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ABSTRACT

Thermal conductivity, specific heat, thermal expansion, and a conrliete micro-
stiuctural and chernical compasitional characterization were estoblishe from roam
temperit-ure to 4500*F for MX-4926 phenolic-carbon and FM-5014 phonolic-graphit*

n~ozzle throat chars recovered from Firee 120-inch solid boosters. Charactarization
of FM-5055A '9blative chars from plasma tests simulating reentry was also corypiet~d.

apparent and solid density, total porosity, open porosity size distribution, mi--
structural characteristics, elemental composition, thermal stability, and extont and
nature of char "graphitization". Computer predicted Internal density and terop-
erature histories related pos'-test ablative char characteristics to temperature during
prior ablation. Thermophyuical properties were measured as a function of layup
angle on virgin material and ov, furnace charred samyples duplicating three distinct
char zones found in the nozzle chars. Thermophysica! properties were correlated
withi sample characterization and heat transport theory to predict proper?ies appli-
cable during oblation. 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 applicati on must be extrapolated from values measured on after-test chars.
Low lamination angles relative to the heat flow path gave substantially lower con-
cluctivity for all states of ablating material . Specific heat, obotained from Bunsen
ice calorimeter enthalpy measurements, was established as a function of temperature
in third order equations for all states at ablating material . Linear thermal expansion
did not behave systematically and permanent dimensional changes -were obtained on
oil samples. Permanent crossply shrinkage during pyrolysis offset thermal expansion
and was the largest dimensional change resulting from ablation heating.
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SECTION I

INTRODUCTION

Analytical predictions of ablation performance require accurate values for themo-
physical properties of ablators at the temperatures and atotes of decomposition
encouintered during ablation. Although data for the virgin state of commonly used
ablators have been available, thermophysical properties for the highly unstable
pyrolysis zone and high temperature char layers have nbt. Design of refractory
reinforced ablation systems for large rocket moton and reentry vehicles has been
urncertain because of lack of data on ablotors for over 80 percent of the ablation
temperature range. Most previous attempts to obtain these data have utilized
transient or steady state measurements on "charred" samples. However, a wide
range of values were obtained and those applicable to active ablation could not be
identified due to lack of suitable cho acterization of the thermophysical property
samples and their correlation with actual chars.

The objective of this program was to determine thermal conductiv;ty, specific
heat, thermal expansion and density to 4500*F on well-defined samples of charred
phenolic-carbon and phenolic-graphite ablators. Metho& were to be established
for characterizing chars of three phenolic carbon or phenolic graphite ablators
from tested full scale hardware. Then methods for producirig stable duplicates cf
thren zones between 1200 and 4500'F int 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 cnd thermal 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 te be derived
by extrapolation guided by characterization and heat transport theory.

The accomplishment of the program objectives presented in this report provdes
accurate phenolic-carbon and phenolic-graphite thermophysical property data to
4500*F for all ablation applications.



SECTION II

SUMMARY

This final report to the Materials Application Division summarized work on Contract
No. AF33(615)-3804. Under this contract, thermal ccrductivity, specific heat
and thermal expansion were measured between room temperature and 45009F on
laboratory produced samples representing four stages of ablation in MX-4926 phe-
nolic-carbon and FM-5014 phenolic-graphite oblators. The Boeing Company pro-
pared and characterized oll chars while Battelle Memorial Institute performed all
thermophysical property measurements under contract to Boeing. The four zones
for which properties were measured were as iollows:

Char Zcne I - Stable surface char that has experienced temperatures from
4600°F on the outer hot face to 2900eF at the inner boundary.
It is characterized by significant "graphitization', high porosity,
high residual carbon content and absence of phenolic resin.
Property specimens representing this zone were produced at 4000°F.

Char Zone II - Stable char that has experienced temperatures from 2900OF down
to 1900F at the lower boundary. It is characterized as fully
charred material similar to Zone I except tha+ it is not "groph-
itized." Property specimens representing this zone were
produced at 25000F.

Char Zone III - Lnstable char including the outer portion of the pyrol/tsis zone
that has experienced temperatures from 1900'F to 1200F. It
Is similar to Zone II except that it co,)rains some unpyrolyzed
phenolic and less tesidual carbon. Property specimens representing
this zone were produced at 1200*F.

Virgin Zone - Ablation matericl unaffected by henting except for volatilization
losses not exceeding four percent by weight with a total porosity
les 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. The Air
Force provided charred nozzle throats recovered from test firings of 120-inch solid
propellant boosters for both of the mateHals or which properties were measured. The
first was Fiberite MX-4926 phenolic-carbon from a Thornpson-Romo-Wooldridge
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oblique tape wrapped nozzle for the Aerojet-Ceneral Corporation 12O-SS-1 motor.
The second was U.S. Polymeric FM-5014 phenolic-graphite from an H.[. Thompson
rosette-molded nozzle for the Lnited Technolog! Corporation Titan 3C-10 solid
stiap-or.. The Air Force also providLd, for charac-erization only, a plasma-test
specimen of U.S. Polymeric FM-5055A phenolic-carbon typical of reentry applications.

Complete charocterizatlon of the po.t-ablation chars yielded a microstructural

and chemical compositional description as a function of depth in the char. Density,
total porosity and pore size distribution measurements were used to delineate char

miciostructure and p!ovide porosity dai, 1'... ,o-relation r-' thermal conductivity
results. Elemental and thermal analyses were used to determine amounts of unpyrolized
resin ao establish th.:. presence of hydrocarbon material deposited in the mature char
during cooling from the ablation exposu:e. Polarized lighi photo.-nicrography and
X-ray diffraction analyses established the nature and extent of "graphitization" in
the char and enabled correlating the effects of "graphitization" on thermal conduc-
tivity. In this report "graphitization" is referred to parenthetically as the accepted
description of increased crystallinity in the char with the characteristic crystal
spacing of graphite but unknown crystal structure. Internal temperature and density
versus time during the ablation exposure and cooldown period were established by
cornpue predictions, and identified the miximum temperature requirement for therm-
o, hiysical properties in each distinct chor zone.

Thermally stable furnace char onalogves of nozzle char zones I, II and III were
produced in an induction heated graphite retort. Characterization of the furnace chars
showed that they reproduced all characteristics of active ablation chars ex,.ept apparent
density, which was higher due to pyrolysis shrinkage o,- unrestrained material in the
furnace.

The thermal conductivities of the virgin material and three char zornes of both materials

were measured parrliel to the laminations, representing ablato with laminations

perpendicular to the char surface (hereafter called 900 layup angle materialland

perpendicular to the laminations representing ablator% laid up parallel to the char
surface (hereafter c-alled 00 'ayup angle material). Data were also obtained at 200 and
450 to the laminations. In MX-4926 the lcyup angle was defined along the bias

direction in the uniformly oriented carbon cloth reinforcement to-provide properties
applicable to tape-wr pped construction. In FM-5014 the graphite cloth reinforcement
layers were randomly oriented. Thermal c,,.4i.,ctivity was determined by the steady
state, unidirectional comparative di sk method. Estimated precision of the measure-
ments was best, a%, on iow temperature 00 layup material and decreased with
increasing temperature anid layup angle to :±25% on 90' " layup Zone I moterial.
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The theimal coductivity versus tempefatuie of bot FM-5014 and MX-4926 chak
zone specimeis was co ielated to enable extrapolatioi within the occuacy of the
measu, emes to all states of ablatiof up to 4500*F. The correlations were
establishei for both the laminate die.t;or: and the ciossply direction ir each
material so coductivity in any othei di ection car. be obtained by a !ayup angle
telationshi. .o -hese two pincipal condjctivities. The correlations weie developed
by sep'iating the oadiation and the solid coiduction components of appaent (mea-
suied) cond.ctivity versus temperature and establishing the effects of pyrolysis and
high tempeiature cha, "graphitization" on the solid comnonent. -he effect of
pyrolysis was shown to be due to the pyrolysis rate dependent generation of po.osity
which lowers the solid component of conductivity aid is essentially complete at
temperatures below the oiset of the radiation component. The pyrolysis rate (hance
heating rate) dependent lowering of conductivity by generation of porosity must be
seporaely superimposed for each different oblation application. Therefore, the
rae independent solid conductivity component versus temperature correlatio,.s 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 equation given below. "Graphitization" depended only on the maximum
.*nperatures reached so its effects could be combined in th, "dense" material solid
conduictivity versus temperature correlations. The final "dense" material solid
conductivities and the separate radiation components of condictivity versus temper-
ature are given in Figures 86 and 88 for FM-5014 and MX-4926 respectively.

The conductivity data applicable to any ablation problem are extrapolated from the
data of Figures 86 and 88 by correcting the "dense" material solid conductivity, KO,
for pyrolysis generated porosity and adding the radiation component, K at each
temperature point desired. The equation used for Q and 90 degree Iayup angle, 9,
material is:

K8  r (7, page 149)

where:
= Pore shape factor;

4,'5 for 0' 00 layup angle,
1/8 for9- 90* layup angle

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

Xp Pyrolyzed resin fraction
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Values of the pyrolyzed resin fraction term, X , versus temperature for typical
applications of these materials 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
different heating rate encountered as illustrated in Figure 84. Due to irreversible
temperature dependent pyrolysis and graphitization, conductivity values versus

temperature applicable to cooling or reheating in the char are different than for
Initial heating; each level 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.

To obtain conductivity data for intermediate layup angles, 9, the results for both
0 and 90 degree layup angles obtained from the above equation are combined in
the following relationship:

K9 - KO I K2(8, pae 150)

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 2 will give better fit to the experimental data.

The thermal conductivity results show that low layup angles relative to the char surface
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 internal
"graphitization. " The effect of "grophitizaton" 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 I furnace char samples of both materials
and on corresponding samples from the MX-4926 nozzle char. Specific heat was
determined from entholpy measurements in a Bunsen ice calorimeter to better than k5%
accuracy and results on furnace chars ond nozzle chais agreed well. Virgin material
specific heats were higher than the low temperature specific heats of "graphitized"
mature char as shown In Figures 93 and 94. High tempe rature char specific heats
were near those for graphite. Third oider equations for enthalpy and specific heat as
a function of temperature for both virgir, and charred material were established for use

5
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In ablation computer programs. Values for the pyrolysis zone may be considered
as intermediate between the average of char values and virgin values with
corrections for the amount of pyrolysis.

Linear thermal expansion was mvasured in the laminate and crossply directions of
the virgin zone and Zone III and I furnace chars of both materials and on correspond-
Ing samples from the MX-4926 nozzle char. Permanent dimensional changes were
obtained in all expansion cycles on both nozzle and furnace chars regardless of the
maximum test temperature. Thermal expansion did not behave systematically so
no general correlation was possible. Comparison of measured thermal expansion and
the pyrolysis shrinkage occurring in furnace char production showed crosiply shrinkage
to be the largest thermally induced dimensional change.

6
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SECTION III

MATERIALS

COMPONENT DESCRIPTION

All ablative materials studied on this program were high demIty carbon or graphite
reinforced phenolic laminates provided by the Air Force after conponent tost firing.
Two were charred throat sections taken from 120-Inch solid propellant boosters,
specifically: Fiberito MX-4926 phenolic-carbon from a 120-SS-1 motor, Figure 1,
and U.S. Polymeric FM-5014 phenolic-graphito from a Titan 3C-10 motor, Figure 2.
The third ablator, U.S. Polymeric FM-5055A phenolIc-graphIte, represented material
for reentry vehicle applications. Details of these samples are furnished in Table I.

The FM-5014 phenolic-graphIto charred nozzle sections were large enough to
provide all of the virgin material needed for thermal property test specimens but
additional virgin MX-4926 phenolic-carbon material was required. This additional
material was obtained from Thompson-Ramo-Wooldridge and from Fiberito.

MANUFACTURER'S DESCRIPTION - PREPREGS

All prepregs consisted of woven cloth reinforcement Impregnated with a carbon

filled phenolic resin per MIL-R-9299. Table II lists the range of values for the
lots used to manufacture all of the Items used In the program.

MATERIAL SPECIFICATION - FABRICATOR

Table III lists the material specifications used by the original fabricators of the
charred ablators provided by the USAF.

FABRICATION PROCEDURES

MX -4926

Nozzle Component

The prepreg tape was bias-wrapped on a cylindrical mandrel with a starting-ring
surface Inclined 75 degrees to the nozzle centerline, minimum tape tension (less
than 10 Ibs.), and a roller pressure of 100-300 pounds per inch of tape width.
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TABLE T
MANUFACTURERS' DESCRIPTIONS OF PREPREGS

Fiberite MX-4926 U. S. Polymeric U. S. Polymeric
FM-5014 FM-5055A

Resin:--

Trade Name Monsanto SC 1006 CTL 91LD CTL PILD
Generic Name Phenolic Phenolic Phenolic
Curing Agent None Proprietary Proprietary
Resin Mix -- F-014 F-014
Resin Solids 31.5-36.5% 30-35.2% 31 -37%

Filler or Resin
ReI forcemen t

Trade Name Sterling R USP-6 (Corb. USP-6 (Carb.
Chemical Comp: Powder) Powder)

Carbon 99% 99 .5% min. 9 9 .5% min.
Ash -- 0.10% max. 0.10% max.

Solid Density
g/cm3  1.9 -- --

Size Range, 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%

Rein forcemen t:

Trade Nome HITCO-CCA-1 Union Carbide-WA HITCO-CCA-1 (1641)
Generic Name Carbon fabric Graphite cloth Pure carbon fabric
Weave Type 8-Hamess Satin Square 8-harness satin
Weight, oz./sq.yd. 7.0 - 9.0 7.6 7.0-9.0
Thickness, inches 0.016 - 0.020 0.025 0.017-0.023
Yam Count

Warp 52 -58 26.9 50-60
Fill 47 - 53 22.7 45-55

Yam Construction Continuous Fil. -- -
Filament/ 720 1440 720

yam
Fil. size, in. 0.00035 - 0.00045 0.0003 0.00035-0.00045

Fiber Denity, 1.5 (ASTM-C-135-61) 1.8 - 1.9

60!



TABLE m - PREPREG MATERIAL SPECIFICATIONS

MX-4926 FM-5014 FM-5055A
Phenolic Carbon Phenolic Grahite Phenolic-Carbon

Resin Weight Loss on 31.5-36.5% 30.4-35.2% 35.6%
Solids Pyrolysis to 1200*C

Volatile Weight Los 4-8% 3.2-3.5% 4.5%
Content 20 Min. @320F

Resin 150 psi 2-7% 1.1-8.0% 17.4%
Flow

Specific ASTM D-792-50 1.40 Min. 1.41 Min-
Gravity

Viscosity 1 .8-2.8
I nclex

Infrared 1.49-1.70%
Polymer-
ization
Index

Preprueg I ht/1r4 - 45 Min.
anreiking

Srang+

Fleurol AST M D-790-61T 30,000 Mim. 17,000 Min.
StrengtI psi

Ternile psi - 9,500 Min.
Strongt

InterlamInar psi I ,700 Min.
Shear
S tre ngth

Procurement Thompson-Ramo- H. I. Thompson
Spec ification Wooldridge ECO-5224

WS-1048A, UTC-4MDS-40721A,
Type I, Clan 2 Class I

Infrared per
4MDS-91605,
para. 4.4.1
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Tape temperature was antrolled to optimize tack characterlstics during wrap-
ping. An overwrcp of U.S. Polymeric FM-5131 phenolic-silica was applied
for additional structural support. Processing sequences fbllow:

1. Wrap bias tape onto mandrel.
2. Seal in rubber bag.
3. Preform in hydroclave; pressure 1000 psi, hold temperature (t 186*F for

six hours, then reduce to room temperature at a rate of 1009F 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 and temperature 185*F for nine

hours, then temperature 32G*F for 13 hours, then reduce to room temper-
ature at a rate of 100*F per hour.

8. Finish machine to outside diameter.
9. Inspect radlographically for flows.
10. Bond nozzle to steel shell with epoxy adhesive Epon 913.
11. Remove mandrel.
12. Machine interior contour of throat.

The carbon component sowed the following test properties on sections taken from
end test rings:

Characteristic Standard Average Test Value
Specific 6ravity 1.38 min. 1.45
Volotiles 3.0% max. 2.18%
Acetone Extractables 1.0 max. 0.14%
Iriterlam;nor Shear Strength 1000 psi min. 1,030 psi
Edgewise Compression No standard 36, 200 psi

Strength

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

Virgin Material Blocks

TRW Blocks

Thompson-Ramo-Wooldridge determined that the MX-4926 prepreg remaining
from the nozzle program still met the material specification, WS 1048A Type I
Class 2. NASA released the prepreg for use in this program and TRW mold

13



two blocks, duplicating the original nozzle cure cycle as closely as
possible. The blocks were molded from MX-4926 lot A-430 roll No. 4
which had the following properties:

Resin Solids 33.3%
Volotile Content 4.9%
Laminate Flow 4.9%
Infrared Polymerization
Index 1.0%

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

The cure cycle for the TRW blocks follows:

1. Place laminate In press (vacuum bag maintained at 26.6 Inches Hg).
2. Apply 200 psi prumsre.
3. Raise temperature to 185*F (approximately 20 miutes).
4. Hold for 90 minutes.
5. Raise presure to 780 psi.
6. Raise tebnperature tc 320"F (appioximwtely I hour).
7. Hold for 19 hours.
8. Reduce temperature to 85*F in 3.5 houni under 780 psi pressure.
9. Remove Lirtinate from press.

The TRW laminated blocks possessed the following properties:

Property Block A Block B
Nominal Minimum Size, in. 9 x 8 x 4 12 x x -
Clotn Warp Direction Long Dimension Long Dimension
Specific Gravity 1.45 1.46
Acetone Extroctables 0.32% 0.15%
Alcohol Penetrant Inspectlor. No Indication No ;ndication

Fib ulte Blocks

Since insufficient virgin material molded from the original prepreg was available
for all laboron char production trials, rddltionul laminate blocks of virgin
MX-4926 reproducing the nozzle material as flosely as possible were purchased
from Fiberite Corporation. The two Fibetite laminate blocks were 8.5 x 9 x 4
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Inches with average densities of |.51 g/cm3 . Since this density was higher
than the nozzle material, these blocks were used only for laboratory chor
production trials. The block, were molded from MX-4926 lot C-412, roll
No. I which hod the following properties:

Resin Solids 35.1%
Volatile Content 5.3%
Laminati Flow at 4.7%

150 psi

The cure cycle For the Fiberite blocks follows:

1 . Vacuum bag 56,000 grams of precut 10.5 x 11 inch plies of MX-426.
2. Place in hydroclave and draw full vacuum.
3. Increase hydroclave pressure to 1000 psi.
4. Increase temperature 100OF per hur to 185'F.
5. Hold ut 1850F for 15 hours.
6. Increase temperature 100OF per hour to 320*F. I
7. Hold at 320"F for 13 hours.
8. Cool down 100*F per hour under pressure.
9. Remove part and vacuum bag.

FM-5014 Nozzle Component

U. S. Poiymeric FM-5014 phnolic-grphite fabric wus molded in nozzle ring sec-
tions by H. I. Thompson Company (HITCO), Gardena, California.

The throat section of the nozzle was produced by hand rosette 1ayup of ring sections,
each with a final thickness of 4 inches in the nozzle axial direction. The hand lay-
up was done in a female mold using prepreg segments cut to a pattern that resulted
In each ply extending for approximately 90 degrees around the nozzle ring segment i
a plane extending from edge to edge in the nozzle axial direction and inteecting
both the inside and outside surface of the ring. Viewed with the nozzle cross section
In a horizontal plane, the dge--to-ege slope of the laminate plane ,vw 5 to 10
degreet. extending clockwise from top to bottom. Initial patterns were 'aid on a
sloped block which w removed and replaced with prepreg plys when the layup
sequence around the ring soction returned to the starting point. The finished hand
la"p extends above the mold surface. The prepreg patterns were cut randomly from
the broodgoods For maximum utilization of material, so that yam orientations inthe
final part are random. The processing sequence is described by HITCO as follows:

1. Cut layup patterns from broodgoods, package in moisture resistant film with
identifying pattern number and store until used.

15



2. Clean mold and apply release agent.
3. Loyup precut patterns in a clockwise direction (mold horizontal), main-

taining a consistent Iiyuo 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 oven for a
maximum of 95 minutes, depending on temperature, at 160 to 2000F.

5. Mechanically compress (debulk) the preheated layup assembly in a cold
press by alternately opening and closing the press followed by holding
under pressure until the surface temperature is below 1 10*F.

6. Preheat the assembly in a 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 c 30 minute hold at temperature followed by a
3-hour cool down to below 100F.

7. Hydroclave cure the debulked assembly in vacuum bag held at more than
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 at 200 psi
maximum and maintain for 130 minutes maximum. Raise pressure to 1000
A50 psi and then rais4 temperature to 290 to 340*F; maintain temperature
for 150 to 240 minutes, and cool to 125*F maximum before increasing
prfsure.

8. Remove cured billet from layup mold and postcure in circulating air oven
at 275 & 200F for 18 * 2 hours, followed by cooling to 200*F maximum
before removal from oven.

9. Package billet to protect from moisture and dirt un til machining.
10. Machine billet in following sequence:

a. Machine diameters.
b. Cut 24 core specimens and 12 dust samples for quality inspection.
c. Machine billet top surface.
d. Machine billet bottom surface.

The phenolic graphite ring section for which records were provided showed the
following properties on six co-e specimens:

Characteristic Test Method Standard Test Values

Density ASTM D-792 88 lb/ft3 min. 89.7-90.3 lb/ft3

Volaties 4 MOS 91605 44.8 3% max. 2.8-2.9%
Interlaminar Shear Strength FTMS 406-1041 1500 psi min. 3,599-4,935 psi
Degree of Cure ASTM D-494 99.5% min. 99.9%

Final inspection of the ring segments determined that billet density was above 88
ibs/ft and that dimensional, radial and flat radiographic, and alcohol penetration
tti were pased.
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PM -3OSSA Plasma Test SLlmn

The U. S. Polymeric FM-5055A phenolic carbon plasma test samples provided by
the Air Force had been machined by Aerospace Corporation from a block prvided
by General Electhic 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, California, to produce the chars for characterization. Pictures of the
models before and after test and a discussion of the plasma tests are given In
Referenoe 22

The 7 1/4" x 6 5/V x 2 5/," block from which all plasma test samples were obftined
w= flded 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:

1. 500 psi at 300*F for 5 minutes
2. Reduce to zero pressure at 300*F for 30 minutes
3. Raise pressure to 1000 psi at 300*F for 60 minutes
4. Post curu material at 250*F for 16 hours

1he plasma test models were machined from the block by conventional methods, except
that all cutting was done dry to avoid contamination of the material.
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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. These methods enabled correlating furnace-produced charmused
in thermophysical property measurements,to real chars. An X-ray density measure-
ment technique provided a continuous, nondestructive measurernt of the varia-
tion of density with depth in ablation chars and nundestructively verified the
uniformity of furnace chars. Photomicrogrophy, X-ray diffraction, density and
porosity techniques delineated microstructure and areas of graphitization. Thermo-
gravimetric (TGA) and elemental chemiccl analyses were used Io determine the
bn t of es idual resin while differential thermal analyses (OTA, indicated the
thermal stability of the chars. Computer predictions of density and temperature
throughout the ablator, including the cooldown period, were transformed to func-
tions of depth in the final ablation chars to relate observed characteristics to
temsoerture 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 state ablation.

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

I . Tha virgin zone, where no pyrolysis has occurred.
2. Tne pyrolysis zone, where phenolic resin pyrolysis occurs leaving the

major density and resin content gradients.
3. The mature char zone, where resin pyrolysis is complete but redepo-

sitd hydrocarbon material may exist.

The mature char zone Is further subdivided into:

Zone I, A "grophltized" mature char zone at the surface
Zone 11, An %ngrmphitized" intermediate mature char zone
Zone lil, A zone of nearly complete pyrolysis at the boundary between the

mature char and pyrolysis zones,

which are reproduced by charring virgin material in a furnace to yield the speci-
men, for t'emophysical property measurements. These subdivisiorumm desribed
below ant in Section VIII. Both charactedization and thermophysical property
rmuts an %Nlscussed In terms df char zbnes'l, II, and Ill.

18
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CHAR SAMPLINGK

The sampling sequence for each post-test ablation char was established to insure
maximum utilization of material and good resolution of property variation with
depth. Sampling of 120-inch nozzle sections was based on char columns approw-
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 char but after I
the Radocon X-ray density survey technique was developed, increments were
varied to obtain maximum resolution of property variations in areas exhibiting a
steep density gradient such as the pyrolysis zone. This approach enabled obtain-
ing all required characterization samples with good depth resolution on a single = 43
column of material from the small plasma test sample of the FM-5055A materil.

Sampling of each post-test char is described below. Samples ore coded to provide
location references for all data. Rough sample cuts were made with a cmbide sow
and fine cuts, with a diamond saw. All cuts were made dry to ovoid :ontamina-
tion of the samples.

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, Il-C between axial stations L5 and 6, was selected
as the throat sample for the analyses becaue it was located at the crown of the
char surface and represented the location of minimum throat area in the nozzle.

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

Radial plane photographic analyses were made of the .r"aI piane from excess
material adjacent to W-1. Column W-4 was used for initial X-ray transmission
analyses, ultra-thin section photographic analyses, and electron mic-oprobe ele-
mental analyses. Subsequently, column W-1 and a downstream segment from half
II between stations L6 and 7 were used for Radocon X-ray transmission analyses.
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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 testh,
using minimum sample 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 basis for selection of
uniformly charred material for characterization. Rodocon data for the most uni-
form plasma test model, Number 20, is shown In Figure 31. The X-ray density
surveys showli significant side-tc variation in final char density caused by
two factors: uneven Interlaminar nsional changes and delaminrtions, and
uneven tabricatios of the original bock. The laminations were so nonuniform,
even in the virgin material, 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 tar characterization. The X-ray density
profile also guided the sectioning illustrated in Figure 6.

The sections shown in Figure 6 were utilized to provide samples for all tests.
Reflected light photomicrographs were obtained 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 and
helium pycnometer penetrated porosity were determined on the 0.75-inch square
test portion of each slice. Each slice test porticn was then grond and the powder
was proportioned among the thermal and elemental analyses.

FM-5014 Phenol ic-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 downtream portion of Block 8 was located at the
crown of the char surface with respect to the outer cylindrical surface'and repre-
sented the minimum diameter nozzle throat area location.

An outward warp o- the dwnstreom facc, of Block B was machined flat to make a
reference surface. Th-ioat sample section B-j was cut to a uniform thickness of
1.10 inches. R.cdial plane lines were then established on the faces. Radial
column widths between radial planes are denoted by a W series of numbers and
char-layer delths by an H series, as in the MX-4926 material.
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Photomicrogroph Test Specimen

FIGURE 6 FM 5055A PLASMA CHAR DEPTH SPECIMEN LOCATIONS
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FIGURE 7 FM-5014 CHAR THROAT SAMPLE AND RADIAL. SEGMENT LOCATIONS

25



W-4 Thin Sections A,B, & C

'0A7

0.18

•_I

810 4

-/ Angle of
Specimens

with
Char Surface

Sp ecimens H-i to H-15I I(W-3) ow InPes

Parallel to Char

Surface

FIGUJPE I FM-5014 CHAR THROAT RADIAL SEGMENTS AND DEPTH

SPECIMEN LOCATIONS

-26



- .--- . _

Column W-1 was used for photographic analysis of the 1-1 radial plans. Columns
W-2 and W-3 were used for char-layer depth samples. Ultra-thin section phoio-
graphic analyses nd electron mkrobe elemental analyses wee omtducted
on Column W-4.

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

,he two radial columns W-2 and W-3 were sectioned differently for char-layer
depth samples. Column W-2 char-layer specimens were cut parallel to the char
surfuce and column W-3 char-!ayer sped men were cut parallel to visual char
layer zones In order to obtain true char zone data. Measurements an s ection B-I
and an Initial one-power photomacroc-aph of the 1-1 radial plane indicated that
Oo char-surface plane sloped downv ,J in the upstream direction at an 81' angle
with the face planes. Visual char-zone layers were parallel wit+, the char surface
to only about a 0.3-inch depth; below a 0.4-inch depth char zones were parallel
wirh the outer cylindrical surface at an 850 angle with face planes (4* angle with
char surface).

PHOTOMICROGRZAPHY

This method was used initially to estimate char zone depths, the thickness and
depth requirements for char-zone samples, and the condition of mattrial in char
zones. In characterization, it was used to confirm the spatial arngement, phases
present, void ds.ensions, oid general orientation -of the various phases.

Photomocrographs, I to 2.5 power, were made under reflected light on planar
polished ,urfaces of both unpotted and Marglas epoxy resin vacuum potted specimens.
Ih.,: mlrnkQgraphs with the Zels Ultrur,'. ii Metaiiograph, 2.5 to 2500 power,
utilized potted ond polished planar vio..s, with reflected light for Gonventional
detuil and polari:ed light for anlsw'rppIc effects such as internal graphitization.
Thin ecttems were made by thinn;ni, potted planar sections to the thickness of the
specimen component viewed (e.g., a cloth, yam, or fiber thickness dimension).
Reflected and transmitted light were used separately and in combination on thin
section photomicrographs.

Special emphasis was placed on differentiating crystalline from amorphous material
by reflection charactwistics under polarized light. The high magnification
obtained with the Ultraphot makes the primary zones of char graphitization discern-
able. Since crysta"Ino particles can have dimensions much less than one micro.,
all crystall'te corbr cannot be seen using optical techniques.
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DENSITY AND POROSITY ANALYSIS

Density and porosity are considered as combined characteristics that affect both
thennophtsical and thermomechanical propertlesand thermal conductivity proved
to be very dependent on iensity/porosity characteristics. Direct measurements
of densltles and porosities provided the primary data and the calibration for the
Radocon X-ray transmission analysis of density profile developed on this program.

The particuilar density obtained is a function of the method used to measure
ample volume. The total sample volume, including all voids, gives the apparent

Pa. Since both weight and volume data were usually obtained on diled samples,
the term PJo€d, apparent dry density, is used for dried samples. Solid densities,

Vs, Wo based on the weight and the solid volume of dry powdered samples as
determined In the gas pycomoter. Powdering the sample is assumed to eliminate
all closed porosity. Gas pyaiometer determinations of solid volume on dry bulk
somples yield Pus, apparent solid vokme, since the volume of clsed pcrosity is
Included.

Porosity data was obtained as porosity fraction, ( , from density data by the
relationshlps;

4t W P'a/ks()

- -PQ/PO. (2)

t Is total poroslty based an true soild mslty, P' and to is open porosity
comistent wtth its calculation baseo on apporent ild density, pow that
Includes closed pores. Closed porosity, J ,, is %imply the difference, etwean t
and J o. Porosity froctiom measured directly by mercury penetration are desig-
noted as penetrated porosity, $ p.

Direci Density and Fomosty Measurmeants

A4parent iry 4an$stles, Pod, apparent solid densities, p.., and open porosity
fractions, a, wv determined for sliced specimens and blocks before their
usage In other tests.

Apparent dry densities, 1.3 percent precision were calculated from
weeist and dlmensioni n. ants on the dried char depth slices. Most of the
direct density meaurmenh, were made on oven dried (150*F) and vacuum outgassed
samples. It was found early in the program rho& the charred materials were hygro-
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scopic and had to be dried to obtain reproducible data. Before drying a mass
spectrogranihc survey of the entrained volatiles was run to establish that only
water was being eliminated.

Solid volumes of both bulk and ground samples for the calculation of p.s and
Ps were determinee 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.

Accuracies of pas and Ps were estimated at 3 percent, based on the solid vol-
,'me determination.

Total penetrated porosity fractions • , including all open porosity with open-
ings between 0.01 and 100 microns in dciameter were determined by mercury pene-
tration with the Aminco-Winslow 15,000 psi porosimeter. Photomicrographic
analysis hod indicated thatiexcept for complete delaminations, the pore/micro-
crock diameters were below the 103 micron upper limit of this technique. Deter-
mination of approximate pore size distribution by porosimetry provides data 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 Rodocon X-ray transmission test provided a sensitive and rapid nondestructive
method for establishing the density gradient in carbon or graphite reinforced chars
since density variations of 0.005 2/cm can be resolved in a distance as small as
10 mils along any path in material up to 1-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 also provided a method for establish-
ing the uniformity of thermophysical property test samples.

The test facility kian Infigure.2 Utilzieda Norelco X-ray tube, 25 to 150
KVCP, with a beryllium '4ndow operated at 90 KV and 7.5 millamperes. Samples
were supported on a horizontal traversing mechanism operated at 2 inches per
minute. The sensing system aperture was a 0.126-inch thick lead sheet contain-
Ing a slot 0.012rinch wide (in the traverse direction) and 0.25-inah Jone (parallel
with char surface) located 5 inches below the tube target. An unshielded
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Victoreen Model 601 ionization tube sensor was positioned directly below the slot.
X-ray transmission from the tube sensor was received by a standard Ridocon
Madel 575 ratemeter an, t-arsmitted to a Sanborn char recorder. figure 10
shows the radial tro ,. oriertatiors for the FM-5014 char sample, where the sample
faces were sloped ;a tri2'ntu'ri X-ray penetration parallel to the ch -r surfoce~and
F igure I1, typicr, Rodo-n-. traces for MX-4926 and FM-5014.

An empirical calibration for obtaining apparent dry density , Pod, based on curves
of log Radocon readout R (Roentgens/minutg) versus the product of apparent dry
density an-d thickness, Padt (g-inches/cm ) wa used for each material. This
approach is similar to the theoretical ex.ponential relationship

logR =f (t X X, P1 s (3)

but avoids the necesity of determining the parameter X i Pi Oti (volumeo
fraction -density -X-ray absortion coefficient) for very solid phase present in
the char la3yer.

This caiibru.tion method utilized the apparent dry densities, Pod (G/Cm 3), determined
directly or. char depth slices. Densities at terminal (virgin and extreme char !urface)
and char zo.a inflaction points (mcoxlmum and min~imums within char layer) were
obtained. Sample thickness t(inches) an-d Rodocon readings R were then obtained from
the radiali traces for chiarred materials at corresponding terminal an-d inflection points
regardless of char depth position. Plots of log Rt versus product p t for each mat-
erial are show,-. in Figure 12 Independent oif char depth position. Wecalibration
obtained for MX-4926 was assumed to bold for FM-5055A, since the two materials
are similar.

Individual Rodocon tracces were analyzed at char depth intervals corresponding to
density specimen centerlines. Products padt,correspon ding to each Radocari number,
were obtaine-d fromi the semi-log plotIs and divided by true thiclcniis, t, at the char
depth IL~coticn in order to obtain Rodocon predicted densi ty. Predicted density pro-
files were then plot-ted versus ci.x) depth location from Radocon traces.

THERMAL ANALYSIS

Thermogravi metric (TGA) an-d differential thermal analyses (OTA) of cl .ar depth slices
Identified fully charred layers and characterized the char layer versus depth in terms
of thermal stability. These tests, particularly TGA, give quantitative character IzatIon
in the pyrolysis zone since the measured responses are proportional to the amount of
Incompletely pyrolyzed resin remaining.
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RADOCON SCALE
CHAR Air (6 CM) - 97

S Load (1/16 inch) 0

!& CONDITIONS
7 " 90 KVA

75MA

amdocon 
A~tr-- , .Ol v, 2 o.2 om

Roodout 0. 012 Wide x 0. 25 Length
R 6 PuralIel to Char Surface
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5 , MX 4926
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FIGURE 12 EMPIRICAL CORRELATION OF X-RAY TRANSMITTANCE, R,
VERSUS THE CHAR DENSITY-THICKNESS PRODUCT, Pat
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Dynamic TGA's of 0.5 gram samples were run in helium to 190'WF at a constant
heating rate of 10e'/minute in a Stonto," Thenmobalance. The data is reduced to
tabular form for concise presentation by tabula'ing the nodes or temperature
points denoting changes In rate of weight loss. Relative thermal stabilities of
char slices are indicated primarily b7 total weight loss and secondarily by the
tabulcted temperature nodes. Incremental weight losses between nod are also
related to the quantity and nature of residual resin or pyrolysis deposition products.

DTA tests on 5 to 15 milligram sares were run on a Stone Differential Thermal
Analyzer in air and helium at a constant heating rote of 19'F/minute to 1800'F.
Data in the usual form of microvolt output of the differential thermocouple vesus
temperature were obtained for the net exothermic events In air atmosphere.
FM-5055A material was also run in helium, but the endothermic events e**ected
were too small to give meaningful datv. For each discernble exothermic event,
the initial temperature, Ta, exotherm maximum temperature, Tp, and end temper-
ature, 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. Are= under exotherms were gruphicaily integrated by
planimeter measurements and were converted to heats of reaction per unit weight
of sample (microvolts *C/mil!igram) by the foilclwing relationship:

Tc

H/W I _ 3 (&V) dT (4)
w Ta

This DTA parameter was calculated for MX-4926 and FM-5014 chars to determine
its usefulness for chcracterization. The single DTA parameter most sensitive to
specimen locition in the char was the initial temperature of the first exothermic
event in the air atmosph'r m_%rements.

ELEMENTAL ANALY rS S

Qwantitatlve elemental anulysis of major constituents (C and H) confirmed results
of other characterizations vwich ders on omcrn's.of hydrocarbons, particularly
thermal analysis, that definid zons of ma'ure char, pyrolysis product deposition
zones, a nd interior pyroiysis .onf. lemeoioi aalysis also provides a basis for
partition of the ch at any depth into the fraction of reinforcement and resilual
resin. A qualitative anilysis for signficant impurities was conducted using an
electrom beam microprobe.

Tie primary analysis method .as the microcombuvtion determination of cwboirt wd
hydrogen by the method of Pregl. The difference between the total mass and sum
of carbon, hydrogen, and ash was assumed to be oxygen. Samples were first
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thoroughly oven dried and vacuum degassed to remove abscrbed water t'-ien burned
in an oxygen atmosphere at 700*C, except for more stable layers near the char
surface which required a temperuture of 900'C. A standard of C8 H9 NO was run
between "pecimen runs.

Electron beam microprobe analyses were used mainly to detect the more stable
impuritios such as metals and their oxides since the vacuum environment and
heat of the electron beam tend to xive off less stable comrponents. Analyses
wore ccnducted on an Applied Research Laboratories microprobe using oscillo-
graph readout.

X-RAY DIFFRACTION ANALYSIS

X-ray diffraction analysis of the surfaces of char depth slices pro'idd a quan-
tivotive measure of the relative concentrations of onisotropic or crystailine
material. Most of this anisotropy was visible in polarized light photomicrograhs.
This anisotropy wa arbitrarily referred to as *graphitization' in this report,
through the crystal spacing intensities are for less than for b-ulk graphite, and
there is no confirmation of the true graphite structure in the anisotropic material.

X-ray diffraction analysis of "graphitizotion" 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 spocings for gcophite and were used as a measure of graphitization.
Figure 13 shows typical char data and corroborating Debye-6cherrer diffraction
pattern photographs Swan MX-4926 char. The graphic determination of intensity
relative to the background is also Illustrated. Diffraction pattern photographs
ore less sensitive measures of graphitization, but they verify tha crystal spcings.

COMPUTER ABLATION ANALYSIS

Meaningful ablator char characterization must be related to the density and temper-
oture history at tfat point during ablation since ablation processes and rates:depend
upon teMpature and thermophysical properties of the ablator at any given time.
In addition, the maximum temperaturi experin.ced establishes the maximum temper-
ature at which thermal -roperties are required at that point in the char and gives

the temperature limits for the three zones in the char selected for reproduction in
he form of thermophysicol property test specimens.
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SECTION V

MX-4926 PHENOLIC CARBON CHAR CHARACTERISTICS

Characterization of the char in the MX-4926 phenolic carbon nozzle throat
from 'Aerojet-General Corporation's 120-SS-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, and 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, 1i, and Illused 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 a
depth of 1 .1 inches using a 63-power assembled strip photomicrograph (6 feet long)
showed size and 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 obtained on potted and polished thin sec-

tions. Thin sections were made in both yarn directions in planes perpendicular to
cloth as shown in Figure 15 . Because there was no distinguishable difference

between the photomicrographs of the two yarn 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 u 25X magnification
combined light view where voids are represented by tP t wite (clear through the

thin section) and dark areas. Successive 200X and 2000X magnifications of a
void location shows light transmitted through a small portion oi 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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SECTION V

MX-4926 PHENOLIC CARBON CHAR CHARACTERISTICS

Characterization of the char in the MX-4926 phenolic carbon nozzle throat

from 'Aerojt-General Corporation's 120-SS-1 120-inch solid propellant booster

provides a complete physical und chemical description of the post-te,.t abltor as
a function of depth. The results ore discussed in terms of their variation, within
and between the major zones: virgin, pyrolysis, and mature char zones,

The date are also discussed in terms of their significance for the definition of the
three subzones in the mature char zones I, II, and Ilfused 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 pl-n-ie to a
depth of 1. 1 inches using a 63-power assembled strip photomicrograph (6 feet long)
showed size ard distribution of voids, char zone degradation effects, and spatial
dimensions of the carbon cloth matrix.

Cloth-yarn spatial dimensions, cloth weave information, additional description of
voids, exierlt of char degradation and polarized light observations of anisotropic
"graph!tized" portions of the char were obtained on potted and polished thin sec-
tions. Thii sections were made in both ycrn dirc.on in perpendicuiar to
cloth as shown in Figure 15 . Because there was no distinguishable difference
be'ween the photomicrographs of the two yarn 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 a 25X magnification
combined light view where voids are represented by the white (clear through the
thin section) ad dark areas, Successive 20OX ond 2000X magnifications of a

void location. shows light transmitted through a small portion of the dark void area
us well as the size and undegraded condition of fill y,rn fibers.

Successive magnifications under polarized light in Figures 18 through 21 show the
high concentration of anisotropic "graphitized" material at pore surfaces oAd

arounid fibers and the columnar deposition of csisotropic maoterial at the surfaces
of large pores. Wite areas indicate high concentration; of anisotropic material.
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"Grapitizotlon", as evidenced by visible anliotropy, extended to 0.25 Inch
below the char surface, in good agreement with X-ray diffraction results. The
depth of g-a.hitized material was the major consideration In establishing the
boundaries of char zone I.

"Graphitized" depcsits are one of the most distinctive characteristics of the
MX-4926 nozzle char. The concentration of "graphitized" material in fairly
continvous paths along cracks and fiben is believed to be a major factor In the
very high thermal cnductiv~ty of graphitized char meiaured parillel with
lamincre planes.

The following observations were made by correlating the photographlc analyses
with the other analyses described In Section IV.

Char Characteristics

Visible char zones, such as the pyrolysis zene/virgin zone interface, were parallel
with the surface. Resin degradation indicated by porosity at O3X was visible to a
depth of 0.8 Inches, about the middle of the pyrolysis zone on tie basis of density/
porosity data. Heat-offected material, indicated by color change, was seen to a
depth of 1.2 inches. This is approina tely where density/porosity data Indicates
the beginning of the viilin zone.

Inter-yam pores and microcracks were up to 100 microns (U.004 inches) wide ,ear
the, surface and decreased in size with depth to 40 microns (0.0015 Inches) at a
• llopth of 1 .03 Inches. The maximum depth of visible Inter-yam cracks was below

the visible resin dogrodatin depthk. The naximum limit of Inter-fiber void size
was about 10 microns. Thse pore size ilmits provided a basis for classification of
poe-rated porosity results In ranges representing Inter-yam and inter-fiber size

porosity. The inter-yam size porosity would be expected to vary the most as a
tunction of the thermal cracking and delam!notlon enountered in any ablation
appicatlo~n.

AnisotTopic or "graphitized" material .oated pore surfaces and fibers in a sub-
surface bond from 0.06 Inchei to 0.25 inches depth. The highest concentration
of visible anisotropic material was columnar deposits on the surfaces of gas-pcth
pores.

Carbon Cloth, Matrix Characteristics

Spacings of cloth yams and cloth layers were constant with char depth regardless
of resin degradation of porosity changes. Volumetric concentratlons of cloths,
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yams, a-id 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 550 in the virgin
zone. Yarn directions were 45" to radial planes in the cloth layer as expected
for bias tape wrapped construction. There were 42 fill yams per inci compared
with an average of 50 in the prepreg, indicating the results ov bias stretch and
hydroclave compression. The carbon fibers had irregular rbrfaces and a mean
diameter of 0.0003 inches. A count of 70 cloth layers per inch indic6.ed that
approximately 40 percent compression had occurred during the fabrication cycle.

CENSITY AND POROSITY PROFILE

Apparent dry densities obtained on vacuum-dried char-depth slices are plotted

in Figure 22 along with computer predicted densities and open porosity calcula-
ted From helium pycnometer determination. of pas. Figure 22 illustrates the
following observations based on density/porosity data :

1. Most of the porosity increase and apparent dry density decrease oc:urs in
the pyrolysis zone cnd these chcges are inversely proportional.

2. The computer results are raasonably accurate based on post-test char

density profiles. Agreement of predict- and measured post-test density
profiles lends confidence to predicted density and temperature histories
at any point in the char.

3. The appwre,. dry density in rhe pyrolysi: zone of the post-test chur represents
the low heating rate coal-cwn period, not the motor firing period.

These observations, which also hold for FM-5014 phenolic-graphite, support the

approach used in the presentation of thermophysicol 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 section IX.

The appnrent density profile given by Rudocon X-ray transmission measurements is

shown in F;gure 23 . Agreement with direct measured values is good, and it is

apparent that no significant density variations have been missed by the char sampl-
ing technique. The Rodocon data doem give somewhat better resolution of a density

peak at the 0.3-inch depth.
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Since the 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, II, and III 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 Z percent. In zones II and III the
high total and trapped porosities, which are a result of high solid densities, are
consistent with the results obtained on furnace char analogues of these zones.
The "graphitization" in zone I apparently yields material of low solid density.
Furnace 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. Smoothing 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, t difference betw'j n open porosity values or, 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 IL

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 apparent 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-yarn 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 Tables IV and V . The total weight-loss to 1800*F in the
helium TGA measurements and the initial temperature, Ta, of the first ,xotherm
;n 5",-'r DT mrcQremer.s woG,, ucntta1ivc-.! 3ersit!vc to depth in the chnr
and are plotted versus char depth in Figure 25

The total weight-loss to 1800OF in TGA measurements is considered the primary
measure of the thermal stability of all material at 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 and by few nodes. The increase in total weight-loss, and
in weight-loss at the temperature of the first node in specimens taken 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
maximum apparent density and low open porosity characteristics typical of
pyrolysis product deposition zones. Specimen H-4 exhibits these some 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 "graphitization" increased
near the surface.

The initial temperature of the first DTA exotherm decreases stiarply through the
mature char zone to a depth of 0.45 inches. This same behavior was not noted
on FM-5014,so no general interpretation of the DTA data is possible. Only the
initial temperature of the first node was independen! 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 characterizction.

COMPOSITION PROFILE

Microcombustion analysis provided composition versus depth in the char. Eicietron-
beam microprobe analysis indicated no significant amount of contaminants, but a
!upplementary spark analysis of ash from the carbon-hydrogen analysis indicated
small amounts of Al, Fe, and Si and traces of Ca, Cu, and Mg.
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Averoged results of duplicate carbon, hydrogen and ash analyses with the
remainder uttributed to oxygen, are presented in Table VI . The clemental
analysis correlated well with TGA, showing hydrocarbon contents proportio-
nal to the weight losses measured to 1800*F. This confirms the location of
the pyrolysi, zone and the presence of redeposited material in the mature char
zon,. The partition ot the elements among the constituents in the char (Table
VI ) provided more descriptive a6W for correlation with other characteristics.
The constant volume of cloth and filler indicated by photomii.rographic analy-
sis provided an initial basis for carbon partition and the assumed stoichiometry
for the remaining constituents, resin, pyrolysis residue, and trapped condensu--
tion cure reaction water allowed complete partition of the elements.

The constant volume of cioth .xid fMlier was first used to calculate char surface
elemental analyls assuming no other constituents and the virgn elemental
analysis assuming a resin concentration per the prepreg specifications. Excel-
lent agreement with the experimental elemental 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
phenolic (specimen H-3), that the ratio of hydrogen atoms to seven carbun
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 resulhs of the partition of the major element, carb,.n,
ore plott.,J in 'igure 26

INTERNAL "GRAPHiTiZTATiON PRc*iLE

Both top and bottom surfaces of all char slices H-1 throug.h H-6 of column W-2
were used in X-ray diffraction tests to establish a measure of "graphitization"
versus depth in the char. The maximum diffraction intensities recorded for the
two prldomninant crystal spacings for graphite are plotted in Figure 27 . The

3.37 A crystal spacing is the moAt 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
portly anisotropic. The peak intensities in the virgin MX-4926 fiom all fabri-
cators reproduced the nozzle value within * two counts at 3.37 A

The decrease in diffraction intensities from the surface to virgin material values
ot a depth of 0.25 inches was selected as the primary characteristic defining the
outer char zone, zone 1, 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 analysis alone did not show maximum aniso-
tropy at the surface, which indicates graphitization of carbon cloth fiber or
filler material not discemable by photomicrographic anilysis. 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

Conputer predictions of daensity and temperuture by Aerotherm were traniformed
to functi ons of depth from the final char surface and interpolated to produce the
plots in Figure 28 . T~e temperature histories show that the surface cools so
rapidly by radiation after shutdown that the outer char regions are effectively
quenched in the active ablation state without surface recession. The continued
pyrolysis during the after-soak period that consumes the pyrolysis zone existing
at shutdown is also apparent. The close agreement between computed and
measured final density profiles shown in Figure 22 justifies using the computer
results for establishing both the post-test char density and temperature histories.
The temperature limits for char zonest, 1i, and III were established by computing
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
that the probable effects were negligible on char above 1200*F, the lower limit
of zone Ill.

Since the computer results plotted in Figure 22 s1.ow that the pyrolysis zone
formed during the firing no longer exists, it is necessary to assume that pyrolysis
zone material resulting from the after-soak is representative of that existing during
active ablation. This is 3ubstontiated by the elemental analysis which assumed
that undecomposed material was phenolic and that the residual decomposed
material was simply carbon. Cn this basos, chemical changes in the solid state
are always the some 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 can be described on the basis of
density/porosity characterisitcs forms the basis for extrapolating thermal conduc-
tivity data to an active ablation pyrolysis zone as discussed in section IX. The
necessity for extrapolation is a consequence of the rate effects encountered in
pyrolysis. An illustration of the effects of pyrolysis rates is provided by the
isotherms on the density versus time plot in Figure 28 . The apparent density exist-
ing at a given temperature decreases rapidly as the intern al heating rate decreases
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at the beginning of the after-soak period. Both the post-test and furnace chars
represent low heating rate states in the pyrolysis zone, and neither c . fully
represent active ablation pyrolysis at temperatures where rate controded
pyrolysis is occurring. Partially pyrolyzed post-test chars and furnace chars
produced at 1200'F may represent the state of the material existing up to 2500OF
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 were sufficiently similar to those of MX-4926 phenolic-carbon, that ther-
mal conductivity 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 program, and only
one of the models was considered suitable for characterization, 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. Subzcies I, II, and II in the mature char 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.

VISIBLE CHARACTERISTICS

The uneven laminate spacings in the FM-5055A phenolic carbon plasma test
model are apparent 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
elongated parallel to the adjacent fibers. This is consistent with the density/
porosity measurements.

2. The concentrao~an of deposited or residual onisotropic 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 onths 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 mechanicnl loading during ublotion. The MX-4926
phenolic carbon nozzle was not free to expand or contract due to the nozzle
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geometry and structure. The relatively unrestrained FM-5055A did not exhibit
significant microcrcklng in the virgin material below the pyrolysis zone and
delaminai!ons in the char did not crack open completely during cool down.

DENSITY AND POROSITY PROFILE

The appoent dry density and connected porosity profiles for FM-5055A are given

in Figure 30. The small specimens available for these measurements limit the
accuracy of the connected porosity measurement to approximately :25 percent.
Solid density and total porosity measurements on powdered samples in the gas
pycnorr.eter could not be accurately made on these samples. The ogeement
between measured and predicted density profiles is poor In this m'aeri-7l, due
prima, ly to poor laminate quality. However, the density and connected porosity
profiles correlate with other measurements in the same way as for the other
materials.

O. the basis of appareni dry density and connected porosity, the 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 a depth of 0.5 inches.
This also accounts for the peak in connected porosity 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 Radocon data versus depth shown In Figure 31. The largest delarninations
are also apparent in the Rodocon data. The Rodocon data taken on a path parallel
to the char surface in Figure 31 illustrates the nonuniformity of t6e density grad-
ients in the olosma test chars. Only plasma test model number 2) had a flat
portion on the side-to-side Radocon density traces made to identicy uniform

density samples for characterization.

THERMAL STABILITY PROFILE

Total TGA weight 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 conttent 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
because this analysis 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 established, or. attempt was made to obtain endotherm data by DTA
measurements in helium. The responses were so small relative to data on stable
reference samples that no analyses could be mode.

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 data follows the same trends through the mature char and the
pyrolysis zone as in the other materials. The results parallel the results of TGA
analysis where weight loss is associated with the presence of hydrocarbon moterial
and increasing hydrocarbon content corresponds to increasing apparent density
versus depth in the pyrolysis zone.

INTERNALMRAPHITIZAT'ON" PROFILF

X-ray diffraction intensity at 3.37 A on the top and bottom surfaces of char depth
slices is plotted versus char deptil in Figure 34 . The x-ray diffraction results
follow the t'end in concentration of anisotropic material visible undcr poiarized
light. The values at the surface are nearly as high as surface values obtained on
FM-5014 phenolic graphite, while virgin values are near those of MX-4926
phenolic carbon. The leveling-off toward virgin material values occurs at the some

peak predicted temperature observed in the other mate-iols, 2900*F, at a depth of
0.25-inches which suggests that char zone I would extend that deep in the FM-5055A
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-corbon material, MX-4926.
Both FM-5055A phenolic carbon 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 decumposition residue and filler. The
temperature-time histories in the plasma tests indicate that the period of exposure
to temperatures over 2900*F in the FM-5055A char is from two to four times as long
as in the nozile 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 significant, but the influence of 'graphitization" in the application
of thermal conductivity data from MX-4926 to FM-5055A must be considered, as
discussed in Section IX'.

71



z

00

00

xX

olo

4u4u) 4uv/ia

72o



00

CLIx
z

0

1000~

Vx
C4I

PUODOS/t~~~uroo- 0A!UII n l

73~



COMPUTER PREDICTED INTERNAL ABLATIOri HISTORIES

Predicted density and temperature versus time and depth for the FM-5055A plasma
test specimen are given in Figure 35 . The computer results predicted 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
initial heat flux and the lack of surface recession. Ihe plasma tests were started
at a colc! wall heat flux of 94.3 Btu/ft 2 sec. that was held for 5 seconds, increased
lineorly to 494.5 Btu/ft 2 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 to
the normal material specifications used as computer inputs. This last factor occounts
for most of the difference 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
pred'cted and measured responses at 0.75 inches in Figure 35 shows good agree-
ment, considering that the thermocouple readirgs would be expected to be lower
due to sidle heat losses and the losses along the wires due to axial insertion. Based
on this comparison the computed predictions are considered substantially correct.

The general observations made in reference to the internal histories on MX-4926
also hold for this materiai.
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SECTION VII

FM-5014 PHENOLIC GRAPHITE
CHAR CHARACTERISTICS

Characterization of the chor from the FM-5014 phenolic-graphite nozzle throat
from the Titan 3C-10 120-inch solid strop-on motor provides a complete physical
and chemical descriptici of the post-test char as a function of depth. The results
ore presented in the same manner as for MX-4926 phenolic carbon so that the
characteristics of the tvw types of char% may be easily compared.

VISIBLE CHARACTERISTICS

The major visible differences between FM-5014 and MX-4926 wero the greater
char depth an FM-5014 and absence of delaninution in the char, a. microcrack-
Ing extending through the pyrolysis zone, and of anisotropic deposits on pore
surfaces. Reflected light examinations were made on the radial plane shown in
Figures 36 and 37 . Low magnification observations were mode before potting,
Figure 36, for maximum visual discrimination of light and dark bonds in the char.
Potted and polished thin sections, located as in Figure 3 8 were used for com-
bined transmitted and reflected light analysis of spatial characteristics and
polarized light observations of anisotropic "graphitized' material. Results of
thin section A are illustrated in Figures 38 through 40. The absence of oniso-
tropic material other than graphite cloth fibers is apparent.

The combined results of all photographic analyses and relationships with other
analyses are dL-cribed below.

Char Characteristics

Alternate 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 -4e angle with the char surface in
the downstream direction.

Density/porosity measurements of H series char depth specimens established that
dark 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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0.19 INCH

1ST HIGHER-POROSITY
BAND

0.19-INCH DEPTH REFLECTED LIGHT - 40 POWER

FIGURE 37 FM-5014 CHAR AT THE SURFACE LOCATION USED FOR
PHOTOMVICROGRAPHIC STRIP ANALYSIS
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CHAR SURFACE

REFLECTED LIGHT 2X VIEW

TRANSMITTED I GHT 2.5X VIEW

PLANE PARALLEL WITH CLOTH LAYERS
UPSTREAM FACE OF B-I

FIGURE 38 F/MA-5014 CHAR THIN SECTION A VIEWS
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most prominent bond, a light bond between 0.4 to 0.5 inches depth, coincided
with the region of greatest apparent density and least porosity in the mature
char zone. The second most prominent bond wa a 0.2-inch wide light band
below 0.9 Inches depth coinciding with the beginning of the pyrolysis zone.
A third prominent visible zone was a block band from a depth of I. 1 inches to
1.5 inches coinciding with the pyrolysis zone.

Both inter-yam and inter-fiber porosity were visible to a ]-inch depth. The
largest pores or microcrocks were t+e inter-yarn type with 80 micron (0.0032
inrh) maximum width. These were concentrated mainly In the repetitive dark
bonds and at the char surface. That microcracking did not extend through the
pyrolysis zone, a significant difference from the phenolic carbon materials,
is believed related to the lesser pyrolysis shrinkage noted In furnace char
preparation and may emplain the relative lack of delarinations 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 shrinkage was resolved in large cracks
at the weakly bonded ring joints.

No anisotropic or 'graphitized" material other than Mhe gephite cloth fibers was
discernible under polarized reflected light. Dark inter-fiber areas in both
polarized light rotations in Figures 39 and 40 indicate the lack of anisotropic
material on pore surfaces.

Graphite-Cloth Matrix Characteristics

As in the tce wrapped MX-4926, there was no visible volume degiodatio-i of
reinforcement fibers and the volumetric spacing and concentration of cloth layer
and yams appeared constant versus char depth. Cloth layers were oriented at an
bnIle of 83' from the chuf surfuce upstreom direction. Yam orientations between
plies vwere ;vncL.m. Mean fiber diameter was estimated to be 0.00032 Inches. In
one plane witn 1111 yarns oriented at 600 and warp yams oriented at 30* to the
char surface, counts of 27 fill yams per Inch and 28 warp yams per inch were
obtained. These are higher than prepreg values, Indicating compreuion. A
coiut of 63 cloth layers per inch indicated that approximately 56 percent cu-m
pression hod occurred during fabrication.

DENSITY AND POROSITY PROFILE

Figure41 illustrates the inverse proportionality between apparent dry density and
open pority obtained on thor depth slices and the comparison of measured and
computer p-edicted densities in the post-test char. Those results are on H-series
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char depth slices taken parallel to the surface to a depth of 0.4 inches and
at -4o to the surface below 0.4 inches. These results yield the same conclu-
sions as for MX-4926 phenolic carbon and vclidate the use of a porobity corre-
lation of thermal conductivity data. The measvrcd P d is higher than predicted
in the mature char zone due to the presence of thermaly unstable material
deposited during the cooling period. Both thermal and elemental analyses show
the presence of material that could not exist at the temperatures encountcred in
the mature char during the motor firing period.

The apparent density profiles given by Radocon X-ray transmission neasureme;ts
are shown in Figure 42 . Ao abrupt decrease in apparent density at the char sur-
face is cleurly shown by the greater resolution of the Radocon measurements. This
data was verified by supplomentary direct density measurements on the surface
slice of column W-3. The apparent density at the surface decreaes to below 0.8
g,/cm 3 and open porosity increase to above 0.6. The solid density at the surface
is then over 2.1 g/cm3 .

All other data are presented in terms of porosity in Figures 43 and 44 . Com-
plete data for both char deptF slice orientations show similar behavior of porosity
versus depth. The total and open porosity curves are an average of three measure-
ments on each of three specih ens per zone and all values were within *5 percent
o' the average. Both total porosity and closed porosity are lower than for
MX-4926, and total porosity and solid density do not increase with depth in the
char. As witn MX-4926, the behavior of total porosity from zone to zone was
reproduced In tMe fuinace chars for thermophysit property measurements,however
better agreement between open porosity meosurement% on zone specimens and char
depth slices was obtained on FM-5014 due to the smuli amount of very large
porosity. The open and penetrated porosity values are more similar to MX-4926
for the some rmon. Typaca mercury porosimeter data on a char depth &Iice are
shown in Fiqgu.e 43 . Continuously increasing values at the high pressure end of
the run were attributed to compression of the specimen, which would tend to make
the results low In the fine porosity range.

The porosity rota Indicates that the mature char zone ends at approximatel/ > 0.8-
Inch d"th, Ir agreement with oil other unalyses. Below 0.7 inches the ",cr asing
proportion of fine voids is characteristic of this material. At this depth the difference
between pent rated anj open porosity is believed to be fine voids not resolved by
the mercury p roslrreter or closed due to specimen compression. Closer to the sur-
face the differtrice Is probably large voids as in the case of MX-4926. Apparent
densities Increase and porosities decreuse steadily in the pyrolysis zone and con-
verge otn virgin material vulues beyond u depth (it 1.8 Inhes.
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THERMAL STABILITY PROFIL,"

Tables VII and VIII 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 twu
parameters were dependent upon depth in the char, the TCA total weight-loss
and the initial temperature, Ta, of the first exotherm in the air DTA. These data
are plotted versus char depth in Figure 45 . The total weight-loss data is easily
interpreted as a measure of thermal stability of all material at any depth in the
char. However, the DTA data appeared to be a function of both pyrolysis and
"graphitization", whereas in MX-4926 it seemed to be related only to "graphiti-
zation. "

The weight-loss data indicates that the mature char zone extel is to a depth of
approximately 0.85 inch. While apparent 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 ad the elementoa analysis data indicate that the density/porosity pro-
file is affected by a high content of pyrolysis residue. The temperature of the
first node in both the TGA and DTA results increases over pyrolyiis zone values
at a depth of 1.05 inches, but this is believed to be related to chemical changes
from partly pyrolyzed phenolic rather than a transition from the pyrolysis zone to
the mature char zone.

A weight-loss peak in the mature char zone at 0.45-inch depth indicates a large
amount of hydrocarbon pyrolysis products, in agreement with elemental analysis.
This depos'?tion occurred during cool-down at a region of maximum apparent
density and minimum open porosity in the mature char. These products showed
very stable node characteristics, believed indicative of a high temperature crack-
ing fraction.

COMPOSITION PROFILE

Composition versus depth in the post-teit char was obtained by microcombustion
analysis. Electron beam microprobe analysis of a char slice at 0.75-inch depth
showed the presence of 1 to 2 percent chlorine and less than 1 percent potassium.
Spark analysis of ash from the carb+on-hydrogen analysis indicated small amounts
of Al, Fe, and Si and traces of Ca, Cu and Mg.

iAic;ocombustion analysis on duplicate char depth slices for total carbon, hydrogen
and ash 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 mature 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 was developed on the basis of the constant
volume concentration of carbon in cloth and filler shown in photomicrographic
analysis. This is the some basis used for MX-4926 and it was verified In the
same way by calculating the elemental analyses of virgin and char surface may-
erial. At other depths in the char, stoichiometrlc 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-1 1) and that the total oxygen content existed in
residual phenolic (specimens H-13 nd 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 "graphitizaton" shown in Figure 47 . The diffraction intensities at the
char surface are about twice the levels for the virgin material. Since no inter-
fiber anisotropy was discernible by photomicrographic analyses with polarized
light, the additional graphitization in the mature char must be attributed to small
crystaillites of graphite in residual or filler material br further graphitization of
fibers. The decrease in diffraction inte les from the surface to virgin material
levels at a depth of 0.3 Inches was the .mary characteristic defining char zone
t in this material.

COM UTER PREDICTED INTERNAL ABLATION HISTORIES

Predicted densities and temperature versus time and depth for the FM-5014 nozzle
throat are given in Figure 46. The results are similar to those on MX-4926 except
that deeper charring and milde temperature gradients result from the longer expo-
sure time and higher thermal conductivity for this material. Ablation after shut-
down is more extensive since ore heat Is stored in the deeper char. The general

observations mode in reference to the internal histories on MX-4926 also hold for
this material.
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SECTION VIII

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 phenolic-graphite. Furnace charing
methods used to reproduce these subzones, designated as zones I, II, and III, In
the form of large samples for th6rmophysicol property measurements are desclbed.
A summary of the result of complete characterization on the thermophysical pro-
perty samples, required for analysis f the property data, Is given.

CHAR ZONE DEFINITION

The quantitative description of the post-test nozzle chars provided by characterizution
enabled the selectioi of three distinct subzones in the mature char layer for thermo-
physical property measurements. Measurements on each of these zones plus the vir-
gin material enables defining changes In thermophysical properties accompanying
ablation in these materials. The mature char subzones and the virgin material of
both MX-4926 and FM-5055A are described at follows:

Char Zone I - This stable surface zone is characterized by a significant amount 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 46001F on the outer hot face.

Char Zone II - This stable middle char zone kr similar to zone I ,aept that there is
no graphltizatlon -nd pyrolysis Is complete for both the nozzle chars and the
chars produced at low heating rates in the laboratory. This zone has experienced
to-, atura frum 1900"F to 2900OF.

Char Zone IIl - This zone Includes the outer portion of the pyrolysis zone and is simi-
lar to zone II except that it contains some unpyrolyz,€d phenolic and contains
less ruloual carbon. The Inner boundary of this zone Is arbitrarily placed at
a level which -'- -,lertenced a 1200*F maximum temperature.

Virgin Zone - Th a material unaffected by heating except for volatilization
losses not exc, .0 percunt by weight. The density and composition ore those of
the original ablator with a total porosity less than 3'percent. The upper temperature
limit of this zone is 500F for MX-4926 and 700*F for FM-5014.

-- - - -



The characteristics of each of these zones in the MX-4926 and FM-5014 mature
chars are summarized In Tables X and Xl and were used as targets for establish-
ing furnace charring methods. No attempt was mcrJe to duplicate the thermally
unstable material deposited during cool down in the zone I and 11 chars because
these deposits are not characteristic of an ablating char. All zone characteristics
were duplicated except that unavoidable shrinkage accompanying the pyrolysis of
the unrestrained furnace chars resulted in higher apparent density and lower porosity
than measured on the post-test nozzle chars.

THERMOPHYSICAL PROPERTY SAMPLE PRODUCTION

Virgin materiol from the "iozzle segment was used to prepare FM-5014 char samples,
but the MX-4926 nozzie segment virgin material was 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 from the rough cut slabs and char specimens were machined
after the charring cycles using conventional lathes and grinders. Thermal expansion
and specific heat specimens were machined from the slab material adjacent to the
portion used for thermal conductivity specimens.

Table XII lists all thermal property specimens produced from the slabs described
above 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
nroietals for one oblator, Data from these specimens are designated as "nozzle"
data in the discussion of thermal expansion and specific heat results.

The furT.ace char analogues of zones I, II, and III were produced by charring virgin
slahs in an argon atmosphere in an induction-heated graphite retort, shown in Figure 49.
Each slab was supported by posts inserted into the base plate. Up to four slabs were
charred at the same time to insure uniformity. After the Inaded retort was placed
into a ceramic-potted, water-cooled induction coil, fine graphite powder was
added as thermal insulation between the coil and ;usceptor and over the cover. Heat-
Ing cycles were controlled with two interchangeable cam program controliers - one
for Type R thermocouple control to 2500*F and the second for radiometer control
between 2500*F and 5000*F - which activated a 100 KW, 9600 cycle induction power
supply.
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A lorge number of heating cycles were tried to establish the fastest cycle that would
not cause delamination. The MX-4926 material was much more sensitive in this
respect, so that the common heating cycle used fo both materials was established
by the behavior of MX-4926. Silection of the maximum furnace temperature for
producing zone III chars, 1200*F, was based on weight lost on heating to 1800*F in
TGA tests of test pieces. The maximum furnace temperature foe zone II and I chars,
2500'F an6 4000*F respectively, was based on X-ray diffraction analysis for 'graphi-

tization" on trail furnace slabs. The zone I samples were processoi so that they were
sufficiently graphitized that they were like near-to-the-surface chars, thereby yield-
ing stable samples for me-urements at the highest temperatures.

The furnace charring cycles for zones II and III are shown in FIgure 30 The stepwise
holding at several temperatures was found necessary for minimizing delaminations and
precluded varying heating rates to modify sample characteristics. The sample
characteristics were estcklished primarily by the maximum temperature reached. All
zone I furnace chars were first subjected to the zone II cycle to complete all pyrolysis
and then rerun on the cycle given in Figure 51 to graphitize to zona I condition.

The thermal stability of each virgin and furnace char material for thermophysical
property measurements was verified in advance by a five-hour temperature soak at
the highest hot fac6 temperature expected in the thermal conductivity tests. TGA
tests on portions of the rough-cut virgin slabs sbown in Figure 5: gave a 4 percent
weight loss on FM-5014 at 700*F and indicated that virgin MX-4926 could not be
heated abwve 5D0F if greater weight loss was to be avoided. Temperature limits of
700* F and 500*F were then established for virgin thermal properties. The TGA data
shown in Figure 53 indiccted that 1000*F should be the temperature limit for zone
III charn. Stability was verified for a vacuum test environment in a Cahn Vac'jum
Microbalance by a weight :oss of only 0.13 percent in 2.5 hours at 1000*F and 10-2

Torr. The thermal stability limits for zone li and I char samples were the same as the
maximum charring temperatures, 2500*F and 4000F respectively, since negligible
changes in weight or X-ray diffraction intensity resulted from continued heating at
these temperatures.

The fact that the "graphitizatlor' during all furnace charring triols was found to be
a function of temperature, but not time, was the basis for assuming that "graphitization"
during ablation could be considered independent of an, rate effects, i.e., extent of
"graphltization" at any temperature is independent of the heating rate in reaching
that teMnerture. This assumption simplified the extrapolation of thermal conductivity
data In the 'graphitized", fully pyrolyzed char as described In section IX. Although
the difference between active ablation heating rates and heating rates obtainable in

o furnace does not permit direct evaluation of this assumption, the fact that *graphiti-
zatlon in the zone II and I post-test chars was reproduced at temperatures on 4009F to
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-T00F lower in furnace chars is taken as evidence that "graphirization" rate effects
are snmall compared to pyrolysis rate effects. In pyrolysis rate controlled zone III,

equivalent furnace 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 p-eviously discussed in section V.

THERMOPHYSICAL PROPERTY SAMPLE CHARACTERISTICS

Furnace 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 III chars, since virgin analyses
were already available and zones I and I were completely pyrolyzed. All characteri-
zation prior to thermophysical property measurements utilized portions of the furnace
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 furnace 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 (10.02 2 gm/cm3) were in the 0-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 thermal 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.

Furnace slab and cond'uctvity sample characterization results for char zones I, I1. and
III are summarized in Table Xlil. The two types of values agree well except for speci-
rner, ,C%-,i-70 anj ..- 0-0, wAch apporently had a terdancy 1o contract ;n the 9C-
degree orientation and expand or delaminate in the 0-degree orientation during the
thermal conductivity measurements. Generally good agreement of before and after
test values from different portions of the furnace char slab verified that the samples
were uniform 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 furnace char slab portions available for density/porosity characteri-
zation were assigned to one or the other of the two destructive tests: determination of
true solid de-sity ond total porosity or determination of the size distribution of open
pores. This accounts for the alternate appearance of Ps, and f t or and size
distributions in Table XIII . The nondestructive determination of .was conducted
on all of these specimens. Two sets of i p and size distribution results are missing due
to equipment failure during the runs. In general, the furnace chars have a lower fraction
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of the large interfiber and interlaminar "pores" and a corresponding lower C t
than do the equivalent nozzle chars, probably a result rf the shrinkage of unrestrained
specimens in the furnace during pyrolysis and the reia.ed delamination in nozzle chars -

restrained by attachment to virgin materia!.

Partition of the results of elemental analyses on zone III furnace slabs showed that both
furnace char materials had a higher H20 content but the same range of phenolic hydro-
carbon content as the post-test nozzle chars. The amount of pure carbon pyrolysis
residue was the same in both nozzle and furnace chars of FM-5014 material, but the
results indicated ti t MX-4926 zone III furnace chars had slightly less carbon pyrolysis
residue than the zone III nozzle chcr. The MX-4926 PC-1ll-90 specimen had the
lowest phenolic content, nonsistent with the fact that it had the lowest TGA weight
loss of the MX-4926 zone Ill furnace char.

The internal appearance of zone I furnace char specimens is shown in Figures 54 and 55
Under polarized light, the MX-4926 mateiial shows a high concentration of "graphitized"
residual material between fibers, just as in the nozzle chars. Although FM-5014 nozzle
cbars contained no "graphitization", the amount of "graphitization" in FM-5014 furnace
chars was very low compared to MX-4926 furnace 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 "graphitization" phenomena of
each nozzle char was reproduced in the furnace chars.

Characterization of virgin materials for thermophysical property measurements consisted
simply of verifying their unifonnity and establishing that all target values for the virgin
zone in Tables X and XI were met. RaAeL- Jensity surveys showed the virgin speci-
mens to be uniform within :i.008 g/cm3 of the target values. The only other require-
ment for virgin sample characterization wjs assurance that the laminates met the
material specification requirements for tensile strength. For FM-5014, strength had
been measured by the nozzle fabricator. "Cr MX--?an, : p -, from the TRVW' 'oc
were selected because they were made from nozzle prepreg, reproduced the nozzle
density, and were of generally excellent quality. There was insufficient material
available to conduct mechanical property tests in addition to all the other tests.
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FIGURE 54 MX-4926 ZONE IFURNACE CHAR PHOTOMICROGRAPHS, 100X
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FIGURE 55 FM-5014 ZONE I FURNACE CHAR PHOTOMICROGRAPHS, l0OX
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SECTION IX

THERMAL CONDUCTIVITY MEASUREMENT S

TEST MENhODS

Thermal cc"nduct;vity w,-s measured by a steady-state, one-dimensio-ial heat flow,
comparative method using disk-shaped specimens. This method uses a heat meter
o1" ; nc"nA co-iductiviy in series with the specimen to measurc the heat flux common
to both. Therrrocouples are placed along the axis of the specimen at known loca-
tions to mensure the temperatures. The conductivity of the specimen is ther. calcu-

lated from the uual one-dimensionul formula, K - Q . Q is the measured

heot flux through the test volume of the specimen, A,/ isATTe test area to thermocouple
spicing ratio in the specimen, and AT is the tenoeaurv difference between the
axial specimen thermocouple..

A one-di-mensional steady-state heat flow measutement method ii desirable and
highly proctlca, for se',,eral reasons. Steady-state methods yield the highest accur-

ocy attainable in thermal conductivity rneasuremer.ts because the co-iductivity is
the only criable involved in a steady flow of heat through a material. By forcing
the steady heat flow to be ore-dimensional, the amovnt of required information is
reouceoand wthe interpretation at the data is s;mpiified. The attainment of truly one-
dimensional heat flow of the proper magnitude through a specimen is complicated by
many factors, especially in highly anisotropic specimens. The two main considera-
tions ore radial heat fluxes within the specimen and control of axial temperature
gradients through the specimen and heat meter.

Test Apparatus

Thke self- .ordlng di.ik comprotive teci..ique permits cntrc! -:4 the:e factors.
Generally, the qii. .. u. .i;ere" cons;,ts of -, heater, thl disk specien,
and the heat-flow meger with attached heat 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 1! important because the gradient 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 small, individual temperature

errors will constitute a large percentage of the measured temperature gradient, and

cause a large error in the computed conductivity. If the gradient is too lorge, the

resulting mean conductivity will not apply at the corresponding arithmetic me n

temperature if the conductivity is a non-linear function of temperature.
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The tcet upjtu wus designed tu pro-vidr optimium can trul Of the UxijI temper-
ature Or%3dienflS. Firsl, ti~e gii.ditNits in tie specimen or~d in the heat meter were

mudle neatly equal by riatching the conductivity of the meter to that of t+e
speci men . Since pyroicerurm 9606 ip1'ruxirnutes, the curidvutivity of the virgin
nlaieuials, it Ajis used for the low-temperuture meouruemernti on, the virgi- -peci-
incus$. Simnilurly, type 347 stainless steel wu% t'ed for the high temperature
moa-lurements because its conductivity aproximvles those of the char specimens.
Sacc-nd, the gradi&)t wa. cocitiolled vwitidi tire desied isige by vurying tire
thermal resistance between the specimern and the heat meter, thereby co)nrolling
the level of heat flu.x in the systemn. For the low temperature virgin and zonS6 Ill
specimens, either one or th.it pods of woven prn,)hit(c cloth were placed between
the specimen vi the heal rre-terr. For zonc I I urid I specimtvns, the nunber of
pods used ( iximrn at t-,,. I -pen-dad on the specimen lamination anglo and the
highest test t*,rtkrc'ure expectod.

Radial heat tiuxes must be minimized, because the conductivity is caliutoted fro'cr
the oxyicl tlux leaving the specimen and entering the heat meter. Depending on
its direction, a radial flux will either odd to or subtract from the axial flux
measured by the heat meter, thus Introducing error in the conductivity determina-
tion .

Radial heat fluxes are c'xtrenmely difficult to elirrinate in tI ; one-dimensional,
axial flow te chnique, and usually can only be minimized by a prudent cl,-ice of
specimen diameter-to-thickness ratio wnd tha! use of appropriate heat sLieldinq
arou~nd the curved surface of the specimen and heat -neter. Onrly the central
1-inch-diameter specimen is utilized ais the test volume. The r-cmaonder of the
specimen acts cis a guardl against radial loss of heat from the test core. An optimum
practical choice of specimen diameter -to-thi ckne ss ratio existi for ouch specimen,
depending on the level of conductivity and the degree of specimen anisotropy

expected, i .gne, t'h igi' values ct diameter-t-c-thckre, rQ1io are bettler.

Radial heat flow in the heat-flow meters is minimized by a series cf guard
cylinders. Only the inne--nost 1-inch-diameter cylinder is used as the meter for
measuring heat flow ft~om the 1-inch-diameter specimens test core. The construction
of the heot-flow meters is illustrated in Figures 56 a-id 57

The heat shieldnrg aroun~'d the specimen and F eat meter was designed to fit the
temperaturts range that wasI to be expeibenced. The virgin and zone Ill specimens
wore tested in one atmosphere pressu-e of argon, so care was taken to prevent
heat transfer by convection . For thr- zone I I and zone I specimens, which were run
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in vacuum, shielding against radiation losses was at prime importance. The actual
shielding arrangements used in zone Ill, II, and I measurements were variations of
those shown sLhemuti-Qily in Figtre 58 ,

Conduction-type heaters were used in the low-temperature virgin and zone ill
material measurements. These heater, shown in Figures 56 and 58 , consisted
of mussive metal blocks intemally heated electricallv. The metal block Vwfich
had high conductivity relative to the specimens distributed the heat generated by
the resistance heater. The weight of the metal block kept the specimen flat
against the het-flow meter below ard discourogee delamination of the specimen.
In the virgin and zone IlI measurements, one layer of woven graphite cloth was
placed between the heater block and the specimen to make uniform the heat
distribjtion ave. the surface of the specimen by filling the small gaps between the
heater and specimen surfaces caused by macroscopic variations in the surfaces of
the specimen.

7 one II and I measurements dictated the use of radiation heaters in order to provide
the temperature and flux density required. For the zone III specimens, a tantalum
radiation 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
and to reduce the possibility of delamination. Again, one layer of graphite cloth
provided a conduction bond between the weight and the specimen. For the zone
measurements, a graphite paddle heater was used, and o tung:ten cylindrical
block weighted the specimen. No graphite cloth wQs used between the tungster,
block and specimen in this case because radiation heat transfer reduces the effect
of surfuce iregularities an the thermal bond between the block and specimen.
Figure 58 shows the positioning of the heaters, specimen weights, and specimons.

Chromel-ulumel thermocouples were used in the virgin and zone Ill char materials,
platinum-rhodium and tungsten-rhenium in the zone II chars, and tungsten-rhenium
in the zone I chars. The thermocoupie bead was bonded to the specimen with a
high temperature, graphite-base cement. A good thermal bond between thermo-
couple and specimen is essential to insure precision and accuracy in the differen-
tial temperature measurements required for the calculation of the thermal conductivty.

Test Procedure

The measurement procedure, after appropriate setup involving instrumentation, insu-
lation, and environment cuntrol, entailed the recording of temperatures in the
specimen arid heat-flow meter at each of several thermal equilibria. These data
permitted calculation at each eqLillbrium of three values of thermal conductivity -
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one for the average temperature between each pair of specimen thermocouples.
See Figures 56 and 5. . Data were recorded at four or more equilibria for
each specimen. ,olt measurements were made at eqjilibria at successively
increasing temperatures, followed by at least one set of measurements at a
lower t. mperature equilibria to determine the effect on the stability of the
spe,imens of the long soak periods required for the measurements at high temper-
ature

The specimens weri machined to appropriate dimensions. In some cases,
especially those with Odegree laminations, it was neceuc.ry to lap the flat sur-
faces of the 3-inch-diameter by 1/2 to 3/4-inch thick disks to achieve plane
surfaces. Thcrmocouple wells were then drilled and thermocouples fitted.

RESULTS CF THERMAL CONDUCTIVITY MEASUREMENTS

Figures 59 through 80 show the measured conductivity values. Data are
Included for all specimens identified in Table XII , section VIII except PC-11-45
and PC-I-4S. Results of measurements on these specimens showed too much
scatter a 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 were weighted on the basis of
several factors, discussed in later sectionsand represent best estimates of the
actual property values. The scales chosen for euch curve reflect the accuracy
attained in the masremens.

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

(1) Apparent thermal conductivity, or conductonce, 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 gmneral, conductance decreases as pyrolysk increases; this is attributed
to a corresponding increase in porosity. However, values for zone I chars
were usually higher than those for zone 11 chars. The higher level in zone
I over zone 11 and in the case of the MX-4926 material, zone II over zone
III, is considered to be due to 'gropiitization."
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(4) Comparison of results for all materials shovs the dominant qffect of the
cloth direction on conductivity.

(5) Conductivity of the MX-4926 material appears to be dramatically affected
by "grophitization."

(6) The laboratory-charred specimen, wcre extemely stable. No change in
the measured thermc.; conductivity upon return to low teniperatu'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
above, several other pertinent factors influenced the measured thermal conducti-
vity of the MX.4926 and FM-5014 virgin and char materials. These included
porosity, "graph itirctio, " effects of layup angle, effects of arisotropy, and radia-
tion transfer. Also an analysis of errors associated with the test mehod is considered.
These topics are discussed next.

Error Analysis

The apparent symmetry and seemingly simple boundary conditions of the self-
guarding disk method suggest that an analytical model could be developed which
would describe well the influence of the various experimental parameters on the
temperature distribution and heat-flux pattern obtained in a given specimen.
However, the boundary conditions are actually quite ccmplex, and simplificatiol
lead to analytical models vich are insufficiently definitive and therefore give over-
simplified results. Several analytical models which were developed during this study
proved inadequate to explain the temperature profiles observed in the instrumental
specimens and heat-flow meter. Appropriate complex models could have been
developed, but would have required numerical solutions, and therefore, would not
have allowed the relative influence of experimental variables to be discerned with-
out extensive parametric studies, particularly in view of the highly anisotropc-
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 expected in the measurements conducted. This approoch to error analysis
was uccepted as the most realstic after the difficulty and inadequacy of analytical
analysis was proven by the failure of several models tu account for the observed
temperature profiles.
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The accuracy of the reported measurements is defined as the confidence aso-
ciated with the values assigned to the specimen conductivities by the curves
fitted to the data. The accuracy of the data was limited by the uncertainties
associated with thermocouple calibration and thermocouple bead location, heat
meter calibration, and measurement technique. The latter refers largely to the
effects of heat fluxes developed in the specimen, the graphite cloth thermal
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 specimens (PC-lI-0 and PC-Il-90) were instrumented for use in the
error experiments. Both were measured under various boundary conditions which
produced variations in measured thermal conductivity due to an accumulation of
experimental errors. The observed variations in measured thermal conductivity
were then used to estimate probable experimental error. The range of boundary
conditions which produced variations in measured conductivity were extreme
enough that any other 0- and 90-Jegree specimens would have a high probabil-
ity of being measured under condilios 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. Znne II specimens
were chosen for the error experiments because the zone II measurements included
more sources of e-ror for the high temperature zone I measurements. Zone I
specimens were riot co isidere .r the error experiments because of difficulty in
reliably instrumenting a high-temperature specimen for extensive measurements.

Details of the procedure and results of this experimental error analysis are presented
and 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-ll-0, the boundary
conditions were varied to bracket the conditions under which any 0-degree speci-
men may have been measured. Then the observed variation of the measured thermal
conductivity from the mean was taken as the accuracy limit for the :,oortel thermal
conductivity curve. Similarly, any 0-degree specimen may have exp -enced a set
of boundary conditions within the range established with specimen PC-1I-0, since
the exact boundary conditions experienced by a given soecimen hod some degree
of randomness attached. Thus, its precision in this case was, at worit, the same
as the accuracy asigned to the measurement. For this reason the precision and
ac'uracy have the same percentage values.
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Utilizing the procedure outlined above, limits for the accuracy and precision for
the reported data for oll 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 all sources of error outlined here and in the following
sections. As such, they should be considered maximum limits. For most of the
spec" '-,i s, the maximum deviation of the measured data points from the curve was
les. d~an 1/2 that listed in Table XIV

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

All 0-degree lamincition specimens in zones III and Virgin: *8

All 0-depree lamination specimens in zones II and I: ±16

All 20-degree lamination specirmns in zones III and Virgin: ±1C

All 20-degres lamination specimens in zones II and I: ±18

All 45-degree lamination specimens in zones III and virgin: ±12

All 90-degree lamination specimens in zones III and virgin: ±15

90-degree lamination specimens in zone 11 and zone I,
FM-5014 only: ±20

90-degree lamination specimens in zone 1I and zone I,
MX-4926 only: ±25

Correlation of Conductivity and Porosity

As curves were fitted to the conductivity data, it was noticed that the changes in
conduclivity from one zone to another followed the pattern predicted by the known
changes in porosity between zones. Therefore, a semi-quantitative correlation of the
thermal conductivity data across zones was developed. In some cases, good correlation
of the change in conductivity fron one zone to another, in terms of the changes in
porosity of the specimens between these zones, was obvious . The porosity correlation
Is one of the relatiorships needed to extrapolate the conductivity data to nonequilibrium
states of active chars. It is the primary correlation -eeded to predict conductivity in
the pyrolysis zone. Details relative to the establshmet of this correlation are pre-
sented in Appendix B. A brief summary of this evaluation as it pertains to the two
materials follows.
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For the FM-5014, 0-degree lamination material the change in thermal conductivity
with continued pyrolysis of the resin from the dens* virgin state up to the rgion
where significant "graphItizatlon" of the filler material and resin residue occurred
could largely be accounted for slmpl), by a change In porosity of the material. In
other words, up to the temperature region whore the process of "graphitization"
begins to significantly affect the mlcrostructure of the material, the degradation of
the resin appears to affect the thermal conductivity only through an associated 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 material the effect on conductivity of the Initial
pyrolysis of the virgin material could not be accounted for simply by an associated in-
crease In porosity, as in the 0-degree lamination case. This indicates that the pyrolysis
reactions do influence the thermal conductivity parallel to the reinforcing fabric to a
significant degree. However, for this case the change In thermal conductivity from
zones III to II could be attributed to a corresponding Increase in porosity from zones III
to II, indicating that the influence of the chemical reactions on the thermal conductivity
became negligible after pyrolysis had reached the state of development represented by
the zone III material.

The breakdown of the porosity correlation from zones II to I In both the 0- and 90-degree
lamlnation angle specimens was Interpreted as a measure of the effect of "graphitization"
on the thermal conductivity. "Graphitization" occurring in the zone I region resulted
in an increase in the apparent conductivity in the 0-degree lamination case by a factor
of about 1.8 over the increase which could be expected as c result of the decrease In
porosity from zone i to zone I. In other words, "graphitization" resulted in an increase
in the solid matrix conductivity for this case.

For the MX-4926 material, the results of the porosity correlation applied to both 0- and
90-degree lamination virgin and zone III specimens gave rise to the some Interpretation
as that put forth for the FM-5014 0-degree lamination material. That is, for both the
0- and 90-degree lamination case the solid matrix material conductivities for the virgin
and zone III materials were nearly the some.

For the MX-4926 material, the greatest effect of "graphitization" seemed to occur in
the zone II region. No porosity-thermal conductivity correlation was possible from
zone III to zone II for either the 0- or 90-degree lamination cases. However, for the
0-degree lamination case, an approximate correlation existed from zone II to I, although
the effect of further "graphitization" seemed to be one of lowering the value of zone I,
0-degree 'amination conductivity somewhat below the porosity-predicted value. A sur-
prising result considering the apparent occurrance of "graphltization" in zone II was
the low apparent conductivity In the 0-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"graphitization" in this material and
may be related to the tendency for "graphitized" pyrolysis depositicti pioducts to
form continuous paths along fibers.

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

"Graphitization" Effects

The effect of "graphltlization" 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
III to zone II to zone I chars. On the other hand, only relatively small effects were
observed for the FM-5014 material. That "graphitization" effects should be more
evident 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 material
perform somewhat like the FM material in zone I. However, the increase in the value
of the thermal conductivity for the"graphitized" MX material over the FM material, a
factor of two in the low-temperature region of the zone I measurements, was surprising.

This difference probably is related to the mechanics of the "graph*ization" process
occurring in the MX material, and could depend strongly on the permeability para-
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 crystal growth and orientation to account for the observed increases
in thermal 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 hive to be highly oriented with the "a" axis
directed along the cloth fibers. The very high conductivities in the direction of the
laminates may also be related to the "graphitized" deposits formed in continuous paths
along fibers that were noted in photom;crographic analyses. The decrease in material
porosity in the high temperature chars could well reflect the deposition and 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 "graphitlization", deposition temperature, time-teniperature history, etc.,
that full explanation requires further intensive investigation.

Further references to particular effects of "graphitization" on the thermal conductivity
appear in other parts of this section.
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Effect 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 a et
of principal conductivity axes. This hypothesis was investigated in some detail as
reported in Appendix C.

A cnmparison between 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 can
he predicted if knowledge of the conductivity at two angles is available. It is
inte'esting that a sin 9 relation better applies in the partially pyrotyzed zone Ill,
whereas a sin 2 9 relation better applies in zones II and I where "graphitization"
has apparently occurred. f' isappearance of the resin as an entity and subsequent
"graphitization" of the fillt, .._id carbon reinforcing cloth have the effect of establish-
ing better defined principal conductivity axes in directions parallel and normal to the
reinforcing cloth.

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 transport apparently contributes negligibly to the effective
conductivity. Due to the obvious difference in radiation transport characteristics
between tne FM-5014 and MX-4926 materials, the applicability of the angular
correlation at high temperatures, above 2400 R, is doubtful without further experi-
mental investigation for lamination angle effects between 0 and 9n degrees.

Effects of Specimen Inhrnocj-ei.j' und Anisotr2py

The inhomogeneous and anisotropic structures of the materials in this program have a
significant effect on their thermal conductivities along the various axes. In 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, particularly
in specimens with laminate angles other than 0 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 difficult in non-zero- egree specimens. However,
post-test measurements of the actal locations permitted the elimination of this source
of data scatter.
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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 a technique that allowed an estimatior.
of the temperature perturbation required to cause the data scatter observed in the
ccue of specimen PC-Il-90, Figure 66 , when it was assumed that the scatter was due
to this source. In general, the adjustment- afforded by this technique are minor and,
on the basis of application to the data for specimen PC-Ill-90, quite reasonable.

The anisotropy of the specimens limited the precision of thermal conductivity measure-
ments in a third way. In specimens with lamina normal to the direction o; heat flow
(0-degre. lamination), the isotherms within the spec;men probably were almost circular.
However, due to the anisotropic conduct;vity of the materials, this was not the case
for specimens with lamination angles other than 0 degrees. Since the three specimen
thermocouples entered the specimen at different angles to the lamination direction,
each could have been influenced to a 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 an appropriately weighted average of the three conductivities measured at each
equilibrium. However, they could cause scatter.

To investigate directly this material anisotropy effect on data scatter, an experiment
was run in which radial temperature 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 causing :5 percent scatter in the data for the non-zero-degree lamination
speciryns.

Radiation '"ects

The total effective or apparent conductivity (sometimes referred to as conductance) of
the specimens was the quantity measured in this program. In these measurements, the
appearance of a (T3) function in the effective conductivity at high temperatures is
usually attribuied to a contributiori by inter,?l radiation to the lattice conductivity; a
Belle(1 0), Viskata(1 1), Bates( 12), Kingery, 3), and Kellett( 15). Radiation transport
through a solid material is determined by the optical parameters and structure of the
material. The carbonaceous materials of this program should be quite opaque, suggesting
that 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
incregsis efficiency as the temperahre of the specimen is increased. (See Loeb( 16 ),

in(l, nd Frnncl( 18 )).

Studies of the radiant energy tr---tsport across pores have suggested ways of including
the radiation effects in an effective conductivity. One method consists of obtaining
an expression for the effective radiant conductivity for the pore in terms of appropriate
pore dimensions and material properties: and then combining this conductivity with
the conductivity of the solid matrix surrounding the pores.
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The work by Loeb(16) and Belle (10) demonstrutes this technique. Although the work
in these references may combine the pore and solid material contributions in the proper
way, the applicability of the results to the present work is limited by the lock of
knowledge about the pore conduction term. The data obtained in this program show
that the temperature dependence of thermal conducP: ,ity at high temperatures is
different for the MX-4926 and FM-5014 materials. The porosity ihape and size
distribution studies did not indicate significant differences berweei these materials
in these respects.

The effects of pores on radiant energy transport through the material :on be obtaiied
by investigating the effects of the pore shape and optical parameters on the orientation
of the principal conductivity axes of the materiol ii the higher tmperawure 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 orientation at low temperature and in a vacuum
where the pore conductivity is essentially 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 normal to this axis. If the pores are elliptical with their long axis at some 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 and in effect destroys the
orientation of the principal axes which was established at low temperature with negligible
pore contribution. The optical parameters of the material anter in the same way.
Regardless of the pore orientation, the heat flux transported across the pore will depend
upon the bi-directional reflectance associated with the pore shape and material. The
net result is a local principal axis orientation which depends in part on the local
absolute temperature.

This mechanism could enter into an explanation of the observed differences between the
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 rernperoture&. A complete explonation requircs mare
thorough investigation than measurement of the apparent conducivity.
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EXTRAPOLATION OF VALUES TO NONEOUILIBRIUM STATES OF ABLATING CHARS

The thermal conductivity versus tenrxture results obtained on this program have been
shown to be strongly offected by pyrolysis generated ptrosity and by "graphltization"
in the char. If pyrolysis and "graphitl;ation" were both simple functions of temperature,
a single conductivity versus temperature relationship for Q given layup angle could be
obtt ined by interpolation between values measured in the virgin and char zorms. The
char characterization results ind'cated that this could be done for "graphitization"
effects but not for pyrolysis generated porosity effects because the pyrolysis process
Is significantly affected by rates as well as temperature during the ablation process.
Pyi-olysis proceeds at slow rates relative to the rate of temperature increase at any
depth in the oblator. The faster the temperature Increases, the greater the extent
of pyrolysis lag the equilibrium value and pyrolysis is then said to be rate controlled.
This means that "graphitizotion" effects on conductivity can be co"ined in the
measured temperature dependence of thermal conductivity during ablation, but that
pyrolysis generated porosity effects must be se-o-ately super-impoeed versus temp-
erature to obtain the complete conductivity verss tevperature curve applicable to
any specific ablation application or heating rote.

The post-ablation chat characterization results showed that porosity Is produced In
proportion to the amount of pyolysis, and the thermal conductivity results showed
that an increase In porosity reduces thermal conductivity. The extent of pyrolysis
con be expressed for broad ablation material categories in terms of X , the fraction
of the original resin content that is pyrolyzed. In virgin material the pyrolyzed resin
fraction, Xp, is zero and the total porosity, f t, is zero while in the mature char
the pyrolyzed resii fmcfion is one and poro !ty is fully developed to the constant
total value, tc, ipical of mature char. In depth ablation computer programs
normally express pyrolysis as a reduction in apparent density, Po, from a fixed
value for virgin material, Pv' to a ;Ixed value fo mature char, Pc. The pyrolyzed
resit. fractior may be obtained from computer results by the following relutions ilp:

X = (I PC-P C

P = (I Pc (5)

Using equation (5) and available compu ter predictions of density versus temperature,
the pyrolyzed resin fraction versis teivperahire for the en,01re range of potential
appications of phenolic-carban ond phenolc-graphite were obtained as shown in
Figure 83. Pyrolysis generomted rorosity develops in proportion to the pyrolyzed rexin
fractcxso the appropr!ate value of parolty, t' for use ;n correcting the con-
ductivity data at any temperature "4 given by:

t Xp 1tc (6)
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Since porosty develops in proportion to the pyrolyzed resin fraction and lowers
thermaol conductivity, the wide range inmpossible resin fraction results shown in
Figure 83 indicates the wide range in the possible effects of pyrolysis on a thermal
conductivity versus temperature relationship. The curves for nozzle conditions and
cooldown or reheat periods were obtoired from the Aerotherm computer predictions
used in nozzle char characterization ,The ICBM peak heating curves are from
Boeing computer r'jns and are believed to represent the mast severe conditions
possible since the char surface is near the maximumn temnperat,.;re limit in the sub-
llmatior regime,

The remaInder of Ktis sec.tion usscribes the development of the thermal coxjuctivity
data correlation and presents the method of extrapolation to all states of oblation
up to 45000OF . The final result is a conductivity versus temperature curve, since
t+e data in this form is easily visualized and utilized in computer ablation analyses.
Final results for a single layup angle appear as illustrated in Figure 84, where the
range of effects of the rate controlled pyrolysis given in Figure 83 are illustrated.

- Heating Cterves Graphitization and

Coolng CrvesPorosity Effects

Pyrnlysix Rat* Controlled
4 Porosity Effects

0 Rt

1000 2000 3000 4000
T - OR

FIGURE 84 BEHAVIOR OF K VERSUS T

It can be seen that where rate controlled pyrolysis effects occur, no single K versus
T curve con represano all applications, or even pyrolysis rate changes during a single
qVplcation. Figure 84 also illustrate% the fact that irreversible material changes
result in an altered K vs. T relationship applicable during cooldown or reheat cycles.
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It was beyond the scope of this program to deve;cv, a c.ompiete analytical correlation
of thermal conductivity data for direct use ii all comnut.er predictions. Con-
ductivity data is presented in u gzr.eralized format as a first step so that the
specific K versus T relotiunMip for specific applications can be extrapolated. This
generalized dato was derived from the measured conductivities for both th 0- and
90-dagree layuo angles by removing the effect of the pyro!ysis generated porosity
in the specimen, resulting ir. predicted conductivities for zero porosity material.
All +,at is necessary to obtain the conductivity required for any active oblation
condition is to apply the porosity correlation described earlier to the zero porosity
data. Data for intermediate Ioyup angles is obtained by applying the layup angle
correlat io, 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 developing
therma! conductivity equations as a function of both temperature and apparent
density along with any associated programming changes required.

Development of Data for Extrapolation

The development of data from which the conductivity needed for any specific pro-
blem may be obtained is described for the FM-5014 material. The equations
developed in Appendix 8, "Correlation of Therma! Conductivity and Porosity",
were used to relate the solid component of thermal conductivity of each specimen
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, Ks, of theoretically-dense material.
The Ks data curves were then extrapolated versus temperature to cover all cases of
active ablation. By using only the data from the low temperature regions of zone I
where no radiation transport effects were yet apparent the approximation of zero
pore cooductivity assumed In the porosity correlation was satisfied. The resulting
curves for 0- ond 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 and porosity adjusted zone III curves is very good
considering the chemical changes taking place between the virgin and zone Ill
states. The change In conductivity from virgin to zone III material In the 90-degree
case cannot be accounted for only by a porchity Increase. Ar, assumed tronsition
from virgin material to zone III is indicated by a dashed line. Greater detail in
the porosity correlation such as an Inclusi.-c of the effects of size distrlbutlons may
Improve the results.

The effects of "graphitization" show up In Figure 85 as discontinuities in thq solid
component curves between zones II and I. Furnace charring shdies indicated that
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"graphitization", although a strong function of the maximum specimen temperature
reached, was independent of the heating rate or soak time at the maximum tenmera-
ture. A linear increase in "graphitization" effect versus temperature was assumed
beginning at the temperature at which the zone II specimens were charred, 29600 R,
and passing through the temperature at which the zone I specimens were charred,
4460*R. This appears in Figure 85 as the dashed lines between the zone II and
zone I data. As better knowledge of "graphitization " threshold temperature and rate
become available, the dashed transfer path can be adjusted.

In order to generalize at temperatures higher than 2400*R, the radiatiai component
of the thermal conductivity had to be separated from the measured conductivity.
This was done by assuming that the straight-line, low-temperature portion of the
zone 1 measurements represented the solid conductivity, and then extrapolating
this portion of the data curve up through the higher temperature range. The difference
between the measured and extrapolated wolid conductivities above 2400'R was than
assumed to be the radiation transport contribution, Kr, to the total effective conduct-
ivity. These differences are plotted as K9 0 r and K r in Figure 85, representing the
radiation conductivity components for the 90- and 8 -degree specimens. As a result,
the effective conductivity for the theoretically dense materials represented by the
curves in Figure 85 is given by the sum of the dense material solid conductivity, K,
and the radiation component conductivity, Kr. Phenomenologically, the radiation
is now by means of absorption and ie-rodiation through a dense material rather than
primarily across pores. If enough were known about the properties of the material,
an explicit relation oould be sought for the radiation conductivity component

associated with specimen porosity in terms of temperat re, optical p eters, pore
fraction, and pore dimension, Belle (10), Kingery (1Y, and L.arkin INY. Without
the necessary additional information, the radiation components obtained for the 0-
and 90-degree specimens ,...ere assumed to apply to material of different porosity from
that of the specimens measured. For material of higher porosity 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 stoothed results of the data extrcpoiation shown in Figure 85 are given in
Figure 86. Solid lines show the "dense" material solid component of conductivity,
Ks, applicable to active ablation and the radiation omponent, Kr, applicable to all
periods. Dotted lines show typical K, results applicable to cooling or reheat periods,
e.g. the case of a rocket nozzle ofter shutdovn, 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 I) had been reached in the
region of the abolalr under consideration is indicated for both 0- and 90-degree
lamination material. These cooling cycle curves ore simply the zone I Ks 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 a guide to the cppropriate 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 0 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 different K versus T curve applicable to
cooling or reheating depending on the level of irreversible material change due to
pyrolysis or "graphitization" that is achieved. This was previously illustrated in
Figure 84.

From .he above discussion, the Thermal conductivity data from FM-5314 0- and 90-
degree lay-up angle, , material applicable to any oblation problem are extrapolated
from the data of Figure 86 by correcting the "dense" material solid conductivity, Ke
for pyrolysis, generated porosity and adding the radiation component, K . "Densel'
material K 8 is corrected for porosity using the porosity developed in Appendix B and

substituting Equation (6) to obtain porosity values corresponding to 'he 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 --ach temperature.

K--I Ko +K

where:

KO "Dense" material solid component of conductivitys

Kr Radiation component of conductivity0
0 -Layup Angle, 0 or 90 degrees

,- Pore shape factor;
4/5 for 0 0* layup angle
1/8 for 0 900 layup angle

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 equation (5) and
P available computer predictions of apparent density versus temperature.

149



Equation (7) will reproduce the measured Thermo 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 "dense" material solid component curves and the
radiation component curves for MX,-4926. "Gr-phitization effects are more evident
than in the FM-5014 material, and therefore knowledge of the threshold temperature
for significant "graphitization", asi" its rate of progress with temperature are more
crucial for the application of this extrapolation procedure. The dashed transition
lines between the maximum temperatures for zones III and II 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 temperature of zone Ill. In
MX-4926, two stages of "graphitization" were represented by zones II and I, whereas
only one stage, zone I, was found for the FM-50 14 moterial. The smoothed results
of the MX-4926 data extrapolation for use in Equation (7) ore given in Figure 88.
These curves cre interpreted in the some way as for FM-5014.

To obtain the Thermal conductivity for layup angles, 0, other than 0 and 90 degrees, the
porosity corrected results for both 0 and 900 layup angles from Equation (7) are combined
in the Iayup angle correlation developed in Appendix C. The results are assumed to
apply for all cloth orientations within the laminate plane. The most widely applicable
form of the layup angle correlation is given by Equation (8).

K I- K 01 (F 2 sin~e 8

Equation (8) applies for all cases except for layup on les above 45 degrees in the virgin
or pyrolysis zones, where substitution of sirnfor sin 4 will give better fit to the
experimental data.

Summary of Extrapolation Procedurt

The extrapolation procedure developed above is considered 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 88 by correcting the "dense"
material solid conductiv -y, Ks, for the effects of pyrolysis generated porosity and
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adding the radiatic,n component, Kr; 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 83 or may be obtained for specific cases
from Equation (5) and available computer predictions of upporent density versus
temperature.

Full use of this procedure would show the conductivity versus terperature in the pyrolysis
zone to be continuously varying during ablation aplicationedue to the range of
rate controlled pyrolysis shown in Figure 83.

Conductivity data for layup angles between 0 and 90 degrees are obtained by substituting
the results obtained above for both 0 and 90 degrees into the iayup ngle correlation,
Equt;nn(84

Cooling or Reheat Cycle -

The procedure is the same as given above for the initial heating ablation cycle, except
the dotted linjs in figures 86 and 18 must be used as a guide to estimating the K data

$
applicable in the regions where K has been affected by graphitization. A separate
dotted line should be interpolated tetween those given to represent the Ks data for
material that has attained any temperature during initial heating in the region affected
by graphitizaon, e.g. each element of thickness in a cooling or reheating char has
a separate conductivity curve. In addition, the pyrolyzed resin fraction used in
Equation (7) to correct K for porosity effects now is fi xed at a single value for each
maximum initial heating temperature on the cooldown and reheat curve in Figure 83.
Therefore, each element of thickness in a cooling or reheating pyrolysis zone also
has 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 terrperature that was experienced
during the initial heating, the conductivity data above this previous maximum ternperature
is obtained in the same manner as fo. initial heating.

Remarks on Extrapolation

!he extrapolation procedure was presented to allow generali.ation of conductivity
values to arbitrary porosity and to de oristrote pyrolysis and 'graphitization" effects
on the thermal conducrivity. it wc~s asaurned that "graphitizatior" was a function of
the temrerature attained by the material. The material porosity was a determinable
function of rate cntrolled pyrolysis so that the active ablator differs from ?he
pre-:harred specimetis only through its porosity-temperature history. The forms of
Equatoons (5) , (6) and (7) were chosen tc allow easy calculation of the apparent
conductivity for an ablotor with known mature char porosity, under the assumption that
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the pyrolysis and "graphitization" effects present ir the ablator were approximated
by those in the test specimens, ond that the radiation contribution in the ablator
will be similar to that found in t' e test specimens. Equation (7) was of a form to
give back the measured conductiAty dcta when used as prescribed in conjunctlon
with Figures 86 and 88, but is not theoretically correct if the radiation contribution
is allowed to increase indefinitely with temperature. Ever if the pote conductivity
were allowed to approach infinity, the heat flux, and thus the total effective
conductvity for the material, woul ' be limited by the finite conductivity of the
solid matrix.

In fact, the thermal transport processes active in the char at high temperatures
are not understood. The woir of Rasor and McClelIand (7) in determining the
thermal conductivities of several graphites up to their sublimation temperatures
indicated that the apparent conductivity dropped exponentially towards zero
above 5500 R. Those authors attributed the decrease in thermal conductivity to
therma ly activated lattice vacancy formation, based on the conception that thermal
transfer is predominately by means of glastic lattice waves. On the other hand,
recent work on graphite by Kaspor (14) has indicated that the predominant transport
proceis may be electronic in nature at temperatures above 3600 R. Until the thermal
transport process is understood, it will be difficult to separate the radiative component
from the effective thermal conductivity and extrapolate data to higher temperatures
with any degree of confidence. In addition to these considerarions, the additional
possibility of a direct influence on the effective t1 irmol conductivity due to the
substantial thermal gradients ( p to 50,000 R/inci, met in active ablators is raised
by Engelmonn aod Schmidt (1'9).

APPLICATION OF MX-4926 RESULTS TO FM-5055A

The character;zat;on of the FM-5055A post test chars showed that, up to the point
where "graphitization" begins, the behavior of FM-5055A during ablation is similar
to that of MX-49 6. 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 function of the type of reirforcement, the layup angle
and the development of porosity during pyrolysis. Although "graphilization" along
poies and around fibers will hav- a strong effect on conductivity parallel to the
fabric in both materials, the "gophitization" in FM-5055A proceeds further during
oblation. Therefore, between the initiation of "graphitization" and where the
conductivity is controlled primarily b/ the radiation component, direct measurements
of FM-5055A chars are required for accuracy. The applicntion of MX-4926 doal
to FM-5055A in the "graphitization" range should ue limited to where the heat flux
is nearly normal to the fabric, in which case the effect of graphitization on
conductivity is comparatively small.

154

t_ _ --



SECTION X

SPECIFIC HEAT MEASUREMENTS

SPECIFIC HEAT TEST METHOD

5pecific heat was computed from heat content (enthalpy) data generated in an ice
calorimater.

Entholpy measurements ware rrade in a Bunsen ice colorimeter of the type described
by Ginnings and Ckrruccinl(1. In thi Instrumment, heat from oJ specimen melts ice
in equilibrium with water in a closed system. The resulting volume change of the
ice-water 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 because oil hea transfer occurs at the
ice point.

Figure89is a schewratic of the calorimeter used for this program as described by
Deem and Lucks (2 . As the previously heated, encapsulated specimen is dropped
into the central chamber of a double-wall vessel, it releases heat to the ice-
covered finned section which is enclosed in water in equilibrium. The portion of
heat given up by the specimen only is determined by subt.,cting the contribution
inade by t+vu capsule from the total, this former amount being evaluated by a
separate drop of cr. e-arTp capiule. As the ice melts, mercury from an external
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 related to the weight of mercury by a constant measure
by Ginnings, et al (3,4,5) and by Battelle to be 270.48 joules per gram of mercury.

Test Procedure

Each specimen vs saled in a capsule to provide a protective atmosphere for the
high temperature measurements. Either type 347 stainlesi steel or tantalum cap-
sttes were used depending on the specific temperature range.

Initial measurements on the virgin material used sealed type 347 stainless steel
capsules at one atmosphere of helium. Under this condition, a discontinuity was
observed in the enthalpy-ternparoture relation which was believed to be due to
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the heat of vapo€ ization of a comonent of the specimen, or of some mot~rwai
absorbod by tei specimen. Therefore, additional me-svrernents were made with
the capsules vented, thus allowing the vapors prewet to escape and produce a
more coritinuous enthoipy-temperature relation. These latter measurements are
believed to be appropriate for the material. Dato from both neasurements are
given in Appendix E.

SPECIFIC HEAT RESULTS

Entholpy measureernts were mode on virgin and zone I chars only of MX-4926
and FM-5014. Zone II and Ii1chars were not measured because the specific
heat waQ ussumed to be relativeiy insensitive to the intermediate char states,
whereas the virgin and zone I chars were considered to represent the extremes of
the specific heat variation. The virgin measurements were made at low temper-
atures to avoid further pyrolysis, while the zone I chars were measured up to
4460 R. In each case data swre takm at enough points to establish a clear
definition of the property versus temperature.

Power series equitions were fitted to the data by a least squares method. The
first derivatives of these equations give the expression for specific heat.

MX-4926 Phenolic-Carbon

For this material, 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 I
char materials are given in Appendix E. Equations for the observed enthalpy
values are as follows:

MX-4926 Virgin Material:

HT - -2.943 x 102 + .4094T + 4.562 x 104 T-1  (9)
(492-960 R)

MX-4926 Virgin Material - Nozzle A:

HT --2.894x 102 + 0.3958T +4.720x 104T (10)
(492-960 R)

i

157



MX-4926 Zone I Char Material:

HT - -3.538x 102 + 0.3779T+1.732xiO 5 T2 (i)
+8.312 x 104 T-1 (492-4460 R)

MX-4926 Zone I Char - .Nozzle Material:

HT ' -3.628 x 102 + 0.3896 T + 1.480 x 10-5 T2 (12)
+ 8.421 x 104 T -1 (492-4460 R)

HT - enthalpy, Btu lb- 1

I temperature, R

The firW derhatives of Equations (9) through(12)givo the specific heat equations as
follows:

MX-4926 Virgin Material:

Cp - 0.4094 - 4.562 x 104 T-2  (13)
(492-960 R)

MX-4926 Virgin Material - Nozzle A.

Cp - 0.3958 - 4.730 x 104 T-2  (14)
(492-960 R)

MX-4926 Zone i Char Material:

Cp - 0.3779 + 3. 464 x 10- 5 T - 8. I2 x 104 T-2  (15)
(492-4460 R)

MX-4926 Zone I Char - Nozzle Material:

Cp - 0.3896 + 2.960 x 10- 5 T - 8.421 x 104 T-2  (16)
(492-4460 R)

where:

Cp - specific heat, Btu lb- R-1

T - temperature, R
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Figures9oand9?show the specific heat-temperature rolatio, for MX-492v material
calculated from the pcr.edling equations.

FM-5014 Phenolic-Gr2ohite

Measurements were made on one specimen ea:h of the virgin and zone I chor
materials . The specimens were prepared in the laboratory; no nozzle iecimens
were employed.

The enthalpy-temperature relations for the viigmn material and the zone I char
material are given in Appendix E.

Equations for the observed enthalpy values i... as follows:

FM-5014 Virgin Material:

H,. -3.577 x 102 + 0.4223 T + 7.581 x 104 T1 (17)
(492-1160 R)

FM-5014 Zone I Char Material

HT = -3.766 x 102 + 0.3976 + 1.297 x 10- 5 T2 + (18)

9.004 . 104 + T- I (492-4460 R)

where:

HT - enthalpy, Btu Ib- I

T = temperatuie, R

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

FM-5014 Virbin Material:

Cp - 0.4223 - 7.581 x 104 T- 2  (19)
(492-1160 R)

FM-5014 Zone I Char Materials
Cp 0.3 9 7 6+ 2 .5 9 4 x 10- 5 T - 9 .00 4 x 104 T 2  (20)

(492-4460 R)
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Cr

where:

Cp = specific heat, Btu Ib- 1 R"1

T temperature, R

Figures 92 and 93 show the specific heat-temperature relation for the FM-5014
material calculated from Equations (19) and (20).

ANALYSIS OF SPECIFIC HEAT MEASUREMENTS

Error Analysis

Erros associated with heat content measurements by th-. ice calorimeter may be
classed as systemic errors or as those associated with temperature and mercury/
weight measurement. The systemic errors can be minimized through calibration of
the Instrument either absolutely or by measuring reference standard materials.
Errors In temperature or mercury weight measurements usually result in lack of pre-
cision in the data.

System performance was frequently checked by heat contont amasurements of NBS
standard Al 0 3 . During the most recent 150 such measurements, performed before
and during Ks progrm, all observed values were within A0.8 percent of absolute
In 'he temperature rante 490 - 1900 Rt, and within * 1.5 percent of absolute in
the range of 1900 - 45CO R. In addition, calibration was ;hecked periodically by
inhvdvckg a knovn hect content (electrically) and comparing it with the amount
measured through mercur/o volume displacement. The most recent such measure-
ment Indicated an error oi* -0.06 percent. This is smaller than errors in measure-
merit of a standard material, so no correction was applied.

The precision of data for a given specimen is a measure of the accuracy with
which temperature and mercury displacernient measurements are made. In this
program, several repeat mecaureme,t were mode at nearly identical temperatures.
The agreemet of heat content values at a given temperature was generally within
*3 percent. This is reasonable In view of a nominal A 2 percent error in temper-
ature memurements, and considerably less than * I percent error in mercury weight
measurmnants.

The overall accuracy for the measurements may be assumed consenatively to be
within * 5 percent.
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Comparison with Published Data

Only one reference was found on specific gat measurements on the materials of
this program. The values of Pears, et al, kI for the specific heat of virgin
MX-4926 material agreed well with those measured 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
and zone I char states of the materials, it is desirable to have some information
on the properly of the material during the various stages of pyrolysis during ablation.
Since the values of virgin and zone I 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 rapid
ablation the virgin state can exist to temperatures as high as 1800 R. If the curves

for virgin materials in Figures 90 ard 92 are extrapolated to this temperature region,
and the curves for zone I 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 I chars of these materials at very high temperatures
can be estimated by extrapolation of curves through the present data, and by
assuming that 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 (-C . approaches 0 at the higher temperatures, the equations will assume

the formT (A + BT), a straight line. The high temperature cha- specific heats are
nearly the same for both materials. Equation (16) for MX-4926 nozzle char gives
results within ± 1% af 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 MEASUREMENTS

THERMAL EXPANSION TEST METHOD

l inear thermal expansion measurements of the MX-4926 and FM-5014 materials
in the virgin, zone III char and zone I char states were mode by a comparative
technique using dilatometers. Zone II chars were not measured. It was assumed
that the zone IIl and zone I chars would represent the extremes in the expansion
variations. Two types of dilatometers were used, a low-temperature manual
dilcitometer for the virgin and zone III materials, and a high-temperature auto-
matic recording dilatometer for the zone I mateials.

Low-Temperature Apparatus

Figure 96 shows schematically the vertical, quartz-tube dilatometer used for virgin
and zone Ill specimens. In 2d-is dilatometer the total expansion of a specimen
being heated is measured by a dial indicator which is grodj', .d in 0.0001 -irich
divisions and can be read approximately to *0.00003 inches. A chromel-alumel
thermocouple, embedded in the specimen, is used to measure its temperatuTe,

High-Temperature Apparatus

The linear thermal expansion measurements of zone I chars were made in a record-
ing dilatomete-, illustrated in Figure 97. The specimen is supported on a graphite
structure in the tantalum tube furnace. 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 expansion 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 furnace is regulated by a program-
med proportional temperature controller to produce a temperuture increase and
decreas of the specimen at a rate of 6 R per minute. At the higher temperature,
the temperature is periodically measured by optical pyrometry through a quartz
window in the dilatometer-vessel wall.
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Test Procedure

The room-temperature dnsi ty of each specimen was calculated from length,
diameter and weight meos;remenfs before and after each expansion meaiurement.
The virgin and zone IIl materials were measured in the low temperat!Jre dila-
tometer in a flowing argon atmosphere. Temperature and dial indicator read-
ings were taken simulta-ously during heating and cooling. The specimen heotai
wa regulated manually. The linear expansion-tenperature data were corrac ted
for the effect of the quartz structure. Heating and cooling raic5 were maintained
rrnually at 6 degrees R per minute.

Zone I materici was measured in the high-temperature dilotometer under flowing
argon after evacuation. The total expansion-temperature data as recorded on the
X-Y plotter were corrected for the effect contriibuted by the graphite structure.
This correction is determined through measurements on materials of known thermal
expansion. The heating and cooling rates were maintained at 6 degrees per minute
throughout the measurements.

THERMAL EXPANSION RESULTS

Measurements were made on Iaboratory-prepared specimens of virgin, zone Ill char,
and zone I char of both the MX-4926 and FM-5014 materials. In addition, specimens
in these zones cut from MX-4926 ablative nozzle component material were measured.

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

For each material specimens having laminations normai and parallel to the long axis
(expon;on directiun) were tested. In addition, a specimen of MX-4926 zone Ill
char having a 45 degree lamination angle was measured. As in the thermal 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 c much greater coefficient of expansion
than the reinforcing fabric, the specimens with fabric laminations normal to the long

axis had the greater expansion. This was more evidanr in the virgin and zone III chars
than in the zone I chars. Permanent dimensionel changes occurred in almost every
specimen as a result of the thermal expansion measurements.
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MX-4926 Phenolic Carbon

Figure% 96 t'irc.vgh 106 shjw the expansion-temperature relitions for the
MX-4926 s. icir'.

It is intermsi. to note the similarity between the virgin and zone III chars. In
the nozzle specimens with laminations normal to the axis of the specimen, the
shope of the curves are similar. In the zone I chars, both the laboratory char
and nozzle char exhibited similar characteristics, Both specimens with parallel
laminations exhibited an infleeion betweefn 3500 to 3900 R and hod a permanent
length increase at room temperature. Both specimens with normal laminations
hod a permanent shrinkage at room temperature.

DIM.ulty was encountered in obtaining the thermal expansion of MX-4926 char
noa.zle material (zone Il1) with the laminations normal to the longitudinal axis,
Figure 101 The specimen hod to be cut to less than 1/2-inch in length to obtain
a soutd specimcn. The large amount of expansion In the heating portion may
hove been caused by delamination of the specimen.

An att.mpt was mode to determine the temperature at which MX-4926 zone III
char material starts fo deform p .manently. A step-type heating schedule was
used wherein the spciren was heated to 850 R, cooled to 76) R, then heated to
940 R, and back to 850 R, etc., to 1570.R, and then cooled to room temperature.
It was anticipated that the point at which the expansion did not double back on
itself w>uld be the "elastic limit" of the material. Figure lO4illustrutes this
heating schedule. The specimen d-d not double bock on itself at any point. By
contrast, a stainless steel specimen, of known expansion, was subjected to this
saee program ane did 4,)ble back on itself over the whole program, Therefore,
the effect illustrated in FigurelO4is a characteristic of the material rather than of
the apparous. No m.hanIsm to explain this effect has been found.

FigurelOSshows a specimen of the same material taken adjacent to the first
specimen and measured c- a normal heating cycle. FigurelO6shows a third speci-
men measured at a much slower heating rate with ),/2-hour hold; at the bottom of
the step heating. This change in heating rate did not eliminate the effect
observed in Figure 104.

FM-5014 Phenolic Graphite

Figuie 107 through 109 show the expansion-temperature relation for the FM-514

specimens.
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FIGURE 98. THERMAL EXPANSION OF MX-A926 VIRGIN MATERIAL,
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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 virgir, materials.

ANALYSIS OF THERMAL EXPANSION RESULTS

Error Analysis

With each series of lineor-exponsion measurements it is routine prc:tiae 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 materia Is.

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

Data Significance - Combined Thermal Expansion and Pyrolysis Shrinkage

Expansion data is required for computer analy:!s of stresses during oblation.
However, the stresses Induced by shrinkage during pyrolysis olo must be con-
sidered. The magnitude of these shrinkage effects, which tend to offset expan-
slon measurements, is illustrated in the following table.

FURNACE CHARS - AVERAGE PERCENT TOTAL SHRINKAGE
MX-4926 FM-5055A

Perp Lam. Para. Lam. Perp. Lam. Para. Lam.
Zone III 2.9 0.30 2.3 0.22
Zone H 5.5 0.57 3.2 0.33
Since the total pyrolysis shrinkage is mote 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 parallel to the laminate directions, must
also be considered in any analysis. Before a meaningful thermal stress analysis can
be performed, however, methods of measuring and analytically combining the
separate effects of expansion, shrinkage and anisotropy must be developed.
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SECTION Xl1

CONCLUSIONS

A thorough characterization has been accomplished on two post-test chars from 120-
;1 ch solid rocke- nozzle throats, tape-wrapped MX-4926 phenolic carbon and rosett2-
molded I-M-5014 phenolic graphite, and oti one plasma test char representing reentry
Loplications, molded FM-5055A phenolic carbon.

Characterization provided a microstructural and chemical definition of three distinct
zones representing major chanjes occurring in the mature char. These were a "graphi-
tized" zone near the char surftce, an "ungraphiti weJ" but fully porous and pyrolyzed
intermediate zone, and a thH.: zone containing some: residual unpyrolized phenolic,
which reiresented the trvns;t-,', into (he pyrolysis zone. These zones and the virgin
material precursor were reproduce-! in the form of large .labs ,) provide stable speci-
mens for then-rr, .'hysical property measurements. Thermal conductivity, specific heat
and thermal expansion meO S-rements by Battelle Memorial Institute established the
variations in these properties to 5000"R expected during active ablation. Char
characterization povided a basis for extrapolating from properties measured on stable
char analogues tc nonequilibrium states existing during active ablation.

Thermal 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 -ot of porosity was dependent upon the rate of pyrolysis which
is in turn heating rate dependent. "Graphitization" was essentially independent of
heating rate and depended upon the maximum temperature attained.

Low layup angles relative to ,he char surface resulted in lower thermal conductivity
in all stages of ablation. As layup angle is decreased, virgin material conductivity
decreases, pyrolysis generated porosity lowers conductivity more effectvely, and char
"grrhitization" increases conductivity less.

Equations correlating conductivity with significant 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 by 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 io irreversible "graphitization" effects, conductivity
versus temperature relationships applicable to cooling ,r reheating periods in the mature

char are also different than for initial heating. Each level of pyrolysis or " 0raphitization"
gives an indivual corductivity curve applicable to 'hese periods.
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Specific heats of samples taken from the nozzle chars and of samples of furnace
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 gblation performance. Averaging the small
differences between virgin and char values through the pyrolysis zone will account

for all pyrolysis rate effects.

All thermal expansion results of either nozzle or furnace chars showed !irge, per-

manent 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 ryrolysis causes greater dimensianal change on unrestrained material than

does thermal expansion.



SECTION XIII

RECOMMENDATIONS

1. Thermophysicoa properies of refractory fiber reinforced ablative chars above
5000*R should c determined by e>tension of the techniques developed on
this program to ascertain the significance of additional transport mechanisms
and the effect of the large temperature gradients occurring ir ablation.

2. Chara,.terizotion a~d thermophysical property measurements on char ana-
logues should be conducted for an actual phenolic-carbon reentry char
to evaluate the effect of additional "graphitizator" noted on FM-5055A
plasmo test chars &imulating reentr)

3. 1he techniques developed on this program should be applied on material
represerting variations in a given type such as phenolic-carbon to establish
cdot for performance trade studies between types and provide guidance for
improvement of ablator insulc:ing effectiveness.

4. Thermal conductivity should be measured for more levels of porosity and
"graphitizotion" to reduce the extrapoiction required to or count for the

effects of these changes during ablation.

5. Methods should be developed to measure both pyrolysis shrinkage and
thermal exp.-rsion in reinforced phenolic ablators to enable analysis of
thermally induced strains during ablation.

6. Characterization od thermophysical property measurements should be con-
ducted or. other ablators, particularly the widely-used phenolic silica type
where porosity efftzes ma, be greater due to low reinforcement conductivity.
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APPENDIX A

DEIAILS OF ERROR ANALYSIS FOR THERMAL
CONDUCTIVITY MEASUREMENTS

The est;mrites of accuracy and precision of the thermal conductivity data were obtained
from the results of two separate experiments designed to indicate the accumulated effects
of all sources of experimental error on the measured thermal conductivity va!Les. The
accuracy and precisioo of the data were determined by the uncertainties o.sociated
with thermocouple calibration, thermocouple bead IocaT;>n, heat-meter calibrotion,
and measurement technique. The latter includes many factors, such as the effects of
radial heat fluxes in the an'otropicspecerns,-s thermal resistance Cement, 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
material, heater-power fluctuations, and possible thermocouple deteriorbtion due to
environmental factors. Many of these sources of error interact ind so are correiated
in the error experiments. For this reason, the experimental approach to error eti-
motion is considered realistic.

The error experiments were performed on one 0-degree and one 90-degree lamination
specimens. When the erro"s for these extreme cases were determined, errors for the
specimens with lamination angles between these two extremes could be inferred.

For studies relating to 0-degree lumination specimens, an experiment was performed
on spe,:'men PC- 11-0. This specimen was measured under a range of conditions which
produced variatons in meaasured thermal conductivity due to the accumulated sources
of error mentioned above. The range of boundcry conditions was extreme enough that
measurements on any other 0-degree lamination specimen wold have a high probability
of falling within this range.

T investigate the possib;l;ty of tcdia" heat flow, specimen PC-] -' was instrumented
with two radial thermocouples in addition to the three used in tne calculation of the
thermal conductivity of the specimen. These were placed at distances of approximately
3,/4 inch and 1 inch from flie center of the specimen, and at approximately its mid-
plane. Also, a thermocouple was cemented with graphite-base cement to the 1/4-inch
thick layer of carbon felt insulation 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 to the specimen temperature during
the measurements.

Several rm-asurements of conductivity were made on this specimen at approximately
the same average specimen temperature, but with varying temperature differences
across the flat facet of the specimen. The flat-fcce temperature differcnces werc
varied by changing the thermal resistance between specimen and heat metet, 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-i and in Table A- 1. The table s ordered in
positively increasing temperature differences between the one-inch radial thermo-
couple, Ti, and the insulation thermocouple, T1, because the radial neat flux is
proportional to this quantity. In the 0-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, Ti, correlated well with the difference between the average
specimen temperature, TA, and the insulation temperature, as seen in Table A-I;
both the temperature differences, (TA-TI) and (T1 -TI), indicated the same di'ec-
tion for the radial heat flux in all cases. The cclumn labeled q(S-1)' refers to the
direction of radial heat flow as indicated by these two temperature differences; minus
indicates heat flow from the insul:tion to the specimen, plus indicates heat flow
from the specimen to the insulation. (It should Le noted that the curve for the data
of Figure 67 was weighted toward those points where q(s-1) was indicated to be near
Zero. )

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 i.-
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 drawn between those
values of AT which were obtained at approximately the same average specimen
tenperature. Comparison of the two sch of data so indicated shows that q(S- 1) changed
from minus to plus as AT was changed at the fixed value of TA. Tha data at A f
1875 R were the most complete since q(s -I) 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 patterns experienced by the 0-degree lamination specimens, In
the ca4m where q(s.J) is minus, the temperature difference across the specimen was

also large in relation to the cases where q(s-1) was positive for the same average speci-
men temperature. This, together with the fact that q(3/4 - 1) was always positive,
Indicates that in the cases of large IT's at the lower values of TA, the high tempera-
ture portion of !he 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 ctses of larger thermal resistance between specimen and
moetr, 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 inslation
along its entire thickness.

Figure A-, shows the data obtained for specimen PC-1l-0 along with the temperature
differences across te specimen experienaced at each eqoAlibrium. The accuracy in
the thermal conductivity values for the 0-degree specimens is based on the variation
of conductivity shown in this figure at 1875 R. It is considered that this variation in
conductivity with boundary conditions represents the worst case experienced in zones II

aid I by the 0-degree specimens. Also, the variations 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

N T 4- T-T T T -T T -TI q34- I qsI .T

1 -82.4 -87.6 1390 +48.2 -34.2 + - 737-

1 -62.6 -51.2 1809 +37.5 -25.2 + - 851w-

1 -47.9 -69.4 604 +30.1 -17.8 + - 353

1 -45.5 -72.3 740 +26.5 -19.0 + - 422

10 -9.9 +24.7 913 ft - - 0 218

5 -6.8 +14.2 1415 +27.9 +21.0 + 0 467.-

10 +1.1 +37.6 1800 +27.2 +26.1 + 0 413--

10 +2.3 +33.1 1410 - - 326-

10 +7.6 +61.1 2210 +17.1 +24.6 + + 532

N The number of graphite pads placed between the specimen and heat
meter. This determined the thermal resistance and therefore, the
temperature difference obtained across the specimen.

T & The temperature at one-inch and 3/4-inch dis.ances from the cen;er
T 3/4, of the specimen at appro.ircrtely 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.

q 3/4-1 Indicates te direction of radial heat flow at approximately the mid-
plane of the specimen as given by (T3 / 4 -TI). Plus indicates heat flow
outward from the central test volume of the specimen.

qsS-I Indicates the direction of radial heat flow at approximately the mid-
plane of the specimen as given by (T I -TI). Plus indicates heat flov
from the specimen to the surrounding insulation, zero indicates near
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.
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include the accumulated uncertainties in specimen thermocouple calibration, thermo-
* couple bead location, radial heat flux effects, heater-power fluctuations, possible

thermocouple changes and the uncertainty related to the heat-meter function of
determining the value of the heat flux through the test volume of the specimen.

To calculate the mean deviation of the thermal conductivities at the temperature of
18/7 R, Figure A-1 was used to obtain the necessary conductivity values. Using
K = 2.55 for the AT =467 equilibrium, K = 2.15 for 6 1326, 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 values from this mean valueare plus 13.6 and minus 15.9
percent. The uncertainty in the thermal conductivity for the 0-degree lamination
specimens of both materials for zone II and I are thus taken to be +16 percent.

For the virgin and zone Il, 0-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 heater
as used in zones 11 and I, and the lower temperatures required in virgin and zone Ill
measurements, several of the problems encountered in the high-temperature measure-
ments simply did not arise in the lower-temperature zones. Less conduction of heat
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 III thermal conductivity measurements over that attained for the
zone II and I measurements. For these reasons, an overall uncertainty of ±8 percent
is assigned to the thermal conductivity data For the 0-degree lamination specimens of
both materials for zones III and virgin.

An experiment similar to that performed on specimen PC-I 1-0 was planned for speci-
men PC-] 1-90. For reasons described in Appendix D, "Thermal Conductivity Data
Scatter and Adicstments",the ansoeoy of the 90-degree lamination specimens gave
rise to more uncertainty in the values of measured thermal conductivity than was the
case for the more symmetric, 0-degree lamination specimens.

A specimen, PC-11-90, was instruniented to indicate the asymmetrical heat flow
pattern 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 totally 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-i are relied upon to indicate
some of the cause for uncertainty, but the error estimate itself must be mode 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

*Tcble D-I gives the results of the measurements which are discussed in Appendix D
in some detail.
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specimens in zones 11 and I for the FM-5014 material, PG-11-90 and PCG -1-90, have
an uncertainty of :120 percent. In the case of the 90-degree, zone 11 and I , MX-4926
specimens, an additional uncertainty was added to compensate for difficulties in
obtaining consistent heat-flow meter readings late in th~e program. For these two
materials, PC-11-90 and PC-I -90, an ur':ertainty of :*25 percert is considered appro-
priate.

For the some reasons a- gi-Pr nIbove fr t4,. O-dearaie lamination specimrrt *he un-
certainty in reported thermal conductivity curves for both materials In the Virgin and
zone III specimens is less than in the zone 11 and I specimens. For the 90-degree
lomination specimens of both materials for zones Ill and virgin, an overall uncertainty
of ±-15 percent is assigned.

The accuracy and precision of the thermal conductivity measuremnents for the specimens
with lamination angles between 0 and 90 degrees will be between the l imits established
for the 0- and 90-degree specimens. Since severe arilsotropic effects begin for any
angle other than 0, a linear interpolation with lamir'ation angle between the extreme
values is not appropriate. However, relying on obsirved data scatter, it is safe to say
that the 20-degree specimens lie closer to the 0-dejree limit, whereas the 45-degree
specimens lie closer to the 90.-degree limit,

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 B

CORRELATION OF THERMAl CONDUCTVITY Ar,.%, uROSITY

Char zones Il, II, and that porlion of zone I wherein the data indicate that radiant
energy transport across pores is negligible ore considered in this correlation. A

..,; .u ;v..vu:d not be expected between zones wh.r* ,;gnificant "graphiti-
zation" occurred in the higher-temperature-zone specimen. Indeed, the porosity
correlation proves of value in determining the significance of the effects of "graphiti-
Zation" on the thermal conductivity.

Many theories exist which give the effective conductivity of a multiphase system in
terms of the conductivities of the constituent "pure" phases. The Maxwell-Eucken
relation, as developed by Belle, et al U), is used here to relate the effective
conductivity of the char to those of the solid and void phases comprising the char. In
a vacuum or argon gas environment and at low temperatures, the conductivity attributed
to the pore itself is neglig!ble compared tc that of the solid matrix surrounding the pore.
In this case, which was met in the present measurements in zones Ill, II and the low-
temperature portion of zone I, the porosity relation is in the form given in Equ.ation (I)

K = K (1- 4) (1)s 0I +o

where pore shape factor = x R (2)
+y z

K conductivity of porous material

K -- conductivity of derue mler;al

= 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 fcctor" 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 us# of photomicrographs indicated that the large
pores (inter-yarn size) hove a tenden .y to form along the yarns and with about a 4:1
dimension ratio, the mng dimension being along the yam direction. Assuming that

these pores are largely responsible for the deviations of the thermal conductivity of
tha porous %pecimens from that of the theoretically dense material, and that they are

ellipsoidal in shape, (R = 1), the following values of P are obtained for heat flow
parallel and normal to the pores.

B = 4/5 for heat flow normal to the long axis of (3)
the ellipsoidal pores distributed throughout

4he material.

= 1/8 for heat 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

. er-treme views for the cases of 0-degree and 90-degree angles of the reinforcing

1 'he surface of the specimen. In the 0-degree case the applied heat flux sees

a, .i- yaris of the fabrics essentially as cross-hatched cylinders, the axes of the
"cylinders" being normal to the applied heat flux. Since the pores are assumed to be

aligned along the yarns, this case represents the flow of heat normal to the long axis

of ellipsoidal pores for which me pore shape factor is given in Equation (3). In the

90-degree case, applied heat flux sees the equivalent of about one-half the yarns

aligned parallel to the direction of heat flux and about one-half of the yarns aligned

normal to the heat flux. Thus, the pore shape factor for the 90-degree lamination

specimens is a 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 on 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 Eq:aticn (1) must be different
in the 0- and 90-degree specimen since these two cases actually approximate the

orientation of the principle conductivity axes for the laminate 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.

K= K 0  (5)
0 +

K = K 90  (1I) (6)

90 (1+ 1 )
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If it is assumed that the changc: in thermal conductivity between zones 11l, 11 and I
are due only to changes in porosity, K, in Equations (5) and (6) will be the samne for
each zone and only I will change. This gives three equations each for the 0- and

90-degree lamination spec imens.

K 0  K 0 4 (7)
(+ d

K K90 ( f 0

90 s

where i 3,2, 1 for zone,. oil, dl and I.

From Equations (7) and (8) it follows that the slopes of the conductivities from one zone
to another will be related in the some ratio as the conductivities.

K0  0' 9

0 0

The some is true for K 9 0 .

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

separately.

FM-5014 Material

As discussed in Section XIII. open porosities were measured for duplicates of ol Iof the
conductivity specimens teteJ (token from the some furnace slab char), and apparent solid
density was calculated from the open porosity and the measured apparent density. Also,
solid and apparent densities and total porosities wt -e directly determined on the six
FM-5014 thermal conductivity specim-ens after completion of the thermai conductivity
muasurements. Sign.'ficant differences were observed between open (connected porosities)
anid total porcisities.

Use of Equations (7) and (8), with the values for open porosity and for total porosity
oblained after test on c,.nductiyity specimern,gives the following relations between the
conductivities of the porous and theoretically dense materials.
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TABLE B-I RELATIONS BETWEEN POROUS AND THEORETICALLY DENSE
THERMAL CONDUCTIVITIES FOR 0- AND 90-DEGREE LAMI-
NATION SPECIMENS OF FM-5014

Using Total Porosity t) of !ng Open Porosity ( 0 c) of
Conductivity Specimen Duplicate Specimen

K0  n 7?A K K = 0.717K 0

K0Z :0.512 K U K 02 = 0.588 Ks0

K 01 = 0.707 Ks0  K = 0.663 K 0

K 0 3s.5 0KV 0 .79 s593 90 2 O3
K90 = 0.752 K K -0 0.791 Ks9 0

K9002 90K92= 0.663K 9  K 902= 0.696 K 0

K 90 = 0.775 Ks K 9 0.802Ks9 0

The ratios of conductivities across zones as predicted by the porosity formulae may be
conpared with the measured conduct;vity data. The group of conductivity relations of
Table B-1 give the following ratios.

Based on Total Porosities Based on Open Porosities

Ko3iK2 =0.724 1.414 K 3 K2 0.717 1.219K iK /K 141 = - .1

K 2 /KI 051 0.724 K02 /K
0 1 0.588 0.887

/K0
1  0.512 02o 0.

K3 = 0.752 = 1.34 3 -2 0.791 1.136
90 90 0 9 0/ go 6

2 1 0.663 0552 1 _0.696 0.6
K /K = 8-- = 0.8554 /g U- 113

907 90 90 /0.861

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 data for the FM-5014
material.
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In fitting curves to he data, a preliminary curve was first drawn through the data
points. For zones Il, II and the low-temperature part of zone I, a Straight line
appeared to be an accurate representation of the data. Then the ratios of conlvctivi-

;ies , ;he zones which are given above were utilized to supply the porosity-
predicted values of conductivity in the highet zone using the experimental value of
conductivity obtained for the lower zone appearing in the ratio. The porosity-predicted
conductivities for the higher zone were calculated from the lower zone data at temp-
erature- where the dotci for the two zones overlapped. The slope of the highe, temp-

erature zone was also calculated from that of the lower zone through Equation (9),
again using the conductivit> ratio as given by the porosity change from the lower to
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 condu(.tivity curve for
the higher zone was weighted toward these values. The fact thor the conductivity
curves were essentially straight until the temperotk.-es in :one I were reached made
this procedure simple. The most precise thermal Lonductivity data were obtained for
zone ll. These data had little scatter and pave good definition, Therefore, the pro-
cedure described above was started in zone III and used to weight the data curve fit
to the zone II data. Then the final zone II curve was used in the same way to est mote
the level and slope of the initial, low-tenperature section of the zone I curve. As it

turned out, the preliminary curves fitted to the data for zone II and the low-temperature
portion of zone I were very close to those predicted by the porosity changes utilizing
the well defined -one 11 data. Only vely slight changes, well witlkin the eKperimental
error, were required to bring the curves into good agreement with the porosity change
predictiori except in two cases discussed below where the porosity correlation gave
conductivities and slopes which were outside of the error limits associated with the
dato.

Table B-2 compares the conductivity ratios across zones as given by the measured
porosities and the actual data. The da.a were taken at the temperatures 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 Ill, II AND I

Zones III to II Correlations, O-Degree Laminations

Temperature (R) K3 K02 K03/Ko0 a )  K03iK 2( b ) K0 3 /K02c)

1200 5.71 A-) 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 .41 1.22

1600 6.70 4.7 1.42 1.41 1.22
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TABLE B-2 (CONTINUED)

Zones II to I Cgrrelatiort, O-Degree Laminations
1 KO/Ko~a)KO2/OI ) K2/Kl(c)

Temperature (R) K(, 2 K 01 K0
2/K 0 1(a) K0

2 /K 0 1 M K

2200 5.8 14.6 0.40 0.72 0.89
2400 6.1 14.8 0.41 0.72 0.89
260d) 6.5 15.0 0.43 0.72 0.89

Zones III to II Correlations, 90-Degree Laminations
32 K93/9()

Temperature (R) K90 3 K / 2 K K903/K902(b) K03 /K90 2(c)

1000 24.7 21.5 1.15 1.13 1.14
1200 26.1 22.8 1.14 1.13 1.14
14od) 27.4 23.9 1.15 1.13 1.14
1600 28.7 25.2 1 .14 1.13 1.14

Zones II to I C- .jelatio,, , 90-Degree Laminations

2 1 1 (a) 2 1 (b) 2 l W
Temperature (R) K90 K90 K90/K 90 K 902/K90 K 90/K90

2000 27.3 27.3 1.00 0.85 0.87
2 1 00d) 27.9 27.5 1.00 0.85 0.87
2300 d )  29.3 28.a 1.02 0.85 0,87

2 400(d) 30.2 30.3 1.00 0.85 0.87

(a) Valve from the curve fit to the measured conductivity data.

(b) Value calculated from the total porosity change acros zones.

(c) Value calculated from the open porosity 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
ratcj across tWe char zones in Table B-2 shows that a correlation is apparent between the
change in the-rmal conductivity from one char zone to another and the corresponding
change in pcrosity between the chars, except for the 0- and 90-degree laminations,
zone I specimen. The fact that the measured co.nductivity ratio between zones II and I
for the 0-degree case is a factor of 1.8 iller than the ratio predicted by the d;iference
in porosity between the two specimens cr, be interpreted as an indication that the solid
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matrix conductivty ' Of the zone I char was increased by the "graphitization" which
occurred in thK ygh temperature char. In the zone II to zone I, 90-degree case, the
experimental:y dene ratio is a factor of . to 1 .2 larger than the ratio as given
by the difference in specimen porosities. Attributing this to a "graphitization" effect
on the solid matrix coIductivity, it appears that in the 90-degree case, the solid matrix
conductivity was decreased by the "graphitizotion" which occurred in the high temp-
erature, zone I char. The significant increase in solid matrix conductivity for the 0-
degree, zone I case could not be accounted for by eAperimental error; the effect of
"graphitization"' is apparent. However, the decrease in solid matrix conductivity
noted for the 90-degree case is relatively small and coule. possibly be attributed to
experimental error.

The relative effects of "graphitization" on the 0- and 90-degre specimens can be
interpreted in relation to the influence of the reinforrement cloth on the phion cadnducton
process in the material. In the 90-deger, specimen, up to half of the cloth yarns were
aligned nearly parallel to the applied 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 I char had relatively little effect.
However, in the 0-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 significantly improve the conduction path through the cloth, thus increasing
the solid matrix conductivity.

The wuccess of the porosity correlation in zones III and II indicates that the pyrolysis
process orcurring through zones III and II principally affects the porosity of the speci-
men; concurrrent chemical changes which occur during pyrolysis appear to exert only

minor influence on the thermal conductivity.

MX-4926 Mater;al

The stame procedure as in the case of the FM-5014 material wa- -. lowed to investigate
the possibility of correlating the observed changes in thermal conductivity between zones
with corresponding changes in specimen porosity. As discussed in section VIII, open
porosilies were measured on the furnace slab samples, and the total poros'ties for four of
the six 0- and 90-degree conductivity measurements were completed. Table B-3 gives
the relations between the porous and theoretical!y dense conductivities obtained from
Equations (7) and (8) using total and open porosities. The Forosity-predicted thermal
conductivity ratios across zones III to II, and zones II to I fir the 0- an's 90-degree
lamination specimens are then compared with the ratios obtained from the reported data

curves in Table B-4. Finally, the results of the comparison are discussed below under
the assumption that the Dorosity formulae correctly account for porosity effects on the
thermal conductivity.
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TABLE B-3 RELATIONS BETWEEN POROUS AND THEORETICALLY
DENSE THERMAL CONDUCTIVITIES FOR 0- AND 90-DEGREE
LAMINATION SPECIMENS OF MX-4926

Using Total Porosity ( t t) of Using Open Porosity ( 0) of
Conductivity Specimen Duplicate Specimen

K0  - 0.394 K 0 K 0.564K 0

K K0K2 = 0. 378K s0 K02 =0. 497 Ks0

Kgo3 = 0.733 Ks0 - --. -. 1 - Ks0

0 0

K 2 = 0.650K 0 2= . 7

0 90.39 0

K 0 = 0.7183K K" 0.1Ks

K902 = 0.619 Ks90 K90 = 0.675 Ks90

K301 = 0.806 K K 91 90
Ks .78 K9 = 0.7347K

Values for total porosity were measured on two samples of the
PC-0-0 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 condluctivity relations of Table B-3 give the results below:

Based on Total Porosities Basedl on Open Porosities
K 2 0.63.0 K 3/2 =0.513

00 9 0 0

3 2 0.394Ko02 0.910

2!K1 0.378 K2/Ko 0. 497K = 0.8 1 K 034 0.735

0/o 0 .3 0-

K02/o = 0.43 0.666 -

Kgo3 /K902 0.718 160K903!/K902 0.717 1.6
/90 90.6 90 go --....7M 16

K9 2 /K 1 .1 0.768 K 2 /K 1 0.7 0.809

90 go9 90
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The data curves for the above MX-4926 specimens were used to give the values of
thermal conductivity presented in Table B-4 below for comparison with the ratio,
predictea by the porosity formulae. No adjustment to the data curves was made to
weight them toward the porosity predicted values as was done for the FM-5014
material. In the MX-4926 material case, the 0-degree lamination curves were
well defined by the data, the 90-degree lamination data were less well defined. The
data of Table B-4 allow the changes in conductivity through zones III, II and I to be
interpreted. As in the case of the FM-5014 material, the agreement between con-
ductivity ratios based on total and open porosities is generolly good.

Consider the 0-degree lamination conductivities. The fact that the measured con-
ductivity ratio from zones III to II is significantly greater (by a 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 II material was decreased by some change in the,
characl.erof the material. The x-ray diffraction intensity measurements at 3.37A on
the duplicate to specimen PC-11-0 did indicate graphitic crystai ization occurring in
this zone, although the measured intensity was about half that of the corresponding
zone 1i, FM-5014 spec.men. If the change in conductivity from zone III to II in the
MX material is attributed to partial "graphitization' of the filler material and/or
reinforcing cioth fibers, tben the crystals which formed may have been highly oriented
with the axis of highest conductivity, the "a" axis, aligned along the fibers. Con-
ductivity may also be affected by the tendency for the formation of continuous paths
of roph;tized" pyrolysis deposits along fibers in this material. This could account
for the large increase observed in the thermal conductivity parallel to the laminations
(the g0-degree specimens), in zone II. The surprising result deduced from the potosity
formulation is that the "graphitization" had the effect of decreasing the solid matrix
conductivity normal to the laminate in zone II in relation to that of zone Ill. This is
in opposition to the effect of "graphitizat;on" deduced from the porosity correlation
on the zone I 0-degree lamination FM-5014 material. This decrease in conductivity
is not believed due to advanced pyrolysis of the resin in zone II because the success
of the porosity correlation between zones III and I 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
to the tone II 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, Table S-4 shows that the difference
between predicted and measured conductivity ratios in the zone I to I case is about
1/7 that in the zone III to II case. This could mean that the effects of "graphitization"
on the solid matrix therma; conductivity normal to the laminates is largely complete
at the zone ii temperature level, the increase in measured conductivity from zones II
to I being essentially due to the corresponding de.ease in porosity.
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TABLE B-4 THERMAL CONDUCTIVITY-POROSITY CORRELATION FOR MX-4926
MATERIAL ZONES II1, II, AND I

Zones III to 11 Correlation, O-Degree Laminatl is

Temperature (R) Kc03 K0
2  K0 3/K 0

2(a) K0
3 K0

2(b) K03/K 0 2(c)

1000 3.06 1.85 1.66 1.04, 0.91(e) 1.14

1200 (d )  3.62 2.00 1.81 1.04, 0. 9 1(e) 1.14

1400 (d) 4.15 2.15 1.93 1.04, 0. 9 1(e) 1.14

Zones 11 to I Correlation, 0-Dearee Laminations

Temperature (R) K0 2 K01 K02/K01 () K0 2/K I (b) K2 /K01 (c)

2000(d) 2.56 3.0 0.85 0.58, 0.67 (e) 0.74

220 0 (d) 2.71 3.2 0.85 0.58, 0.67 (e) 0.74

2400(') 2.86 3.4 0.84 0.58, 0.67 (e) 0.74

260 0 (d) 3.01 3.6 0.84 0.58, 0.67 (e) 0.74

2800 3.16 3.9 0.81 0.58, 0.67 (e) 0.74

Zones III to I Correlation, 90-Degree Laminations

Temperature (R) K903 K902 K90 3 /K90 2 () K903/Kgo 2(b) K90 3/Kg02(c)

1200 10.4 28.7 0.36 1.16 1.06

1300(d) 10.9 29.0 0.37 1.16 1.06

1400 (d)  11.4 29.3 0.39 1.16 1.06

Zones II to I Correlation, 90-Degree Laminations

Temperature (R) K90
2  K901 K902/Ko1 (a) 2 K9 0

2/K 90 (c)

1800 30.9 54.0 0.57 0.77 0.81

2000( d)  31.4 56.7 0.55 0.77 0.81

2200(0) 31.9 59.4 0.54 0.77 0.81

2400 32.4 62.1 0.52 0.77 0.81

2600 32.9 64.8 0.51 0.77 0.81

Value from the curve fit to the measured conductivity data

\\u, Value calculated from the total porosity change across zones
(c) Value calculated from the open porosity change across zones
(d) Temperotue at which the experimental data for the two zones overlapped

(e) Two values from the two total porosities measured on specimen PC-It-0.
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In considering the 90-degree lamination results in Table B-4 it is obvious that even
the relatively slight "grophltization" occurring in zone II had a major effect on the
thermal conductivity parallel to the laminations. In the zone IIl to II case, the
porosity increase between zones III and Ii indicates that the conductivity in zone II
should be less than, or at least the same as, that of zone Ill. In fact, the measured
zone II conductivity is almost three times as great as that of zone Ill. As in the
O-degree case, the difference between porosity-predicted and measured conductivity
ratios between zones II and I is not as great as in the zone Ill to II case, although
the increased "graphitization" in zone I did increase the conductivity to a greater
extent than the decrease in porcsity from zone II to I 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 sef-guarding disc conductivity measurement technique, the ideal situation
(i.e., no radial heat flux, and true one-dimensional axial flow in isotropic specimens)
produces isotherms in the specimens which are normal to the centerline of the disc
specimen. In isotropic specimens, the presence of radial heat flux distorts the isotherms
neat 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 0, 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 0 is related to the principal conductivities as in equation (1); given
in another form in Carslaw and Jaeger (20).

K n ( ) K3 L1 " (. -1) sin 2  (1)L K3

The principal conductivity, K, is tha; measured along the cloth layers (the 900 lamination
specimens; K, - K90 in body of report), and K3 is the conductivity measured normal to the
layers (the 00 lamination specimens; K3 - K in body of report). Equation (1) was derived
on the basis that the conductivity K1 in any 3 irection 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 averaged out by the orientation in the conductivity samples.
All actual measurements of K1 or Kn ( 0 ) overe 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.

K (8)= + [ i -1) sin (2)3 1 K3

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 III measurements, the data for specimen PC-1I1-0 and specimen PC-1I1-45

206



were thp best defined so that these two sets of data were used in Equations
(1) and (2) to calculate the principal conductivity, K1, corresponding to the
90 degree lamination specimen, PC-I-90. The two curves resulting from
Equations (1) and (2) are shown in Figure C-1. Values for KI were then
taken from the two curves of Figure C-I and used in conjunction with K3
from PC-1ll-0 to calculate K (200 15')* which corresponded to specimen
PC-111-20.

The two curve. corresponding to Equations (1) and (2) for the 20 degree speci-
men are shown in Figure C-I along with the actual date. Figures C-1 and C-2
show that the sin 0 relation of Equation (2) better fits the dota for PC-111-90
and PC-1II-20 than the sin 2 # relation of .ELctor. 0).

For zone II, the data curves for specimens PC-lI-90 and PC-11-0 were used to
give K1 and K3 for use in Equations (1) and (2), and Kn(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 210.) The results are given in Table C-I for a range of
temperatures in order to allow easy comparison. it is seen that the sin2 9 rela-

tion of Equalion (It 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 adjustment in the
slope of the conductivity curve for specimen PC-ll-93 could produce a consistent
deviation with temperature; however, the percent deviation would still be sig-
nificant. It should be noted here that the data curve for specimen PC-11-90 has
the highest uncertainty of all the measurements. Therefore, although the angu-
lar correlation given by Equation (1) can be considered as approximately correct,
its true validity in the case of zone II specimens has not been conclusively
establ ished.

For zone I, the data curves for specimen PC-1-90 and PC-1-0 were Lsed to give
KI and K for use in Equations (1) and (2) from which Kn(210) corresponding to
specimen p-1o20 wmre calculated. The results also appear in Table C-1. Agr
Equation (1) proved more accurate in predicting the effect of lamination angle
on thermal conductivity. The deiiation of calculated 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 KI, PC-1-90, and K , PC-I-0,
seem to be in the proper proportions to satisfy the predictions of lamination ang;e

The laminntion angles for the nominally 20 and 45 degree specimens were

measured with a vernier protractor from apprc.,r nte sections of the somples
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 as given by Equation (1), but the predicted value of Kn(21 ) is consis-
tently low. Noting that the data curve for specimen PC-1-90 along with that for
PC-11-90 used above had the highest assigne! uncertainty of oll the specimens
measured, it is seen that the deviation of calculated and measured conductivities
for PC-1-20 is within the combined error of measurements on specimens PC-1-90
and PL-l-20. Thus, the applicability of the angulak corel~tiaon as given in
Equation (1) cer only be considered as inconclusively demonstrated in the zone
I 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) wmuld be to calculate the conductivities of the theore-
tically dense materials corresponding to the principal conductivities (see the
porosity correlation in sect:onlX and Appendix B), and then use these values in
Equations (1) and (2) to l'Oain 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 block) were used to
make the porosity corrections according to the porosity correlation procedure dis-
cussed in Section IX. Comparison of the porosity-corrected measured values gives
the some results as those indicated in Table C-1. For the sake of comparison,
deviations in zone 11 ranged from 15 to 30 percent, while the ,,nge in zone I
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 thermal
conductivities as given in Table C-1.
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APPENDIX D

THERMAL CONDUCTIVITY DATA SCATTER AND ADJUSTMENTS

This appendix discusses data scatter which resulted from inhamogeneity and aniso-
tropy in the materials. It points out that scatter can be caused by local temperature
perturbations in such matericls and suggests, through a simple analysis, the possible
magnitude of scatter.

In addition, this appendix points out the difficulty of estriblishing symmetric temper-
ature profiles and gradients for steady-state measurements in anisotropic matirials.
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 between the size of the temper-
ature sensing the.mocouple bead and the thickness of the reinforcing cloth layers
present in the specimen. In the virgin, zone 1ll, and several of the zone II speci-
mens, unsheathed thermocouples were used which had beads on the order of 0.02-
inch diameter. Microscopic examination of sectioned specimens in this group
revealed that the thermocouple bead diameter wua only .bout 1/3 larger than the
thickness of the cloth layers. It appeared that most of a thermocouple bead could
lie with equal probability either in a warp or in a fill yarn. In the 0-degree
lamination specimens. a simplified picture of the cloth structure shows that the A
heat flux applied to the specimen during the conductivity measurement sees the
warp and 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 warp yams.
However, in the 90-degree lamination specimens, asymmetry in the local heat
flux at the thermocouple bead may occur ;n rwo ways. For MX-4926, wi-ere eli
yams are on the bias at 45 degrees to the heat flow path, local asymmetry could
occur due to the different counts of fill and warp yams. The higher count in the
warp direction woutd cause distortior of the heat flow path toward the direction of
warp yams, giving an onsotropic effect due *o material inhromogeneity. For
FM-5014, where laminate orinetations were random, nwny of the yams will be nearly
parallel and many normal to the applied heat flux vector. Due to this asymmetry,
it is likely that ther e itlocal temperature gradients between war ard fill yams
in the thadegre lamination specmen. Since most of any thermco upie bead
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could be ir. a warp or fill yam, it may have happened that two of the three speci-
men thermocouple beads were prinarily in a fill yam while the third was primarily
in a warp vam . In this event, the temperatuie differences used to calculate the
thermal conJuctivity of the specimen would be perturbed by the local temperature
difference between the wrp yani, which mo;t influenced the "odd" (In a medium
of different conductivity from the nther two) thermocouple bead, and the fill
yam adjacent to the odd bead. This would give rise to scatter in the three thermal
conductivity voaues calculated from the three specimen thermocouple readings cut
each equilibrium. It is to be noted that the 90-degree lamination specimens were,
in fact, the most difficult to measure; they showed the greatest data scatter.

In order to define better the possible effect of material inhomogeneity on the
thermocouple readings in the thermal conductivity measurements, the data for specl-
men PC-Ill-90, MX-4926, were reconsidered, assuming that data from one of the
three specimen thenocouples was odd from the other two, i.e., one thermocouple
was reading a temperature of material of different conductivity 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
use] 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 may be defined. The two independent
conductivity values are calculated from the temperature differences between the
hot zone and middle thermocouples, ar.J the temperature difference between the
middle and cold zone thermocouples:

K 1 - K2 K-KP percent deviation (I)

K1 + K2

In order to allow for the natural variation of K with T, a straight line approxima-
tion was used to give a K (T) slope. From the PC-1l1-90 data, the following slope
was obtained.

K' (T) .L. Btu inch

200 hr ft' R

If K2 refers to the conductivity value measured at the lower mean temperature
attained at an equilibrium, and K1 Is the conductivity value obtained at the higher
mean temperature of the some equilibrium, then the linear approximation gives the
following equation:

K1  K2  + 2T
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The following quantity, pt based on the linear K(T) approximation, is defined as
follows:

pt K 1  K2  1 (2)

Ki)Q K2 2

where: A temperature difference between the mean temperatures
at which K1 and K2 are evaluated.

Using the measured value of K2, taken in this calculation as the K calculated
between the middle and cold zone thermocouples in the specimen, to calculate Pt
in Equation (2), one can iher, 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).

P(K) - P - pt (3)

As defined in Equation (1), P accounts for the measured data scatter, and Pt pre-
serves the natural tempe-oture dependence of K on temperature. If Pt were not
Included, the three data points for K at each equilibrium point would be adjusted
into one single value and the temperature dependence of K within the group of
three entirely lost.

Q AT
Using the one-dlmenaioi'3l heat flow e-uation, K -K -- for K,
remembering that -. is the same for all three specimen thermocouples, one
obtains the following equation for P(K) independent of Equation (3) above.

6 -2 d d2-3

K K2  =, _S (4)
P(K) KI K2  d1- 2  + d2-3

A-2 AT2-3

In Equation (4), dl. 2 and d2 . 3 ore the distances between the hot zone and middle
thermocouple beads, and middle and cold zone thermocouple beads, respectively,
and AT1.2, A12_ 3 are the corresponding temperature differences.
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Equation (4) con 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.

T2 - T3  - (K) T - T2  ()
d2-3 d-

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

P(K) - I + P(K)
I P(K) (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) - I. In other words, T1 ' is a hypothetical hot zone temperature, which,
if actually attained by the hot zone thermocouple, would hove reduced the variation
in thermal conductivity with temperature to the assumed linear relation, thus elimI-
noting the data scatter among the three values of conductivity obtained at an equi-
librium. This corresponds physically to the case where all three specimen thermo-
couples would have been in tne same local environment. Equations (5), with P (K) 1,
defines T1 as in Equation (7).

T1 ' - T2  T2 - T3

d (7)di-2 d2-3 7

Equations (5) and (7) con be combined to give TI ' in terms of the quantities, P (K),
T1 , and T2 which ore known from the conductivity measurements.

T11 - TI - (P (K) - 1) (TI - T2) (8)

The calculation of T1 ' is accomplished by using the measured conductivity at the
mean temperature between the hot zone and middle thermocouples, K1, and that at
the mean temperature between the middle and cold zone thermocouples, K2 , in
Equation (1) to calculate P, the percent deviation of K1, K2 . Then, the temperature
dependence of the conductivity which must separate the value of K1 from K2 is
accounted for by calculation of Pt by means of Equation (2). The generalized devia-
tion, P(K), is then calculated from Equation (3) and used in Equation (6) to give

(K). The actual value of the measured temperature at the hot zone thermocouple,
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TI , and that at the middle thermocouple, T2, ore used with P(K) in Equation (8)
to give the hypothetical temperature TI '. This temperature is then used in place
of the measured hot zone timperature to adjust the three values of conductivity
obtained from the original hot zone, middle, and cold zone measured temperatures.
Since the hot zone thermoc-,,ple was assumed at fault, the value of the measured
coiductivity obtained from the tempecature 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 appear as the lower
set of points in Figure C-I. The perturbation temperatures, (T)' - T1 ) required
to affect this data adjustment for the four data points presented in Figure C- I in
this case where the hot zone thermocouple was presumed odd, varied from 14 to
20 derees R.

The same procedure was ap'lied assuming successively that the middle thermo-
couple and then the cold zone thermocouple were odd. In the above calculations
only the final Equation (8) changes. If the middle thermocouple is odd, Equation
(8) is replaced by (9).

(T2 - T2 ) (Ti - T2) P (K)-I

1 + dl - 2  (9)
d2 - 3

*i The adjusted conductivities arising from Equation (9) are the middle set of points
in Figure C-1 i the original conductivity calculated between the hot and cold zone
thermocouples remaining unchanged. The perturbation temperatures, (T2 -T2 '),
required 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' -3) d2 . 3  (P(K) - 1) (TI - T2) (10)

7a I 2
The adjusted conductivities arising from Equation (10) oppeor as the upper set of
points In Figure C-1, the original conductivity calculated between the hot zone
and middle thermocouples remaining unchanged. The perturbation temperatw.
(T3' - T3), required to effect the adjustment for the four data points, ranged from
4.5 to 6.5 degrees R.
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The preceding calculations were made only to Illustrate that material inhomo-
geneity could have contributed to the observed data scatter; the perturbation
temperatures required to account for the scatter are 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 AN ISOTROPY

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 waenploced nominally at 1/4 inch from the centerline of the
specimens ,t appropriate distances apart. By necessity, the three thermocouple
holes had to be drilled some angular distances apart from each other around the
circumference of the specimens.

Consider the 90-degree lamination specimens. Viewed from the flat sur,'.-nes,
the laminations all run in the same direction. To a 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 appara-
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 radial dependence.
Since the thermccouples enter at different angles to the lamination direction as
viewed from a flat surface, and lie at equal radial distances from the specimen
centerline, it is apparent that the temperature at each thermocouple bead loca-
tion is perturbed from the average in its axial plane by a different amount, depend-
ing an the angle between the radios vector to the bead and the direction of the
laminations. Although the radial flux may not be great enough to cause signifi-
cant error in the average level of the measured thermal conductivity, as determined
by an appropriate weighted average between the three conductivities calculated at
each equilibrium, it may still be great enough to cause the three conductivities
to scatter rather than fall on a smooth curve as is desired. Since the temperature
differences measured in the 90-degree specimens wer generally low as compared
to those in the 0-degree specimens, small temperature perturbations of the order
of a degree could account for the observed data scatter. Due to their lamination
symmetry, the 0-degree specimens should not have shown this effect and, in fact,
the data scatter for the 0-degree specimens were generally small compared to the
other cases where the laminations were at any other-ngle than zero; the 90-degree
lamination specimns showed most scatter.
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Specimen PC-II-90, MX-4926, was instrumented to study asymmetry in the
temperature distribution. Figure 1)-1 shows the location of the three 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 at approximately the mitl-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 pattern 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-1I-90. The
asymmetrical temperature variation is clearly evident in the signs and magnitudes
of the radial temperature differences between the 3/4-inch and 1 3/8-inch
temperatures, and the temperature differences between the appropriate insula-
tion temperature and corresponding 1-3/8 and 3/4-Inch thermocouples. Tese
values all show a highly asymmetric heat flow in the specimen during measure-
ment. The A T3/4 -.. 31. 8 values of Table D-1 indicate a radial he"t flow out
of the one-'nch-ciameter test volume both parallel and normal to the laminates.
However, the 1 T1 . 3A _ 1 indicate a heat flow from the insulation into the
specimen along the laminates and heat flow from the specimen Into the insulation
normal to the laminates. The A T3/4- I values parallel to the laminates are in-
consistent, indicating that the axial location of the insulation thermocouple
relative to the axial location of the specimen thermocouple was not know-n with
precision, although the directions of radial heat flow from specimen to insulation
as indicated by the TI -3 1 I values are of high enough magnifude and con-
sistency to be considered qualitatively correct.

The data 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 patterns can easily be a major contributor to the observed data scatter in
c#. non-zero-degre lamination specimens. As stated above, the thermocouples
uWilized in the thermal conductivity measurement are offset 1/4 inch from the
specimen centerline. In the case of PC-11-90 the three thermocouple were
drilled to within 1/10 inch of the centerline. Even in this case, howeverthe
measurements In Table D-1 indicate the asymmetrical temperature perturbations
of the order of one degree could have been possible within a 1/10Inch radial
distance,

Corresponding to Table D-1 ad the case of 20 degrees temperature diffe.ence
between two of the three sptcirnen thermocouples, a one degree temperature
perturbation could lead to fluctuations of 5 percent between the -values of
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I

conductivity calculated from the three sets of tenperatvre differences obtained
from the three specimen thermocouples. Since the temperature differences
between specimen thermocouples were higher for the specimens with laminations

les than 90 degrees, the effects of the asymmetrical teompergture perturbations
were correspondingly iess for these specimens; however, the strength of the
aniotropy effect Is such that each specimen requires individual ottention.
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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 sealed in type 347 stainless steel capsules under a helium
atmosphere. Results of these measuremenh are Illustrated 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. Whoi the MX-4926 (Figure E-1 ) specimen was removed
from its capsule following tMe measurements, there was no noticeable change in
its appearance, by microscopic examination, and Its capsule Inner wall surfacus
were clean. However, there was a one percent weight loss by the specimen.

A second measurement of this material resulted in a weight loss of 2.1 percent
when the capsule was vented to permit escape of vapors. VMen plotted In Figure E-l
the data show a change In enthalr / due to vaporization of around 5.5 to 6.53 calories
per gram. Therefore, the latent heat of vaporization of the material vcporized Is
about 260 to 310 cal/g. The figures show that the vaporization temperature lies
somewhere between 60 and 93 C (600 and 660 R). It Is Interesting to note that
alcohol (methyl) fits into this range of vaporization temperature and latent heat of
vaporization, vhereas water does not.

Oh the other hand, w s.atter data for th, 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 region 610 to 670 R. Comparison of the slope of this curve
with that for thin vented-capsule case shows unequal slopes until about 800 R.
This can be Interpreted as being caused by vaporization proceeding at a finite
rate within he specimen, the vaporization apparently being completed at about
8OOR.

CHAR MATERIALS

The e nthalpy-tempercturv relations for the three zone I char materials are shown In
Figure E-4 and E-5.
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