also,
solid and apparent densities and totol porosities we e directly determined on the six
FM-5014 thermal conductivity specimens after completion of the thermai conductivity

muasurements, Significant differences were observed between open {connected porosities)
and total porcsities.

Use of Equations (7) and (8), with the values for open porosity and for total porasity

oblained after test on cunductivity specimens,gives the following relations between the
conductivities of the porous and thecretically dense materiols.

197




TABLE B-1 RELATIONS BLTWEEN POROUS AND THEORETICALLY DENSE
THERMAL CONDUCTIVITIES FOR 0- AND 90-DEGREE LAMI-
NATION SPECIMENS OF FM-5014

Using Total Porosity { § 4) of
Conductivity Specimen

< ‘ng Open Porosity { § o) of

Duplicate Specimen

3 0
= N 7724
Ko ) 7UK
K*‘ = o0.512k "
0 3
k' - 0707k °
0 s
3 90
Koo = 0.752K
2 90
Koo = 0.683K
1 90
Kgo = 0-775K,

K 3 = 0.717 K 0
0 s
K% = 0.588 K"
¢ s
1 0

KO = 0.663 Ks
3 90

K?O = 0.791 Ks
2 - ©0

= . K

qu 0.6%96 S
L 90

K90 = 0.802 Ks

The ratios of conductivities across zones as predicted by the porasity formulae may be
compared with the measured conductivity data. The group of conductivity relations of

Table 8-1 give the following ratios:

Based on Total Porosities

3,2 _ 0724

KO /l(0 = 5373 " 1.414
Koz/Kol - 33 = 0T
K903/K902 - S = 134
K902/K9o| - 5993 = 0.855

Based on Open Porasities

3,2 _ 0717 _
Ko /Ko = gopg = 1219

K 2/K 1 0.588

0/%o “vEHTc 089

3, 2 _ 0791 _

Koo 7Koo = gawg = 1136
2, 1 _ 0.69 _

Koo /%90 = Tmpr = 0-%8

A remark is in order at this point to indicate the manner in which the porosity correlation

influenced the fitting of the final curves to the experimental dato for the FM-5014

material,
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In fitting curves to the data, a pretiminary curve was Tirst drawn through the data
points. For zones I1l, Il and the low-temperature part of zone |, a stroight Iine
appeared to be an accurate representation of the data. Then the ratios of conductive
ties Guiwes i1ie zones which are given above were utilized to supply the porosity-
predicted values of conductivity in the highet 2one using the experimental value of
conductivity obtained for the lower zone appecring in the mtio. The porosity-predicted
conductivities for the higher zone were calculated from the lower zone dota at temp-
eratures where the datu for the two zones overlapped. The slope of the higher temp- :
erature zone was also calculated from that of the lower zone through Equation (9), l
again using the conductivity ratio as given by the Lorosity change from the lower to 2
the higher zone. If the porosity-predicted value and slope for the higher zone fell -
within the error band of the measured values, the preliminary conductivity curve for

the higher zone was weighted toward these values. The fact thar the conductivity

curves were essentially straight until the temperatres in zone | were reached made

this procedure simple. The most precise themmal conductivity data were obtained for :
zone !ll. These data had little scatter and gave good definition. Therefore, the pro-

cedure described above was started in zone 1l and used to weight the data curve fit

ta the zone Il data. Then the final zone Il curve was used in the same way to est'mate

the level and slope of the initial, low-temperature section of the zone | curve. As it i
turned out, the preliminary curves fitted to the data for zone 1l and the low-temperature

portion of zone | were very close to those predicted by the porosity chonges utilizing

the well defined »ane [H data. Oniy very slight changes, well within the experimental )
error, were required to bring the curves into good agreement with the porosity charge

predictions excep! in two casos discussed below where the porosity correlation gave

conductivities and slopes which were outside of the error limits associated with the
datau.

Table B-2 compares the conductivity ratios acress zones as given by the measured
porosities and the actual data. The data were taken at the temperatyres indicated in
Table B-2 from the curves fitted to the data as given in Figures 75, 76, 77, 78, 79 and 80.

TABLE B-2 THERMAL CONDUCTIVITY-POROSITY CORRELATIONS
FOR FM-5014 MATERIAL, ZONES {il, It AND I ' )
Zones |l to 1l Correlations, 0-Degree Laminations |
3 2 3, %) 3, 2Ab) 3, 2c) '
Temperature (R) KO KO KO /KO K0 '/KO KO /KO
1200 5.7 4 1.39 1.41 1.22
1400 6.20 4.4 1.41 1.41 1.22
1500(d) 6.45 4.6 1:40 1.4] 1.22
1600 6$.70 4.7 1.42 1.41 1.22
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TABLE B-2 (CONTINUED)

Zones | to | Correlations, 0-Degree Lominations

2 1 2, Ya) 2, 1{b) 2, We)
Temperature (R) K(, KO KO /KO K0 /KO KO /Ko
2200 5.8 14.6 0.40 0.72 0.89
2400 6.1 14.8 0.41 0.72 0.8¢9
2600(d) 6.5 15.0 0.43 0.72 0.89
Zones (1} to |l Correlations, 90-Degree Laminations
3 2 3 2 a) 3 Ab) 3 2c)
Temperature (R) K90 K90 K90 /K90 K90 /K90 K90 /K90
1000 24.7 21.5 . 1.13 1.14
1200 2.1 22.8 .14 1.13 1.14
1400(d) 7.4 2.9 : 1.13 1.14
1600 2.7 25.2 i.14 1.13 1.14

Zones Il 1o | Curmelations, 90-Degree Laminations

2 ! 1{a) 2 1(b) 2 1{c)

&

Temperature (R) K90 K90 K‘?O /qu qu /K90 K90 /K9O
2000 27.3 27.3 1.00 0.85 0.87
2100(d) 27.9 27.8 1.00 0.85 0.87
230 29.3 2.3 1.02 0.85 0.87
2400(d) 30.2 30.3 1.00 0.85 0.87

{a) Value from the curve fit to the measured conductivity data.
(b) Vaiuve calculated from the total porasity chonge acro.s zones.
(¢) Value calculated from the open potasity change across zones.

(d) Temperature at which the experimental data for the two zones overlapped.

The agreement between the porosity-predicted and experimentally obtained conductivity
ratics across the char zones in Table B-2 shows that a correlation is apparent between the
change in tharmal conductivity frem one char zone to another and the corres ponding
change in pcrosity between the chars, except tor the 0- and 90-degree laminations,
zone | specimen. The fact that the measured conductivity ratio between zones Il and |
for the O-degree case is a factor of 1.8 :malier than the ratio predicted by the difference
in porcsity between the two specimens cii be interpreted as an indication that the sclid
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matrix conductivity of the zone | char was increased by the “graphitization” which
occurred in the kigh tarmparature char. In the zone |l to zone |, 90-degree case, the
experimentally deiormined ratio is a factor of .1 to 1.2 larger than the ratio as given
by the difference in specimen porosities, Attributing this to o "graphitization" effect
on the solid matrix conductivity, it appears that in the 90-degree case, the solid matrix
conductivity was decreased by the "graphitization” which occurred in the high temp-
erature, zone | char. The significant increase in solid matrix conductivity for the O-
degree, zone | case could not be accounted for by experimental error; the effect of
"graphitization' is opparent. However, the decrease in solid matrix conductivity
noted for the 90-degree cnse is relatively smell and could possibly be attributed to
experimental error.

The relative effects of "graphitization” on the 0- and 90-degree specimens can be
interpreted in relation to the influence of the reinforcement cloth on the phonon eonduction
process in the material. In the 90~deg v specimen, up to half of the cloth yarns were
aligned nearly parallel to the appliec heat flux. These yarns tended to dominate the
conduction process, and since the reinforcement cloth was originally graphitized, the
further “graphitization” which occurred in the zone | char had relatively little effect.
However, in the O-degree specimen the axes of the yarns were normal to the applied

flux. In this case, crystalline growth occurring at pora sites located around the cloth
fibers could significontly improve the conduction path through the cloth, thus increasing
the solid matrix conductivity.

The success of the porosity correlation in zones [l and Il indicates thot the pyrolysis
process oncurring through zones Il and Il principally affects the porosity of the speci-
men; concurrrent chemical changes which occur during pyrolysis appear to exert only
minor intluence on the thermal conductivity.

MX-4926 Materia!

The same procedure as in the case of the FM-5014 material wa: *cilowed tc investigate
the possibility of correlating the observed changes in thermal conductivity between zones
with correspanding changes in specimen porosity, As discussed in 3ection VI, open
porosilies were measured on the furnace slab samples, and the total porosities for four of
the six O- and $0-degree conductivity measurements were completed. Table B-3 gives
the relations between the porous and theoretically dense conductivities obtained from
Equations {7) and (8) using total and open porosities. The porasitypredicted thermal
conductivity ratios across zones U1 to 11, and zones Il to ! for the 0- and 90-degree
lamination specimans are then compared with the rotios obtained from the reported dato
curves in Table B-4, Finclly, the results of the comparison are discussed below under
the assumption that the porosity formulae correctly account for poresity effects on the
thermal conductivity.
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TABLE B-3  RELATIONS BETWEEN POROUS AND THEORETICALLY
DENSE THERMAL CONDUCTIVITIES FOR O- AND 90-DEGREE
LAMINATION SPECIMENS OF MX-492%

Using Total Porosity ( ¢ ,) of Using Open Porosity ( § 0) of
Conductivity Specimen Duplicate Specimen
K> = 0.394k° k3. o054k’
0 s 0 s
> k.2 -0.378k° k2= 0497k
0 s 0 s
> k2-04ax’%  LL...-.
0 s
K l = 0.650K0 K I =0.676K0
4] $ 0 s
3 90 3 _ 90
qu = 0,718 Ks K90 = 0,717 Ks
2 _ %0 2 90
qu = 0.619 Ks qu = 0.675 Ks
R 90 1 90
k?O = 0.806 Ks qu = (.834 Ks

D» Values for total porosity were measured on two samples of the
PC-11-0 conductivity specimen. Material other than specimen
material (thermocouple material) was probably present in one of
the samples. Both values are carried through the calculations
which follow.

The group of conductivity relations of Table B3 give the results below:

Based on Total Porosities Based on Open Porosities
|<03/K02 - 853;3 = 1.042 K03/K02 - g-:;g; = 1.135
Ko /Kl = g = 0910 s
KoKy = §gmg = O-381 KK, = ggm = 0735
K02/K0‘ e
K903/K902 = e - 160 Koo /Kool = %:—27]% 1.062
xqoz/x%' - g-.g.g; = 0.768 qu"’/xw' = Yoy - 0.809




The daota curves for the above MX-4926 specimens were used to give the values of
thermal conductivity presented in Table B-4 below for comparisor with the ratios
predicted by the porosity formulae. No adjustment to the data curves was mode to
weight them toward the porosity pradicted values as was done for the FM~5014
material, In the MX-4926 material cose, the O-degree lumination curves were

well defined by the data, the 90-degree lumination data were less well defined. The
data of Table B-4 allow the changes in conductivity through zores Lil, il and | to be
interprated. As in the case of the FM-5014 material, the ogreement between con-
ductivity ratios based on total and open porosities is generally good.

Consider the 0-degrea lamination conductivities. The fact that the measured con-
ductivity ratio from zonas Il to H is significantly greoter (by o factor of about 1.8)
than that which would be due only to the increase in porosity suggests that the solid
matrix conductivity of the zone |l material was decreased by some change in the,
characierof the material, The x-ray diffraction intensity measurements at 3,37A on
the duplicate to specimen PC~11-0 did indicate graphitic crysfailization occurring in
this zone, although the measured infensity was about half that of the corresponding
zone 11, FM-5014 specimen. If the change in conductivity from zone I1} to Il in the
MX material is attributed to pariial "graphitization® of the filler material and/or
reinforcing cioth fibers, then the crystals which formed may have been highly oriented
with the axis of highest conductivity, the "a® axis, aligned ulong the fibers. Con-
ductivity may also be affected by the tendency for the formation of continuous paths
of ‘hraphitized™ pyrolysis deposits along fibers in this material, This could account

for the large increase cbserved in the themal conductivity parallel to the laminations
(the P0~degree specimens), in zone li. The surprising result deduced from the porosity
formulation is that the "graphitization had the affect of decreasing the solid matrix
conductivity normal to the laminate in zone Il in relation to that of zone tH. This is
in opposition te the effsct of “graphitization” deduced from the porosity cosrelation
on the zone | D-degree lomination FM=5014 material, This decrease in conductivity
is not believed due to advanced pyrolysis of the resin in zone |l because the success
of the porosity correlation between zones [Il and |l for the FM=5014 material indicated
that the main effect of pyrolysis was to change the porosity of the specimens. It is
also surprising that the relatively slight degree of "graphitization™ which is attributed
fo the Zone !l specimens could have exerted the large effects on the conductivity
which were observed in the 90-degree specimens.

in considering the 90-degree lamination specimens, Teble B=4 shows that the difference
between predicted and measured conductivity ratios in the zone Il to | case is about
1/7 that in the zone Il to t} case. This could mean that the effects of "graphitization™
on the solid matrix thermai conductivity normal to the laminates is largely complete

at the zone il temperature level, the increase in measured conductivity from zones |

to | being essentially tue to the corresponding deczease in porosity.
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TABLE B-4 THERMAL CONDUCTIVITY-POROSITY CORRELATION FOR MX-4926
MATERIAL ZONES ill, I, AND |

Zones |li to Il Correlation, O-Degree Laminatl 1s

loood 3.08 1.85 1.66 1.04, 0.91(e) 1.14

12007 3.62 2.00 1.81 1.04, 0.91(e) 1.14
14001d) 4.15 2.15 1.93 1.04, 0.91(e) 1.14

Zones |l to | Correlation, O-Mree Lamirations

Temperature (R) K2 Ko' Kok @ Kk k)'® Pk )
2000(¢) 2.56 3.0 0.85 0.58, 0.67 (e) 0.74
22009 2.71 3.2 0.85 0.58, 0.67 (e) 0.74
2400("1 2.86 3.4 C.84 0.58, 0.67 (e) 0.74
2600(9) 3.01 3.6 0.84 0.58, 0.47 (e) 0.74
2800 3,16 3.9 0.81 0.58, 0.67 (e) 0.74

Zones U1 to 1l Correlation, 90-Degree Laminations

Temperatore (R)  Kgg°  Kog? Koo /Ko A  Kog/Kgo?®) K 3/ 2)
1200 10.4 28.7 0.36 1.16 1.06
1300(9) 10.9 29.0 0.37 1,16 1.06
14009 1.4 29.3 0.39 1.16 1.06

Zones |l to | Correlation, ?0-Dagree Laminations
]
1800 30.9 54.0 0.5 0.77 0.81
2000(9) 3.4 56.7 0.55 0.77 0.8
2200(¢) 31.9 59.4 0.54 0.77 0.81
2400 32.4 62.1 0.52 0.77 0.8
2600 32.9 64.8 0.51 0.77 0.8
—e . ——+

.  Value from the curve fit to the measured conductivity data
w, Value colculated from the total porosity change across zones

(¢) Value calculated from the open porosity change across zones
(d) Temperatuee at which the experimental data for the two zones overlapped
(e) Two volues from the two total porosities measured on specimen PC-1i-0,
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In considering the 90-degree lamination results in Table B-4 it is obvious that even
the relatively slight "grophitization" occurring in zone |l hod a major effect on the
thermal conductivity parallel to the laminations. In the zone lil to Il cose, the
porasity increase between zones ||l and li indicates that the conductivity in zone 1}
should be less than, cr ot least the same as, that of zone Ili. In fact, the maasured
zone || conductivity is almost three times as great as that of zone [Il. As in the
O-degree case, the difference between porosity-predicted and measured conductivity
ratios between zones |l and | is not as great as in the zone il to |l case, although
the increased "graphitization" in zone | did increase the conductivity to a greater
exteni than the decrease in porosity from zone Il to | could account for. Thus,
continued "graphitization” steadily increases the solid matrix conductivity in the
direction parallel to the reinforcing cloth laminates.
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APPENDIX C

EFFECT OF LAYUP ANGLE ON THERMAL CONDUCTIVITY

In the seif-guarding disc conductivity measurement technique, the ideal situation

(i.e., no radial heat flux, and true one=-dimensional axial flow in isotropic specimens)
produces isothems in the specimens which are normal to the centerline of the disc
specimen. In isotropic specimens, the presence of radial heat flux distorts the jsotherms
nea: the edge of the specimen, but the boundary conditions on the specimen are adjusted
such that the isotherms become normal to the centerline within the one-inch~-diameter test
volume of the specimen. In anisotropic materials, the experimental arrangement still
produces isotherms normal to the specimen centerline, but the heat flux vector through
the specimen is no longer necessarily normal to the isotherms. The component of the heat
flux normal to the isotherms is the heat flux measured by the heat flow meter so that it is
the thermal conductivity normal to the isotherms (denoted by subcript n) and normal to

the disk specimen faces which is actually measured. Since the specimen isotherms are at
an angle 8, the lamination angle measured from the diameter of the specimen, to the
principal conductivity axis along the cloth layers, then the conductivity through specimens

of lamination angle @ is related to fhe@rincipal conductivities as in equation (1); given
in another form in Carslaw and Jaeger (20)

K, (8) = K, l:r-:w"' 1) sin2 0 M)
K3

The principal conductivity, K, is thar measured along the cloth layers (the 90° lamination
specimens; K, = Kgq in body of report), and K3 is the conductivity measured normal to the
layers (the 0° lamination specimens; K, = K in body of report). Equation (1) was derived
on the basis that the conductivity K, in any girection in the cloth layer was the same.

This is believed to be a valid assumption for the materials on this program; in any case any
minor variations would be a-eraged out by the orientation in the conductivity samples.

All actual measurements of Ky or K_ ( 8) were made on samples with the lamination angle

measured in the cloth layer bias direction in MX-4926, and in randomly oriented cloth
layers in FM-5014,

A variation of Equation (1) was suggested by Schaefer and Dahm (21) to describe the

influence of lamination angle. This relation differs from Equation (1) in assigning less
influence to the angle.

Ky
Kn (8)= Ky | 1% -1) sin @ (2)
K
3

The data for the MX-4926 material were used to investigate the validity of Equations
(1) or (2) in predicting the effect of lamination angle on the thermal conductivity.
In the zone Ill measurements, the data for specimen PC-111-0 and specimen PC-|l|~45
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were the best defined 50 that these two sets of data were used in Equations
(1) ond (2) to calculate the principal conductivity, Kj, corresponding to the
90 degree lamination specimen, PC-111-920., The two curves resulting from
Equations (1) and (2) are shown In Figure C~1. Valyes for Ky were then
taken from the two curves of Figure C-1 and used in conjunction with K

from PC-111-0 to calculate K, (20° 15')* which corresponded to specimen
PC-I11-20,

The two curves corresponding to Equations (1) and (2) for the 20 degree speci-
men are shown in Figure C-1 olong with the actual datc, Figures C-1 and C-2
show that the sin @ relation of Equation (2) better fits the data for PC-111-90
and PC=111-20 than the sinZ @ relation of €5uation (1),

For zone |l, the data curves for specimens PC~1i{-90 and PC~({I-0 were used to
give K] and K3 for use in Equations (1) and (2), ond K (21®) corresponding to
specimen PC=11~20 were then calculated. (Again the exact lamination angles
for PC-11-20 and PC-1-20 were measured from appropriate specimen sections

and found to be 21°,) The results are given in Table C-! for o ronge of
temperatures in order to allow sasy comparison, It is seen that the sin“ 8 relo-
tion of Equation (1) is definitely preferred in this case. The percent deviation
between the conductivity calculated from Equation (1) and the measured conduc-
tivity is given in the last column in the table. It is seen that adjuttment in the
slope of the conductivity curve for specimen PC-1i=90 could produce a consistent
deviation with temperature; however, the percent deviation would still be sig-
nificant. It should be noted here that tha data curve for specimen PC~11-90 has
the highest uncertointy of all the measurements, Therefore, aithough the angu~
lar correlation given by Equation (1) can be considered as approximately correct,

its true validity in the case of zone Il specimens has not been conclusively
established.

For zone 1, the data curves for specimen PC-1-90 and PC~1-0 were wsed to give

Ky and K4 for use in Equations (1) and (2) from which K (21°) corresponding to
specimen PC-1-20 were calculated. The results also appear in Table C-1, Agair,
Equation (1) proved more accurate in predicting the effect of lamination angle

on themmal conductivity, The deviation of calculoted and measured K_(21°) is
consistent with temperature at about 29 percent. Since the deviation is consistent
with temperature, the slopes of the data curves for K, PC-1-%0, and K., PC-I1-0,
seem to be in the proper proportions to satisfy the predictiors of lamination angie
The lamination angles for the nominally 20 and 45 degree specimens were
measured with o vemier protractor from appronrinte sections of the samples
after the specimens were sectioned for thermocouple location remeasurement.
The angles were found to be 20° 15' and 43° 20", respectively, on the average.
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effect os given by Equation (1), but the predicted value of K,(21°) is consis-
tently low, MNoting thot the data curve for specimen PC-{-90 aleng with that for
PC-11-90 used above had the highest assignel uncertainty of all the specimens
measured, it is seen that the deviation of calculated and measured conductivities
for PC-1-20 is within the combined srror of measurements on specimens PC-1-90
and PC-1-20, Thus, the applicability of the angular correlation as given in

Equation (1) can only be considered as inconclusively demonstrated in the zone
| materials,

Porosity effects were not considered in the above calculations, The porosity was
not the same for each specimen involved in the calculations, The proper way to
test Equations (1) and (2) would be to calculate the conductivities of the theore-
tically dense materials corresponding to the principal conductivities (see the
porosity correlation in section!X and Appendix B), and ther use these values in
Equations (1) and (2) to okiain the predicted dense material conductivity at the
20 degree lamination angle. These values should then be compared to the dense
material conductivity as obtained from the measured, porous 20 degree specimen,
Since total porosity fractions were not obtained on all of the MX-4926 specimens
actually measured in this program, some values for tested specimens and some for
duplicates to the tested specimens (cut from the same char biock) were used to
make the porosity corrections according to the porosity correlation procedure dis~
cussed in Section IX. Comparison of the porosity~corracted measured values gives
the same results as those indicated in Table C~1. For the sake of comparison,
deviations in zone |l ranged from 15 to 30 percent, while the iunge in 2one |

was from 20 to 23 percent, The conclusion is that porosity effects did not signi-

ficantly contribute to the deviation between the predicted and measured thermol
conductivities as given in Table C-1,
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APPENDIX D

THERMAL CONDUCTIVITY DATA SCATTER AND ADJUSTMENTS

This appendix discusses dota scatter which resulted from inhomogeneity and aniso-
tropy in the materiols. It points out that scatter can be causad by local temperature
perturbations in such materials and suggests, through a simpie analysis, the possible
magnitude of scatter,

In addition, this appendix points out the difficulty of establishing symmetric temper-
ature profiles and gradients for steady~state measurements in anisotropic mat=rials,
Results of an experiment to investigate the extent of scatter due to this factor are
presented.

MATERIAL INHOMOGENEITY

A possible cause for data scatter lies in the relation betwaen the size of the temper-
ature sensing the:moccouple beaa and the thickness of the reinforcing cloth layers
present in the specimen. In the virgin, zone lll, and several of the zone |l speci-
mens, unsheathed thermocounles were used which had beads on ths order of 0,02~
inch diometer. Mlcroscopic exomination of sectioned spescimens in this group
revealed that the thermocouple bead diameter was only cbout 1/3 larger than the
thickness of the cloth layers. It appeared that most of a thermocouple bead could
lie with equal prokability either in a warp or in a fill yam. In the O-degree
lamination specimens. a simplified picture of the cloth structure shows that the
heat flux applied to the specimen during the conductivity meosurement sees the
warp ond fill yams essentially as cross-hatched cylinders; the applied heat flux
vector being normal to the long axes of the cylinders, Symmetry suggests that in
this case there will be no local temperature fluctuations from fill to worp yams.
However, in the 90-degree laminatior specimens, asymmetry in the local heot
flux at the thermocouple bead may occur in two woys, For MX=4926, wt.ere cll
yams are on the bias at 45 degraes to the heat flow path, local asymmetry could
oacur due to the different counts of flll and worp yoms, The higher count in the
warp direction would cause distortion, of the heat flow path toward the direction of
warp yams, giving an onisotropic effect due *o material inhomogeneiry. For
FM-5014, where laminate orinetations were random, meny of the yams will be neorly
porailel and many normal tc the applied heot flux vector, Lue to this asymmetry,
it is likely that there were local temperature grodients between warp and fill yams
in the 90-degree lomination specimen. Since most of any thermocoupie bead
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could be ir. o worp or fill yam, it may have happened that two of the three speci-
men thermocouple beads were primarily in a fill yom while the third was primarily
in a worp yam. In this event, the temperature differences used to calculate the
thermal conductivity of the specimen would be perturbed by the iocal temperature
difference between the worp yam, which most influenced the "odd" (ir o medium
of different conductivity from the ather two) thermocouple beod, and the fill

yam adjacent tc the odd bead. This would give rise to scafter in the three thermal
conductivity volues calculated from the three spacimen thermocouple readings «?
each equilibrium. it is to be noted that the 90-degree lomination specimens were,
in foct, the mosi difficult to measure; they showed the greatest dato scatter,

in order to Hefine better the possible effect of material inhomogeneity on the
thermocouple readings in the thermal conductivity measurements, the dato for speci-
men PC-i1{-90, MX~-4924, were reconsidered, assuming that data from one of the
three specimen thermocouples was odd from the other two, i.e., one thermocouple
was reading a temperature of material of different condustivity than that of the
other two thermocouples. With this assumption, the deviation of each set of values
of conductivity obtained for each equilibrium point in the experiment could be

used to reduce the data scatter as follows:

A deviation for two of the three thermal conductivity values obtained at an equi-
librium in the conductivity measurements inay be defined. The two independent
conductivity values are calculated from the temperature differences between the
hot zone and middle thermocouples, ar.d the temperature difference between the
middle and cold zone thermocouples:

Ky - Kz

= P = percent deviation (1)
Ky + K2

in order o allow for the natural variation of K with T, o straight line approxima-
tion was used to give a K (T) slope. From the PC-1i1-90 data, the following slope
was obtained.

1 1 Bt inch
K' (1) =
L R T 1

If K refers to the conductivity value measured at the lower mean teraperature
ottained at an equilibrium, and Ky is the conductivity value obtained at the higher
mecn temperatune of the same equilibrium, then the linsar approximation gives the
following equation:

K=K




The foliowing quantity, Pf, based on the linear K(T) approximation, is defined as
follows:

Pt= Ky - Ky =

(2)
K1 * K { )4- l:i
[ AT

where: AT = temperature difference between the meon temperatures
at which K; and K5 are evaluated,

Using the measured value of K, taken in this calculation as the K calculated
between the middle and cold zone thermocouples in the specimen, to calculate P
in Equation (2), one can ther approximately bring the natural temperature depen-
dence of K into the percent deviation by using the more general definition of
deviation given in Equation (3).

MK) = P - o (3)

As defined in Equation (1}, P accounts for the measured data scatter, and Pt pre-
serves the nctural temperature dependence of K on temperature. If Pt were not
included, the three data points for K at each equilibrium point would be odjusted
into one single value and the temperature dependence of K within the grouo of
three entirely lost,

Using the one-dimeélowl hea: flow eauation, —%— K T for K,
remembering thot is the same for all three specimen thermocouples, one
obtalns the following equation for P(K) independent of Equation (3) above:

. Si2 . %3
BK) = oln2_ ~ BN~ ATy (4)
kK dyp , 9.3

ah2  alg

In Equation (4), dj.2 and dj_3 are the distances betwaen the hot zone and middle
thermocouple beads, and middle and cold zone thermocouple beads, respectively,
and ATy.2, AT;_jare the corresponding temperature differences.
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Equation (4) can be rearranged into Equation (5) below to relate the temperature
gradient between the middle and cold zone thermocouple beads to the temper-
ature gradient between the hot zone and middle thermocouple beads,

Tz = T3 T -1
-9 = P 1 2
3 ® g5 (s

In Equation (5), P (K) is defined by Equation (6).

l.’(K) = 1 *PK)
1 = PKK) (6)

The generalized deviation, P(K), of Equation (6) is now considered defined by
Equation (3).

Assuming that the hot zone thermocouple is odd, a temperature T;* should exist such
that P(K) = 1. In other words, T1' is a hypothetical hot zone temperature, which,

if actuaily attained by the hot zone thermocouple, would have reduced the variation

in thermal conductivity with temperature to the assumed linear relation, thus elimi-
nating the data scatter among the three values of conductivity obtecined at an equi-
librium. This corresponds physically to the case where all three specimen thermo-
couples would have been in the same local environment., Equations (5), with P (K) = 1,
defines 7' as in Equation (7),

4 1]' - T2 - T2 - T3

Equations (5) and (7) can be combined to give T;' in terms of the quantities, P (K),
; T{, ond Ty which are known from the conductivity measurements,

W= =F®-1(T-T) @)

The calculation of T)' is accomplished by using the measured conductivity at the
mean temperature between the hot zone and middle thermocouples, K), and that at
the mean temperature between the middle and cold zone thermocouples, K, in
Equation (1) to calculate P, the percent deviation of Ky, Kz. Then, the temperature
dependence of the conductivity which must separate the value of K; from K, is
accounted for by calculation of Pt by means of Equation (2), The generalized devia-
tion, P(K), is then calculoted from Equation {3) and used in Equation (6) to give

P (K). The actual value of the measured temperature at the hot zone thermocouple,




T}, and that at the middle thermocouple, T2, ore used with PIK) in Equation (8)
to give the hypothetical temperature Ty'. This temperature is then used in place
of the measured hot zone tsmperature to adjust the three values of conductivity
obtoined from the original hot zone, middle, and cold zone measured temperatures.
Since the hot zone thermoco..ple was assumed at fault, the value of the measured
conductivity obtained from the tempe:ature difference between the middle and
cold zone thermocouples remains unchanged. The conductivities calculated from
the temperature differences between the hot zone and middle, and hot zone and
cold zone thermocouples are changed in such a way as to align them with the
unchanged conductivity . The results of these calculations oppear as the lower
set of points in Figure C-L The perturbation temperatures, (7' - Ty) raquired
to affect this data adjustment for the four duta points presented in Figure C-1in
this case where the hot zone thermocouple was presumed odd, varied from 14 to
20 degrees R,

The same procedure was applied cssuming successively that the middle thermo-
couple ond then the cold zone thermocouple were odd. In the above calculations
only the final Equation (8) changes, If the middie thermocouple is odd, Equation
(8) is replaced by (9).

Ty = oY) = (T) = T,) P (K)-1
2 -T2 | 2 —a ©)

da_3

1+

The adjusted conductivities arising from Equation (?) are the middle set of points

in Figure C-1 , the original conductivity calculated batween the hot and cold zone
thermocouples remaining unchanged. The perturbation temperatures, (T2-T2'),
requirad to affect this data adjustment for the four data points ranged from 3.4 to
4,9 degrees R.

If the cold zone thermocouple is assumed to be the odd one, Equation (8) is replaced
by Equation (10) in the calculations,

(T3'=T3) = dpuy (P(K)-1) (T) - Tp) (10)
di-2

The odjusted conductivities arising from Equation (10) appear o the upper set of
points in Figure C~1, the original conductivity colculated between the hot zone
ond middle thermocouples remaining unchanged, The perturbation temperat.e.
(T3' - T3), required to effect the adjustment for the four data points, ranged from
4,510 6.5 degrees R,
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The preceding calculations were made only to illustrate that material inhomo~-
yenaity could have contributed to the observed data scatter; the perturbation
temperatures required to account for the scatter ore not unreasonably high,
However, the fraction, if any, of the scatter which could be directly attributed
to material inhomogeneity could not be determined. Therefore, no corrections
could be made to the data to account for this effect.

MATERIAL ANISOTROPY

The anisotropy of the specimens also limited the precision of data in another
way. The three specimen thermocouples yielding the thermal conductivity values
for the specimen ware placed nominally at 1/4 inch from the centerline of the
specimens ot appropriate distances apart, By necessity, the three thermocouple
holes had to be drilled some angular distances apart from each nther around the
circumference of the specimens.

Consider the 90-degree lamination specimens, Viewsd from the flat suriaxes,

the laminations all run In the scme direction. To o fair approximation, the
directions parallel and normal to the laminations represent the directions of the
principal conductivity axes. Thus, it is obvious that in the experimental appare-~
tus where some radial heat flux is bound to occur, the temperature in a plane
normal to the specimen centerline has angular as well as redial dependence.

Since the thermccouples enter at different angles to the lamination direction as
viewed from a flat surface, ond lie ot equal radial distances from the specimen
centerline, it is apparent that the temperature at each thermocoupie bead loco~
tion is perturbed from the average in its axial plone by o different amount, depend-
ing on the angle between the radias vector to the bead ond the direction of the
laminations, Although the radial flux may not be great enough to couse signifi~
cont error in the average level of the measured tbermal conductivity, as determined
by an appropriate weighted uverage between the three conductivities colculated at
each equilibrium, it may still be great enough to cause the three conductivitias

to scatter rather than fall on a smooth curve as is desired. Since the temperature
differences measured in the 90~degree specimens were generally low as compared
to those in the O-degree specimens, sma!l temperature perturbations of the order

of a degree could account for the observed data scatter. Due to their lamination
symmetry, the O-degree specimens should not have shown this effect and, In fact,
the data scarter for the O-degree specimens were generally small compared fo the
other cases where the laminations were at any other ongle than zero; the 90~degrae
lamination specimuns showed most scotter,
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Specimen PC-11-90, MX-~4926, was instrumented to study asymmetry in the
temperature distribution. Figure D-1 shows the location of the thrae specimen
thermocouples used in the thermal conductivity measurements, plus the six addi-
tional thermocouples aligned along the normal to the laminations as viewed
from a flat surface. Two thermocouples were flash-welded to the tantalum
pellet insulation surrounding the curved surface of the specimen at points close
to the edge thermocouples in the specimen and ot approximately the mid-plane
of the specimen to indicate the temperature of the insulation. Also, the central
thermocouples were drilled to 0.1 inch from the specimen center instead of the
normal 1/4 inch in order to reduce the effect of any radial heat flux which may
have been present, (The offset is used to minimize the distortion of the axial
heat flow pattemn through the one~inch diameter test volume of the specimen.)

Table D-1 gives results of the measurements corresponding to those data points
which appear in the therma! conductivity curve for specimen PC-i1-90, The
asymmetrical temperature variation is clearly evident in the signs and magnitudes
of the radlal temperature differences betwaen the 3/4~inch and 1 3/B~inch
temperatures, and the temperature differences between the appropriate insula-
tion temperature and corresponding 1-3/8 and 3/4~inch thermocouples, These
valves all show a highly asymmetric heat flow in the specimen during measure-
ment. The 4 T3/4.1.3/8 values of Table D-1 indicate a radial heat flow out
of the one-inch-diameter test volume both parallel and normal to the laminates.
However, the 3 Tj_38-| indicate o heat flow from the insulation into the
specimen along the laminates and heat flow from the specimen Intc the insulation
normal to the lominates. The A T3/4-i values parallel to the laminates are in-
consistent, indicating that the oxial location of the insulation thermocouple
relative to the axial lozation of the specimen thermocouple was nat known with
pracision, although the directions of radial heat flow from specimen to insulation
as indicated by the T1-3/8-1 values are of high encugh magnifude and con-
sistency to be considered qualitatively correct,

The dota of Table D-1 indicate that the specimen isotherms are saddle~shaped

to a degree depending on the axial location within the specimen, These complex
flow pattems can easily be a major contributor to the observed data scatter in

ci! non-zero-degree lomination specimens. As stated cbove, the thermocouples
wtilized in the thermal conductivity measurement are offset 1/4 inch from the
specimen centerline. In the case of PC~11~90 the three thermocouples were
drilled to within 1/10 inch of the centerline. Even in this case, however,the
measurements in Table D-1 indicate the asymmetrical temperature perturbations
of the order of one degree could have been possible within a 1/109nch radial
distance,

Corresponding to Table D=1 ond the case of 20 degrees temperature difference
between two of the three spucimen thermocouples, a one degree temperature
perturbation could lead to fluctuations of 5 percent between the values of
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conductivity calculated fram the three sets of ten.perature differences obtained
from the three specimen thermocouples. Since the temperature differences
between specimen thermocouples were higher for the specimens with laminations
t less than 90 degrees, the effects of the asymmetrical tempercture perturbations
were correspondingly iess for thess specimens; however, the strength of the :
aniiotropy effect Is such that each specimen requires individual attention.
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APPENDIX E

ENTHALPY VERSUS TEMPERATURE DATA

VIRGIN MATERIALS ~ SEALED VERSUS VENTED SPECIMENS

Preliminary heat content measurements on the three virgin state materials showed
a discontinuity in the enthalpy-temperature curve in the range 600-700 R,

These specimens were secled in type 347 stainless steel capsules under a helivm
atmosphere. Results of these measurements are iliustrated in Figures E-1 , E-2 ,
and E=3 , In each case, the data points for the scaled specimens are numbered
in the order taken. When the MX-4926 (Figure E-1 ) specimen wos removed
from its capsule following the measurements, there was no rioticeable change In
its appearance, by microscopic examination, and its capsule inner wall surfacas
were clean, However, there was a one percent weight loss by the specimen,

A second measurement of this material resulted In o weight loss of 2,1 percent

when the capsule was vented to permit escape of vapors, When plotted in Figure E-1
the dota show o change in enthalf ; due to vaporization of around 5.5 to 6.3 calories
per gram. Therefore, the latent heat of vaporization of the marerial vooorized is
about 260 to 310 cal/g. The figures show that the vaporization temperature lies
somewhere between 60 and 93 C (600 and 680 R). It is interesting to note that
alcohol (methyl) fits inte this ronge of vaporization temperature and latent heat of
vaporization, whereas water does not.

On the other hand, .he s:atter data for the sealed~capsule case suggests the
possibility of vaporization by more than one component, If a smooth curve is
drawn through all the data points for this case, Inflection points (phase changes)
are Indicated in the reglon 610 to &70 R, Comparison of the slope of this curve
with that for the vented ~copsule case shows unequal slopes until about 800 R,
This can be interpreted as being caused by vaporization proceeding ot a finite
rate within ihe specimen, the vaporization apparently being completed at about
800 R,

CHAR MATERIALS

The enthalpy~tempercture ralations for the three zone | char materials are shown in
Figure €-4 ond E-5.
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