UNCLASSIFIED

AD NUMBER

AD867307

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; Feb 1970.
Other requests shall be referred to Air
Force Materials Lab., Attn: MAMC,
Wright-Patterson AFB, OH 45433.

AUTHORITY

AFML 1ltr, 29 Mar 1972

THIS PAGE IS UNCLASSIFIED




e e ——

e A —

AD 867307

AFML-TR-69-84

DADT TIY
AsAavA 2Al,

NIAAY FIR AT www
vuoLuviviin 111

STABILITY CHARACTERIZATION OF
REFRACTORY MATERIALS UNDER HIGH
VELOCITY ATMOSPHERIC FLIGHT CONDITIONS

PART {ll, VOLUME Ill: EXPERMENTAL RESULTS OF
HIGH VELOCITY HOT GAS/COLD WALL TESTS

LARRY KAUFMAN
HARVEY NESOR
ManLabs, Inc.

TECHNICAL REPORT AFML-TR-63-84, PART Iil, VOLUME Ill

FEBRUARY 1970

This document is subject to special export controls and each transmittal
to foreign governments or foreign nationals may be made only with prior
approval of the Air Force Materials Laboratory (MAMC), Wright-Pat-
terson Air Force Base, Ohio 45433

AIR FORCE MATERIALS LABCRATORY
AIR FORCE SYSTEMS COMMAND
WRIGHT-PATTERSON AIR FORCE BASE, OHIO

o RN W o U s e

for Fudaral Scianhtic A Tee! nicat
Information Springfiold Va 22151



NOTICE

When Govermment drawings, specifications, or other data axe

)r any purpose other than in connection with a definitely related

unent procurement operation, the United States Government

y incurs no responsibility nor any obligation whatsoever; and the
fac. .uat the Government may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other data, is nct to be
regarded by implication or otherwise as in any manner licensing the
holder or any other person or corporation, or conveyiug any rights or
pcrmission to manufacture, use, or sell any patented invention that
may in any way be related thereto,

This document is8 subject to special export controls and each
transmittal to foreign governrents or foreign nationals may be made
only with prior approval of the Air Force Materials Laboratory (MAMC),
Wright-Patterson Air Force Base, Ohio 45433,

B

Distribution of this report is limited for the protection of tech- '
nology related to critical materials reatricted by the Export Control
Act,

PRV IRI A !
A

YL 2.1 L
v L TR

Copies of this report should not be returned unless return is
required by security coneiderations, contractual obligations, or notice
on a specific document.

700 ~ March 1970 - CO455 ~ 112-2464




- —

STABILITY CHARACTERIZATION OF
REFRACTORY MATERIALS UNDER HIGH
VELOCITY ATMOSPHERIC FLIGHT CONDITIONS

PART Ill, VOLUME Ill: EXPERMENTAL RESULTS OF
HIGH VELOCITY HOT GAS/COLD WALL TESTS

LARRY KAUFMAN
HARVEY NESOR

This document is subject to special export controls and each transmittal
to foreign governments or foreign nationals may be made only with prior
approval of the Air Force Materials Laboratory (MAMC), Wright-Pat-
terson Air Force Base, Ohio 45433,




;.
|
}

FOREWOR.D

This report was prepared by ManLabs, Inc., Cambridge, Mass.,
with the assisiance of Avco/SSD, Wilmington, Mass. (H. Hoercher,
x':xujt:ui. Dlx'cuiur, suyyu.l.'i.cd by J. Rcucanu, . Abatls anud R., Di‘uushiunk\;
under Project 7312, '""Metal Surface Deterioration and Protection,' Task
731201, '"Metal Surface Protection,' and Project 7350, "Refractory
Inorganic Nonmetallic Materials,'" Task Numbers 735001, “"Refractory
Inorganic Nonmetallic Materials: Nongraphitic,' and 735002, '""Refractory
Inorganic Noumetallic Materials: Graphitic," under AF33(615)-3859, and
was administered by the Metals and Ceramics Division of the Air Force
Materials Laboratory (MAMC), with J.D. Latva, J., Krochmal and N. M,
Geyer acting as Project Engineers,

This report covers the period from April 1966 to July 1969,

ManLabs' personnel participating in this study included L. Kaufman,
H. Nesor, H. Bernstein, J.R. Baron, G. Stepakoff, R, Hopper, R, Yeaton,
S. Wallerstein, E, Sybicki, J. Davis, K. Meaney, K. Ross, J, Dudley, E,
Offner, A, Macey, A. Silverman and A, Constantino,

The following reports will be issued under this contract.

Part/ Volume
I-I Summary of Results

I-I Facilities and Techniques Employed for Characterization
of Candidate Materials

I-II Facilities and Techniques Employed for Cold Gas/Hot
Wall Tests

I-1I1 Facilities and Techniques Employed for Hot Gus’ Cold
Wall Tests

oI-I Experimental Results of Low Velocity Cold Gas/Hot
Wall Tests

oI-I Experimental Results of High Velocity Cold Gas'Hot
Wall Tests

II-II1 Experimental Results of High Velocity Hot Gas’'Cold Wall
Tests

Iv-1 Theoretical Correlation of Material Performance with
Stream Conditions

iv-I Calculation of the General Surface Reaction Problem

This report was released by the authors in December 1969,

This technical report has been reviewed and is approved,

Chief, Cerarnics and Graphite Branch
Metals and Ceramics Divisions
Air Force Materials L.aboratory .

ii




gt o - -

e, T

VD s TS A S R SRR

o A PR R

ABSTRACT

The oxidation of refractory borides, graphites and JT composites,
hypereutectic carbide-graphite composites, refractory metals, coated
refractory metals, metal oxide composites, and iridium coated graphites
in air over a wide range of conditions was investigatedover the spectrum
of conditions encountered during reentry or high velocity atmospheric flight,
as well as those employed in conventional furnace tests. Elucidation of the
relationship between hot gas/cold wall (HG/CW) and cold gas/hot wall (CG/HW)

surface effects in terms of heat and mass transfer rates at high temperatures
was a principal goal.

Arc plasma exposures have been performed at Mach Numbers between
0.1 and 3,2 stagnation pressures between 0,01 and 1.0 atm., stagnation en-
thalpies up to 16,000 BTU/lb, cold wall heat flux up to 1200 BTU ft2sec, ex-
posure tignes up to 23,400 seconds and surface temperatures between 2100
and 6500 F. Data include material recession, metallographic and X-ray
analysis, radiated heat flux and normal total emittance. In addition, color
motion picture coverage was provided, Materials forming solid oxides show
lower recessions in the HG/CW tests at a stated surface temperature than in
CG/HW tests, The reverse is true for ablating materials. Temperature gra-
dients of 800~ to 1500™ F through 30-50 mil oxides are observed. The practical
implications of this finding are substantial (if the gradients exist under free
flight conditions), Since the temperature level experienced by the substrate is
substantially below that predicted, strength and load carrying capacity of the
substrate would be much higher than for the case where gradients are ignored.
Long-time cyclic exposures of diboride composites in the Model 500 and
ROVERS facilities for trajectories typified by FDL-7TMC provide a striking

illustration of the reuse capability of boride composites for lifting reentry
applications,

A HiB»+S8iC composite was exposed for thirteen cycles at 0,07 atm
(1 pei) stagnation pressure, a stagnation enthalpy of 10,200 BTU/1b and a
cold wall heat flux of 495 BTU/ft2sec, Each cycle was about 1800 seconds
long with a total exposure time of 22,500 seconds at a surface temperature
near 5300 R, 'Total material recession was 15 mils. A ZrB2+SiC composite
wasg exposed for four cycles at 1,0 atm (15 psi) stagnation pressure, a stag-
nation enthalpy of 5000 BTU/1b and a cold wall heat flux of 380 BTU/ft2sec,
Each cycle was 1800 seconds long, total exposure time was 7200 seconds.
The surface temperatures were near 5000 R, Total rmaterial recession was

26 mils, Under similar conditions graphite and tungsten would exhibit re-
cessions of 7 to 14 inches,

These results illustrate the reuse capability of boride composites for
lifting reentry application, since they exceed the range of conditions for FDL-
7MC, This capability is unrivaled by any other materials system.,

Surface temperatures calculated from stream conditions and radiation
equilibrium agree with observed temperatures on melting. When solid coatings
are present, surface temperatures are below computed values. Silicon car-
bide bearing materialg achieve lower temperatures than predicted from stream
conditions and exhibit superior behavior.

This abstract is subject to special export controls, and each trans-
mittal to foreign governments or foreign nationals may be made only with
prior approval of the Air Force Materials Laboratory (MAMC), Wright-
Patterson Air Force Base, Ohio 45433,
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i INTRODUCTION AND SUMMARY

A. Introduction

The response of refractory materials to high temperature
oxidizing conditions imposed by furnace heating has been observed to
differ markedly from the behavior in arc plasma "reentry simulators."
The former evaluations are normally performed for long times at fixed
temperatures and slow gas flows with well defined solid?gas-reactant/
product chemistry, The latter on the other hand are usually carried out
under high velocity gas-flow conditions in which the energy flux rather
than the temperature is defined and significant shear forces can be en-
countered. Consequently, the differences in philosophy, observables
and techniques used in the '"material centered"' regime and the "envir-
onment centered-reentry simulation'' area differ so asignificantly as to
render correlation of material responses at high and low speeds diffi-
cult if not imposaible in many cases. Under these circumstances, ex-
peditious utilization of the vast background of information available in
either area for aptimum matching of existing material systems with
specific missions or prediction and synthesis of advanced material sys-
tems to meet requirements of projected missions is sharply curtailed,

In order to progress toward the elimination of this gap,
an integrated study of the response of refractory materials to oxida~
tion in air over a wide range of time, gas velocity, temperature and
pressure has been designed and implemented., This interdisciplinary
study spans the heat flux and boundary-layer-shear spectrum of con-
ditions encountered during high velocity atmospheric flight as well as
conditions normally employed in conventional materials centered in-
vestigations, In this context, significant efforts have been directed
toward elucidating the relationship between hot gas/cold wall (HG/CW)
and cold gas/hot wall (CG/HW) surface effects in terms of heat and mass
transfer rates at high temperatures, so that full utilization of both types
of experimental data can be made. The elucidation of mass transfer

reactions has been studied in regimes whaere gaseous and solid oxide
formation occurs,

The principal goal of this study is the coupling of the
material-centered and environment-centered philosophies in order
to gain a better insight into systems behavior undexz high-speed
atmospheric flight conditions, This coupling function has been pro-
vided by an interdisciplinary panel composed of scientists represent-
ing the component philosophies, The coupling framework conaists of
an intimate mixture of theoretical and experirmental studies specifically
designed to overlap temperature/energy and pressure/velocity condi-
tions, This overlap has provided a means for the evaluation of test
techniques and the performance of specific materials systems under a
wide range of flight conditions. In addition, it provides a base for
developing an integrated theory of modus operandi capable of translating
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reentry systems requirements such as velocity, altitude, configuration
and life time into requisite materials properties as vaporization rates,
oxidation kinetics, density, etc., over a wide range of conditions.

The correlation of heat flux, stagnation enthalpy, Mach
No,, stagnation pressure and specimen geometry with surface tempera-
ture through the utilization of thermodynamic, thermal and radiational
properties of the material and environmental systems used in this study
wag of prime importance in defining the conditions for overlap between
materials-centered and environment-centered tests.,

Signiticant practical as well as fundamental progress along
the above mentioned lines necessitated evaluation of refractory mater-
ial systems which exhibit varying gradations of stability above 2700°F,
Emphasis was placed on candidates for 34009 to 6000°F exploitation,
Thus, borides, carbides, boride-graphite composites (JTA), JT com-
posites, carbide-graphite composites, pyrolytic and bulk graphite, PT
graphite, coated refractory metals/alloys, oxide-metal composites,
oxidation resistant refractory metal alloys and iridiurn-coated graphites
were considered (See Table 1), Similarly, a range of test facilities and
techniques including oxygen pickup measurements, cold sample/hot gas
and hot sample/cold gas devices at low velocities, as well as different
arc plasma facilities capable of covering the 50-2500 BTU/ft2sec flux
range under conditions equivalent to speeds up to Mach 12 at altitudes up
to 200, 000 ft were employed, Stagnation pressures between 0,001 and
10 atmsopheres were covered, Splash and pipe tests were performed in
order to evaluate the effects of asrodynamic shear. Based on the present
regults, this range of heat flux and stggnation enthalpy produced surface
temperatures between 2000° and 6500°F,

B, Summary

The present report is one of a series (1 = 6)* and describes
the results of Hot Gas/Cold Wall exposures performed at Avco/SSD and
at the Wave Superheater Arc Tunnel of Cornell Aeronautical Laboratory,
The testing at Avco/SSD wau performed under the direction of H, Hoercher,
J. Recesso, R, Broughton and R. Abate were actively engaged in per-
forming these tests, Exposures were carried out in the Model 500, ROVERS
and Ten Megawatt Arc Facilities. The range of conditions employed in
these tests covered stagnation pressures between 0,002 and 4,0 atm., stag-
nation enthalpy between 2000 and 16,000 BTU/1b, cold wallheat flux between
100 and 1500 BTU/ft2sec and exposure times between 20 seconds and 23, 000
seconds, A full spectrum of diagnostic measurements including surface
temperature and radiated heat flux was continuously monitored during the
exposures, Complete color film coverage were reported for selected
models, A complete description of the techniques employed in these tests
has been presented (3).

L
‘Underscored numbers in parentheses indicate references given at the
end of this report,
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Testing in the Cornell Wave Superheater was performed
under the direction of S. Tate, D, Colosimo and K. Graves. The
Wave Superheater offers the possibility of exposing samples at very high
velocity for short times. The heat flux levels can be varied by changing
the position of the specimen relative to the nozzle. In this manner variable
heat flux/temperature levels can be attained. Multiple-sample runs can
be made using samples in the size range programmed, CAL furnished
data on gas enthalpy, heat flux, surface temperature, stagnation pressure
as well as colored motion pictures of the test samples, A complete
description of testing methods has been presented (_3_). All test samples
were returned to ManLabs for post-mortem metallography conducted
under the direction of H, Nesor,

Current results for boride-base materials indicate sub-
stantially lower recession rates in the HG/CW arc plasma tests than in
the CG/HW furnace tests, This difference is most striking for HfB,
(A-2) and ZrBj(A-3) where an order of magnitude difference is observed
at surface temperatures of 4000°F. This difference is reduced by the
addition of SiC to the boride. Thus, the HG/CW and CG/HW results for
H{B3 + SiC(A-4) and (A-7) agree more closely than do the corresponding
data for the pure diborides. Results of"'in-depth' temperature measurements
during arc plasma tests indicate that these differences are principally
due to temperature gradients through the oxide. Direct measurements
indicate that temperature gradients of 1500 F can exist through a 100
mil wall thickness of boride plus oxide,

Gradients have also been observed for HfB, (A-2)and
ZrBz(A-3) in the high velocity CG/HW tests (5). In these tests the
temperature of the CG/HW interface is lower than that of the substrate,
Moreover, the rate of oxidation observed in these high velocity CG/HW
tests agreed with results of CG/HW furnace tests (in which virtually neo
gradients exist) run at temperatures corresponding to the surface
temperatures observed in the high velocity CG/HW tests, ~In the HG/CW
a I

rc plasma tests, however, the temperature is highest at the HG/cw
interface, The rate of oxidation observed in the arc plasma tests ata

stated HG/CW surface temperature is much less than that observed in
furnace tests at the same surface temperature, Moreover, the gradients
appear to exist for long periods of time. These findings are in general
agreement with the deductions based on post-mortem metallography and
comparisen of arc plasma and furnace oxidation tests. The figure shown
below offers a schematic repregentation of the behavior of oxide forming
refractory materials in the CG/HW and HG/CW tests,

The central figure represents the oxide and matrix of a
solid oxide forming material (i.e., HfBp, 1(A-2), ZrB2(A-3) or Hf-20Ta-
2Mo(I-23) in a CG/HW furnace test at 3900°R., The temperature distribution
across the oxide and matrix zones is assumed to be constant. In the figure
at the right, which represents the temperature gradients through a high
velocity CG/HW sample (inductively heated), the temperature is lowest at
the CG/HW surface, Conversely, in the figure at the left representing a
HG/CW arc plasma test sample, the temperature is highest at the HG/CW
surface. These schematic figures suggest, that if the observed recession
is limited by the minimum temperature in the oxide (where diffusion rates
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of oxygen and components of the substrate would be slowest) the present
HG/CW and high velocity CG/HW results could be brought into line with
the CG/HW furnace results where temperature gradients are largely
absent.

SCHEMATIC REPRESENTATION OF

MINIMUM OXIDE TEMPERATURE LIMIT CRITERION
e e
TEMPERATURE °R

OXIDE f

——0 MATRIX |

~3900°R

ARC PLASMA FURNACE HIGH VELOCITY
TEST TEST CG/HW
HG/CW CG/HW TEST

The practical implications of this finding are quite sub-
stantial since if thin layers of these solid oxides can result in such large
gradients (and if the gradients exist under free flight conditions}, the
temnperature level experienced by the substrate is substantially below the
temperature at the HG/CW surface. Under such circumstances, the pre-
dicted strength and load carrying capacity of the substrate would be much
higher than for the case where gradients are ignored.

As a direct illustration of the implications of these findings
a number of long-time cyclic exposures of diboride composites have been
performed in the Model 500 and ROVERS facilities to evaluate reuse
capabilities for trajectories typified by FDL-7MC which is shown in the
figure below, The results provide a striking illustration of the reuse
capability of these materials for lifting reentry applications,

Sample HfBZ p + 20%SiC(A-7)-28R was exposed for thirteen
cycles at 0.07 atm {1 psi) sfagnation pressure, a stagnation enthalpy of
10,200 BTU/1b and a cold wall heat flux of 495 BTU/ftgsec. Each cycle
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was about 1800 seconds long with a total exposure time of 22,500 seconds,
The surface ilemperaiure iucreaged irom one cycle o ihe next siariing

at 3500 R and holding nhear 5300 R for cycles 5 through 13, Total material
recession was 15 mils after this extremely long exposure. Sample ZrB2,1 +
20%SiC(A-8)-15M was exposed for four cycles at 1.0 atm (15 psi) stag-
nation pressure, a stagnation enthalpy of 5000 BTU/1b and a cold wall heat
flux of 380 BTU/ft2sec. Each cycle was 1800 seconds long, total exposure
time was 7200 seconds, The surface temperatures were near 5000°R.,

Total material recession was 26 mils. Finally, sample ZrB,+SiC+C
(A-10)-26R (which is not illustrated on the accompanying figure) was exposed
at 0.236 atmospheres (3 psi) stagnation pressure, a stagnation enthalpy

of 7700 BTU/1b and a cold wall heat flux of 455 BTU/ft%sec. This test
covered eleven cycles of approximately 1800 seconds duration for a totgl
exposure time of 18,900 seconds. Surface temperature held near 5100°R
after the firat cycle, Total material recession was 83 mils,

These results illustrate the reuse capability of boride com-
posites for lifting reentry application, since their range of applicability ex-
ceeds the range of conditions and flight times of the FDL-7TMC trajectory
shown above. This capability is unrivaled by any other materials system.

The candidate ZrB;(A-3) material did not exhibit any thermal
stress failures at flux levels as high as 950 BTU/ft2sec. However, Boride
Z(A-5) exhibited thermal shock cracks after exposure at flux levels above
200-250 BTU/ft2sec,

Boride composites Hi{B3+20%SiC(A-4) and (A-7), and ZrB,+
20%8iC(A-8) were found to exhibit remarkable oxidation and thermal stress
resistance in HG/CW arc plasma tests. Although these materials display
temperature gradients in the oxides, the difference between the arc plasma
and furnace oxidation depths are small, The adherent oxide which forms
on these composites results in low recessions observed after exposures
in the 3500°-4500°F temperature range., In addition, (A-4) exhibited no
thermal shock failures at flux levels up to 1000 BTU/{t2sec. Radiation
equilibrium calculations performed for exposures of these materials showed
that the ratio T(CALC)/T{OBS) for (A-2), (A-3) and (A-4) exceeds unity thus
the observed temperature was 16% lower than expected for (A-2), 9%
lower than expected for (A-3) and 22% lower than expected (based on
radiation equilibrium) for (A-4). Similarly, the other boride composites
containing SiC, i.e,, HfB2+20%SiC(A-7), ZrB+20%SiC(A-8) and HfB2+
35%SiC(A-9) yielded ratios of 1.25, 1.34 and 1,17, Moreover, exposure
of hemispherical models exhibited lower surface temperatures than those
observed for flat faced cylinders.

Examination of HfB>+5iC(A-7) after 14,030 seconds exposure
in eight-1800 second cycles at a stagnation pressure of 1.03 atmospheres
a cold wall heat flux of 450 BTU/{t2sec and an enthalpy level of 4180
BTU/1b, showed a total recession of 329 mils or about 0. 32 inches. Under
similar conditions graphite and tungsten would exhibit recessions of 14 to
28 inches. ZrB;+20%SiC(A-8) displays all of the same features shown by
ATB,¥5IC(A-7) although it is not as refractory as its hafnium base counter-
part. However, the decrease in temperature resistance is compensated
for by the reduced density and cost. Zirconium diboride is roughly one
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half the density and one tenth the price of hafnium dihoride, Measurements
of the temperature gradients through oxide coatings formed on ZrBy+3iC
(A-8) yielded results which are smaller than exhibited by ZrB,(A-3), This
finding appears to be due to the higher thermal conductivity of the oxide
formed on (A-8) (a8 compared with (A-3}). ZrB,+SiC(A-8) exhibits the
same tendency to develop low temperatures as (A-4) and (A-7). The be-
havior of HiB2+35%5iC(A~-9) was found to be similar to (A-4) and (A-7). The
major difference is that (A-9) is less refractory than (A-4) and (A-7).

Recession rates observed for graphites in HG/CW arc plasma
tests are substantially higher than thos observed in CG/HW furnace tests at
1-9 ft/sec in air flow rate. This indicates that the latter are supply limited,
The results of high velocity CG/HW tests on graphite at air flow rates near
250 ft/sec approach the results obtained in the arc plasma exposures, Modest
temperature gradients were measured through graphite samples during HG/CW
tests, Limiting survival conditions for Si/RVC(B-8) determined under HG/CW
conditions depart from the behavior in furnace tests and correspond to the fail-
ure characteristics observed for silicon carbide in HG/CW tests. In the arc
plasma tests, Si/RVC(B-8) exhibits protective oxidation up to surface temper-
atures near 3800°F, some 700°F above the failure temperature in furnace
tests, Graphite-type behavior occurs above this temperature, The recession
rates of all of the graphites are inversely proportioral to material density,

Hypereutectic carbides HIC+C(C-11) and ZrC+C(C-12) exhibited
excellent oxidation resistance at surface temperatures below 5000°F and
melted under very high temperature conditions in line with reported melting
points, The present result: are consistent with the eutectic temperatures but
show little dependence on the melting point of the oxides., Current data indi-
cate comparable oxidation rates in the CG/HW and HG/CW tests. No thermal
shock failures were noted at flux levels up to 750 BTU/ft“sec, In line withthe
oxidation behavior noted in furnace tests, the HG/CW arc plasma tests show a
"puify'' oxide which forms at the lower temperatures investigated, This oxide
has been noted in air oxidation tests performed in furnaces below 3400°F,
Rapid oxidation occurs at the back of samples where the surface temperature
is lower than at the front face, This is another characteristic of the HIC4+C
(C-11) oxidation which is in line with the furnace test results (4). The oxida-
tion behavior of samples containing 13, 6 w/o C does not appeaT to differ
materially from sarnples fabricated from the billets which contain 14,0 to
15,6 w/o carbon. The behavior of ZrC+C(C-12) in the HG/CW arc plasma
tests was found to be similar to that of HfC+C(C-11),

K1-SiC(E-14) exhibited rapid recession rates at surface
temperatures above 3900°F, This is some 400°F above the limit observed
in furnace tests and in line with the results obtained for Si/RVC(B-8).

Composites of borides, carbides and graphites including
ZrB2+SiC+C(A-10), JTA(C-Z2rB3-SiC)(D-13), JT0992(C-H{C-SiC)(F-15)
and JTO981(C-ZrC-SiC)}F-16) exhibited HG/CW tests results which were
comparable to their CG/HW behavior, At elevated temperatutes, destruction
of the protective oxide coatings leads to graphite-type recession behavior,
ZrB2+8iC+C(A-10) exhibitas the best oxidation resistance in this group owing
to the fact that is is a boride-base rather than a graphite base composite. It




also shows lower recession rates in the H(‘./(_‘.w tests than in the CG/HW
tests as is the case for ZrB,(A-3). Melting of ZrBy+SiC+C(A-10) is en-
countered near 5000°F where substantial differences between low pressure
and one atmosphere oxidation raies are observed. Thermal shock failures
were not observed at flux levels up to 1010 BTU/ft2sec. The low density
(4.5 gms/cm3), high strength, low modulus and good machinability ex-
hibited by this composite, when coupled with its ox'dation resistance up

to 5000°F, offer an exceptional combination of properties.

In general, the behavior of the (A-10) composite is quite
similar to that exhibited by (A-4), (A-7) and (A-8), Although (A-10) is
not as refractory as (A-4) and (A-7) the lower density, cost, thermal stress
resistance and machining characteristics of this composite provide com-
pensating advantages for application in reusable lifting reentry spacecrait.

Extensive precautions were taken in order to insure that
temperature measurements of the model surface are accurate. In general,
the comparison of observed surface temperatures in HG/CW arc plasma
tests with values calculated from stream conditions are in relatively good
agreement, Moreover, & number of temperature measurements employing
two color pyrometers yielded good resulis. Additional verification was
obtained by measuring the melting points of tungsten and molybdenum in
the arc facilities using pure nitrogen streams for comparison with accepted
values, The relatively good agreement obtained in these tests should elirainate
concern over the accuracy of surface temperature measurements due to
interference of the arc with optical observations,

A substantial number of thermal shock failures of JTA(D-13)
and JT0981(F-16) have been observed. For JTA(D-13), thezse failures
occurred in random fashion at flux ievels above 500 BTU/ft sec, The
samples which failed by therrnal shock were machined from 2- 1/2" dia-
meter x 2" long billets of JTA(D-13) in an orientation which corresponded
to the hot pressing direction, Thus, the axis of the arc plasma test sample
was parailel to that of the hot pressed cylinder, Under these conditions,
residual strain present in the billets and in the samples could provide a
source of the failures, However, a series of samples oriented with their
axes perpendicular to the pressing direction showed no thermal shock
failures at flux levels in excess of 500 BTU/ft2sec, This finding has
particular relevance to applications in which JTA(D-13) parts are exposed
to severe environmental heat fluxes, JT0992(F-15) did not exhibit sensitivity
to thermal shock,

The behavior of these compositgs is characterized by low
recession rates at temperatures betveen 3000 F and 4000 F, best illustrated
in ZrBy+5iG+C(A-10) and JT0992(F-15) at temperatures up to 4500°F,

Above 50007 F, the protection afforded by formation of ZrO, (or H:EOz) and
5i0; is eliminated and oxidation rates which are characteristic of graphite
are encountered.

Failure limits for the coated refractory metals WSiZ/W
(G-18) and Sn-Al/Ta-10W(G-19) have been established in general agree-
ment with furnace tests. Maximum survival conditions for WSiz/W(G-IS)




are 450 BTU/ftzsec and 3100 BTU/Ib at Pe = 1 atm, At lower pressures,
failure was observed at 458 BTU/ftzsec and 11,420 BTU,1b. Coating
failure conditions were established for Sn-Al/Ta-10W(G-19) at lower flux
and enthalpy levels. Mo dest temperature gradients were measured
through WSiZ/W(G-IB) arc plasma test samples,

Current results for W+Zr+Cu(G-20) indicate relatively good
resistance to oxidation at 10,000 BTU/1b and 500 BTU/{t2sec at 0,100 atm.
However, at 1| atmosphere stagnation pressure, very rapid degradationwas
cbserved at much lower flux and enthalpy levels, This behavior indicates
that the mechanism of degradation is sensitive to pressure in the 0,1-1,0
atmosphere range. The precise nature of the degradation mechanism
which is operative is not clear at present. The results obtained for W+Ag
(G-21) in the Model 500 tests at stagnation pressures of one atmosphere
were comparable to the results for (G-20),

The silica-tungsten composites SiO2+68.5 w/o W(H-22) and
Si02+60 w/o W(H-23) exhibited similar recession behavior in the one at-
mosphere HG/CW arc plasma tests as encountered in the CG/HW furnace
tests., At low pressures, higher recession rates were ohserved due to
instability of SiOz relative to SiO, At temperatures above 4000°F, exten-
sive flow of this composite was observed, in agreement with the furnace

test findings. Samples exposed at one atmosphere showed sting hole
cracking.

Arc plasma exposures of Hf-20Ta~2Mo(I-23) exhibited lower
oxidation rates than in the CG/HW tests at comparable surface tempera-
tures, In addition, several samples with indicated surface temperatures
in excess of the melting point of the alloy did not melt, Current results
indicate that gradients of 1500°F can exist through 100 mils of alioy and
oxide, This behavior is the basis for the surface temperature in the 4000°-
5000°F range which were not accompanied by melting of the alloy,

Hi-Ta-Mo(I-23) was exposed to seven cyclic exposures at a
staguation pressure of 1,05 atmospheres, a stagnation enthalpy of 3300
BTU/lb and a cold wall heat flux of 410 BTU/ft sec, The observed sur-
face temperature was 4230°F and a recession of 138 mils was observed
after an exposure of 11,600 seconds in cycles of 1800 second duration.
This behavior is nct quite as good as that exhibited by ZrB2+20%SiC(A.-8)
or ZrB>+5iC+C(A-10) which were exposed under more severe conditions than
(I-23)-27M and exhibited less recession. Nevertheless, Hf-20Ta-2Mo
(I-23) ismetallic and as such offers advantages as regards fabricability
and resistance to thermal stress, On the other hand (A-8) and (A-10)
possess higher strength and more temperature capability than (I-23), Hf-
20Ta-2Mo(I-23)wasalso exposed to a 4 cycle exposure at a stagnation pres-
sure of 0,132 atm, an enthalpy of 7600 BTU/1b and a cold wall heat flux of
398 BTU/ft%sec. Total exposure time was 7220 seconds yielding a reces-
sion of 55 mils, As indicated above, boride composites exposed tc more
severe conditions in the ROVERS facility exhibited less recession, How-

ever, the behavior of Hf-Ta~Mo(I-23)~38R is outstanding for a metallic
structure,




Present results for Ir/C(I-24) are in general agreement with
the CG/HW tests, which showed that iridium exhibits very low oxidation
rates up to its melting temperature at 4430°F, The temperature of the
iridiwn-carbon eutectic is 4175"F, Samples exposed to higher conditions
exhibited melting of the ccating and ablation of the graphite, The major
drawback of this coating syastem is the low emittance of the iridium
(e =0,30), However, addiiion of HfO, raised the emittance to values
near 0,50 and extended the range of conditions under which the coating
can be used, Thus2 the pure coating is destroyed at flux levels in ex-
cess of 310 BTU/ft“sec. At flux levels below 300 BTU/ft“sec the coat-
ing is hardly affected; however, at higher levels, melting followed by
rapid ablation occurs, In contrast, when H{Oj is added to increase the
emittance, failure does not occur until the flux level reaches 510 BTU/
ftésec, Thus, although Ir/C(I-24) has excellent temperature capability
to temperatures near 4200°F, it has very low resistance to stream con-
ditions, Infactif heat flux/enthalpy characteristics are used as a yard-
stick, Ir/C(I-24) ranks below gi/RVC(B-S), even though the latter has
a temperature limit near 3200 F,

Temperature gradients have been measured through 100 and
400 mil walls of ZrB,(A-3), HfBp 1+20%SiC(A-7), ZrBp+20%SiC(A-8),
ZrB+8iC+C(A-10), RVA(B-5), WSiZ/W(G-IB) and Hf-Z%Ta‘-ZMo(I-B).
Calculations of the temperature gradients through the test cylinders
described have been presented. These calculations are based on side
logses due to radiation and conduction down the length of the model but ‘
no heat loss via conduction, In general, relatively good agreement he-
tween observed and calculated temperature gradients has been obtained
in view of the simple model employed.

Measurements of total normal emittance have been provided
for all of the candidate materials based on radiated heat flux observa-
tiona during HG/CW exposures, Averaged values obtained for solid ox-
ides formed during exposure are higher than normal emittance values
observed for melting surfaces., Comparison of calculated surface tem-
peratures based on stream conditions with those observed yields rela- .
tively good results, However, systematic differences worthy of note
have been observed. Calculated temperatures are quite close to those
observed when melting occurs, but when solid coatings are present, actual
temperatures are below values cormputed from stream conditions and the
assumption of radiation equilibrium. Moreover, materials containing
silicon carbide achieve lower surface temperatures during exposure than
predicted on the basis of stream conditions, As a consequence, the over-
all behavior of these materials under HG/CW conditions appears to be
better than under CG/HW furnace test conditions,

The present results illustrate the difference between solid
oxide formers and graphites, The latter group exhibit increasing oxi-
dation rates with increasing pressure while the former show little pres-
gure effect. When the solid oxide formers atre exposed to stream condi-~
tions at one atm, which result in surface temperatures below their
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meliing points, they exhibit recession rates 100 to 1000 times less than
graphites do under comparable conditions. Coated metals and silicon
carbide degrade at temperatures comparable to those observed in CG/HW
furnace tests, These limits are due to melting or rapid vaporization,
However, at a given surface temperature, the solid oxide formers ex-
hibit much lower recession rates under HG/CW arc plasma test condi-
tions than in a CG/HW air oxidation furnace test. This may be due to
large temperature yradients across the oxide which occur in the HG/CW
arc plasma tests than in the CG/HW furnace tests due to artificial oxy-
gen supply limits imposed by the air flow limitations of the latter tests,

Ten Megawatt Arc exposures of 1/2" diameter and 7/8"
diameter cylinders of diboride materials have been employed in splash
tests to establish thermal shock thresholds at stagnation pressures of
4.3 atm under Mach 2 flow conditions. The best results wetre obtaiged
with HfB2+3iC(A-4) and (A-T7), which survived fluxes at 950 BTU/{t“sec
and 790 BTU/ft%sec at 1/2" and 7/8" dia.mete:is respectively, Failures
were noted at 970 BT U/ ftsec and 840 BTU/ft%sec for the 1/2" and 7/8"
diameter cylinders, A limited number of ten megawatt arc pipe tests
were conducted in order to evaluate the combined effects of exposure to
heat flux and Ligh shear., Unfortunately one design aspect of the test
generated a substantial thermal stress condition which caused this fail-
ure mode to dominate. Si/RVC(B-8) was found to be more thermal
stress resistant than boride composites while ZrB,+SiC+C(A-10)
proved most thermal stress resistant of all of the boride composites
exposed in the pipe tests,

Sixteen samples were exposed to Mach 6 tests in the Cornell
Aeronautical Laboratory Wave Superheater Tunnel, including HfBj ,,
ZrBjp, HfB,+S5iC, RVA, PG, BPG, JTA, KT-SiC, JT0992, JT0981, W,
Sn-Al/Ta-10W and Hf-20Ta-2Mo. Stagnation pressure and enthalpy levels
of one atmosphere and 2200 BTU/1b at a cold wall heat flux level of 600
BTU/ftésec were applied to one half inch hemispherical cap specimens,
Total exposure time was 15 seconds, Radiometer measurements of sur-
face temperature indicated that the heat up time was much shorter than
calculated, but surface temperature levels achieved compared
reasonably with computed levels near 4000°F, In contrast, a one inch
hemispherical cap Hf-20Ta-2Mo alloy showed evidence for melting (melt-
ing temperature, 3850°F) while a one half inch diameter cap of the same
material showed no signs of melting and little oxidation,
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1I. RESULTS OF HG/CW ARC JPLASMA TESTING IN THE AVCO
MODET. 500 AND ROVERS T

S0 ).0% 9 2

A, Introduction

More than 700 arc plasma exposures (HG/CW) have been
performed in the Avco-SSD Model 500 and ROVERS (Radiation Orbital
Vehicle Re-entry Simulator) in air between Mach 0.1 and 3,2, Almost
all of the candidate materials listed in Table 1 were tested. Detailed
descriptions of the testing facilities and techniques employed are given
in Part lI-Volume III of this series ( 3 ). Stagnation pressures and
enthalpies ranged between 0,01 and I atmosphere and 1,000 to 16,000
BTU/1b, respectively, Cold wall heat fluxes between 35 and 1200 BTU/
ft2gec were employed for times up to 180C seconds per test with aggre-
gate times of up to 23,400 seconds per sample for those undergoing o
multiple exposure tests, Surface temperatures ranging between 1700
and 7000"F were generated and radiated heat flux measurements were
performed in order to obtain estimates of normal total emittance for
the candidate materials, Post-mortem metallographic and x-ray studies
have been employed to characterize material behavior., The HG/CW
arc plasma exposures are compared with CG/HW air oxidation test
results reported in Part III-Volume I of this series ( 4 ). The results
of temperature gradient measurements through oxide films formed during
exposure are presented for flat-faced, hemispherical tipped and shrouded
samples of several of the candidate materials. These results are compared
with theoretical calculations based on stream conditions and material
properties, A theoretical correlation of material performance with stream
conditions is presented in Part IV-Volume I of this series (_7 ).

B. Presentation of Arc Plasma Test Conditions and Results

The test conditions and results are presented in Tablea 2-39,
A description of the facilities and techniques for perfiorming measurements
of stream conditions and sample temperatures is presented elsewhere ( 3 ).
The tabulated information presented for each exposure includes the Mac
number, stagnation pressure, P,, stagnation enthalpy, i,, initial dia-
meter of the samples, cold wall heat flux, q.y,, and the observed sur-
face temperature. The latter values were obtained by employing the !
emittance values for A = 0,65 which are contained in Tables 2-39 for
each material, It should be noted that employing a constant value of
emittance at A = 0,65y for the wide range of temperatures and pressures
encountered in the present tests represents an over-simplification, How-
ever, the current values are employed as a first approximation to the
problem at hand. '

In addition to the foregoing, Tables 2-39 contain measure-
ments of the surface radiation, 9. and the total normal emittance, €N
computed on the basis of Eq, (1):

ey = qr(BTU/ftzsec) (0.47)"} (T°R/A000)~4 (1)
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Measurements of surface radiation emitted from samples
having 1/2 inch diameter faces requires special alignment of the optical
system, Initial measurements in the ROVERS facility were performed
with an optical system which was designed for measuring surface radia-
tion from 3/4 inch diameter models. These measurements are expected
to be lower than values obtained with an optical system specifically de-
signed to measure radiation from 1/2 inch diameter samples. This
system was employed for all measurements. In addition, comparison
of test data obtained with 1/2 inch and 3/4 inch diameter samples has
been performed and will be discussed below,

it should be pointed out that measurement of the surface
brightness temperature carried out in the ROVERS facility is converted
to true temperature by employing the emittance at 0,65u and a trans-
missivity factor to correct for the window material, The correction
factor is the product of the surface emittance and the transmissivity
factor of the window, A transmissivity factor of 0.86 was used for the
sapphire windows employed.

In addition to the foregoing set of "stream conditions!' and
surface radiation and temperature data, Tables Z-39 contain data on
initial and final lengths, exposure time and recession rates for each
sample. Also included are ratios of the calculated surface temperature,
Tcalc and the observed surface temperature, Topg, Which are based
on radiation equilibrium as indicated by Eq. (2):

0 4 . ,
0.47¢ (T R./1000) -he (1e - iy, [TCALC' Pe] ) (2)

CALC

where heis the heat transfer coefficient, ¢ is the total normal emittance,
and iw[TcA1,crPel (BTU/1b) is the enthalpy of air at Tcay,c and Pg (6 ).
In the first order calculations presented in Tables 2-39, the normal ~—
total emittance, €y, is assumed to be equal to the emittance at A = 0,45p,
Thus, these calcu{qations ignore the measured q, and normal emittance
values, Part IV-Volume I of the present series (_6 ) repeats the calculation
including the measured emittance, The first order calculations are pre-
sented for comparison with results obtained earlier, Finally, the heat
transfer coefficient, he, in Eq, (2) is calculated in two ways, The cold wall
heat transfer coefficient is defined by Eq. (3) as:

he = ch/ie (3)

while the Fay-Riddell heat transfer coefficient is given by Eq. (4) { 6 ), as:

h, = 0.0386 (1 +0. 7M™ Yt (24 Pe/D)l/z bs/it%sec  (4)
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where M is the Mach No., and D is the diameter of a hemispherical tipped
cylinder in inches. For flat faced samples an effective diameter was used,
where (6)

D = 2,5D (5)

eff cylinder

Evaluation of the sample recessionwas performed by measur-
ing the overall length of the test cylinders as well as the depth of the sting
hole drilled in the back. The difference it the thickness. Measurement of
the thickness after exposure is carried out by sectioning the sample and
metallographic analysis, This procedure is preferable to measurements
of the overall length before and after test, The latter are also made and
are presented in Tables 2-39 for reference. Initially, measurements of
the sting hole depth were not performed and final dimensions were ob-
tained by sectioning the exposed cylinders and comparing the overall length
of the sectioned sample with the initial length, As a consequence, some of
the materials contained in Tables 2-39 show identical values of initial length
and thickness™,

Figures 1-8 show the results graphically as compared with the
behavior in furnace tests, while Figures 9-301 show post exposure photo-
graphs of the samples tested as well as typical photomicrographs,

1, HfB2 1(A-2)

The results obtained for HfBp, }(A-2) are contained in
Table 2 and compared in Figure 1 with the results of CG/HW furnace tests
in air at a flow rate of 1 ft/sec (4). The melting point of this material
shown in Figure 1 is based on the work of E. Rudy (7). Figures 9-11 show
post exposure macrographs of all of the samples-after test, As indicated
above, all of the samples were sectioned after exposure and examined
metallographically, Typical sections are shown in Figures 12-23 illustra-
ting the most severe test where minimal recession occurred (Figures 12~
15) and the least severe test where rapid recession occurred (Figures 16-
19) in the Model 500, Similarly Figures 20-23 show maximum "survival"
and minimum ''failure' conditions in the ROVERS arc. Figures 16, 17,
22 and 23 (when compared with the microstructural features of virgin
material (1)) show that rapid recession coincides with melting of the boride,
This conclusion is reinforced by Figure 1 where the measured recession
results at high temperatures are compared with the published melting point

(0.

e

“Tests where changes occurred due to arc or sample conditions are denoted
by A and B. Thus, in Table 2, HiB3, 1(A-2)-18 MA refers to melting at the
beginning of the exposure, while (A-2)-18MB refers to the behavior after
melting ceased. Multiple exposures such as HfBp 1+20 v/ o SiC(A-T7)-23M
in Table 6 are denoted by roman numerals I, II, etc. Finally, hemispheri-
cal capped cylinders and shrouded samples are denoted by MH and MS as
shown iu Table 6 for tests HfBp ) + 20 v/o SiC(A-7)-36MH and 44MS.
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Figuwes 24-27 iiusirate the excellent oxidation resist-
ance of HiB, j(A-2) at temperatures ‘nthe 4500°F range. Although the
mechanical integrity of the (A-2) samples was poor (see Section IV.C and
Table 15 of Reference (1) for details) no thermal stress failures were
noted below a heat flux of 770 BTU/ftésec. In particular dye penetrant
tests of sample (A-2)-8R exhibited a band of high porosity near the center
while sample (A-2)-9R was sound. At a heat flux of 772 BTU/{t*sec, the
former exhibited thermal shock failure while the latter did not. As indi-
cated in Section II, B-4, 6 and 7, addition of silicon carbide materially
improved the mechanical integrity and increased the resistance to thermal
stress failures, This finding has been extensively documented in a com-
panion study of fabrication characteristics and mechanical, thermal and
physical properties(8,14). The most striking feature of the present result
for HfB; 1(A-2) in the HG/CW tests isthe difference between the reces-
sion rates encountered at a given surface temperature in these exposures
and those observed at the same surface temperature in furnace tests (4).
This difference is shown in Figure 1 which indicates that an oxidation o
depth of 20 mils in 30 minutes is obtained in an arc plagma test at 5000 F
while the same oxidation depth can be produced at 3500°F in a furnace
test, Alternatively a 100 mil oxidation depth is observed in a furnace test
at 4000°F after 30 minutes while comgara.ble oxidation depths are not ob-
tained in arc plasma tests below 5500°F, The source of this difference is
the temperature gradient through the oxide as indicated in Section I. B,
Reference to Figure 1 also indicates no significant effect of oxygen pres-
sure on the oxidation rate of this material in the pressure range between

0,002 and 1,0 atmospheres (air). This finding is in keeping with previous
results (15,16).

Table 2 shows the results of several test samples (A=~2)-
16M, 17M and 18M which were preoxidized at 1930°C (3500°F) for ten min-
utes to form a 10 mil oxide (4) and subsequently exposed under marginal
survival conditions. These fests were performed to ascertain whether a
high normal emittance coating (oxide = 0, 50, bare boride = 0,40) could
extend the operating range, Comparison of (A-2)-16M with (A-2)-1M and
(A-2)-4M indicates little or no improvement, In addition, cyclic exposure
of (A-2)-13M, 14M and 15M to three cycles which were each of 600 second
duration (interrupted by cooling to room temperature) produced no acceler-
ated oxidation over uninterrupted 1800 second tests (i.e., see (A-2)-1M)).

2.  ZrBp(A-3)

Table 3 summarizes the results obtained for ZrB2(A-~3).
As before, Figures 28 and29 show post exposure photographs of all samples,
while Figures 30-39 illustrate "maximum severity survivals' and''mini-
mum failures' in the Model 500 and ROVERS., The melting point (7) shown
in Figure 1 as well as Figures 32, 33, 37 and 38 indicate that melfing of
the boride is the cause of rapid recession., The excellent long time oxida-
tion resistance of this material at 4000°F is illustrated in Figures 40 and
41, Graphical comparison of CG/HW furnace test data (4) with the current
results in Figure ] shows evidence for temperature gradients and the
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"minimimum oxide temperature limit criterion' discussed in Section I1.B.
Tests (A-3MMGC, 2MC, 3MC and 4MC were designed to measure the tem-
perature gradients through 100 mil wall thicknesses of oxide and boride.
Thus, reference to Table 3 shows that nose thicknesses of 104, 101, 102
and 104 mils were machined in samples (A-3)-1MC, 2MC, 3MC and 4MC.
In-depth temperature measurements were performed at these stations
along the lines previously indicated (3). Figure 42 shows post exposure
photographs of all these "in-depth temperature' tests, while Figure 43
shows a section through (A-3)-2MC which exhibited a 1500°F temperature
gradient, Reference to Table 3 and Figure 43 shows that the final boride
thickness was 87 mils, The time-temperature history at the "in -depth'
station is documented in Table 40, This illustrates the long time sta.b:.hty
of this effect which will be discussed in further detail in Section II.C.
Figure 43 also shows the tungsten sting in place. Close examination il-
lustrates the small contact area between stmg and sample designed to
minimize heat transfer by conduction. In view of the 9:1 length/dlameter
ratio of the '"sighting hole" the '"blackbody' assumption of T'able 40 is
justified, Additional experimental justification is presented in Section 11, C.
Comparison of the cbserved temperature gradients with calculations based
on a simple one dimensional model which allows for side losses due to
radiation (6) yields good agreement with observations, For the case of
(A-3)-2MC shown in Figure 43 the computed surface and internal temper-
atures were 4170°F (4470°F observed) and 2910°F (2930°F observed),
respectively,

Cyclic exposures of ZrB,(A-3)-52M, 53M and 54M
were performed along the lines previously mdlcated for HiB, ) (A-2) to

assess the effects of heating and cooling in three-600 second cycles. The results

showed that at the lowest level ZrB3(A-3) exhibited a recession equivalent
to that observed in an 1800 second test, At higher levels ZrB2({A-3) ex~-
hibited larger recessions for cyclic exposures than in the case of un-
interrupted 1800 second tests. By contrast, the cyclic tests performed on
HfB2 did not result in larger recessions than the uninterrupted tests. The
motion picture coverage indicated that the oxide formed on HiBj3, 1{A-2)
exhibited greater tenacity under these conditions than did the. ox1de formed
on ZrB,(A-3), The latter flaked off between cycles. As indicated in
SectionZII B. 1. preoxidation of HfB2({A-2) to form a 10 mil coating did not
result in noticeable changes in behavior,

Reference to Table 3 shows that the ZrBz{A-3) material
employed in these tests did not exhibit any thermal stress failures at flux
levels as high at 950 BTU/ftésec., In contrast to the HfB2, 1{A-2) material
discussed in Section II, B, 1, the (A-3) material was mechanically sound and
did not exhibit the flaws shown by the (A-2) in the nondestructive tests prior
to exposure (see Sections IV.B,C and Tables 15, 16 of Reference 1).

3, HIB, + SiC(A-4)

Table 4 contains the results obtained for HfB+S5iC(A-4)
which has the same composition as HfB2+SiC(A-7) (1) but was prepared by
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an alternate supplier (T'able 1), Post exposure photographs of all test
samples are shown in Figures 44 and 45. Figure 2 compares the fur-
nace tests results (4) with the current HG/CW arc plasma data. Met-
allographic sections of "maximum severity survivals'" and "minimum
failure'' tests in the Model 500 and ROVERS are shown in Figures 46-
53, Figures 47, 52 and 53 show the ""gilicon carbide depletion zone'"
which is observed (4) when this composite is exposed to oxidizing en-
vironments at high temperature. The depletion depths for various
exposures of (A-4) are shown in Table 15 and displayed in Figure 1,
Thus, a ten mil depletion depth was observed in HfB2+S5iC(A-4)-2M
(Figure 47) after 30 minutes in an arc plasma test where the surface
temperature was 5020°F. By contrast Figure 1 of Reference (4) shows
that a ten mil depletion depth is attained in 30 minutes near 3500°F in
a CG/HW furnace test, Although these observations suggest the exist-
ence of temperature gradients in the boride-silicon carbide composites,
the difference between the arc plasma and furnace oxidation depths are
small (Figure 2), This finding is in contrast to the results obtained for
HfB, 1(A-2) and ZrB3(A-3) shown in Figure 1. This subject will be
discussed in greater detail in Sections II, B-5, II,B-7 and II. C. The
adherent oxide which forms on this composite is shown clearly in
Figures 47 and 53. Figures 54-57 show the low recessions observed
after exposures in the 3500°-4500°F temperature range. Reference to
Table 4 shows that no thermal shock failures were noted at the highest
flux levels employed in these tests (1000 BTU/ft2sec).

As indicated above (Section II, B) radiation equilibrium
calculations were performed for each exposure to compare observed
and computed temperatures as a general check on the internal consistency
of the data. An extensive comparison of the data collected in the present
study with the results obtained in other investigations is presented in
Reference (6). Although the significance of these comparisons in terms
of the ratio T(CALC)/T(OBS) will be discussed in some detail below (Sec-
tion II, D) it is worth noting at this point that the average values of this
ratio (for cases where melting does not occur) for (A-2), (A-3) and (A-4)
arel,.16,1.09 and 1.22, respectively. The significance of this result will
become evident if one considers that on the average, the observed temper-
ature was 16% lower than expected for (A-2), 9% lower than expected for
{A-3) and 22% lower than expected (based on radiation equilibrium) for
(A-4).

4, Boride Z (A-5)

Table 5 and Figures 1 and 58 show the results obtained
for Boride Z(A-5). Samples Boride Z{A-5)-2M,5M, 6M, TR, 8R and 12R
all showed thermal shock behavior. All of the remaining samples except
9R were observed tocontainlarge cracks after sectioning, Samples Boride
Z(A-5)-7R and 8R cracked after the exposures were completed. Consequently,
the current results indicate that Boride Z(A-5)isvery susceptible to thermal
shock failure, Figures 59a and 59b show Boride Z(A-5)-4M and 8R which
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exhibit thermal shock cracks after sxposure at 348 BTU/ft?sec and 3215
BTU/1b and 262 BTU/ft2sec %nd 9200 BTU/1b, respectively. Thus, flux
levels above 200-250 BTU/ft“sec appear to result in thermal shock fail-
ures of Boride Z, By contrast ZrBj(A-3) discussed in Section II, B, 2
and ZrB2+SiC(A-B) to be discussed in Section II.B, 6 did not exhibit
thermal shock failures at these levels,

5, HiB> + 20%SiC{A-7)

Tables 6, 7, 8 and 15 summarize the results observed
for HfB2+20%SiC(A-7). As indicated earlier, this material has the same
composition as (A-4). This composite was exposed to extensive evalua-
tion since it exhibited the most outstanding high temperature-long time
oxidation resistance. Exposure (A-7)-28R details the 23,400 second
exposure noted in Section 1B, As indicated earlier, multiple exposures
are denoted by roman numerals, i.e,, (A-7)-24MI, 24MII, 24MIII, 24M1V.
Hemispherical capped samples and shrouded samples are designated by
the suffix H and S respectively as can be seen by comparing the tables
with Figures 60-62, The latter illustrate all of the samples after expo-
sure, Thus, (A-7)-45MS is shown in Figure 60 (sample 45M) to consist
of the {A-7) cylinder with a 437 mil diameter in a 875 mil shroud, The
shroud material was ZrBz+5iC+C(A-10). This material was employed
because it is machinable and quite oxidation resistant. Reference to
Figure 60 shows qualitatively that (A-7) is more resistant to oxidation
than (A-10), Figure 61 shows the hemispherical samples (A-7)-36MH,
37MH, 38RH, 39RH, 48RH and 50RH, Finally a few of the hemispherical
samples were shrouded in order to evaluate the effect of such shrouds on
internal temperature distributions, Samples 49RHS and 51RHS shown in
Figure 61 are examples of this configuration. Little effect was noted due
to shrouding of hemispherical models, However, hemispherical models
and shrouded flat faced models resulted in lower temperature levels.
This aspect of the testing program will be discussed later,

Finally samples (A-7)~-38RH and (A-7)-46RS were run
twice, The second exposures are denoted as (A-7)-38RR and (A-7)-46RR.
Sample (A-T7)-39RH was run three times with the second and third expo-
sures designated as (A-7)-39RRI and (A-7)-39RRIL.

Figures 63-70 show the "maximum severity survival"
and "minimum failure' ceonditions in the Model 500 and ROVERS facility.
As in the case of H{B, ;(A-2) and ZrB3(A-3), rapid recession appears to
result from melting. However, since the composite does not melt as
sharply as the pure diboride, the transition in Figure 2 is not very sharp.
The temperature limit appears to be 5000°F, Figures 71 and 72 show
metallographic sections of (A-7)-28R exposed for thirteen cycles (each of
1800 second duration) at a stagnation pressure of 0,07 atm, an average
heat flux of 495 BTU/ft®sec and an enthalpy near 10,300 BTU/lb. Refer-
ence to Table 7 shows that the temperature increased progressively during
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ilic firsi four cyclies even though the stream conditions were constant,
Cycle number five exhibited a large temperature increase which was
maintained through the remaining eight exposures, This behavior is
characteristic of all of the multicycle exposures oi boride composite
samples, The difference in temperature between cycles (A-7)-28RII
and (A-7)-28RYV is real since it is reflected in the measured value of
radiated flux as well as in the surface temperature, Physically, the
increase in temperature appears to be connected with the presence of
an oxide over the entire surface of the sample, Thus, in cycles (A-7)-
28RI through (A-7)-28RII little or no oxide is visible (see Film Des-
cription) and the observed surface temperature and radiated flux is
low. Similarly, in cycle X the oxide has fallen off exposing the bare
composite. Here again the surface temperature and radiation are low,
Apparently then, the oxide sustains a large temperature gradient over
a very small thickness (1500°F over 5-10 mils in the present case).
Reference to Figure 72 indicates minimal depletion of SiC. The deple-
tion depth was of the order of 1-2 mils,

Another interesting feature is the ratio T(CALC)/
T(OBS) and its variation from one cycle to the next. This ratio is near
1,18 when the oxide is present, However, when the bare boride com-
posite is exposed, the ratio is near 1,70. Thus, the boride composite
exhibita surface temperatures which are much lower than expected on
the basis of radiation equilibrium. When the oxide is present, calcu-
lated temperatures are closer to (but still 15% below) the observed
values, Although the cause of this behavior is not known at present
(6) part of the difference is undoubtedly due to conduction losses and
side radiation {é), Thus, if the conduction between the oxide and the
boride is very low the radiation equilibrium calculation applies well
to the oxide layer, However, when the bare boride composite surface
is exposed conduction losses coupled with side radiation (86) and other
factors lead to much lower surface temperatures than expected,

Apart from these fine points, the gross behavior
of HfB2+20%S5iC(A-7)-28R is quite remarkable, Table 7 and Figure 71
show that the total recession after the thirteen cycle exposure was 15
mils, This behavior is unrivaled by any other known material system,

Fipures 73 and 74 show post exposure sections through
(A-7)-52M after 14, 030 seconds exposure in eight-1800 second cycles at a
stagnation pressgure of 1, 03 atmospheres, The average cold wall heat flux
was 450 BTU/ft%sec at an enthalpy level of 4180 BTU/Ib, Total recession
was 329 mils or about 0,33 inches. Under similar conditions graphite
and tungsten would exhibit recessions of 14 to 28 inches,

Figures 75-78 show post exposure metallographic
sections through samples (A-7)-37MH and (A-7)-39RH which were em-
ployed for in-depth temperature measurements, Table 41 shows the
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time temperature histories of the internal temperature measurements
which will be discussed in Section II. C, However, several points are
worth noting currently. First, the temperature gradients observed for
(A-7) are not as large as those observed for {A-2}). Part of the reason
for this behavior is believed to be due to the fact that the oxide which
forms on (A-7) is much more adherent than that which forms on (A-2).
Consequently, this oxide has a higher thermal conductivity which re-
duces the temperature gradient (6). As a consequence, the difference
between the recession rates observed in HG/CW arc plasnia tests and
CG/HW furnace tests is smaller for (A-7) than for (A-2). This can be
observed by comparing Figures 1 and 2.

As indicated above, (A-4) and (A-7) exhibit lower
temperatures than anticipated from radiation equilibrium considerations
(I.’e., T{CALC)/T(OBS) is much larger than unity). This conclusion
was derived by considering flat faced cylinders in the earlier discussion,
Consideration of the hemispherical capped specimen tests indicates an
additional lowering of the surface temperature, Thus, the T(CALC)/T
(OBS) ratios for tests (A-7)-38RH, 39RH, 48RH, 49RHS,50RH and 51RHS
are near 2,0, A graphical illustration of this phenomena is afforded by
tests (A-7)-39RRI and 39RRI shown at the end of Table 8. As indicated
above, these tests were re-runs of sample (A-7)-39RH. The sample is
shown sectioned after exposure in Figures 77 and 78, Here, exposure
at 965 BTU/ftésec and 7290 BTU/1b resulted in a surface temperature
of 4285°F for the hemispherical model, By contrast, exposure of a flat
faced sample (A-7)-34R to milder conditions (720 BTU/ftésec, 8040
BTU/1lb) resulted in a surface temperature of 5005°F, Moreover, at
791 BTU/ft®sec and 9030 BTU/lb, flat faced sample (A-7)-35R reached
5350°F and receded 315 mils in 90 seconds,

6. ZrB2 + 207%SiC(A-8)

Tables 9, 10, 15 and 42 and Figures 1, 2 and 79-92
detail all of the results obtained for ZrB2+20%SiC(A-8). This composite
exhibits all of the same features shown by HfB2+SiC(A-7) although it is
not as refractory asits hafnium base counterpart. However, the decrease
in temperature resistance is compensated for by the reduced density and
cost, Zirconium diboride is roughly one half the density and one tenth the
price of hafnium diboride. Reference to Tables 9 and 10 and the post
exposure photographs shown in Figurcs 79 and 80 indicates that most of the
tests were conducted with flat faced cylinders, A few tests were shrouded
with ZrB+14%S5iC+30%C(A-10). As in the case of (A-7), the ZrB,+20%S5iC
(4.-8) material is more oxidation resistant than (A-10) as indicatea by
samples 30M and 32R in Figure 80. In addition, it is interesting to note the
results of (A-8)-29M in which a graphi.e shroud was eimnployed (Tables 9 and
42). Although the beride exhibited minimal recession (8 mils in 1800 seconds)
the graphite shroud which was one inch long ablated completely in 500 seconds.

Teble 15 and Figure 1 show the depletion depths for ZrBa+
SiC{A-8) as a function of temperature, This material exhibited the lowest
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depletion rate of all the horide cm'“pcsitcs a3 shown iii Figure 1, In addi-
tion, the depletion rate in the current HG/CW tests was much less than
the corresponding rates ( for a glven surface temperature) in CG/HW fur-
nace tests (4). Metallographic sections were prepared for all of the expo-
sures, Figures 83-88 show the "'maximum severity survivals' and '"'mini-
mum exposure failures' in the Model 500 and ROVERS tests,

Figures 89-92 illustrate the results of long exposure
cyclic tests in the Model 500 and ROVERS., Test (A-8)-15M shown in
Figures 89 and 90 was discussed previously in Section I.B, The sting
section of (A-8)-16R shown in Figure 91 was cracked on removal from
the sting., Both tests show excellent long timc oxidation rcsistance,
Reference to Table 42 shows that temperature gradients through one hun-
dred and four hundred mil walls exist in these materials which are com-
parable to those observed in (A-7), However, the gradients appear to be
smaller than exhibited by ZrB2(A-3), This finding apparently results from
the higher thermal conductivity of the oxide formed on (A-8) (a8 compared
with (A-3))(6). Consideration of Tables 9 and 10 shows that ZrB;+SiC(A-8)
exhibits the same tendency to develop low temperatures as (A-4) and (A-T7).
Thus, tests in the ROVERS facility at flux levels below 500 BTU/ftésec and
in the Model 500 facility at flux levels below 350 BT U/ft2sec develop rntios
of T{CALC)/ T(OBS) which are of the order of 1,5, This feature of the bor-
ide composites which contain SiC permits a wider range of applicability than
materials which exhibit (T(CALC)/T(OBS)) near unity,

7. HfBj 1+35v/05iC(A-9)

A limited set of exposures of HIBy 1+35v/0SiC(A-~9)
was conducted in the Model 500 facility, The results are suwnmarized in
Tables 11 and 15 and in Figures 1 and 2, Figure 93 shows post exposure
photographsof all the test samples while Figurea 94-97 show "maximum
severity survival' and "minimum failure' conditions in the Model 500.
The nonuniform recession exhibited by (A-9)-5M is due to misalignnent
of the sample in the arc, These results show that the features of (A- 9) are
similar to (A-4) and (A-T)(i.e., T(CALC)/T(OBS) comparisoun, recession
rate vs, temperature for HG/CW arc plasma tests and furnace exposures,
depletion depth vs, tc«rnperature in HG/CW tests as a function of tempera-
ture, etc.). The major difference is that (A-9) is less refractory than
(A-4) and {(A-7). Thus, (A-9) exhlbzts melting in Model 500 expcsures when
the flux level exceeds 500 BTU/ft2sec at erchalpy levels near 4000 BTU/1b.
By contrast, (A- 7) 23M receded 193 mils after 7200 seconds at flux levels
near 600 BTU/ft2sec and 4500 BTU/Ib, Similar thermal stability is evi-
denced by (A-4)-2M and (A-4-2)-3M, A method for comparing the reces-
sion rate as a function of flux and enthalpy, rather than exclusively in
terms of surface temperature as in Figures | and 2, is described in
Reference (6).

8,  ZrB,+14%SiC+30%C(A-10)

This composite has been developed (8-14) in order to
improve the thermal stress resistance of boride composites (by lowering




cf the clastic modulus) wiihoui sacrificing oxidation resistance. Moreover,

(A-10) is machinable with carbide tools while (A-8) is not. Tables 12-15

and 43 summarize the results of an extensive series of tests conducted on
ZrBp+SiC+C(A-10), Figures 1 and 6 display the results in graphical form,
Reference to Figure 6 shows that at surface temperatures between 3000%an4 5000°F.
{A-10) exhibits a much slower rate of oxidation in HG/CW arc plasma

tests than in CG/HW furnace tests, This result is undoubtedly a manifes-

tation of the MOTEL criterion presented in Section I.B.

Figures 98-100 are post exposure photcgraphs of all
of the samples after testing, Shrouded samples shown in Figure 99 con-
sisted of the test model jacketed in a cylinder of (A-10) with a 3/16 inch
wall thickness, Utilization of the shrouds did not have a substantial effect
on model behavior or ternperature (6).

In general, the behavior of this compos ite is quite
similar to that exhibited by (A-4), (A-7) and (A-8) discussed earlier in )
Sections II, B-3,5 and 6, However, (A-10) is not as refractory as (A-4)
and (A-7). Nevertheless, the lower density, cost, thermal stress resist-
ance and machining characteristics of this composite provide compensating
advantages,
{

The series of photographs of tests (A-10)-30R,31R, 32R
and 33R shown in Figure 100 are extremely revealing when examined along
with the data shown in Table 14, Test (A-10)-30R exhibits the connection
between oxide coating and surface temperature described in Section II.B. 4
for (A-7). During the first 428 seconds of this long test (1669 seconds total)
the oxide slowly covered the face and the observed surface temperature of
3650°R was 75% lower than expected from radiation equilibrium. The radiated
flux was 33 BTU/ft%sec. However, once the thin oxide coating covered the
surface, ihe temperatixre increased to 5455°R and the radiated flux level
jumped to 196 BTU/ft“sec., Under these circumstances the observed sur-
face temperature was only 17% lowexr than expected on the basis of Eqs, 2
and 3, The total conversion of boride to oxide during the 1669 second expo-
sure was 26 mils, However, reference to Table 14 shows that the total
length of the sample actually increased by 10 mils, Thus, the oxide thick- '
ness was probably of the order of 36 mils, Figure 100 shows the oxide
cover which separated from the sample on cooling. This cover was 35
mils thick., Test (A-10)-31R exposed at identical conditions ag (A-10)-30R
except that the flux was 596 BTU /ftésec instead of 551 BTU/ft sec,melted.

Figures 101-108 show .ne "maximum severity survival"
and "minimum failure' tests in the Model 500 and ROVERS facilities, Fig-
ures 109-112 show sections through (A-10)-24M and (A-10)-26R which were
exposed for times up to 21, 600 seconds near 4500°F with total recession of
the order of 100 mils, This behavior, which was discussed in Section I, B,
shows striking evidence for the applicability of these composites in re-
usable lifting reentry spacecraft. The sting leg portion of sample (A-10)-
26R was cracked on removul after completion of the test,




Table 43 details the results of in-depth temperature
measurements, These tests will be discussed later in Section I, C,
Comparison of the results with calculations based on side losses due to
radiation is presented in a companion report in this series (6). Rela-
tively good agreement between observed and calculated gradients has
been obtained (6).

Reference to Table 14 shows that (A-10)-36RH and
(A-10)-37RH (hemispherical capped models with in-depth temperature
holes) were exposed at flux levels near 500 BTU/ftésec. Table 43 de-
tails the time-temperature history for these exposures. Reference to
Table 14 indicates that the cbserved temperature for these exposures
was 60% lower than calculated on the basis of Eqs. 2 and 3, This be-
havior (noted earlier with (A-7) and (A-8) in Sections II.B .4 and IL, B, é),
characterized by lower temperatures achieved with hemispherical models
than with flat faced models is not understood at present, Nevertheless,
the practical implications of this finding are substantial. For example,
(A-10)-25R, 26R, 40R and 41R (which were flat faced models) exposed at
conditions similar to (A-10)-37R and 38R (i.e,, 500 BTU/ft%sec, 7700
BTU/1b, 0.15 atm.) exhibited temperatures near 5000°R in Lcontrast to
(A~ lO)-37R and 38R which exhibited temperatures near 3700°R, Naturally
the hemispherical models exhibited lower recession rates, Sample (A-10)-
37RH is shown after sectioning in ¥igures 113 and 114,

Similarly, sample (A-10)-48RH was exposed to four
exposures at ascending flux levels until evidence of melting was noted.
Melting of this hermspherical capped model was not okserved to occur
until fluxes near 850 BTU/ft?sec were attained, Flat faced models melted
near 650 BTU/ft2sec,

9. Pure Graphite Materials -RVA(B-5), PG(B-6) and
BPG [B-7)

Figures 3, 4 and 115-137 compare the results of
(HG/CW) Arc Plasma Tests thh the results of (CG/HW) Air Oxidation
Furnace Tests (4)., Figures 3 and 4 also contain a number of results re-
ported by Kendall et al, (17) and by Tanzilli (18) for comparison, Theresults
of these studies arein general agreement with present findings, The general
behavior indicated by Figures 3 and 4 is that the supply limited (oxidation
rates observed to increase as air flow rate increases) oxidation rates ob-
served in the furnace tests are much lower than observed in the one at-
mosphere (HG/CW) Arc Plasma Tests, Recesgsion rates in the latter
exposutes are dependent on pressure and weakly temperature Jdependent,
In general, the results are in keeping with the theoretical description (6).
Thus, it appears that the oxidation of graphite observed in the arc plasma
exposures is limited by diffusion of oxygen and oxidation products in the
boundary layer, This is certainly the case at lower pressures, Reference
to Figures 3 and 4 shows that little if any temperature dependence of the
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recession rate is noted in the Mach 3,2 exposures at 0,01 to 0,03 atmos-
pheres, However, at higher pressures the temperature dependence be-
comes more pronounced. The one atmosphere subsonic exposures exhibit
a definite temperature dependence of the recession rate particularly in the
temperature range betwecn 2500°F and 3500°F, This result is in keeping
with the observations derived from high velocity CG/HW tests (5) and
theoretical studies (6). The })ressure dependence of the recession rate
appears to agree with the Pé 2 relation predicted by theory (6). The
present results shown in Figures 3 and 4 (Tables 16-18) indicate that PG
(B-6) and BPG(B-7) are comparable in oxidation resistance to RVA(B-5)
in the (HW/CG) Arc Plasma Tests and the the 'C'" plane recedes more
slowly than the " A" plane of PG(B-6) and BPG(B-7). This is readily evi-
dent in Figure 4 for the Mach 0.30-0.50 exposures at one atmosphere,

It should be noted that the observation of enhanced ' A"
plane recession indicates that while gaseous boundary layer diffusion exer-
cises dominant control, surface reactions do exert some influence on the
overall rate,

Reference to Tables 17 and 18 indicates that thermal
shock delaminations were noted along the '"C" plane for samples of PG
(B-6) and BPG(B-7) exposed normal to the '"C'" axis, Thermal shock fail-
ures were not noted for RVA or PGI(B-6) and BPG(B-7) when samples of
the latter were exposed perpendicular to their''C'" axes, This was evidently due
to nonuniform heating of samples so exposed due to enhanced conductivity
parallel to ""C" planes. Motion picture footage clearly illustrated this
behavior in which central banda of material whichwereparallel to the
"C" plane and parallel to the cylinder axis heated up before the cylinder
surface heated. Figures 123, 126, 131, 134 and 135 illustrate the thermal
shock failures of (B~6) and (B-7), Photographs of (B-5), (B-6) and (B-7)
samples exposed in the Model 500 illustrate '"necking" of the test samples
due to oxidation on the sides, This behavior is seen in Figures 115, 118,
122-126, 130 and 132-134,

Comparison of the T(CALC)/T(OBS) ratios obtained
for (B-5), (B-6) and (B-7) with those noted for other materials will be
performed in Section II, D. For the present however, reference to
Tables 16-18 shows that this ratio is approximately 1,18 for these matex-
ials, Thus, observed temperatures are about 18% less than expected
based on radiation equilibrium. In addition, the ratios are nearer unity
for (B-6) and (B-~7) when the 'C" axis is parallel to the arc {1, e., when the
basal planes of graphite are exposed), Table 44 details the results of two
exposures of RVA(B-5) in which internal temperatures were recorded,
Comparison of the results with calculated values yield relatively good re-
sults {6). Temperature gradients are modest due to the bare surface and
high thermal conductivity of graphite, Section U, C will provide an addi-
tional discussion of these findings,

In comparing the behavior of the foregoing boride
materials to the pure graphites RVA(B-5}, PG(B-6) and BPG(B-7), it is




evident that the former group (i.e., the borides) exhibit substantially
lower recession rates than the «=oshilcs al icauperatures below the melt-
ing temperatures of théa borides, This is the case at atmospheric pres-
sures, Thus, at 5000 F and 1 atmosphere, graphite recessions of the
order ¢f 2000-56C00 inils in 30 minutes are observed as compared to
boride recessions in the 30-60 mils in 30 minute range. Even at 0,01l
atmosphere stagnation pressures, graphites recede at rates of 1000 mils
in 30 minutes. However, once the melting temperature of the borides is
exceeded, their advantage is lost,

10, Siliconized RVC Graphite, Si/RVC(B-8)

Table 19 documents the results of the HG/CW arc
plasma tests performed on Si/RVC(B-8). Figure 5 compares the re-
sults of these tests with CG/HW furnace tests, while post exposure
photographs and "maximum severity survivals' are illustrated in
Figures 138-142, The present results demonstrate that Si/RVC(B-8)
exhibits protective oxidation for short periods of tine up to surface
temperatures near 3800°F. This is some 700°F above the coating fail-
ure temperature observed in the CG/HW furnace tests (4). Above this
temperature coating-breakdown occurs and samples exhibit typical graph-
ite behavior. As noted previously, graphite oxidation rates in the arc
plasma tests are 20 times larger than the rates observed in the furnace
indicating that the latter are supply limited. In particular, exposure
Si/RVC(B -82-5M (Table 19) shows coating burn-off after 735 seconds at
470 BTU/ft“sec and 3720 BTU/1b corresponding to a surface ternperature
of 3790°F, At low pressure, Si/RVC(B-8)~7R showed protective behavior
at 210 BTU/ftésec and 8850 BTU/lb corresponding to a surface tempera-
ture of 2740°F.

Exposures (B-8)-4M and (B-8)~5M discussed above
represent short time survival conditions, Survival for 30 minutes was
exhibited at slightly lower levels by (B-8)-18M at 362 BTU/ftésec. A
surface temperature of 3110°F was observed in this test in accordance
with the CG/HW furnace results (4)., Reference to Table 19 indicates that
T(CALC)/T(OBS) ratios for this material are high (approximately equal to
1.36) when the coating is intact. This result is in keeping with the behavior
noted for other S5iC bearing materials }(A-4). (A-7), (A-8), (A-9) and
(A-10)) discussed above. Thus (6), Si/RVC(B-8) exhibits enhanced temper-
ature resistance. -

11, Special Graphites PT0178(B-9), POCO(B-10) and
Classy Carbon (B-11)

Tables 20 and 21 as well as Figures 3, and 143-155
display the results obtained for the fibrous graphite composite PTO0178{B-9),
fine grained graphite, Poco (B-10) and glassy carbon (B-11). As in the
case of RVA(B-5), PG(B-6) and PG(B-7), the oxidation rates observed in the
furnace tests are 20 times smaller than those observed in the arc plasma
tests, indicating that the former are supply limited. In line with the high
velocity CG/HW test results (5) and the theoretical findings (6}, the recession
rates of the graphites are inveérsely proportional to density (I). The motion
picture coverage of test (B-11)-1M shown in Table 21 indicates melting during
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the exposure, No post exposure examination could be made since the
sample ablated completely, Since glassy carbon is not reported to
melt at one atmosphere, the only possible explanation that can be ad-
vanced at present for this observation is based on surface contamina-
tion of the sample by tungsten frorn the arc or sting (Reference 5,
pages 28 and 29). -

Figures 143-146 indicate the extensive ''necking' of
PTO0178(B-9) in the Model 500 tests which resulted from side wall
oxidation, Although Poco Graphite (B-9) showed similar characteristics
(see Figure 148) the necking was less pronounced,

Section II, D will present a complete discussion of the
emittance and T(CALC)/T{OBS5) ratios for these materials. For the
present, it is sufficient to note that the T{CALC)/T(OBS) ratios for
PTO0178(B-9) and Glassy Carbon (B-11} are near unity while the average
ratio for Poco Graphite (B-10) is near 1,15,

12. Arc Cast Hypereutectic Carbides HfC+G(C-11) and
ZYCIC(C-12)

Tables 22 and 23 along with Figures 5 and 156-179
detail the results obtained for the arc cast hypereutectic carbides
HIC+G(C-11) and ZrC+C(C-12), The melting points shown in Figure 5
are taken from the work of Rudy (7). Reference toFigure5indicates that
the present results on melting of (C-11) and (C-12) are in keeping with
Rudy's results. In addition, the values of T(CALC)/T(OBS) for (C-11)
and (C-12) are found to lie near 1,0, Although the temperature range of
the present HG/CW arc plasma tests were not overlapped with CG/HW
furnace tests, Figure 5 indicates the two sets of results are comparable,
This is due in part to the unusual oxidation characteristics of (C-11) and
(C-12) (4). These materials do not form protective oxides below 3300"F,
At lowerl temperatures they form porous flakey oxides which do not sup-
press the oxidation rate. Thus, arc plasma samples which are hotter at
the front than at the back are expected to exhibit variable oxidation char-
acteristics, This behavior is shown clearly in the post exposure photo-
graphs which constitute Figures 156, 157, 168 and 169. Thus, the post
exposure pictures of (C-11)-17M and (C-12)-15M are quite reminiscent
of the structures shown on page 64 of Reference (4). Figures 158, 170
and 178 illustrate the rapid oxidation of the sting Teg region where a thick
nonprotective oxide forms, Figures 171 and 179 show preferential oxida-
tion along the graphite flakes in the hypereutectic structure. As indicated
in Figure 5, HfC+C(C-11) ls more refractory than ZrC+C(C-12) and is
thus capable of withstanding higher flux and enthalpy levels before melting
(6), Figures 158-178 illuntrate the "maximum severity survival" and
""minimum failure' condition in the Model 500 and ROVERS facilities, The
latter are associated with melting of the carbide. This conclusion is based
on the large number of survivals (recession rates of 100 mils or less in




30 minutes) observed for (C-11) above the melting point of HfO2 near
5100°F, and the clear difference in resistance to stream conditions
evidenced by (C-11) and (C-12) despite the fact that the melting points
of HfO) and ZrQ; are nearly equal,

The samples employed in tests HIC+C(C-11)-10R and
12R (Figures 160-163) were fabricated from billet 1422 A (Table 8 of
Reference 1) which is lowest in carbon, Consequently, these samples
do not exhibit large graphite flakes. Nonetheless, the oxidation behavior
of samples from Billet 1422 A does not appear to differ materially from
samples fabricated from the billets which are higher in carbon. Figure
163 shows the microstructure which is characteristic of billet 1422A.

Figures 170-175 show post exposure photomicrographs
of ZrC+C(C-12)~-15M, 10R and TR. A recession of 64 mils was observed
for (C-12)-15M after 1800 seconds at 3900°F, Figure 170 shows the
"puffy" attack of the hypereutectic carbides. F:.gure 172 displaye the
structure of (C-12)-10R after 1800 seconds at 5030°F, A recession of
32 mils was observed subsequent to this exposure., At 4955°F (C 12) -7R
exhibited a total recession of 209 mils in 1800 seconds at 5030°F, The
apparent reversal in behavior of (C-12)-10R and (C-12)-7R indicates that
these conditions are borderline relative to melting of ZrO, as shown in
Figure 5. Both HIC+C(C-11) and ZrC+C(C-12) are resistant to thermal
shock over the range of conditions employed.

Cyclic exposures of (C-11) and (C-12) were not carried
out due to the problemms associated with the poor low temperature oxida-
tion behavier, Under these conditions it is expected that excessive side
oxidation at cooler locations on the sample would lead to rapid oxidation.

13, JTA(C+ZrB+5iC) (D-13)

The results of the present arc plasma testing programs
for JTA(D 13) (which is predominantly a graphite in contrast to (A-10)
which is mostly boride) is shown in Tables 24 and 25, Figure 6 compares
the HG/CW results with furnace test data, while Figures 180-197 show
post exposure photographs and metallographic sections of selected test
samples, Experimental results obtained in HG/CW tests by Kendal et al.
(17), Criscione et al, (19) and by Buckley and Stein (20) are included for
comparison in Figure §,

The ratio of T(CALC)/T(OBS) for most exposures of
this material was near 1,10, Comparison of the temperature calculations
and emittance values for this material will be compared with the resulte
obtained for other candidate materlals in Section II, D,




A substantial number of thermal shock failures were
observed in these tests, These failures, noted in Table 24, occurred
in random fashion at flux levels above 500 BTU/ft2sec, The samples
which failed by thermal shock were machined from 2-1/2" diameter x
2" long billets of JTA(D-13) in an orientation which corresponds to the
hot pressing direction. Thus, the axis of the arc plasma test sample
was parallel to that of the hot pressed cylinder. Under these conditions,
residual strains present in the billets and in the samples could provide
a source for the failures. In order to investigate this possibility a second
series of samples were machined from additional billets, These sample
cylinders were oriented with their axes perpendicular to the pressing
direction. Nondestructive testing of these cylinders showed no nonuni-
formities or imperfections (see Page 19 of Reference 1), The above
mentioned samples are designated as (D-13)-31MX through (D-13)-41MX.
in Table 24, Significantly, no thermal shock failures were noted for
these samples even at flux levels in excess of 500 BTU/ftésec, This
finding has particular relevance to applications in which JTA(D-13) parts
are exposed to severe environmental heat fluxes, A preoxidized coating
on (D-13)-43M, 44M and 45M had no noticeable effect.

Reference to Figure 6 shows that the results obtained
for JTA(D-13) in HG/CW arc plasma tests and CG/HW furnace tests
“"dove tail," By contrast the HG/CW results for (A-10) lie below the
CG/HW rates at temperatures up to 5000°F as shown in Figure 6. At
4500°F and one atmosphere stagnation pressure, JTA(D-13) behaves
like a graphite exhibiting recession of 2-4 inches in thirty minutes, while
(A-10) behaves like a boride and exhibits recessions of 10~20 mils in
thirty minutes.

A post exposure metallog:aphic section of JTA(D-13)-
22M is shown in Figures 185 and 186 to illustrate a "maximum severity
gurvival" in the Model 500. Rapid recession is illustrated by Figures
188 and 189 for JTA(D-13)-4M after rapid oxidation at 660 BT U/ ft4sec
and 4320 BTU/1b (surface temperature equals 4560°F), ROVERS expo-
sures at low pressure lead to protective oxidation at a surface tempera-
ture of 4665°F (500 BTU/{i¢sec and 9520 BTU/1b) as shown in JTA(D-13)- !
7R illustrated by Figures 190 and 191, At higher levels (770 BTU/{tésec,
7310 BTU/1b and surface temperature equal to 5305°F) rapid oxidation
rates are observed as shown in Figures 192 and 193 for JTA(D-13)-8R.

Figures 194 and 195 show sample {D-~13)-48MX after
4 cyclic exposures at a stagnation enthalpy of 4350 BTU/Ib, Etagnation
pressure of 1,01 atm and a cold wall heat flux of 330 BTU/ft“sec. Each
exposurc was 1800 seconds long making the total exposure time 7200
seconds. The avarage rocession was 118 mils, This test can be com-
pared with (A-10)-24 shown in Figure 109 which exhititod a recession of
104 mils after 12 cycles (1800 seconds each) totalling 21, 600 seconds
under comparable conditions,
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Figures 196 and 197 show sample (D-13)-49RX after
4 cyclic exposures at a stagnation pressure of 0,057 atmospheres at a
stagnation enthalpy of 9600 BTU/lb and a cold wall heat flux of 440
BTU/fi2sec. Each exposure was 1800 seconds long making the total
exposure time 7200 seconds, Total recession for this test was 45
mils, By comparison, {(A-10)-26R exposed for 18,951 seconds at
comparable heat flux and enthalpy and a higher pressure (0.238 atm)
exhibited a recession of 83 mils as shown in Figure 111. . ,

14, KT-SiC(E-14)

The behavior of KT'-SiC in (HG/CW) exposures is
compared with the (CG/HW) tests in Figure 5. Detailed results are
contained in Table 26, Rapid oxidation rates are observed at tempera-
tures above 4000°F, or 500°F higher than observed in (CG/HW) tests
(4). Although a complete discussion of the emittance and calculated
temperatures for this material will be postponed to Section II, D, it
should be noted that the computed ratios Tcar,c/TOBS exceed unity
with typical values near 1.5. This indicates that the ocbserved surface
temperature is substantially less than anticipated on the basis of radi-
ation equilibrium, Thus, heat absorbtion due to vaporization or
degradation of the heat tranasfer coefficient due to injection or blocking
is operative. At 4500°F, significant vaporization of KT -SiC leads to
rapid rates of recession,

Figure 5 shows a slightly higher failure temperature
for KT-SiC(E~14) in the HG/CW Arc Plasma Tests at one atmosphere
than in the CG/HW furnace tests, At lower pressures, higher oxidation
rates are observed as expected. This is due to the instability of SiO;
(relative to Si0O) at low pressure (4).

Post exposure photographs of all samples are shown
in Figures 198 and 199, Figures 200 and 201 show metallographic sec-
tions through sample (E-14)-4M after survival at 3670°F for 1835 seconds,
At higher levels rapid ablation is illustrated, Figures 202 and 203 show
KT -SiC(E-14) -5M after exposure for 165 seconds at 4440°F. A total '
recession of 425 mils was observed. Under these conditions recession
occurs by ablation and vaporization, '

Samples KT-SiC(E-14)-3R, 5R and 7R exhibited low -
cxidation rates but showed internal cracks on sectioning as indicated
in Figure 204,

15. JT-0992(C-HEC-SiC)(¥-15) and JT-0981(C-ZxC-SiC)
F-T8)

The results obtained for the graphite composites JT-
0992(C-H{C-5iC)(F~15) and JT-0981(C-ZrC-SiC)(F-16) are summarized
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in Tables 27 and 28, These composites, like JTA(C-ZrB;-5iC)(D-13),
are mainly graphite (1), Unlike the former, however, they do not con-
tain boron and are thérefore susceptible to rapid oxidation at tempera-
tures below 2800°F, This fact is illustrated in Figure 6 which compares
the current results of HG/CW arc plasma tests with furnace tests con-
ducted under CG/HW conditions, Reference to Tables 27 and 28 shows
that the ratio T(CALC)/T(OBS) is near 1,05 for (F-15) and 1,10 for
(F-16). These findings and the results of the emittance measurements
presented in Tables 27 and 28 will be discussed in Section II, D, Post
exposure photographs and metallographic sections are shown in Figures
| 206-229. Photographs of all the exposures of (F-15) shown in Figures

‘ 206-208 and (F-16) shown in Figures 218-220 illustrate a large number
of thermal shock failures particularly in the case of JT0981(F-16), As
indicated earlier in Section II.B-13 (Table 24), JTA(D-13) also exhibited
' thermal shock failures when exposed to heat flux levels above 600 BTU/
1 » ftsec, This failure mode was eliminated (for JTA) by orienting the
pressing axis of the billets perpendicular to the arc (Section II.B-13),
All of the samples of (F-15) and (F-16) discussed in Tables 27 and 28
were oriented so that the pressing axis was parallel to the arc since
testing was completed before the effect of orientation was established
for JTA(D-13).

After initial observation of thermal shock failures in
exposures JTA(D-13)-23M and 24M (Table 24) and JT0981(F-16)-21M,
22M, 23M and 24M, a second set of samples was prepared and submitted
for nondestructive testing as noted on p. 19 of Reference 1, The NDT
Cy results indicated that JTA(D-13)-1, 6 and 9 and JT0981(F<16)-1, 4, 9
o and 11 gave extreme values in the ultrasonic velocity and eddy current
measurements, No nonuniformities or surface cracks were disclosed
by radiographic or dye penetrant methods, Reference to Tables 24
and 28 show that none of these extreme samples exhibited thermal shock
failures,

If the results are taken at face value, it appears that

JT0981 exhibits a high thermal shock failure rate at flux levels in ex-
cess of 400 BTU/ftésec, The failure level for JTA appears to be in the S
vicinity of 600 BTU/ftésec, while JT0992 exhibited onl_y two random
failures when exposed at flux levels up to 1145 BTU/ftésec, Examina-
tion of the microstructures of the test cylinders with Mr, S.E. Slosarik,
Applications Manager of the Aerospace and Nuclear Products Division
of Union Carbide Corp., showed some preliminary evidence for carbon
and carbide grain size differences between test cylinders which seemedto
correlate with the occurrence of thermal shock fallures, However, suh-
sequent extensive metallographicinvestigation of this factor did not verily

i the hypothesis that fine grained structures exhibit a higher flux tolerance

' than coarse grain structures, Since all of the 1/2 inch diameter x 1 inch
long cylinders were cut from one 2 inch diametexr x 2-1/2 inch billet which
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in turn were cut from 7 inch diameter »x 7 inch pressings, grain size varia-
tions betweeir test cylinders were not ancitipated, The axes of the test
cylinders, billets and pressings were identical and thermal shock failures
were found to occur by delaminations along planes perpendicular to the
cylinder axis.

Reference to Figure 6 shows that the 30 minute oxidation
depths exhibited by JT0992(F-15) and JT0981(F~16) in the (HW/CGC) Arc
Plasma Tests at Mach 0,3-0,5 and one atmosphere agree with the (CG/HW)
Alr Oxidation Furnace Tests (4), These rates are 30 times less than those
encountered for RVA(B-5) Graphite at temperatures below 4000°F indicating
some beneficial effect of the solid oxide formers contained in the composites.,
A substantial lowering of the 30 minute conversion depth was observed at
stagnation pressures in the 0,01-0,03 atmosphere range at temperatures
below 5500 "F. Melting was observed at this temperature,

Figures 209-217 illustrate "maximum severity survivals"
and "minimum failures" for JT0992(F-15), Figure 211 in this group illus-
trates the low temperature susceptibility to rapid oxidation of JT0992
(C-HI{C-SiC){F-15) which was noted earlier for HfGC+C(C=-11) and ZrC+C
(C-12) in Section II.B-12. This low temperature attack (which is eliminated
when boron is presgent) is clearly seen in Figure 211, Here,test (F'~15)-2M
exhibited a 34 mil recession on the hot face at a surface temperature of
3470°F after an 1173 second exposure at one atmosphere stagnation pres-
sure, However, the oxidation depth increases along the sides of the modei
ag the distance from the hot face increases (due to the fact that the temper-
ature decreases) in accordance with Figure 6, Thus, oxidation depths of
100 mils are seen at a distance of 7560 mils from the front face where the
temperature level dropped below 2800°F,

Post exposure metallographic sections for JT0981(F «16)
shown in Figures 221 and 222 present additional graphic evidence of the
rapid low temperature oxidation, This behavior ig absent at low pressure
(0,075 atm) as shown in Figure 226, Figures 224 and 228 illustrate rapid
recession at temperatures near 5000°F due to melting,

and Exposures
T-L—"_

As indicated in Reference (3) extensive precautions have
been taken in order to insure that temperature measurements of the model
gurface are accurate, In general, the comparison of cbserved surfaco
temperatures in HG/CW arc plasma tests with values calculated from stream
conditions are in relatively good agreement, Moreover, a nwmber of tem-
perature measurements employing two color pyrometers yielded good re-
sults (page 8 of Reference (3)), In order to obtain additional verification of
the surface temperature measurements, the melting points of tungsten and
molybdenum were measured in the arc facilitios using pure nitrogen strewms

16, Molybdenum and Tungsten Malting Tests
o 2 g = an n-Al /Ta- %W‘G-I




- tpeme o T

for comparison with accepted values. The results ot these tests are shown
in Table 29 and in Figure 230, The relatively good agreement obtained in

these tests should sliminate concarn over the accuracy of surface tempera-
ture measurements due to interference of the arc with optical observationa,

The results of arc plasma testing of the coated refractory
metals WSiy/W(G-18) and Sn-Al/Ta-10W(G-19) is shown in Tables 30-32 an«i 45.
Both of these materials exhibit high ratios of T(CALC)/ T(OBS) when the
coating is intact, Thus, ratios near 1,55 are typical for (G-18) and 1. 40
for (G-19). As indicated earlizr, ratios which are larger than 1,0 indicate
enhanced temperature resistance. This behavior will be discussed in Section
IID. Modest temperature gradients observed for (G-18) are shown in Table 45.
The results will be discussed in Section IIC. These data agree with com-
puted results (6). Figure 6 compares the results for (G-18) and (G-19) ob-
tained in the current HG/CW arc plasma tests with those obtained in CG/HW
furnace tests. Post exposure photographs and metallographir sections of
"maximum severity survivals'" and "minimuwm failures'" are shown in Figures
231-246.

It should be noted that (G-18)-19M and (G-18)-20M which
were shrouded in cylinders of ZrB,+SiC+C(A~-10) as indicated in Table 30
and Figure 233 showed no sign of reaction with the shroud, This indicates
compatability between the coated tungsten and boride composite under these
conditions,

Figures 234 and 235 show post exposure metallographic
sections through sample WSi,/W(G~18)-4M which represent u '"maximum
severity survival" condition in the Model 500 at one atmosphere stagnation
pressure, This test conducted at a flux level of 460 BTU/ftésec and 2785
BTU/1b survived the full 1800 second exposure as did tests (G-18)-21M and
22M at slightly lower flux levels and slightly Ligher enthalpies. In all three
rcases, the observed surface temperatures were below 3450 F which cor-
responds to the survival limit noted in the furnace teste (4). In addition, in
each case the calculated temperature based on Eqs. 2 and 3 was 40% to 60%
higher than observed, This finding is in keeping with the behavior noted for
8iC, SiC coated graphite and SiC bearing composites discussed earlier.

Raising the conditions slightly as in (G-18)-14M at 440 :
BTU/ft2sec and 3485 BTU/Ib results in coating burn-off and tungsten abla- !
tion, This test resulted in complete ablation of the sample in 1032 seconds. ’
The initial length of 452 mils leads to a rate of about 0, 44 mils/sec under
these conditions or a 30 minute recession depth of 790 mils, These rates
are in good agreement with calculated recession rates for tungsten ablation
(6). It should be noted that once the WSip coating is burned off (as in (G-18)-
I4M) the ratio T(CALC)/T(OBS) drops to unity. This finding offers strong
support for the calculation and the conclusion that silicious materials act to
lowe* the surface temperature, It also mitigates agalnst errors due to con-
duction losses, Figure 235 shows the W5Siy zone formed during Test (G-18)-
4M. The width of this zone is seen to be 0,55 mils, Table 31 summarizes
the WgSi3 zone widths measured after exposure of all the WSi;/W(G-18)
samples, The results are plotted in Figure 237 for comparison with
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published values (21, 22) and comblement:rv valnaa ahtained Aumine OO 1TUr
tests of this material (4, 5). Figure 236b shows a similar measurement of
WgSi3 zone width for exposure (G-18)-6R in the Rovers arc,

Reference to Figure 237 shows that Lhe zone width data
obtained in arc plasma tests under HG/CW conditions at temperatures above
3050°F are in good agreement with the observations obtained using other
exposure techniques; however, at lower temperatures, substantial dis-
crepancies exist as shown in Figure 237. These differences cannot be
attributed to errors in zone width measurement or temperature measure -
ment. At present the source of these difierences is unknown,

The data presented in Table 30 show that Mach 3. 2 ex-
posures at P, = 0,082, i, =8310 BTU/Ib and 9cw = 554 (Sample No, 6REB,
Table 30) did not lead to failure. However, exposures TRA-7RB and 8RA-
8RB described in Table 30 clearly describe failure conditions. In the
former case, the five mil coating of WSip burned off after 300 seconds at
a surface temperature of 3610°F generated by P, = 0,158 atm, i, = 8020
BTU/Ib and q.,, = 781 BTU/ft2sec. Subsequently, the surface temperature
rose to 54209F as the tungsten began to burn and 46 mils of tungsten were
lost during the 50 second exposure of the bare tungsten, Expousureg 8RA and
8RB repeat the TRA-7TRB conditions and extend the expoeure time for oxida-
tion of the bare tungsten surface. These exposures (7TRB-8RB) indicate a
recession rate of 0, 80-0, 95 mils/sec. The computed rate (6) is 0,35 mils/
sec under these conditions. The comparsion of tungsten recession rates
observed in this study with those reported in the literature (17) shown in
Figure 7 is quite reasonable. These failure conditions are {n agreement
with the air oxidation, oxygen pickup and high velocity (SCG/ HW) tests which
indicated failure of the W51y /W coating system at 34509F to 3680°F. Table
30 illustrates the effects of the WSiz coating on the surface temperature.
For these cases (in contrast to the aforementioned behavior of the boride,
graphite and graphite composite materials) the T(CALC)/T(OBS) ratios are
much larger than unity, Exposures 7RA-7RB and 8RA-8RB are particularly
illuminating in this regard in that 7RB and 8RB, corresponding to the bare
tungsten surface after WSiz burn-off, yizld ratios much more typical of the
borides and graphites, As indicated earlier, SiC(E-14), Table 26, exhibited
high values of T(CALC)/T(OBS).

Exposures (G-18)-23R and (G-18)-24R bracket failure con-
ditions at a stagnation pressure near 0.25 atm. In this case, (G-18)-24R
survived a full 30 minute time period characteristic of a hot gas/cold wall
exposure at a heat flux of 653 BTU/ft2sec and an enthalpy of 7460 BTU/1b.
Raising the stream conditions slightly to 699 BTU/ft2sec and 3180 BTU/lb
results in coating failure,

The behavior of Sn-Al/Ta-10W(G-19) shown in Table 32
and Figures 7 and 238-246 compares HG/CW arc plasma test results with
furnace data outained under CG/HW conditions., In addition, post exposure
photographs of all samples are presented along with ""maximum severity
survival' and "minimumn failure conditiouns",
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The behavior of Sn-Al/Ta-10W(G-19) indicates failure
at ternperatures above 3000°F in agreement with the results of CG/HW
tests {4, 5). Examluation of Table 32 shows that the subsonic exposures
(G-19Y=2M, 3M and 4M resulted in proteciion at surface temperatures up
to 3000°F, In the last case illustrated in Figures 239 and 240, flux-
enthalpy conditions at 350 BTU/ftésec and 2980 BTU/lb were not sufficient
to degrade the coating in 1830 seconds.These conditions lead to a computed
temperature, TCaL,c = 4590°F, on the kasls of Eqs 23-25. However, at
slightly higher conditions of 390 BTU/ft%sec and 2880 BTU/lb (exposure
(G-19)-1M) shown in Figures 241 and 242 which ' orrespond to Tgpa1,c =
4640°F, complete degradation of the coating occurs, As in the case of
WSi,/W(G-18) and KT-SiC(E-14) the ratios of T(CALC)/T(OBS) are much
larger than vnity when the coating is retained, When the coating is elim-
inated (i.e., (G-18)-1M, 5M and 6R), the T{CALC)/T(OBS} ratius are
closer to unity, Table 32 contains the values of total normal emittance
for Sn- Al-Mo coated Ta-10W as determined from measurements of sur-
face radiation as ey = 0.59., Values of ey =0.44 andeyy =0,17 were
measured for TayOg and liquid tantalum, These values will be discussed
in Section II, D,

The results contained in Table 32 lead to the following
characterization of survival and failure conditions for Sn- Al/ Ta-10W
(G-19):

PASS
Mach
No, Pe No. Lew ie
{atm) (BETU/ftesec) (BTU/Ib)
9R 0.010 3.2 158 10,520
7R 0.050 3.2 355 7,100
M 1,0 0.29 350 2,980
FAIL
Mach ,
No, Pe No. Uew 'e
{atm) (BTU7Tt2sec) (BTU/ID)
8R 0,011 3,2 200 11, 440
6R 0.063 3.2 504 8,740
1M 1.0 0.32 390 2,880

These results show the expected decrease in coating stability with decreas-
ing pressure. Rovers exposures Sn-Al/Ta-10W(G-19)-9R and 8R shown in
Figures 243-246 illustrate survival and failure under low pressure condi-
tions,
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17, W+Zr+Cu(G-20) and W+Ae(G-21)

Table 33 summarizes the tests condvucted on the tungsten
composgites WH+Zr+Cu{G-20} obtaincd from Rocketdyne (23} and W+Ag{G-21)
obtained from Wah Chang., The latter matcrial was only exposed at one '
atmosphere stagnation pressure. CG/HW tests were not performed for
these materials, Reference to Table 33 shows that values of T(CALC)/
T(OBS) near 1,3 were obtained for these materials, This result is not
surprising in view of the fact that the heat resisting mechanism involves
vaporization of Cuor Ag., This behavicr will be discussed further in Section :
II, D, Figures 7 and 247-260 show the recession in thirty minutes as a
function of temperature for the current set of tests as well as post expo-
sure photographs of all exposures and examples of "'maximum severity
survivala' and "minimum failure conditions",

Arc plasma tests have been reported for W+Zr+Cu
(G-20) by Schwarzkopf (23) who observed a gross recession of 91 mils
after a 720 second exposure at a stagnation pressure of 0.121 atmospheres,
a stagnation enthalpy of 10,520 BTU/1b and a cold wall heat flux of 535
BTU/ftésec at Mach 3,2. One half inch diameter flat faced samples were
employed in these tests (Reference 23, pages 62-63), Reference to Table
33 and Figure 252.show the results of a comnarable exposure, W+Zr+Cu
(G-20)-9R, run at a stagnation pressure of 0,1 atm, a stagnation enthalpy '
of 10, 680 BTU/Ib, and cold wall heat flux of 585 BTU/ft2sec at Mach 3.2,
A gross recession of 17 mils was observed after 775 seconds, Total
recession of 22 mils was observed, Exposure (G-20)-7R was performed
at 0,075 atm, 9,280 BTU/1b and 489 BTU/ftésec resulted in a gross reces-
sion of 28 mils and a total recession of 43 mils aiter 1800 seconds, How-
ever, when the conditions were increased to 0,135 atm, 11,980 BTU/lb
and 662 BTU/ft2sec melting was observed initially followed by oxidation,
The gross recession was 253 mils and the total recession was 257 miis
after an exposure time of 500 seconds as shown in Figure 254, In the
Model 500 tests at one atmosphere stagnation pressure extremely rapid
degradation was observed at much lower flux and enthalpy leveis,* Thus,
W+Zr+Cu(G-20)-1M exhibited a recession of 147 mils after 157 seconds
at 1,03 atm, 2970 BTU/Ib and 315 BTU/ft2sec. This behavior indicates
that the mechanism of degradation is sensitive to pressure inthe 0,1-1.0
atmosphere range, The precise nature of the degradation mechanism which
. is operative is not clear at present, Figures 247-251 illustrate the behavior
at one atmosphere stagnation pressure,

The results obtained for W+AG(G-21) in the Model 500
tests at stagnation pressures of one atmosphere were comparable to the
vesults for (G-20)., Figures 256-260 illustrate the high rate of oxidation 4
at one atmosphere.

18, Silica-Tun%sten Compoites 5i0»+68.5 w/o W(H-22)
and 5102+60 w70 W{H-23)

The current results for Si02+68.5 w/o W(H-22) and
5i02+60 w/o W(H-23) are shown in Tables 34 and 35 and in Figure 8,
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Post exposure macrographs as well as "maximum severity survivals" and
"minimum failure exposures’’ are shown in Figures 261-272, The behavior
of these materials is quite similar. Figure 8 shows good correspondence
between the CG/HW furnace tests and the HG/CW arc plasma tests, In
particular, exposures at one atmosphere which achieved surface tempera-
tures in excess of 4000°F all exhibit viscous flow. Higher oxidation rates
are observed at lower pressure due to instability of 5i0, relative to SiO
(Section VI of Reference 4), All samples exposed in the Model 500 showed
sting hole cracking, In addition, all samples which flowed and mushroomed
during exposure increased in front face diameter and were exposed to lower
effective flux levels. Microstructural features shown in Figure 270 illus-
trate depletion of tungsten particles from the surface of the one atmosphere
tests, The low pressure exposures showed no tungsten depletion, sting hole
cracking or viscous flow, Test 510, + 68,5 w/o W(H-22)-4M in Figure 262 ,
shows rapid recession at a surface temperature of 5205°F and one atmosphere.
At a lower temperature (Test (H-22)~-2M, Figure 263) the recession rate is
much lower but sting leg oxidation is observed due to the lack of SiOp vis-
cosity (see Section III, K of (5)). Figures 2¢1 and 265 show tests (H-22)-10R
and (H-22)-7R which illustrate the zones deple e, of tungsten particles, The
latter figure shows the SiO, zone {depleted of tungsten) actually separated
and "pceled back" from the sample,

Reference to Table 35 shows that tests Si0,+60 w/oW
(H-23)-6M, 7M, 15M, 16M, 17M, 18M, 19M and 20 M which achieved sur-
face temperatures in excess of 4000°F all exhibit viscous flow, Higher
oxidation rates are observed at lower pressure due to instability of Si0O;
relative to SiO (Section VI of Reference 3), All samples exposed in the
Model 500 showed sting hole cracking. In addition, all samples which
flowed and mushroomed during exposure increased in front face diameter
and were exposed to lower effective flux levels. Figures 267-270 show
exposures SiO,+60 w/oW (H-23)-2M and 15M, Figure 270 shows the zone
depleted of tungsten particles, Figures 271 and 272 show Rovers expo-
sures Si0,+50 w/o W(H-23)-8R, The low pressure exposures showed no
tungsten cﬁpletion, sting hole cracking or viscous flow,

The T(CALC)/T{OBS) ratios shown in Tables 34 and 35
indicate values of 1,10 for SiOp+68,5 w/o W(H-22) and 1,25 for SiOp +
60 w/o W(H-23), These values will be discussed further in Section II.D.
However, the former appears low, while the latter seems consistent with
values obtained for other silicon bearing materials, It appears difficult
to blame the small difference in tungsten content between (H-22) and (H-23)
for the disparity in T(CALC)/T(OBS) ratios.

19, Hf-20Ta-2Mo(I-23)

The results cbtained for H{-20T a-2Mo(I-23) are summar-
ized in Tables 36, 37, 38, 46 and 47. Figuve 8 compares the HG/CW test
data with results obtained in CG/HW furnace tests, Photographs of alltest
samples after exposure and metallographic sections of selected samples are
displayed in Figures 273-293, Reference to Tables 36-38 indicates that the
ratio T(CALC)/T(OBS) for this refractory metal alloy is near 1,20 when
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m2olting Jduss uol occur, ‘L'his characteristic will be discussed in Section
I D. As shown in Tables 46 and 47, temperature gradients of 1500°R. or
more exist through 100 and 400 mil wall thickncsses of this material dur-
ing oxidation., Measurement of these gradients has been discussed in
Section II, B. 4 of Reference 3. Large gradients have also been obsecved
in. high velocity CG/HW tests (5).

Reference to Figure 8 shows that Hf-20T a-2Mo(I1-23)
exhibits the same characteristics shown by the diborides HfB, ;{(A-2) and
2rBj(A-3) where the rate of recession in the CG/HW furnace test exceeds
that in the HG/CW arc plasma test at a given surface temperature, As
indicated above, the source of this behavior are the temperature gradients
and operation of the MOTEL criterion discussed in Section I, B. Indzed,
the gradients are so severe that surface temperatures up to 5000°F are
observed nver long periods of time even though the alloy melts at 3860°F
(Reference 2, page 5) in furnace tests. This behavior is indicated in 24M,
44R and 1IMC shown in Tables 36 and 37. Reference to Figure 8 does not
indicate any effect of stagnation pressure on oxidation rate in the 0,01-1,0
atmosphere range covered by these tests, This result is in keeping with
earlier observations (24), Figures 274 and 275 show post exposure photo-
graphs of (1-23)-45M, 46M, 47R and 48R which were shrouded in ZrB +
SiC+C(A-10) cylinders, Post exposure examination showed no interaction
indicating compatibility between (I-23) and (A-10),

Figures 276 and 277 show the low recession observed for
test (I-23)-1M at an cbserved temperature of 4030°F on the front face of
the sample at the air/oxide interface. This temperature is 170°F above the
melting point of 3860°F observed for samples of this alloy, This result is
due to the occurrence of temperature gradients in the HG/CW tests, Ex-
posure Hf-20Ta- 2Mo(I-23)-14M at 605 BTU/ft2sec and 3965 BTU/lb cor-
responding to a surface temperature of 4620°F melted in 30 seconds. By
contrast, }I-ZS)-ISM (shown in Figures 278 and 279) at 515 BT U/ ft2sec and
3735 BTU/1lb exhibited a surface temperature of 4645°F and did not melt,
Nonetheless, (I-23)-15M showed melting of the oxide but not of the metal.
This would imply a temperature gradient of more than 700°F through the
oxide. In contrastto (I-23)-15M, exposure (I-23)-1M at 530 BTU/ft2sec
and 3295 BTU/1b exhibited a surface temperature of 4030 F. ROVERS
exposures Hf-20Ta-2Mo(I~23)-12R. and 9R are shown in Figures 280-283,
The former shows protective oxidation at 378 BT U/ ftésec and 12,710 BTU/
lb (surface temperature equals 3755°F), Surprisingly, (I-23)-9R at 337
BTU/ft®sec and 11,250 BT U/1b (surface temperature equals 4220°F) showed
signs of melting. This could be due to the formation of a very thin oxide at
low pressure which was not an effective insulator,

Figures 284 and 285 show post exposure photographs of
several (I-23) samples which were employed for measurements of internal
temperature. Sample (I-23)-3MC sl:ows the results of a burn-through after
1455 seconds, The time-teraperature history of this exposure which is doc-
umented in Table 46 shows that the internal temperature reached 3800°F
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{melting point equals 3860°F) at this point, Sample (I-23)-1MC is shown
atter sectioning in Figure 285, The tungsien siing is in place in this fig-
ure to illustrate the small contact area for conduction losses,

Figures 286-293 illustrate samples exposed to multiple
cycles and in the hemispherical configuration after sectioning.

Test (I-23}-27M was exposed to seven cyclic exposures
at a stagnation pressure of 1,05 atmospheres, a stagnation enthalpy of
3300 BTU/1b and a cold wall heat flux of 410 BT1/ftésec, The observed
surface temperature was 4230°F and a recession of 138 mils was observed
after an exposure of 11, 600 seconds in cycles of 1800 second duration,
This behavior is not quite as good as that exhibited by ZrB2+20%SiC({A-8)-
17M shown in Figure 83 or ZrB+SiC+C(A-10)-24M shown in Figure 109,
These samples ran for leager times under more severe conditions than did
(1-23)-27M and exhibited less recession., Nevertheless, Hi-20Ta-2Mo(I-23)
ismetallic and as such offers advantages as regards fabricability and
resistance to thermal stress, On the other hand (A-8) and (A-10) possess
higher strength and more temperature capability (6) than (1-23).

Figure 288 illustrates the results obtained with Hf-Ta-Mo
(I-23)-28R after a 4 cycle exposure at a stagnation pressure of 0, 132 atm,,
an enthalpy of 7600 BTU/1lb and a cold wall heat flux of 398 BTU/ft“sec.
Total exposure time was 7220 seconds yielding a recession of 55 mils, As
indicated above, boride composites shown in Figures 71, 91 and 111 exposed
to more severe conditions in the ROVERS facility exhibited less recession,
However, the behavior of Hi-Ta-Mo(I-23)~28R is outstanding for a metallic
structure,

The earlier discussions of cyclic boride exposures pre-
sented in Sections II.B, 5, 6 and 8 made note of the fact that the temperature
increased from one cycle to the next, Reference to Tables 37 and 38 indi-
cates that although tests (I-23)-27M exhibited an increase in surface
temperature during the first two cycles, the temperature was relatively
stable from cycle Il to cycle VII with T(CALC)/T(OBS) ratios near 1.08,
Surface temperature held steady during cyclic exposure of (I-23)-28R with
T(CALC)/T(OBS) ratios near 1.27.

Figures 290-293 show the results obtained with hemispher-
ical capped samples of (I-23)-38MH and 39RH. Reference to Tables 37 and
38 show that T(CALC)/T(OBS) for these tests were 1,12 and 1, 44, respectively,
Although the latter value is higher than the typical ratios cbserved for this
material (1.20) the former value is lower, In any case, the magnitude of
temperature reduction observed with hemispherical caps is smaller than
observed for (A-8), (A-8) and (A-10) (c.f., (A-7)-36MH, Table 6; (A-T7)-
48RH, Table 8; {A-10)-35MH, Table 13; and (A-10)-46RH, Table 14).
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20, IFidiwu CSvaled FPoco Graphite Lr/C (L~44)

Iridium: coated Poco graphite samples furnished by Rattelle
Memorial Institute (25) were tested in the Model 500 and Rovers facilities,
In view of the high cost of these samples an attempt was made to use them
for several runs and to avoid sectioning(thus destroying the sample) where
possible. Accordingly, technigues were employed for nondestructively
measuring coating thickness (Reference(l), pages 7, 8, 24 and 25), Most
of the coatings were of the order of 20 mils thick based on the NDT re-
sults and the observations made on sectioned samples, The sample num-
bers supplied by Battelle were retained in order to permitc cross referencing
with the fabrication report (25), In addition to the.samples of Ir/C(I-24)
listed in Reference (1), Batfelle supplied two cylinders of iridium coated
graphite in which an’iridium-50 v/o HfO, coating was applied to improve
the oxidation resistance. Photographs of these samples are shown on page
101 of Reference (25). Fabrication is discussed on page 89 of Reference
(25). In accordance with the Battelle designation, these samples are
numbered Ir/C(I-24)-36 and 37,

The results obtained in arc plasma testing of Ir/C(I-24)
are summarized in Table 39, Figure 8 shows the temperature dependence
of the oxidation behavior, while Figures 294-301 display post exposure
photographs of all test samples and sections through a failure and a sur-
vival. In line with the CG/HW tests reported earlier (4), iridium exhibits
very low oxidation rates up to its melting temperature at 4430°F. The
temperature of the iridium-carbon eutectic (4) is 4175°F. Reference to
Figure 8 shows that samples exposed to higher conditions exhibited melt-
ing of the coating and ablation of the graphite., The major drawback of this
coating system is the low emittance of the iridium (¢ = 0.30), However,
addition of HfO; raised the emittance to values near 0,50 and extended the
range of conditions under which the coating can be used, Thus, examina-
tion of Table 39 showg that the pure coating is destroyed at flux levels in
excess of 310 BTU/ftésec. At flux levels below 300 BTU/ft2sec the coat-
ing is hardly affected; however at higher levels, melting followed by rapid
ablation occurs,

However, when HfO3 is added to increase the emittance,
failure does not occur until the flux level reaches 510 BTU/ftésec (i.e.,
see tests 36MRA and 36MRB).

In summary, although Ir/C(I-24) has excellent tempera-
ture capability to temperatures near 4200°F, it has very low res stance to
stream conditions, In fact (6), if heat flux/enthalpy characteristics are used
as a yardstick, Ir/C(I-24) ranks below Si/RVC(B-8), described in Table 19,
even though the latter has a temperature limit near 3200°F, The difference
is caused by the fact that (B-8) has a higher emittance than (I-24), 0.69 vs,
0. 36, and a higher T(CALC)/T(OBS) ratio, 1.36 vs. 1,21, These factors
will be discussed in further detail in Section II, D,
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C. Resuils ol Tempersiure Gradlent Measurements

As indicated above, temperature gradients have been measured
through 100 and 400 mil walls of ZrB2(A-3), HfBy 1+20%SiC(A-7), ZrBp+
20%SiC(A-8), ZrB,+S8iC+C(A-10), RVA(B-5), WSiZ/lW(G~18) and Hi-20Ta-
2Mo(I-23). Tables 40-47 detail the time-temperature histories obtained
in these tests, Figures 302-312 show the time-temperature data graphi-
cally, Calculations of the temperature gradients through the test cylinders
described by Figures 302-312 are presented in Section VII of Reference
(6). These calculations are based on side losses due to radiation and con-
duction down the length of the model but no neat loss via conduction, Thus,
the model employed implies a modification of Eqs, (2) and (3) to reflect
side losses.

The materials chosen for examination actually cover a wide
range of characteristics. Thus RVA(B-5) represents an ablator with no
coating, On the other hand WSiZ/W(G—IS) provides an alternative situa-
tion where the bulk thermal conductivity is nearly three times that of
RVA(B-5) at the temperature of interest, However, WSiy/W(G-18) has
a 5 mil WSip ccating which has a thermal conductivity approximately one
third that of RVA(B-5). The remaining materials, (A-3), (A-7), (A-8),
(A-10) and (I-23) have bulk thermal conductivities ranging between 0,5 to
0.8 that of tungsten., However, they all form oxide coatings which have
very low thermal conductivities. Thus, the coating which forms on ZrBp
(A-3), which is quite flakey, is estimated to have a thermal conductivity
of 10-4 BTU/ft sec®R or 65 times less than RVA(B-5).

The thermal conductivity of the oxides formed on (A-7), (A-8),
(A-10) and (I-23), which are more adherent, was estimated to be five times
larger than the oxide formed on (A-3).

Examination of Figures 302-312 shows that with few exceptions,
the internal temperatures remain fairly constant over long periods of time,
The exceptions are cases in which fairly rapid degradation is occurring.
Thus, the principal exception i» test (I-23)-3MC discussed earlier in
Section II.B.18 where the mclting point was achieved at 1455 seconds., As
a consequence, comparison of the computed values, which are based on a
steady state condition, with the observed temperatures appears justified,
This description is contained in Tables 23-28 of Reference (6) which com-
pare the observed internal temperatures with calculated values for
ZrB3+SiC(A-8), ZrB,(A-3), Hil'»+SiC(A-7), RVA(B-5), ZrB+3iC+C(A-10),
WSiz/W(G-18) and H'—Ta-Mo(I-Zé). Data include measured front face and in-
ternal temperatures, Ty and Tg, the cold wall heat flux, ¢, the stagnationenthalpy,
igs and the stagnation pressure, Pg. In addition, these tables show the
radius, R, length, L, and oxide coating thickness, L The latter was
equated to the conversion depth for the oxide formers, For WSiZ/W. I
was equated to the WSi; coating thickness and I=0 for RVA(B-5) graphite
which ablates without coating formation, Values of the emittance, g
(see Section II, D) as well ar suitable values of the thermal conductivities
characteristic of cachmaterial for the coating ky andthe substrate kg are also
shown in Tables 23-28 of Reference (6).
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The computec results are displayed in terms of the ratio of
calculated front face temperature to observed front face temperature
Tf(CALC)/Tf(OBS) and the ratio of computed in.depth temperature
T 4(CALC) to computed iront face temperature T({CALC), If the agree-
ment is exact (e, g., Hf-Ta-Mo(I-23)-43R in Figure 311), the ratio of
Tf(CAch/Tf(OBS) would be 1.00, In the example,T{(CALC) is 4440°R
vg, 4530°R = T(OBS), Similarly the measured temperature at 109 mils
is 3560°R vs, T4(CALC) = 3380°R. In this case, the observed gradient
is 960°.. while the calculated gradient is 1060°R in 109 mils.

All of the runs shown in Tables 41-47 were performed on flat
faced cylinders except those designated by a suffix H (hemisphere) or S
(cylindrical shroud with a 200 mil wall). Photographs of these models
have been presented, The shrouds and hemispherical caps did not alter
the gradients observed for flat faced cylinders. Thus, all of the calculations
were based on flat faced cylinders ignoring the hemispherical caps and the
shrouds, Reference to T'ables 23-28 of Reference (6) indicates relatively
good agreement between calculation and observation, in view of the sim-
ple model employed and the complexities of the experiments.

The largest deviations occur at low surface temperatures (i.se,,
Te < 3300°R) for the materials which form S5iO; as an oxidation product.
Tf).us, in cases where saniples of Ht'.B2+SiC(A-7). ZrBZ-l-SiC(A-B). 2rB,+
SiC+C(A-10) or WSiz/W(G-lB) were exposed with shrouds or as large
diameter hemispheres Ty (CALC) is considerably larger than T¢{OBS).
However, this difference is smaller than obtained when T, i3 computed
on the basis of radiation equilibrium. The cause of this behavior is
presently unknown {6), Reference to Tables 23-28 of Reference (6) shows
that the calculated and observed ratios of T4/ Ty are in general agreement,

D, Average Values of Normal Total Emittance and T(CALC)/T(OBS)
Ratlos for the Candidate Materials

Tables 2-39 contain values of the radiated heat flux, 4y ob-
served during the arc plasma exposures, These values are employed to
compute total normal emittance on the basis of £q, 1. The resultant
values are contained in Tables 2-39 along side each exposure. As noted
earlier (3), the surface temperature which appears in Tables 2-39 and
in Eq. 1Ts measured optically (at A\ = 0, 65p) and converted to a true
temperature bgr employing specific values of the normal spectral emittance
at A = 0,65u (5).

In addition to the measurements presented in Tables 2-39, two-
color pyrometer measurements were performed during the course of expo-
sures HIB,+5iC(A-4)-2M, PG(B-6)-9M, BPG{B-7)-6M, JTA(D-13)-2M,
HfB,+35% iC(A-9)-6M and Si RVC(B-8)-13M, The results were combined
with the brightness temperatures in order to obtain spectral emittance
values at N = 0,651, The results were found to agree reasonably with the
current values assumed for ey at M = 0,65, (3, 5).
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‘l'able 48 swmmarizes the average of ail the e resuits for
each material, Tests conducted on flat faced cylinders without shrouds
were employed exclusively in taking the averages, Separate averaged
€y values are presented for conditions where melting was observed and
conditions whwere a coated surface was removed. Most of the results
for the solid oxidized surfaces are between 0,6 + 0,2, Lower values
are obtained for those cases where melting occurs (i,e,, ep =0.32 for
tungsten (WSi, /W) (G-18)).

In view of the relatively low values of ey observed for 0.500
inch diameter graphite samples, a series of exposures were performed
employing samples which were 0, 740 inch in diameter, In the latter case,
the image fills a larger fraction of the Eppley thermopile viewing area
(3). As shown in Table 16, larger values of ¢y were observed with the
larger diameter samples. Similar experiments performed with ZrB
(A-3) and Hf-20T a-2Mo(I-23) where solid oxides form (Tables 3 and §6)
did not show this behavior. For such ci .35, difference in €N are not
anticipated since changes in diameter are aot encountered during expo-
sure,

Table 48 summarizes averaged ratios of T(CALC)/T(OBS)
derived on the basis of Eqs. 2 and 3 and the stream conditions and sur-
face temperatures contained in Tables 2-39, Ideally, if radiation
equilibri: were the dominant factor and all measurements wexre accurate,
these ratios should be unity. Although there are departures, it is sat-
isfying to note that the differences are small compared to those obtained
by considering the results of other studies (i.e,, Figures 16-21 of Refer-
ence (6)). Reference to Table 48 shows that ratios of T(CALC)/T(OBS) are
lower for cases where melting is observed than for cases where a solid
oxide {or coating) is present, Moreover, Table 48 show=s that large values
of T(CALC)/T(OBS) are characteristic for some of the materials, The
occurrence of ratios which are larger than unity implies resistance to
energy absorption by the material, Thus, exposure of HfB2+SiC(A-4) and
HfC+C(C-11) to identical strearn conditions (i,e., stagnation pressure,
enthalpy and coid wall heat flux) would result in an observed surface tem-
perature for the former which is 1,10/1,22 = 0,90, or 11% lower than the
surface temperature reached by HfC+C(C-11), This conclusion would ap-
ply if stream conditions were not sufficient to produce melting of HfB, +
SiC(A-4), At lower levels, KT-SiC(E-14), WSi;/W(G-18) and Sn-Al /Ta-
10W(G-19), which exhibit T(CALC)/T(OBS) ratios of 1,43, 1,54 and 1,41,
respectively, demonstrate similar resistance to energy transfer. Al-
though the origin of this resistance is not clear at present, it is probably
due to blocking effects caused by evolution of gaseous oxides. These ob-
servations suggest a method of ranking the behavior of the refractory
materials which differs from the present recession vs, temperature curves
(Figures 1-8), In Reference (6), an alternative method of presentation
which compares recession rate as a function of heat flux and enthalpy for
the candidate materials ie considered, This method does not require a
knowledge of the spectral or the normal emittance and integrates the
blocking effects characteristic of each material,
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E, Summa.ry

Present results for HfBy j(A-2) and ZrB,(A-3) in the HG/CW
arc plasma tests show a marked difference between the recession rates
at a given surface temperature and those observed at the same surface
temperature in furnace tests (4). As shown in Figure 1, an oxidation
depth of 20 mils in 30 minutes is obtained in an arc plasma test at 5000
while the same oxidation depth can be produced at 3500°F in a furnace
test. Alternatively a 100 mil oxidation depth is observed in a furnace test
at 4000°F after 30 minutes while comgara.ble oxidation depths are not ob-
tained in arc plasma tests below 5500°F, The source of this difference
is the temperature gradient through the oxide as indicated in Section I, B,
Thus, oxidation occurs slowly until temperatures are high enough to cause
melting of the boride. The excellent long-time oxidation resistance ofthis
material at 4000°F is illustrated in Figures 40 and 41,

p

Cyclic exposures of ZrBj(A-3) and HfB; )(A-2) were per-
formed to assess the effects of heating and cooling fn three 600-second
cycles, At the lowest level ZrB;(A-3) exhibited a recession equivalent

to that observed in an 1800 second test, At higher levels ZrB,(A-3) ex-
hibited larger recessions for cyclic exposures than in the case of un-
interrupted 1800 second tests, By contrast, the cyclic tests performed
on HfBy did not result in larger recessions than the uninterrupted tests,
Motion picture coverage indicated that the oxide formed on HfBz 1(A-2)
exhibited greater tenacity under these conditions than did the oxide formed
on ZrBs(A-3), The latter flaked off between cycles, As indicated in
SectionzII.B. 1, preoxidation of HfB(A-2) to form a 10 mil coating did not
result in noticeable changes in behavior,

Reference to Table 3 shows that the ZrB(A-3) material
employed in these tests did not exhibit any thermal stress failures at
flux levels as high at 950 BTU/ftésec, In contrast to the HfB3 1(A-2)
material discussed in Section II, B, 1, the (A-3) material was mechanically
sound and did not exhibit the flaws shown by the (A-2) in the nondestructive
tests prior to exposure (see Sections IV.B,C and Tables 15, 16 of Refer-
ence 1), However, Boride Z(A-5) was found to be very susceptible to
thermal shock failure. Figures 59a and 59b show Boride Z(A-5)-4M and
8R which exhibit thermal shock cracks after exposure at 348 BT U/ ft2sec
and 3215 BTU/Ib and 262 BTU/ft2sec and 9200 BTU/1lb, respectively.
Thus, flux levels above 200-250 BTU/ft“sec appear to result in thermal
shock failures of Boride Z,

Boride composites HfB,+20%SiC(A~4) and (A-7), ZrB,+20%
S5iC(A-8) and HfB2+35%SiC(A-9) were found to exhibit remarkable oxi-
dation and thermal stress resistance in HG/CW arc plasma tests, Al-
though these materials display temperature gradients in the oxides, the
difference between the arc plasma and furnace oxidation depths are
small (FFigure 2). This finding is in contrast to the results obtained for
HfB3, 1(A-2) and ZrBy(A-3) shown in Figure 1, The adherent oxide which
forms on these composit( s results in low recessions observed after
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exposures in the 3500°-4500°F temperature range., In addition, (A-4)
exhibited no thermal shock failures at flux levels up to 1000 BTU/{t2sec.
Radiation equilibrium calculations performed for exposures of these
materials showed that the ratio T(CALC)/T(OBS) for (A-2), (A-3) and
(A-4) exceed unity, Thus, the nbservedtemperature was 16% lower than
expected for (A-2), 9% lower than expected for (A-3) and 22% lower than
expected (based on radiation equilibrium) for (A-4). Similarly, the
other boride composites containing SiC, i.e., [I/2,!20%SiC(A-7),
2rB2+20%SiC(A-8) and HfB2+35%S5iC(A~9) yielded ratios of 1.25, 1,34
and 1,17, Moreover, exposure of hemispherical models exhibited
lower surface temperatures than those observed for flat faced cylinders,

Figures 71 and 72 show metallographic sections of (A-7)-28R
exposed for thirteen cycles (each of 1800 second duration) at a stagnation
pressure of 0,07 atm, an average heat flux of 495 BTU/{t®sec and an
enthalpy near 10,300 BTU/lb. Reference to Table 7 and Figure 71 show
that the total recession after the thirteen cycle exposure was 15 mils,
This behavior is unrivaled by any other known material systcm.

Figures 73 and 74 show post exposure sections through (A-7)-
52M after 14, 030 seconds exposure in eight 1800-secoridcycles at a stagnation
pressure of 1,03 atmospheres, The average cold wall heat flux was 450
BTU/ft2sec at an enthalpy level of 4180 BTU/Ib, Total recession was 329
mils or aboat 0. 33 inches. Under similar conditions graphite and tungsten
would exhibit recessions of 14 to 28 inches, ZrBz+20%SiC(A-8) displays all
of the same features shown by HfB,+SIC{A-7) although it is not as refractory
as its hafnium base counterpart, However, the decrease in temperature re-
sistance is compensated for by the reduced density and cost, Zirconium
diboride is roughly one half the density and one tenth the price of hafnium
diboride, A few tests of (A-8) wore shrouded and it is interesting to note
the results of {A-8)-29M in which a graphite shroud was employed (Tables
9 and 42), Although the boride exhibited minimal recession (8 mils in 1800
seconds) the graphite shroud which was one inch long ablated completely in
500 seconds,

Table 15 and Figure | show the depletion depths for ZrB,+
SiC(A-8) as a function of temperature. This material exhibited the low-
est SiC depletion rate of all the boride composites, In addition, the
depletion rate in the current HG/CW arc plasma tests were observed
to be less than depletion rates in CG/HW furnace tests at comparable
surface temperatures.

A Measurements of the temperature gradients through oxide
coatings formed on ZrB,+SiC(A-8) yielded results which are smaller
than exhibited by ZrBa(A=~3). This 7, .ing appears to be due to the
higher thermal conductivity of the ox: . formed on (A-8) (as compared
with (A-3)) (6)., Consideration of .'-Li1es 9 and 10 shows that ZrB,+SiC
(A-8) exhibifs the same tendency to develop low temperatures as %A-4)
and (A-7)., _Thus, tests in the ROVERS facility at flux levels below
500 BTU/ftzsec and in the Model 500 facility at {lux levels below
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350 BTU/ £t sec develop ratios of TICAT.CV/TIORSY whilk are of the order
oL 1.50, This feature of the baride composites which contain SiC permits

a wider range of applicability than materials which exhibit (T(CALC)/T(OBS))
near unity.

The behavior of HiB3+35%SiC(A-9) was found to be similar to
(A-4) and (A-7) as regards the T(CALC)/T{OBS) comparison, recession
rate vs, temperature for HG/CW arc plasma tests and furnace exposures,
depletion depth vs. temperature in HG/CW tests as a function of tempera-
ture, etc, The major difference is that (A-9) is less refractory than (A-4)
and (A-T7).

Recession rates observed for graphites in HG/CW arc plasma
tests are substantially higher than those observed in CG/HW furnace tests
at 1-9 fi/sec air flow rate (4). This indicates that the latter are supply
limited. As indicated earlier (5), the results of high velocity CG/HW tests
on graphite at air flow rates near 250 ft/sec approach the results obtained
in the arc plasma exposures, Modest temperature gradients were measured
through graphite samples during HG/CW tests, Limiting survival condi-
tions for Si/RVC(B-8) determined under HG/CW conditions depart from the
behavior in furnace tests and correspond to the failure characteristics ob-
served for silicon carbide in HG/CW tests, In the arc plasma tests, Si/RVC
(B -8) exhibits protective oxidation up Lo surface temperatures neaxr 38000F,
some 700 F above the failure temperature in furnace tests, Craphite-type
behavior occurg above this temperature. At one atmosphere stagnation
pressure, coating burn-off occurs after 735 seconds at 470 BTU ftlsec
and 372C BTU/lb, At a stagnation pressure of 0,0! atmospheres protec-
tive behavior was obsarved in a 30 minute exposure at 210 BTU/{t4sec and
8850 BTU/1b.

The recession rates of all of the graphites are inversely pro-
portional to material density, Glassy Carbon (B-1l) appeared to melt
during exposure. No post exposure examination could be made since the
sample was completely destroyed. Since glassy carbon is not reported to
melt at one atmosphere, the only explanation of such an observation must
be made on the basis of surface contamination of the sample by tungsten
or copper (from the arc electrodes) and melting of the alloy, This con-
clusion is based on the findings at Lockheed (5).

Hypereutectic carbides HIC+C(C-11) and ZrC+C(C~12) ex-
hibited excellent oxidation resistance at surface temperatures below 5000°F
and melted under very high temperature conditions in line with reported
melting points, The present results are consistent with the eutectic tem-
peratures but show little dependence on the melting point of the oxides,
Current data indicate comparable oxidation rates in the CG/HW and HG/CW
tests, No thermal shock failures were noted at flux levels up to 750 BTU/
ftégec. In line with the cxidation behavior noted in furnace tests, the
HG/CW arc plasma tests show a 'puffy" oxide which forms at the lower
temperatures investigated. This oxide has been noted in air oxidation tests




performed in furnaces below 3400°F (4). Rapid oxidation occurs at the
back of samplcs where the surface temperature is lower than at the [roid
face, This is another characteristic of the HfC+C(C-11) oxidation which
is in line with the furnace test results {4), The oxidation behavior of
samples containing 13,6 w/oC does not appear +o differ materially from
saruples fabricated from the billets which contain 14.0 to 15.6 w/o carbon,
The behavior of ZrC+C(C-12) in the HG/CW arc plasma tests was found to
be similar to that of HfC+C(C-11),

KT-SiC(E-14) exhibited rapid recession rates at surface
temperatures above 3900°F, This is some 400°F above the limit ob-
served in furnace tests and in line with the results obtained for Si/RVC
(B-8).

Composites of borides, carbides and graphites including ZrB +
SiC+C(A-10), JTA(C-ZrB;,-5iC)(D-13), JT0992(C-HIC-SiC)(F-15) and
JT0981(C-ZrC-SiC);F-16) cxhibited HG/CW test results which were com-
parable to their CG/HW behavior, At elevated temperatures, destruction
of the protective oxide coating leads to graphite-type recession behavior,
ZrBp+5iC+C(A-10) exhibits the best oxidation resistance in this group ow-
ing the fact that it contains the largest percentage of boride. In addition,
it exhibits lower recession rates in the HG/CW tests than in the CG/HW
tests as is the case for ZrB,(A-3), Melting of ZrB,+8iC+C(A~10) is en~
countered near 5000°F where substantial differences between low pressure
and one atmouphere oxidation rates are observed., _Thermal shack failures
were not observed at flux levels up to 1010 BTU/ft%sec. The low density
4,5 gms/cm>?), high strength, low modulus and good machinability ex-

ibited by this composite, when coupled with its oxidation resistance up
to 5000°F, offer an exceptional combination of properties.

In general, the behaviur of the (A-10) composite is quite
similar to that exhibited by (A-4), (A-7) and (A-8) discussed earlier in
Sections lI.B=3, 5 and 6. However, (A-10) is not as refractory as (A-4)
and (A-7). However, thelower density and cost as well as the thermal stress resist-
ance and machining characteristics of this composite provide compensating
advantages. Figures 109-112 show sections through (A-lO)-264M and (A-10)-
26R after exposure for times up to 21, 600 seconds near 4500 F with total
recegsions of the order of 100 mils, This behavior, which was discussed
in Section I,B shows striking evidence for the applicability of this material
in reusable lifting reentry spacecraft,

Exposures of hemispherical models of (A-10) indicate that
the observed temperature was 60% lower than axpected, This behavior
(noted earlier with (A-7) and (A-8) in Sections I, B,4 and II,B, 6), char-
acterized by lower temperatures achieved with hemispherical models
than with flat faced models is not understood at present, Nevertheless,
the practical implicat ions of this finding are substantial, For example,
(A-10)-25R, 26R, 40R and 41R (which were flat faced models) exposed
at conditions similar to (A-10)-37R and 38R (i,e,, 500 BTU/ftzsec. 7700
BTU/lb, 0,15 atin) exhibited temperatures near 5000°R in contrast to
(A-10)-37R and 38R which exhibited temperatures near 3700°R, Naturally
the hemispherical models exhibited lower recession rates, Sample (A-10)-
37RH is shown after sectioning in Figures 113 and 114,

46




Sirnilarly, sample (A-10)-48RH was exposed to four expo-
sures at ascending flux levels until evidence of melting was noted.
Meliing of this hemispherical capped model was not chserved to occur
until fluxes near 850 BTU/ftésec were attained, Flat faced models
melted near 650 BT U/ft2sac,

Figures 194 and 195 show sample (D-13)-48MX after 4
cyclic exposures at a stagnation enthalpy of 4350 BTU/1b, stagnation
pressure of 1,01 atm and a cold wall heat flux of 380 BTU/{tésec. Each
exposure was 1800 seconds long making the total exposure time 7200
seconds. The average recession was 118 mils, This test can be com-
pared with (A-10)-24 shown in Figure 109 which exhibited a recession
of 104 mils after 12 cycles (1800 seconds each) totalling 21, 600 seconds
under comparable conditions,

Figures 196 and 197 show sample (D~13)-49RX after 4 cyclic
expusures at a stagnation pressure of 0.57 atmospheres at a Btignation
enthalpy of 9600 BTU/1lb and a cold wall heat flux of 440 BTU/{t“sec,
Each exposure was 1800 seconds long making the total exposure time
7200 seconds, Total recession for this test was 45 mils, By compari-
son, (A-10)-26R exposed for 18,951 seconds at comparable heat flux
and enthalpy and a higher pressure (0,238 atm) exhibited a recession
of 83 mils as shown in Figure 111,

As indicated in Reference (3) extensive precautions have
been taken in order to insure that temperature measurements of the
model surface are accurate, In general, the comparison of observed
surface teraperatures in HG/CW arc plasma tests with values calculated
from stream conditions are in relatively good agreement, Moreover, a
number of temperature measurements employing two color pyrometers
yielded good results (page 8 of Reference (3)). In order to obtain addi-
tional verification of the surface temperature measurements, the melt-
ing points of tungeaten and molybdehwn were measured in the arc facil-
ities using pure nitrogen streams for comparison with accepted values,
The results of these tests are shown in 1'able 29 and in Figure 230,

The relative good agreement obtained in these tests should eliminate
concern over the accuracy of surface temperature measurements due
to interference of the arc with optical observations,

A substantial number of thermal shock failures of JTA(D-13)
and JT0981(F-16) have been observed, For JTA(D-13), these failures
occurred in random fashion at flux levels above 500 BT U/ft%cec. The
samples which failed by thermal shock were machined from 2-1/2"
diameter x 2" long billets of JTA(D-13) in ap orientation which cor-
regponded to the hot pressing direction, Thus, the axis of the arc
plasma test sample was parallel to that of the hot pressed cylinder,
Under these conditions, residual strain present in the billets and in
the samples could provide a source of the failures, However, a series
of samples oriented with their axes prependicular to the pressing
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direction showed no thermal shock failures at flux levels'in excess of
500 BTU/ftésec. This finding has particular relevance to applications
in which JTA(D-13) parts are exposed to severe envircamental heat
fluxes, JT0992(F-15) did not exhibit sensitivity to thermal shock,

The behavior of these composites is characterized by low
recession rates at temperatures between 3000°F and 4500°F, best
illuatrated in ZrB,+S8iC+C(A-10) and JT0992(F-15) at temperatures
up to 4500°F., Above 5000°F, the protection afforded by formation of
ZrOp (or HfO,) and S§iQ, is eliminated and oxidation rates which are
characteristic of graphite are encountered.

Failure limits for the coated refractory metals WSi,/W
(G~18) and Sn-Al/Ta-10W(G-19) have been established in general agree-
ment with furnace tests, Maximum survival conditions for WSiy/W
(G-18) are 450 BTU/ft2sec and 3100 BTU/Ib at P, =1 atm, At lower
pressures, failure was observed at 458 BTU/ft2gsec and 11,420 BTU/1b,
Coating failure conditions were established for Sn-Al/Ta-10W(G-19) at
lower flux and enthalpy levels, Modest temperature gradients were
measured through WSiy/W(G-18) arc plasma test samples.

Current results for W+Z»+Cu(G-20) indicate relatively good
resistance to oxidation at 10,000 BTU/1b and 500 BTU/ftésec at 0. 100
atm in agreement with the findings of Schwarzkopf (5). However, in the
Model 500 tests at 1 atmosphere stagnation pressure, very rapid degra-
dation was observed at much lower flux and enthalpy levels, Thus W +
Zr+Cu(G-20)-1M exhibited a recession of 147 mils after 157 seconds at
1,03 atm, 2970 BTU/1b and 315 BTU/ftésec. This behavior indicates
that the mechanism of degradation is sensitive to pressure in the 0.1-
1.0 atmosphere range., The precise nature of the degradation mechanism
which is operative ig not clear at present, The results obtained for W+
Ag(G-21) in the Model 500 tests at stagnation pressures of one atmosphere
were comparable to the results for (G-20).

The silica-tungsten composites $i0+68.5 w/o W(H-22) and
810,+60 w/oW (H-23) exhibited similar recession behavior in the one '
atmosphere HG/CW arc plasma tests as encountered in the CG/HW fur-
nace tests, At low pressures, higher recession rates were observed
due to instability of SiO, relative to SiO, At temperatures above 4000°F,
extensive flow of this composite was observed, in agreement with the
furnace test findings, Samples exposed at one atmosphere showed sting
hole cracking.

Axc plasma exposures of Hf-20Ta-2Mo(I-23) exhibited lower
oxidation rates than in the CG/HW tests at comparable surface tempera-
tures, In addition, several samples with indicated surface temperatures
in excess of the melting point of the alloy did not melt, Current results
indicate that gradients of 1500°F can exist through 100 mils of alloy and
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oxide. This behavior is the basis for the surface temperature in the 4000°-
5000°F range which were not accompanied by melting of the allay,

Test (I-23)-27M was exposed to seven cyclic exposures at a
stagnation pressure of 1.05 atmospheres, z stggnation enthalpy of 3300
BTU/1b and a cold wall heat flux of 410 BTU/{t“sec. The observed sur-
face temperature was 4230 F and a recession of 138 mils was observed
after an exposure of 11, 600 seconds in cycles of 1800 second duration,
This behavior is not quite as good as that exhibited by ZrB,+20%SiC
(A-8)-17M shown in Figure 83 or ZrB,+SiC+C(A-10)-24M shown in Fig-
ure 109, These samples ran for longer times under more severe con-
ditions than did (I-23)-27M and exhibited less recession. Nevertheless,
H{-20Ta-2Mo(I-23) is metallic and as such offers advantages as regards
fabricability and resistance to thermal stress., On the other hand (A-8)
and (A-10) possess higher strength and more temperature capability (6)
than (I-23). -

Figure 288 illustratesthe results obtained with Hf-Ta-Mo
(I-23)-28R after a 4 cycle exposure at a stagnation pressure of 0,132
atm, an enthalpy of 7600 BTU/lb and a cold wall heat flux of 398 BTU/
ft2sec, Total exposure time was 7220 seconds yielding a recession of
55 mils. As indicated above, boride composites shown in Figures 71,
91 and 111 exposed to more severe conditions in the ROVERS facility
exhibited less recession. However, the behavior of Hf-Ta-Mo(I-23)-
38R is outstanding for a metallic structure,

Present results for Ir/C(I-24) are in general agreement with
the CG/HW tests (4), which showed that iridium exhibits very low oxida-
tion rates up to its melting temperature at 4430°F, The temperature of
the iridium-carbon eutectic is 4175°F. Reference to Figure 8 shows that
samples exposed to higher conditions exhibited melting of the coating and
ablation of the graphite, The major drawback of this coating system is the
low emittance of the iridium (¢ =0, 30), However, addition of I1{O; raised
the emittance to values near 0,50 and extended the range of conditions under
which tho coating can be used, Thus, examination of Table 39 shows that
the pure coating is destroyed at flux levels in excess of 310 BTU/ftsec,
At flux levels below 300 BT U/ft2sec the coating is hardly affected, How-
ever, at higher levels melting followed by rapid ablation occurs,

In contrast, whenHfOy s added to increase the emittance,
failure does not occur until the flux level reaches 510 BTU/ft2sec (i.e.,
Table 39 - 36MRA and 36MRB). Thus, although Ir/C(I-24) has excecllent
temperature capability to temperatures near 4200°F, it has very low
resistance to stream conditions. In fact (6}, if heat flux/enthalpy
characteristics are used as a yardstick, I¥/C(I-24) ranks below Si/RVC
(B-8), described in Table 19, even though the latter has a temperature
limit near 32009F, The difference is causcd by the fact that (B-8) has
a higher emittance than (I-24), 0, 69 vs. 0,36, and a higher T(CALC)/
T{OBS) ratio, 1,36 vs, 1,21,
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Temperature gradients have been measured through 100
and 100 mil walls of ZxB,(A 2), HiBz 1+20%SiC{A-7), ZrB+20%
SiC(A-8), ZrB+SiC+C(A-10), RVA(B-5), WS8iy/W(G-18) and H{-20Ta-
2Mo(I-23), Tables 40-47 detail the time-temperature histories ob-
tained in these tests, Figures 302-312 show the time-temperature data
graphically, Calculations of the temperature gradients through the
test cylinders described by Figures 302-312 are presented in Section
VII of Reference (6). These calculations are based on side losses due
to radiation and conduction down the length of the model but no heat
loss via conduction, In general, relatively good agreement between
observed and calculated temperature gradients has been obtained in
view of the simple model employed,

Measurements of total normal emittance have been pro-
vided for all of the candidate materials based on radiated heat flux
observations during HG/CW exposures, JAveraged values obtained
for solid oxides formed during exposure are higher than normal
emittance values observed for melting surfaces, Comparison of cal-
culated surface temperatures based on stream conditions with those
observed yields relatively good results. However, systematic dif-
ferences worthy of note have been observed, Calculated temperatures
are quite close to those observed when melting occurs, but when solid
coatings are pres.. - actual temperatures are below values computed
from stream cond.'' as and the assumption of radiation equilibrium,
Moreover, materials containing asilicon carbide achieve lower surface
temperatures during exposure than predicted on the basis of stream
conditions, As a consequence, the overall behavior of these materials
wider HG/CW conditions appears to be better than under CG/HW fur-
nace test conditions,

The present results illustrate the difference between solid
oxide formers and graphites, The latter group exhibit increasing oxi-
dation rates with increasing pressure while the former show little pres-
sure effect, When the solid oxide formers are exposed to stream coun-
ditions at one atm, which result in surface temperatures below their
melting points, they exhibit recession rates 100 to 1000 times less than
graphites do under comparable conditions, Coated metals and silicon
carbide degrade at temperatures comparable to those observed in CG/HW
furnace tests. These limits are due to melting or rapid vaporization,
However, at a given surface temperature, the solid oxide formers exhibit
much lower recession rates under HG/CW arc plasma test conditions
than in a CG/HW air oxidation furnace test. This may be due to large
temperature gradients across the oxide which occur in the HG/CW tests,
Conversely, graphites exhibit higher recession rates in the HG/CW arc
plasma tests than in the CG/HW furnace tests due to artificial oxygen
supply limits imposed by the air flow limitations of the latter tests,
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111, RESULTS OF Hr_‘,{/c‘_xj ADC DIASMA CPLASH TESLS

IN THE AVCO TEN MEGAWATT FACILITY

A limited number of tests were conducted early in the program to
establish thermal stress failure thresholds at low enthalpy levels., Al-
though this phenornena is quite complex, the tests were conducted in order
to determine flux thresholds for shock failure for cylinders of borides and
boride composites with different diameters, Subseguent results obtained
for hemispherical caps (vs, flat faced cylinders) which are reported in
Section IIB indicate that these thresholds will depend upon sample shape
as well as sample diameter. Descriptions of the facilities, techniques
and samples employed in these tests have been presented in Sections IID-1
and 1ID-2 of reference (_3_) and Section VIE of reference (_1_).

A. Results of Ten Megawatt Arc Exposures
1. Calculation of Transient Thermal Gradients

in Boride Cylinders

Since the present series of exposures were of
relatively short duration (maximum of twenty seconds) a series of one
dimensional heat transfer calculations were performed for hafnium di-
boride and zirconium diboride in order to compute the transient thermal
gradients through the cylinders, The values ot density, p, specific heat,
cp, and thermal conductivity, k, employed in these calculations are shown
in Figure 313, while the results are shown in Figures 314a and 314b and
in Table 49. The calculations were performed for one inch thick samples
employing the properties of diboride compounds (12). Figure 314 and
Table 49 indicate that temperature gradients of 2T009F in 250 mils can
exist at a flux level of 1000 BTU/{t2sec and an enthalpy of 2000 BTU/1b
at two seconds, These gradients are most severe near the front (hot
face) of the coylinder. After twenty seconds, the thermal gradients are re-
duced to 8007F in 250 mils. Reference to Table 50 indicates that the
ratio of the computed temperature for radiation equilibrium (Eqs. 2, 3)
divided by the observed surface temperature is approximately 1,3.

2. Test Results

Table 50 summarizes the results of the present
tests. Headings include stream conditions, sample diameter, cold wall
heat flux, maximum observed surface temperature and computed surface
temperatures based on radiation equilibrium (Eqs. 2 and 3}, In addition,
exposure time, recession depth, degradation mode and metallographic
features are summarized. The result of pre- and post-expcsure non-
destructive test data are given in reference (1), Cases where samples
are numbered A and B (i.e., HfBp, | + 20%SiT(A-4)(HF-25A and 25B))
indicate situations where a sample was run consecutively under two
different conditions. Samples ZrB, (HF-17) and Hf{B, (A-6)(HF-20)
were the only models exhibiting cracks prior to testing. Neither sample
failed because of these flaws., Figures 315-317 show post exposure photo-
graphs of the l10OMW samples, Reference to Figure 315 shows obvious
thermal shock failure of HfBy |(A-2)(H¥-1), HiBp |(A-6)(HF-20),
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HiBz,] + 20%SiC{A-4)(HF-25,26,36 and 38). Similarly, Figure 316 shows
that HiBp_ | + 20%SiC(A-7)(HF-19B and 33) and ZrBy(A-3)(HF-5,6 and
7B) failed by thermal shock, Finally, Figure 317 shows thermal shock
failures for ZrBp(A-3)(HF-13,14 and 15), ZrBs(ManLabs-Avco)(HF-22),
Boride Z(A-5)(HF-11 and 12) and ZrBj + 20%SiC(A-8)(HF-23B). The
occurrence of clear thermal shock failures appears to depend on material
and sample diameter. Table 51 summarizes the results and states
tentative fracture thresholds for the boride samples tested, For example,
HfBjy + SiC(A-7) survived a flux of 948 BTU/ft2sec in the one half inch
diameter size but fractured at 840 BTU/ftzsec in the 7/8 inch diameter
size, Boride Z(A-5) did not survive the lowest fluxes employed. This

is in line with the results of Model 500 and ROVERS exposures discussed
in Section IIB-4, In line with the above mentioned effect of sample size,
specimens of ZrB, + SiC(A-8) have been tested under AF33(615)3671 at
flux levels of 2200=-2400 BTU/ftzsec, stagnation pressures of 17-18 atm
and enthalpies near 1450 BTU/1b. Surface temperatures between 3700°F
and 4000°F were noted for symmetrical wedge models of a sharp leading
edge. The models were two inches long, one half inch wide and one
quarter inch thick. Thirty and forty-{five degree wedge angles were em-
ployed with a 30 mil radius of curvature, Three samples of ZrB; + S5iC
(A-8) were exposed for 15 seconds and survived with little erosion and

no thermal shock failures (8).

Subsequent to exposure, samples were examined
nondestructively by dye penetranrt techniques and then sectioned for
metallographic investigation. This procedure showed the presence of
tine cracks which were not evident after exposure. The observations
made after sectioning confirmed the NDT results shown in reference (1)
and Table 50, Figures 318-3Z3 show post exposure sections of HIB 1_
(A-2)(HF-2), HiB, (A-6)(HF-21), H{By + 20%SiC(A- 4)(HF-37), Hf 2+
20%SiC(A~7){(HF-3Z and 18) and ZrBy(ManLabs-Avco)(HF-17) which did
not thermal shock. Ag indicated in Table 50, all of the 7/8 inch diameter
samples contain cracks. As indicated in Table 50 and in Figures 318-
323, most of these cracks are between 100 and 400 mils from the front
face of the samples, Reference to Figure 314 and Table 49 indicates
thermal gradients of 1400 F in 500 mils in the vicinity of the fracture
point,
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IV. HOT GAS/COLD WALL ARC PLASMA PIPE TESTS IN THE AVCO
TEN MEGAWATT FACILITY

A, Introduction

The purpose of this phase of the program was to exarnine exper-
imentally the performance of selected candidate materials in high shear,
turbulent flow steady-state heating environments, In particular, these tests
attempted to simulate conditions at points beyond the sonic point where tur-
bulent bounaary layer f' 'w prevails over the major heating period, A
description of the experimental and calibration techniques employed is
given elsewhere (see pp, 21-24 of Reference 3).

' Pipes of selected materials which were 1-1/4" long w1th a 75
mil wall were exposed’ The candidate materials tested were HfB)
20%SiC(A-T7), ZrB;_ 1+20%SiC(A-8), ZrBZ+S1C+C(A 10) S1/RVC(B 8)"

KT -SiC(E-14) and Hf- 20Ta-2Mo(I-23). One pair of pipe samples of each
material was tested at the initial test conditions of 3960 BTU/1b,

Qcw = 480 BTU/ft2sec, v =26.8 1bs/ft2, Based on visual inspection of the
results, conditions for the second a.1r of pipe samples were either in-
creased to 6000 BTU/Ib, 599 BTU/ft2sec and 26, 4 lbs/ft® or decreased
to 3520 BTU/Ib, 410 BTU/ft2sec and 24,4 lbs/ft2,

B, Results of Pipe Tests

Table 52 and Figures 324-326 summarize the results of these
exposures. The material designation, sample number, position in the
stream, heat flux, entha.lpy and shear stress are given in Table 52, As
indicated earlier (3), two pipes were run simultaneously. In each case
the pJ.pe closest to the exit plane of the arc is des1gnated as occupying the
UP position. The pipe farthest from the exit plane is designated as
occupying the DOWN position, The down section is regarded as the test
section, The purpose of the upstream section is to allow damping of fiow
irregularities and weak shock waves arising from the supersonic expansion
processes in the pipe (3).

Table 52 also contains information covering pre and post expo-
sure weight and dimensions for each sample., Visual observations and
description of motion picture film coverage are also summarized. Refer-
ence to Table 52 and Figures 324-326 indicate that Si/RVC(B-8) was the
only candidate material to survive the starting and "high'" test condition,
Post exposure examination indicated that the coating was burned off but
that the pipes remained intact,

All other candidate materials completely failed the starting
condition except for ZrB3+3iC+C(A-10), The upstream pipe survived as

“The wall thickness of the Si/RVC(B-8) pipes were 140 mils, The pipe
lengths wecre 1.5 inches,
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shown in Figurc 325, Thus, ZyB,!SiCtC{A-10) was also exposed io ihe
"high'' condition at 590 BTU/ft“sec, 6000 BTU/Ib and 26.4 lbs/ ft¢ shear
stress. Under these conditions the downstream sample survived while

the upstreamn sample thermal shocked.

The Hf-Ta-Mo(I-23) pipes exposed to the starting conditions
of 480 BTU/ftésec, 3960 BTU/Ib and 26. 4 lbs/ft2 shear stress melted
badly as indicated in Figure 326. However, the Hf-Ta-Mo(I-23) pipe
which occupied the upstream position in the "low test condition'' did not
fail,

Post test examination of the pipes reinforced the observa-
tions made during the exposures which indicated that heat conduction at
the "O" ring resulted in severe temperature gradients (see Figure 64 of
Reference (3)). As a result of this feature of the teats, it is difficult to
make any fitm quantitative conclusions about the results,

Qualitatively, the results indicate the fact that the thermal
stress resistance of graphite exceeds that of the boride composites, and
that ZrB,+SiC+C(A-10) is more resistant to thermal stress failure than
HfB+SiC{A-7) and ZrB2+5iC(A-8) which do not contain graphite and have
higher moduli of elasticity than (A-10) (11).
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v, DECITT TS N TRQTS CONNDITATEN TN THE CORNEILT., ARRONATITTIC AT,

A limited number of sampiet were exposed in ithe CAL Wave Super-
heater. A description of the nondestructive tests perforined on the models
employed is contained in Section IV, D of Reference (1), Scction IV, D of
Reference (3) describes the facilities and techniques employed in perform-
ing the exposures,

Analysis of the result obtained from models exposed in the Mach 6
Wave Superheater Hypersonic Tunnel are consistent with the behavior of
these materials in the HG/CW tests in the Model 500 and ROVERS facili-
ties. Limited recession was observed due to the short exposure time (15
seconds) and moderate temperatures (4000°F) encountered in these tests,
Analytical and experimental studies of the relative importance of con-
duction lossés for hemispherical shells have been performed in order to
determine the origin of the unexpected behavior of 1/2" and 1'' hemispheri-
cal cap models of Hf-20Ta-2Mo(I-23) and KT -SiC(E-14) in these tests,
Surprisingly, it was noted that the 1" diameter caps attained a higher
temperature level than the 1/2'" diameter caps., Although the origin of
this result is not definitely established, experimental simulation of these
tests produced a similar result in torch tests on steel samples, and analy-
sis has defined appropriate shell thickness/shell diameter ratios required
to avoid such effects,

A, Description of Tests

Sixteen refractory material models were exposed (HG/CW) to
the high velocity flow of air in the Mach 6 Wave Superheater Hypersonic
Tunnel, Data were taken in two 15 second tests of eight models, each at
a velocity of 104ft/sec, a stagnation pressure (at the model nose) of one
atmosphere, and a tunnel flow rate of 2.5 lb/sec, The models were de-
signed to permit their surface temperature to approach the radiation/
aerodynamic he7.ting equilibri value during each exposure to the test
stream at q(R)1/2 = 90 BTU/£t3/2 gec. As indicated earlier (3), the
models were expected to reach temperatures in excess of 4000°R,

All sixteen models tested were hollow hemispherical cylin-
ders, The "elox" process was used to bore from the aft end to provide
a uniform material thickness which was nominally 1/8 inch, The diam-
eter of the bore was a nominal 1/4 inch for the thirteen 1/4 inch nose
radius models and 3/4 inch for the three 1/2 inch nose radius models.
The purpose of the shell or 'thimble'" design was to promote faster wall
temperature response so as to approach the radiation equilibrium wall
temperature as rapidly as possible, A sketch showing the typical model
features and the typical attachment to their stings is presented in Figure
327, Eight models and a single 1/4 inch nose radius steady-heating cop-
per calorimeter were mounted in the tunnel by a multiple sting arrange-
ment as shown in Figure 328, Tables 53 and 54 list the initial dimensions
and sting positions occupied by each model,

55




Motion picture coverage of the tests was provided as indicated
earlier (3)., Table 55 lists the camera settings employed for the motion
picture coverage. The methods employed for establishing heat flux, en-
thalpy and stagnation pressure were described in Section III of Reference
(3). Tables 56 and 57 summarize the results,

As indicated above, model surface temperatures in excess of
4000°R were anticipated, Calculations based on a transient heat flux cal-
culation were presented in Section III. C of Reference (3}, The results of
these calculations are reproduced in Tables 58 and 59 and are shown
graphically in Figures 329 and 330,

The models were not, in themselves, instrumented, The
calorirmeter had one chromel/alumel thermocouple welded to the back
face of the thermal element, The models were observed individually by
miniature radiometers, In addition toindividualmodel radiometers, one
ManLabs Milletron two-color pyrometer and one microphotographic cam-
era (Photosonics #4) were arranged to observe the stagnation point of the
model on sting number one, Two Photosonics cameras (#2 and #3) were
arranged to observe all models frorn the right (pilot's view) during both
runs, To obtain test conditions, the normal complex of Wave Superheater
cycle instrumentation data were recorded as well as the tunnel throat and
nozzle exit static pressure, and the test section cabin pressures, All
data were recorded on EFB or ERB 16 mm film and a CEC optical galvon-
ometer paper recorder,

Eight hemisphere-cylinder models and one calorimeter, as
iisted in Tables 53 and 54 were expos ed in each (CAL 67-473 and 67-747)
test, Tabulated camera settings are presented in Table 55, The facility
functioned normally in both tests, However, the model instrumaentation
suifered some difficulties, In particular, the two-color Milletron gave no
deflection, the microphotographic film was blank,and the test section win-
dows became cloudy during the first test, The JT0992(F-15), KT -5iC(iE-14)
( one inch diameter) and Hf-20Ta-2Mo(1-23) models were lost during the
first test, but the latter two were recovered from the floor of the tust
cabin, and some (but not all) measurements were made on these (see Tables
53 and 54),

The nozzle, sting assembly and windows were removed and the
models replaced in preparation for the second test, The Milletron two
color pyrometer was switched to a lower scale to improve its sensitivity,
The second set of models, the nozzle and the cleaned test section windows
were installed, The facility functioned normally for the second test. Again,
however, there were difficulties in obtaining model data, The windows
clouded early and a heavy dust deposit was found throughout the test cabin,
which has never before been observed, This dust appeared to be asbestos,
The recorded data show no deflection on any of the nine radiometers. The
dust was alsc deposited on the lenses of the miniature radiometers, The
microphotographic film was blank for the second tests, also,
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The miniature radiometer data are presented in Figure 331,
Model pre and post-test measurements are included for convenience in
the model identification and location data of Tables 53 and 54. Nodata
were obtained from the Milletron two-color pyrometer or the micro-
photography in either test, No data were obtained from the miniature
radiometer during the second test,

The one inch diameter Hf-20Ta-2Mo(I-23) model which was
exposed in the first run (473) has a melting temperature of 3860°F. The
post-test examination of this model revealed evidence of the melt having
formed during the test. Since it is evident that the model I-23-4 surface
temperature was at least 3860°F during .he test, a comparison of this
result with that of Figure 331 (Ty, MAX = 2750°F) produces the conclu-
sion that the radiometer data are in error, This is indeed unfortunate
because it invalidates the only temperature data obtained, The failure of
this data can be attributed most probably to the dust in the test cabin,
X-ray analysis of the dust indicated that it was asbestos. By contrast,
the one half inch diameter Hf-20Ta-2Mo(I-23) model exposed in the second
rung (474) showed no signs of melting,

Because of the relatively small heat absorption capacity of
the models, at the rate of heating vroduced by the stream, the surface
temperature should have approached the equilibrium value for the heat
balance between aerodynamic heating and radiation dissipation (see Tables
58 and 59). For a one inch diameter model at an emittance of 0,55, equil~
ibrium temperature is 4700°R, For a 1/2 inch diameter model it is
5000°R (Figure 330), Figures 332 and 333 compare the calculated time-
temporature histories with the values contained in Figure 33), The lat-
ter have been ''corrected'' to true temperature by employing the values of
normal total emittance measured in the Aveo Arc Plasma Tests (i, e,,
Table 48), In comparing the observed and computed time/temperature
histories, it should be noted that coating of the radiometers by asbestos
dust as the exposure proceeded undoubtedly reduced the radiation received,
Thus, the one inch diameter hemispherical cap sample H{-20Ta-2Mo(I-23)-
4-19 rust have reached 4310°R during the exposure even though the maxi-
mum radiometer temperature was 3650°R, Secondly, the computations
were performed for ZrB, which has different thermophysical and radiative
properties than the samples shown in Figures 332 and 333, However, the
product of pC K (density x specific heat x thermal conductivity) for these
materials is quite similar so that substitution of the specilic values in each
casce would not alter the results, Howover,the value of normal emittance em-
ployed would have an important bearing. Thus, tungsten and RVA graphite
having values of ¢y = 0,32 and 0,52 differ most from the ¢xy = 0,55 em~
ployed in the calculations. Reference to Figures 332 and 333 indicates that
the modols were heated more rapidly than anticipated but did not reach the
anticipated radiation equilibrium temperature levels, Although the later
discrepancy may be due to coating of the radiometers, the observation that
(TCALC/'I‘OHS) is more than unity is in line with the results of the Avco
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exposuras where (Tcapc/Tops) is approximately 1,17 for RVA, 1,43 for
KT-SiC, 1,04 for JT0992 at one atmosphere stagnation pressures, Bare
tungsten yields (T a1,c/ ToBS) at 1.15 at Pg = 0,16 atm (see Table 30).

B. Metallographic Examination of the Test Models after Exposure

Figures 334 and 335 show post exposure photographs of all
the models. In addition, Tables 53 and 54 summarize the dimensional
changes which were very minor due to the short exposure time, The
zirconium diboride (A~3)=-1-2 model in the sting 1 position showed no
recession and little change in structure, This finding is in general agree-
ment with the results obtained at Mach 0,3 and Pe = ] atm presented
earlier for 1800 second exposures (Figure 1), Unfortunately no radiometer
measurements wuare obtained for this model but it is doubtful that the sur-
face temperature exceeded 4000°F., The KT-SiC models which were posi-
tioned at the sting 2 and sting 3 positions in run 67-473 exhibited recessions
of 18 mils and 2 mils during the fifteen second exposures. Inh this case,
the smaller model {488 mil diameter) reached a lower surface temperature
than the larger model (944 mil diameter) as indicated in Figures 331-333,
The cap of the larger model fractured on cooling (Figure 334), The ob-
served recession rates of 0, 1-1 mils per second or 180-1800 mils in 30
minutes are higher than indicated in Figure 5 for KT-SiC exposed at P, =
1 atm at Mach 0.3, The RVA(B-5), PG(B«6) and BPG(B-7) samples wﬂich
were exposed at the sting 6 position in Run 67-473 and sfing 4 and 5 posi-
tions in Run 67-474 exhibited recessions of 30, 8 and 32 mils in the present
runs which is comparable to the results shown in Figures 3 and 4; however,
the tungsten model, Run 67-473 sting 5 showed virtually no recession,
Recession rates near 1 mil/sec were anticipated on the basis of results at
Py 21 atm and a Mach Number of 0,9 and the present results for bare
tungsten shown in Figure 7. The Sn-Al/Ta-10W coated model, sting 8
Run 67-474, exhibited melting of the Sn outer layer but no degradation of
the inner layer, However, this model probably attained a much lower sur-
face temperature than the other models due to high values of (TgaLc/ ToBS).

The models which formed solid oxides on exposure (i,e,, H{-20Ta-
2Mo(I-23) sting 1 Run 67-474 and sting 4 Run 67-474, ZrB2(A-3) sting 1 Run
67-473, H{B, 1(A-3) sting 2 Run 674, HfB2+5iC(A~4) sting 3 Run 67-474)
showed little recession in line with the tempe rature and time of exposure,
Similar behavior was noted for JTA(D-13) sting 7 Run 67-473; JT0981(F-16)
sting 6 Run 67-474 exhibited a recession comparable to the pure graphites,

The thermal shock failures noted for JT0992(F-16) sting 8, Run
67-473 and ZrBy(A-3)-24-3 sting 7 Run 67-474 are surprising since these
materials have survived flux levels in oxcass of the current values without
failing, However, they were nottested as hollow shells, It is possible that
the defects present in the later model s)}!) may have contributed to failure,
Although HfB,(A-2) sa.mgl.eﬂ have exhibited thermal shock failures at
levels above %70 BTU/ftésec, no failures ware ohserved below this level
in the Avco tests (T'able 2) nor were any obvious defscts noted for this sam-
ple as a result of nondestructive tests (1).
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Figures 334 and 335 shows post exposure photographs of these
modaels, Post exposure longitudinal secticns arc shown in Figurss 336-347,
Figure 336 shows Model ZrBp(A-3)-1-2 which experienced a negligible
recession during exposure and no change in surface structure was observed,
Figures 337 and 338 illustrate KT-SiC(E~14)-1-8 and 3-18, Both models
exhibit melting of the silicon binder and depletion through the nose section,
Figure 339 shows Hf-20Ta-2Mo(I-23)-4-19 which melted during exposure,
Model W (uncoated) (G-18)-X-11 presented in Figure 340 showed no change
in structure as did RVA(B-5)-X-5 and JTA(D-13)-X-7 which are illustrated
in Figure 341, This set of figures covers all of the models in Run No. 1.
JT0992(F=-15)-X-9 which occupied Sting 8 in Run No. 1 thermal shocked.

Figure 342 displays Model Hf-20Ta-2Mo(I-23)-I-12 and shows
no melting (in contrast to the one inch model exposed in Run No., 1 shown
in Figure 339), The one half inch diameter Hf-20Ta-2Mo(I-23) model is
coated with suboxide containing tantalum stringers throughout, Figures
343-346 show models, HfBp 1{A-2)-X-1, HfB+5iC(A-4)-X-4, PG(B- 6) -
X-6, BPG(B-7)-X-16 and J'I‘0981(F 16)- X-10 which exhibited very minor
changes during exposure. Model HfB, 1(A-2)-X-1 (Figure 343) exhibited
a thermal shock failure at the end of Kin No, 2 when the cap broke off,
Model HiB»+3iC(A-4)-X -4 (Figure 344) shows no SiC depletion at the sur-
face, dzeln PG(B-6)~X-6 and BPG(B -7)-X-16 expesrienced recessions
of 8 a,nd 32 mils respectively, (Figure 345), Model JT0981(F~16)-X=10
shown in Figure 346 exhibited a conversion depth of 19 mils and a vary
light oxide, Sting position 7 of Run No. 2 was occupied by ZrBo{A~3)-23«
3 which thermal shocked during exposure, The last position (S% ing 8) in
Run No, 2 was filled by Model Sn-Al/Ta-10W(G-19)-3.-22 shown in "igure
347a, Molting and removal of the Sn cover of the duplex coating (page 55,
Reforence 1) is shown in Figure 347b,

C.  Analysis of the Relative Conduction Losses for Spherical
oholls

In the discussion of the Wave Superheater exposures pro-
sented above, the obgervation that the ono inch diameter models Hf-20T a-
2Mo(1-23)-4-19 (Sting 4 Run 1) and KT -81C(E-14)-3-18 (Sting 3 Run 1)
achieved higher temperatures than one half inch diameter models of the
same material (Hf-20Ta-2Mo(1-22)=1-12 (Sting 1 Run 2) and KT-SiC(kK-14)~
1-8) Sting 2 Run 1) was noted, This was deemed to be unusual since the
heat flux to the larger model i8 70% of that experienced by the smaller
model, Ong possible source of this differenco was considered to be the
losseos due to conduction through the models, In particular, the models
are hollow shells. Consequently to congidor tho relative conductionlosses it
is necessary to introduce the ratio of shell thickness to model diameter
a8 an additional factor,

A suitable analyeis of the problem has been performed (3
based on the relative importance of conduction and werodynamic heating
for a model represented by the sketch shown in Figure 348, where the
aerodynwnic heating is given as a function of O by q[0] =, cos @, In
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order to obtain experimental data on the relative conduction losses

for spherical shells, one inch and one half inch diameter models having
a wall thickness of 1/8" were fabricated from SAE1020 steel, This
material was employed since its thermal conductivity is approximately
one third that of KT-SiC(E-14) at temperatures between 500° and 2000°R.,
As a consequence, the heat flux level for this experiment was maintained
at 1/3 the level of the Wave Superheater exposures described in Section
V.B.

Accordingly, models were exposed in an oxyacetylene torch
situated in the Wave Superheater Hypersonic Tunnel for convenience in
utilizing the required test equipment, Separcte copper calorimeters
were employed to determine cold wall heat flux., Heat fluxes of 150
BTU/t2sec and 220 BTU/ft4sec were applied to the one inch and one-
half inch diwmeter models, respectively, Thexrinocouples which were
spring mounted in contact with the inner wall directly behaind the stag-
nation point were employed to measure the thermal response of the
models, The results are shown in Figure 349, These data indicate
that the larger model reached 1900°F in 11, 4 scconds; the smaller models
reached 1900°F in 13,8 + 1,0 seconds, At shorter times, the rise rate
for the smaller models {8 groater than for the larger models as expected,
At longer timos, the larger model does heat up more rapidly than the
smaller model does, However, it is surprising that tho crossover occurs
at low temporatures near 600°F where the magnitudes of dT/d0 are
smaller than the values assumed in the foregoing calculation, Finally,
it should be noted that the k/q matching is partially satisfied for KT~SIC
but not satisfactory for Hf-20Tu-2Mo,
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Figure 9. Post Exposure Photographs of Arc Plasma Tests HfBy (A~2)~1M,
&M, 3M, 4M, 5M and 6M, Samples 1M, 2M, 3M and“dM were
Cracked During Removal of Tungsten Sting, Samples 5M and 6M
Showed Initial Thermal Shock Delaminations and Wero Cracked
After, Sting Removal, Samples 3M and 5M Melted, Scale is One
Inch.” Hot Face is Pointing Up,

Plate 1-4250 Plate 14254
B e

10

//f?’é(n.z) 'Il/IIHHIHIHHIIIll'llll||||\\\\\\\\\\
Hll,IIIIHIIIIIIIIIIIHII!I!IIIH\\H ! 2 3 :.nchcﬁ
| 2 3 4 HFB,, CR-2)

Figure 10, Post Exposure Photographs of Arc Plasma Tests HiB, ;{A=2)=7R,
8R, 9R and 10R, Sample BR showed an Initial Thermal Shock
Failure While Sainples 9R and 10R exhibited Melting. Scaule is
One Inch, Hot Face is Pointing Up,

*Distanca between numbered divisions is equal to one inch.
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Figure 11. Post Exposure Photographs of Arc Plasma Tests
HiB, (A-2)-13M,14M, 15M, 16M, 17M and 18M,
11R and 12R.

72




——

Plate 1-4238

Oxide Coating

X2as5

One Inch Scale®
(A<2)=4M, Surface Temperature 5270°F,

Figure {2, Arc Plasma Test HiB
Stagnation Enthalpy 5?‘1(} BTU/lb, Stagnation Pressure 1 atm, Cold
Wall Heat Flux 760 BTU/ftz, Exposure Time 1830 Saconds, Initial

Thickness 557 Mils, Final Thickness 286 Mils, Hot Face at Right,

1, Plate 1-4239

X160

Etched with 10 Glycering 5 HNO3 3HF

Figure 13. Arc Plasma Tcst HfB, ) (A-2)-4M, Hot Face, Showing Boride at
Left, Oxide at Right witll\ 10 Mil Separation,

*Distance between numbered divisions is equal to one hundred mils,
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HfB Oxide

Plate 1=4240

R

Etched with 10 Glycerine SHNOy 3HF X250

Figure 14. Arc Plasma Test HiB, | (A-2)-4M, Side Face of Test Sample
Showing Adherent Oxide.

Plate 14241

Etched with 10 Glycerine 5SHNO, 3HF' X500

Figure 15. Arc Plasma Test HiB; ; (A-2)-4M, Matrix Sting Leg Showing
Matrix Grain Size,
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Figure

Figure

Plate 1-4233

One Inch Scale X2.5

16, Arc Plasma Test HfB (A~2)~=3M, Surface Temperature 6010°F,
Stagnation Enthalpy 6&8& BTU/lb, Stagnation Pressure 1 atm, Cold
Wall Heat Flux 1060 BTU/ftésec, Exposure Time 82 Seconds, Initial
Thickness 542 Mila, Final Thickness 281 Mils, Melting Observed,
Hot Face on Rig¢ht,

Plate 1.4234

Etched with 10 Glycerine 5HNO4 3HF X250

17. Arc Plasma Test H{B, j(A-2)-3M, Hot Face, Showing Boride
with Extremely Large Grain Size at Left.
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- BN  Plate 1-4236

0 . .
- n- L}

Etched with 10 Glycerine 5SHNO3 3HF X250

18. Arc Plasma Test HfB, )({A=-2)=3M, Side Face Showing Adherent
Oxide and Boride at Left.

Figure

Plate 1.4237

Y

Etched with 10 Glycerine 5SHNO; 3HF

X500
Figure 19. Arc Plasma Test H{B3; j{A=)-3M, Matrix Sting Leg.
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Plate No, 1-4993

. X2.81

Figure 20. Arc Plasma Test HiB; ((A=2)-11R,Surface Temperature
5040°F, Exposure Time 118()0 Seconds, Stagnation Pressure
0.097 atm, Stagnation Enthalpy 10730 BTU/1b, Cold Wall
Heat Flux 651 BT U/ ft®sec., Initial Length 605 Mils, Final
Length 566 Mils, Hot Face at Right. One Inch Scale.

Plate No. 1-4994

Etched with 10 Glycerine SHNO3 3HF X250

Figure 21. Arc Plasma Test HfB;, 1(A=2)-11R, Interface of
Oxide (Top) and Matrix.
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Plate No. 1-4264

M’M“Muulmlwnu'mumg,,,,, .

[ ] . ~ L] L} - L "~ -

Xz.81

Figure 22, Arc Plasma Test HfB3,K 1(A=2)=10R,Surface Temperature
5290°F, Exposure Time 60 Seconds, Stagnation Pressure
0.158 atm, Stagnation Enthalpy 7260 BTU/1lb, Cold Wall
Heat Flux 78] BT U/ft2sec, Initial Length 558 Mils, Final
Length 174 Mils, Hot Face at Right. One Inch Scale.

Plate No, 1-4265

Etched with 10 Glycerine 51INO4 3HF X250

Figure 23, Arc Plasma Test H{B; )(A-~2)-10R. Rapid Melting was
Observed, Interface of Melted Region (Right) and Matrix.

79

| -




Plate No.
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- -

X2.44

Figure 24, Arc Plasma Test H{B (A-2)-1M, Surface Temperature
4060°F, Exposure *" Time 1800 Seconds, Stagnation
Pressure 1, 06 Atm,, Stagnation _Enthalpy 3270 BTU/1b,
Cold Wall Heat Flux 520 BTU/ft? sec, 21 Mils Recession.
Hot Face at Right., One Inch Scale,

Plate No,

.ft:/ :I . .»‘".’.t" . o ®-* l..l ’ “.. .-'.7“/\-"‘

Etched with 10 Glycerine 5HNO, 3HF X250

2

Figure 25. Arc Plasma Test HfBZ 1 (A-2)-1M, Hot Surface.
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Plate No. 1-4996

Figure 26, Arc :lflasma Test HfB2 1 {A-2) - 12R, Surface Temperature
4640°F, Exposure Timne 1800 Seconds, Stagnation Pressure

0.095 Atm., Stagnatign Enthalpy 9830 BTU/lb, Cold Wall
Heat Flux 573 BTU/ft° sec, 11 Mils Recession, Hot Face
Down. One Inch Scale,

Plate No, 1-4997

Etched with 10 Clycerine 5HNO

3HF

3

Figure 27. Arc Plasma Test HfBZ l(A—Z) -12R, Hot Surface.
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Figure 28.

Figure 29,

L.

- A~3 -
DA A V7 A -0 T -AD 24
- ; . ' Plate No,

1.2803

X0,938

Post Exposure Photographs of Arc Plasma Tests ZrBp
(A-3)-3M, 4M, 17TM, 20M, 23M and 24M, Saraples 3M

and 20M Exhibited Melting, Sting End of 8M was Cracked
During Removal from Sting. Hot Face is Pointing Up.

A ’ !
: Plate No,

. I ey Ny SR oy .;'J..a " Wer
PR PP P PP PP PR RIS PR 1-8734
o | 2 3 4 -] (, [}

Y

inches

Plate No,
13595-A

T

/ 2 3 4 5

Post Exposure Photographs of Arc Plasma Tests ZrBy
(A-3)-50M, 51 M, 52M, 53M,.54M, 15R, 30R, 2R, 5R, 10R
and 11R, Samples 15R,30R and 11R Exhibited Melting,
Sting Ends of 30R,2R and 5R were Cracked During Re-
moval from Sting. Scale is One Inch, Hot Face is

Pointing Up.
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Plate No.
1-2810

.

R

-

s

. mm;mm

X2.60
Figure 30. Arc Plasma Test ZrB,(A-3)-4M, Surface Temperature
4505°F, Stagnation En%halpy 3990 BTU/1b, Stagnation
Pressure 1,07 Atm,, Cold Wall Heat Flux 560 BTU/ 2
sec, Exposure Time 1860 Seconds, Initial Length 1062

Mils, Final Length 1048 Mils, Hot Face Up. One Inch
Craln

e o es  Plate No,
co N 1-2811

Etched with 10 Glycerine X250
5HNO33HF

Figure 31, Arc Plasma Test ZrBz(A-3)-4M, Hot Face at Top,
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Plate No. 1-2814

W . > - . - ~ . )

iy -'1:|1Islung! '|lml!|liIlllll%lll1{|l|-lllllllll|l

X2.50

Figure 32 Arc Plasma Test ZrBZ(A-B)-ZOM, Surface Temperature
5530 F Exposure Timé 90 Seconds, Stagnation Pressure
1.11 Atm. Stagnation Enthalpy 4665 BTU/1b, Cold Wall Heat
Flux 840 BTU/ftl sec, 204 Mils Recession, Hot Face at
Left. One Tneh Scale,

[ S

%

Plate No., 1-2816

SO Sy ST el
Etched with 10 Glycerine SHN03 3HF X250

Figure 33, Arc Plasma Test Zr}32 (A-3)-20M, Hot Surface.
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Plate 1-3602

‘—-—-.———— Mounting Plastic

i
3

j < H Ot Fac e Surface

X3

Figure 34, Arc Plasma Test ZrB3(A-3)-10R, Surface Temperature 4345°F,
Stagnation Enthalpy 9530 BT U/1b, Stagnation Pressure 0,021 atm,,
Cold Wall Heat Flux 520 BTU/ft?sec, Exposure Time 1802 Seconds,
Initial Length 1045 Mils, Final Length 1027 Mils, Hot Face at Right,

,.fl lb-}-. -\3-':‘ Lf“’ o

’D-"*o ﬂ h’,-.&.

Plate 13603

Etched with 10 Glycerine 5HNO3 3HI X250
Figure 35. Arc Plasma Test ZrBZ(A-B)-IOR,Hot Face,Showing Boride at Left.

85




Plate 13604

Etched with 10 Glycerine 5HNO; 3HF X500

Figure 36, Arc Plasma Test ZrB)(A-3)-10R, Mat1ix Sting Leg, Showing Matrix
Grain Size,

Iy
“
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Mounting Plastic

Plate 1-3692

Hot Face Surface
Showing Melted
Cup

X3

Figure 37. Arc Plasma Test ZrB2(A=-3)-11R, Surface Temperature 5435°F,
Stagnation Enthalpy 9270 BTU/1b, Stagnation Pressure 0, 187 atm,
Cold Wall Heat Flux 950 BT U/ ftésec, Exposure Time 51 Seconds,
Initial Length 1063 Mils, Final Length 728 Mils. Hot Face atRight
Illustrates Melting, One Inch Scale.
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Plate 1-3606

LN J (s {8
Etched with 10 Glycerine 5HNO; 3HF X250

Figure 38. Arc Plasma Test ZrB, (A-3)-11R, Hot Face, Showing Solidified

Figure

Grain Structure in Core Region of Hot Face (See Figures 141 and 143),

[ 3

)%

Plate 1=-3595

Etched with 10 Glycering 5HNO3 3HF X500

39. Arc Plasma Test ZrB;(A-3)-11R, Matrix Sting Leg, Showing
Matrix Grain Size,
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Plate No.

N . «

“ :LIIIT] |||I1I|T|IHIIIIII}||I|'1||‘|'|IIIIIIllﬂIII|I!Il.lllll|||lﬂ‘lllllllll

nulun‘nulml

X2.55

Figure 40. Arc Plasma Test ZrB,{A-3)-23M, Surface Temperature
3990°F, Exposure Tirmhe 1860 Seconds, Stagnation Pressure
1.06 Atm., Stagnation Enthalpy 3345 BTU/lb, Cold Wall
Heat Flux 460 BTU/ft sec, 8 Mils Recession, Hot Face at
Left., One Inch Scale.

T Y ,(/ .S "',.', K Ve ';\r.
e 3 ? 2R W A K Plate No.
w7, s A o -

Etched with 10 Glycerine SHNO3 3HF

Figure 4l1. Arc Plasma Test ZrBz(A—3)-23M. Hot Surface.
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Plate No.
1-9213

Figure 43,

Arc Plasma Tcst ZrBy(A-3)-2MC, Surface Temperature
4470°F, Internal Temperature 2940°F, Exposure Time
1800 Seconds, Stagnation Pregsure 1,05 Atm., Stagna-
tion Enthalpy 3230 BTU/I, Cold Wall Heat Flux 365
BTU/ft“sec, 14 Mil Recession. Hot Face Up, One Inch
Scale,
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Plate No. 1-4269

! p . 4 o
IIHHIHHHHl[llllllllllllllllll|!|\||l||||\l ;
j 2 3 4 g T

Figure 44, Post Exposure Photographs of Arc Plasma Tests HfBp+
SiC(4A-4)-1M,2M,3M and 4M. Samples 3M and 4M
Exhibited Melting, Hot Face is Pointing Down., Tungsten

Sting was not Removed from Sample 2M and is Protruding
from Sting Hole

Plate No. 1-5313 Plate No, 1-6423

"u||n-nm|_q,\ !
3 aifh

i

ey
2 3 4

inches

Plate No. 1-4411

r
P PSR + LR S TR P U

M zm 3m 4Mm o m

¥

““'l““““ll“'““'-'.‘“ :,mmm’nmm|‘||||||m‘mnnnlmnnn\ ‘
2 3 4 | 2 3 q 5 6
inches inches
} Figure 45, Post Exposure Fhotographs of Arc Plasma Tests HfB,+
SiC{A-4)-2-6R,7R,9R, 10R,8R, 1M,2M, 3M, 4M and S5M. !
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Plate 1-4438

Oxide on Surface of
Model

X3

Figure 46. Arc Plasma TestHfB2+5iC(A-4)-2M, Surface Temperature 5020°F,
Exposure Time 1830 Seconds, Stagnation Pressure One Atm,, Stagna«
tion Enthalpy 5105 BT U/1b, Cold Wall Heat Flux 670 BTU/ft2sec,
Initial Thickness 675 Mils, Final Thickness 643 Mils. HotFace at Right,
One InchScale. Tungsten Sting is Seen in the Sting Hole.

Plate 1=4439

X250

Figure 47, Arc Plasma Test l-lfBz+SiC(A-4)-ZM, Hot Face, Bhowing Boride
at Left, Oxide at Right and Ten Mil Boride Zoune Doepleted of
Silicon Carbide in Center. Note Adherence of Oxide,
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Etched with 10 Glycerine 5SHNO; 3HF

Figure 49,

HfBZ and SiC Grain Structure,

- -

W@nm!mnlmnmﬂuuu'y

Arc Plasma Test HfB
Exposure Time 1608 S2

Plate 1-4441

X500
Figure 48. Arc Plasma Test HfB,+SiC(A~4)-2M, Matrix Sting Leg, Showing

X3

Surface at Hot
Face Showing

Melting Cup

Plate l=4446

+5iC(A~4) -4M, Surface Temperature 51 60°F,
econds, Stagnation Pressure One Atm. ,Stagna-

g
tion Enthalpy 5410 BT U/1b, Cold Wall Heat Flux 900 BT U/ it2 sec, Initial
Thickness 644 Mils, Final Thickness 175 Mils. Hot Face on Right

Illustrates Melting, One Inch Scale.
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Zone Depleted Oxide

—a———
-

Plate 1-4447

Figure 50, Arc Plasma Test Hf{B»+SiC(A-4) Showing Hot Fa.)é%?

P T

Plate 1-4449

Etched with 10 Glycerine 5SHNO, 3HF X500

3,' \9}

late 1-4448

’ Etched with 10 Glycerine 5HN03 3HF %500

Arc Plasma Test HfB2 + SIC (A-4)-4M, (a) Matrix Near Top of
Sting Hole, (b) Matrix at Sting Leg Showing Diboride Plus Silicon

Carbide.

Figure 51,
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] Oxide
ﬁ Depletion Zone

Matrix

Plate No, 1-6610

' %“ luuluuiuu!uu|un|nu{ml||m[uu|un|mmu|||m|uul|.n::m;u.. u“"m
A N |
X2.3
Figure 52. Arc Plasma Test I—oIfB +20%SiC(A-~4)-2-8R, Surface

Temperature 5480 F, Exposure Time 1800 Seconds,
Stagnation Pressure 0,027 Atm, Stagnation Enthalpy
13540 BTU/1b, Cold Wall Heat Flux 700 BTU/ftésec.
Initial Length 781 Mils, Final Length 738 Mils. Hot

Face at Right. One Inch Scale. Rear Broke on Re~
moval After Test.

Plate No., 1=6611A

P Aoy el A o
Etched with 10 Glycerine 5HNO3 3HF X50
Figure 53, Arc Plasma Test HfB,+20%8iC(A-4)-2-8R, Oxide at
Right, Depletion Zone Center, Matrix at Lieft.
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Plate No., 1-4435

Figure 54. Arc Plasma Test HiB, + SiC{(A-4)-1M, Surface Temperature
3450°F, Exposure Time 1830 Seconds, Stagnation Pressure
1.08 Atm., Stagnation Enthalpy 3915 BTU/1lb, Cold Wall
Heat Flux 570 BTU/ftzsec, 6 Mil Recession, Hot Face Down.

One Inch Scale.

Plate No, 1-4436

R

4 LI A
DR TR XAl AN Yo7 2
- . » ] . » 5,

ATy ST A TN 2t Sy

s a 20 aa"C

Etched with 10 Glycerine .'5HN().5 3HF X250

+ SiC{A-4)- 1M, Hot Surface Showing

Figure 85, Arc Plasma Test HIB
Oxide (Top) and Dcple{ion Zone (Center).
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Plate No. 1-6424

Figure 56, Arc Plasma Test HIB, + SiC(A-4)-2-9R, Surface Temperature
4680° ¥, Exposure Time 1800 Seconds, Stagnation Pressure
0.023 Atm , %natxon Enthalpy 8920 BTU/1b, Cold Wall Heat
Flux 402 BTU it® sec, 23 Mils Recession, Hot Face at Left,
One Inch Scale.

Plate No, 1-6425

o f?" “'Py
Etched wuh 10 Glycerme SHNO3 3HF X250

Figure 57. Arc Plasma Test HIBZ + SiC(A-4)-2-9R, Hot Surface Showing

Depletion Zone at Top,
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Plate No, 1-4971
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Plate No, 1-7622

L. SR
gjwmmun,mmm'munn
A 2. 3

Post Exposure Photographs of Arc Plasma Tests Boride

Z(A-5)-1M,2M, 3M, 4M, 5M, 6M, 7R, 9R, 8R, 11R, 10R and
12R.




wl}euh nIEan-Indef:ﬁ

) »u-’-—w

Plate No, 1-4981

X2.81

Figure 59a. Arc Plasma Test Boride Z(A-5)-4M, Surface Temperature
2920°F, Exposure Time 1830 Seconds, Stagnation Pressure
1.05 Atm, Stagnation Enthalpy 2500 BTU/lb, Cold Wall
Heat Flux 350 BTU/ft2sec, Initial Length 663 Mils, Final
Length 659 Mils, Hot Face at Right. Specimen Thermal
Shocked. One Inch Scale

" .:}u-,='mau|1|lm:['mu|an.i'unhur\nulml.l|.|||nu]]uﬂmimﬂuniﬂﬂq

Plate No, 1.-.6442

X2,75

Figure 59b, Arc Plagma Test Boride Z(A-5)-8R, Surface Temperature
3790°F, Exposure Time 1800 Seconds, Staghation Pressure
0.018 Atm, Stagnatiog Enthalpy 9200 BTU/1b, Cold Wall
Heat Flux 262 BTU/{t“sec, Inital Length 690 Mils, Final
Length 680 Mils, Hot Face at Right. Specimen Thermal
Shocked, One Inch Scale.
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Plate No, 1-6574 Plate No. 1-7396

B 4 - . =
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2 3
inches
Plate No. 1-9526 Plate No. 1-9586

& ! : .
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‘ S e
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»

inches inches

Plate No, 2-0190 Plate No, 2-0666

4 Ve WSy
R g
2 3 4

inchay

Figure 60, Post Exposurs Photographs of Arc Plasma Toests HIBy ) +
20%SiC(A-7)-1M, 3M, 2M, 5M, 6M, TM, 23 M, 24M, 25M, 30M,
31M, 32M, 44M and 45M,
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} Piate No, 1-7397

Figure 63.  Arc Plasma Test HfB, | +20 v/o SiC(A-7)-2M, Surface
Temperature 4800 F,”* " Exposure Time 1745 Seconds,
Stagnation Pressure 1,08 Atm. Stagnation Enthalpy 5055
BTU/1b, Cold Wall Heat Flux 715 BTU/ft2 sec, 157 Mils
Recession, Hot Face at Left. One Inch Scale,

Plate No. 1-7398

Etched with 10 Glycerine 5HNO3 3HF X250

Figure 64. Arc Plasma Test HfB2 + 20 v/o SiC(A-7)-2M, Interface
Between Depleted Zoneé’ :lmd Matrix,
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Plate No. 1-6575

Figure 65, Arc Plasma Toest HIB | + 20 v/o SiC(A-T7)~-1M Surface T'em-
perature 5760 F, Exposure Time 50 Seconds, Stagnatin
Pressure 1.11 Atm. Stagnation Enthalpy 3915 BTU/lb, Cold
Wall Heat Flux 810 BTU/ft2 sec, 110 Mils Recession, Hot
Face Down. One Inch Scale.

Plate Nu, 1-65876

Etched with 10 Glycerine Sl»{NO3 3HF X 250

Figure 66, Arc Plasma Test l—[fB2 1 +20 v/o SiC(A-7)-1M, Hot Surface.
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Plate Mo,
2-0211

X2,25

Figure 67. Arc Plasma Test HfBp 1+20%SiC(A-7)-34R, Surface
Temperature 5005°F, Exposure Time 1200 Szconds,
Stagnation Pressure 0,160 Atm,, Stagnation Enthalpy
8040 BTU/Ilk, Cold Wall Heat Flux 720 BTU/ftzsec. ’
Initial Length 920 Mils, Final Length 889 Mils, Hot

Face Down. One Inch Scale, Oxide Broke Off on
Handling.

Etched with 10 Glycerine X250
5HNO43HF

Figure 68. Arc Plasma Test HfB; [+20%5iC{A-7)-34R. Hot
Interface Up.
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X2.60

Figure 69, Arc Plasma Test HiB; ;+20%S5iC(A-7)-35R, Surface
Temperature 5350°F, Exposure Time 9V Seconds,
Stagnation Pressure 0,180 Atrn,, Stagnation EEtha.lpy
9030 BTU/lb, Cold Wall Heat Flux 791 BTU/{t“sec,
Initial Length 921 Mils, Final Length 606 Mils, Deple-
tion Depth 130 Mils. Hot Face Down, One Inch Scale.

Plate No.
2-0215

J\.\;;’. , - /\‘\‘\:;
Etched with 10 Glycerine X250
5HNO33HF

Figure 70, Arc Plasma Test H{Bj 1+20%SiC(A-7) -35R, Side
Interface.Depleted Matrix at Right, Melted Material
at Left, Hot Face Up.
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. Slate No. 2-0675

X 2.35

Figure 71. Arc Plasma Test HfB, , + 20 v/o SiC(A-7)-28R Average
Surface Teniperature Z4'615001“, Exposure Time 22, 400
Seconds (13 cyclic exposures each of approximately 1800
seconds), Stagnation Pressure 0.07 Atm, Stagnation

Enthalpy 10300 BTU/1b, Cold Wall Heat Flux 495 BTU/
ft2sec, 15 Mils Recession, Hot Face Up,

One Inch Scale,

Plate No. 2-0676

WU, oA Sl e # ,;??M‘ .‘.‘;;*’g
RO S P 40 SN \““u..&f?/l\" o
Etched with 10 Glycerine SHNO3 3HF X250

Figure 72, Arc Plasma Test HfBZ \ + 20 v/o SiC(A-7)-28R, Hot Surface.
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Plate No.
2-0681

Figure 73, Arc Plasma Test HfBy ;420 v/ 08iC(A-7)-52M. Surface
Temperature 4600°F, Exposure Time 14,030 Seconds
(8 Cyclic Exposures Each of Approximately 1800 Seconds),
Stagnation Pressure 1.03 Atm.,, Stagnation Enthalpy 4180
BTU/1b, Cold Wall Heat Flux 450 BTU/ ft?sec, 329 Mils
Recession, Hot Face Down, One Inch Scale,

R o . Y eumbii e 5 A W -~ Tyand
WP T ¢ W » i
*"’ ' by 20 3

y -9

Etched with 10 Glycerine X250
5HNO43HF

Figure 74. Arc Plasma Test HfB, 1+2.0 v/ 08iC{A-7)-52M Hot Surface.
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Plate No. 2-0677

X2,95

Figure 75, Arc Plasma Test HfBZ 1 + 20 v/o SiC(A-7)-37MH Surface
Temperature 3765°F, Exposure Time 1080 Seconds, Stag-

nation Pressure 1.02 Atm. Stagnation Enthalpy 3640 BTU/

1b, Cold Wall Heat Flux 495 BTU/{t2sec, 10 Mils Recession,

Hot Face Down, One Inch Scale.

J{, P

Plate No. 2- 0678

lr@ .l ', > } - 7“
Etched with 10 Glycerlne 5HN03 3HF X 250

Figure 76. Arc Plasma Test I—IfB2 ) + 20 v/o SiC(A-7)-37TMH, Hot Surface.
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Figure 77.

Etched with 10 Glycerine X250

S5HNO33HF
Figure 78. Arc Plasma Test HfB, 1+20v/0SiC(A-7)-39RH, Hot

Plate No.
2-0679

||mli|nixmtmmm‘mmm Immm‘

-
1

il Hll!m

X2.178
Arc Plasma Test HiB, ;+20v/0SiC(A-7)-39RH Surface
Temperature 2710°F, Exposure Time 1512 Seconds,
Stagnation Pressure 0,162 Atm., Stagnation Enthalpy
6540 BTU/1b, Cold Wall Heat Flux 487 BT/ ftésec,
Second Exposure: Surface Temperature 2955°F, Expo-
sure Time 1800 Seconds, Stagnation Pressure 0.053
Atm,, Stagration Enthalpy 8810 BTU/lb, Cold Wall
Heat Flux 885 BTU/ftésec. Third Exposure: Surface
Temperature 42859F, Exposure Time 375 Seconds,
Stagnation Pressure 0,105 Atm., Stagnation Epthalpy
7290 BTU/1b, Cold Wall Heat Flux 965 BT U/ft?sec,

24 Mils Recession, Hot Face Up, One Inch Scale.

DR P AN

Surface.
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Plate No. 1-7415

X2,75

Figure B8l. Arc Plasma Test ZrB, + 20 v/o SiC(A-8)-4M, Surface Tem-
perature 5445°F, Exposure Time 327 Seconds, Stagnation
Pressure 1.06 Atm. Stagnation Enthalpy 3915 BTU/1b, Cold
Wall Heat Flux 515 BTU/ft? sec, 142 Mils Recession. Hot
Face Down. One Inch Scale.

I N =
4 e t . ".4
i

Plate No. 1-7416

Etched with 10 Glycerine SI-INO3 3HF X250

Figure 82, Arc Plasma Test ZrB2+ 20 v/o SiC(A-8)-4M, Hot Surface.
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Plate No,
2.0225

X2.55

Figure 83, Arc Plasma Test ZxBj; +20%SiC(A-8)-17TM,
Surface Temperature 48809F, Exposure Time 1800
Seconds, Stagnation Pressure 1,01 Atm,, Stagnation
Enthalpér 5700 BTU/1lb, Cold Wall Heat Flux 503
BTU/ft“sec, Initial Length 604 Mils, Final Length
494 Mils, ReceéssionDepth 110 Mils, Hot Face Down,
One Inch Scale,

Plate No.
2-0686

Etched with 10 Glycerine X 250
5HNO33HF

Figure 84. Arc Plasma Test ZrB; )+20%SiC(A-8)-17M, Hot
Interface at Top.
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Plate No,
2-02317
‘l i;\‘
X2,55
Figure 85. Arc Plasma Test ZrB, 1+20%SiC({A-8)-21R,

Surface Temperature §z§o°r, Exposure Time

433 Seconds, Stagnation Pressure 0,095 Atm.,

Stagnation Enthalpy 1%300 BTU/lb,, Cold Wall

Heat Flux 575 BTU/ft%sec., Initial Length 838

Mils, Final Length 271 Mils. Hot Face Down,

Ona Inch Scale,
Plate No.
2-0238

Etched with 10 Glycerine X250
5HN033HF

Figure 86, Arc Plasma Test ZrB, ,+20%SiC(A-8)-21R, Hot
Interface at Top. )
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Plate No.
2-0648 ;

L 3
el

X 2,95

Figure 87, Arc Plasma Test ZrBj 1+20%SiC{A-8)-34R, Surface
Temperature 4265°F. Exposure Time 1800 Seconds,
Stagnation Pressure 0,063 Atm,, Stagnation Enthalpy
10160 BTU/lb, Cold Wall Heat Flux 480 BTU/{tésec,
Initial Length 5803 Mils, Final Length 496 Mils, Total
Recession 7 Mils, Hot Face Down, One Inch Scale.

Etched with 10 Glycerine X250
5HNO43HF

Figure 88, Arc Plasma Test ZrBp, 1+20%SiC(A-8)-34R, Hot
Interface at Top,
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itk g s AR

-+ Plate No. 2-0222

X2.50

Figure 89. Arc Plasma Test ZrB. +20v/o SiC(A-8)-15M Average
Surface Temperature fs&‘o"xr, Exposure Time 7200
Seconds, (4 ¢cyclic exposure each of 1800 seconds)
Stagnation Pressure 1.00 Atm, Stagnation Enthalpy 5000

BTU/1b, Cold Wall Heat Flux 385 BTU/ft2sec, 26 Mils
Recession, Hot Face Down, One Inch Scale.

.-&wzf/\ht 1 ?

Etched with 10 Glycerine 5HNO3 3HF X 250

Figure 90, Arc Plasma Test ZrBz l+20v/<.> SiC(A-8)-15M, Hot Surface.
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4 Plate No. 2-0683

Iif

X2,95

Figure 91, Arc Plasma Test ZrB, ,+20v/o SiC(A-8)-16R Average
Surface Temperature iZ%OOF, Exposure Time 7200 Seconds,
(4 cyclic exposures, cach of 1800 seconds) Stagnation
Pressure 0,159 Atm, Stagnation Enthalpy 7000 BTU/1b,
Cold Wall Heat Flux 450 BTU/ft2aec, 27 Mils Recession,
Hot Face Down, One Inch Scale.

\ Plate No. 2-0684

Etched with 10 Glycerine SHNO

3HF X250

3
Figure 92, Arc Plasma Test ZrB2 l+20v/o SiC(A-8)-16R, Hot Surface,
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Plate No. 1-6592 Plate No. 1-9528

Bar D

l,llll/l:‘;'ll'!lllllllIllllllll'l‘ il Ilpl'l'.ll‘l!‘!"'lw “
! 2 inchas 3 4 D 4 .
Plate No. 1-9529
I )
.\“:“’ - i I.
«W Bl
SOy Ay /7200 3
I e R TU LU RA R ERRTNR
) ' 2 3 4
inches
Plate No. 1-7404 Plate No. 1.9523
by Yo /J';r"
> D oo uouUnt
uoulunnnn,nnn ”"é”[”'l'lg,l“\
2;..«.-. 3 inches

Figure 93, Post Exposure Photographs of Arc Plasma Tests HfB,+
35%SiC(A-9)-1M, 2M, 4M,5M, 6M, T™M,8M, IM, 10M, 11 M,
12M, 13M, 14M and 15M,
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Plate No, 1-7408

X2.75

Figure 94, ..v¢ Plasma Téest l-IfB2 + 35 v/o SiC{A-9)-5M, Surface Tem-
1 arature 3540 F, Exposure Time 1800 Secands, Stagnation
Pressure l.07 Atm,Stagnatjon Enthalpy 3665 BTU/1b, Cold
Wall Heat Flux 530 BTU/ft* sec, 50 Mils Recession, Hot Face

Down. One Inch Scale.

i

23
"

STat- c)
.‘% Plate No. 1-7409
1K

o
v
Lo

Etched with 10 Glycerine 5HNO3 3HF X250

Figure 95, Arc Plasma Test HfB, , + 35 v/o SiC(A-9)-5M, Hot Surface
at Left, Depletion Zore in Center, Matrix at Right.
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Plate No, 1-6598

X2.75

Figure 96, Arc Plasma Test HfB + 35 v/o SiC(A-9)-2M, Surface Tem- .
perature 5840°F, Exposure Time 133 Seconds, Stagnation
Pressure 1,12 Atm, Stagnation Enthalpy 4700 BTU/lb, Cold Wall
Heat Flux 730 BTU/ft2 sec, 231 Mils Recession. Hot Face
Down. One Inch Scale,

Plate No. 1-6599 ‘

Etched with 10 Glycerine 5HNO 3HF X250
3

Tigure 97, Arc Plasma Test HfB2 1 + 35 v/o SiC(A-9)-2M, Hot Surface.
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Plate No, 2-0670

L v Lo P
P
- 3 L) L]

inches

Ao . Ba_-f‘s:‘CvC f/-/‘)

Plate No, 2-0705

L adad > 2 e VoL
"”Il”'l'-!,’,,'!‘g""l”l"",.'!'g"l."("|"r'1'£ll',."‘"""‘g]‘ ‘l“lvll"‘\“”‘:
inches ' !

Figure 99. Post Exposure Photographs of Arc Plasma Tests
ZrB £+SiC+C(A~ 10)-42M, 43M, 26R,, 44R, 45R, 47R

and 49R,
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Plate No. 1-7428

X2.75
Figure 101, Arc Plasma Test ZrBz+SiC+C(A-10)-4M, Surface

[=)

Temperature 4870 F, Exposure Time 1800 Seconds,

Stagnation Pressure 1,06 Atm, Stagnation Entlla.lpy )
4075 BT U/1b, Cold Wall Heat Flux 620 BTU/ft%sec,

Initial L.ength. 850 Mil, Final Length 504 Mil. Hot

Face at Right., One Inch Scale.

Plate No. 1-7429A

T, , gl
RSN
,

Unetched o B ‘ X75

Figure 102, ZrB+SiC+C(A-10)-4M. Interface of Oxide (Top)
and Matrix, '
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Plate No. l=7422

~

A2
o,

o
. v
. A b
X2.75

Figure 103. Arc Plasma Test ZrB,+SiC+C(A=10)-2M, Surface
Temperature 5110°F, zExpoaure Time 182 Seconds,

Stagnation Pressure 1.07 Atm, Stagnation Enthalpy
4755 BTU/1lb, Cold Wall Heat Flux 665 BTU/{tesec,
Initial Length 848 Mil, Final Length 346 Mil, Hot
Face at Right, One Inch Scale.

Plate No. 1-7423

Unetched X250

Figure 104, ZrBp+SiC+C(A-10)-2M. Melted Interface.
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Plate No, 1-7637

Figure 105, Arc Plasma Test ZrBz+SiC-rC(A-10) ~9R, Surface
Temperature 5065°F, Exposure Time 32 Seconds,
Stagnation Pressure 0.222 Atm, Stagnation Entha)'lpy
10260 BTU/1b, Cold Wall Heat Flux 1010 BTU/ft%sec,
Initial Length 852 Mil, Final Length 277 Mil. Hot

Face at Bottom, One Inch Scale, Melted Material
on Sides,

Ry \t'bwnfv t‘." ok . !
&p’g ’tw S plate No, 1-7638

) ) > .
r 1 v ' _. PN d
L. ."("u L N ¥ }

~nv- Pl

Unetched X250

Figure 106, £4rB, + SiC+C(A-10)-9R. Melted Interface.
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Plate No. 1-7644

Figure 107. Arc Plasma Test ZrB+SiC+C(A-10)-11R,Surface
Temperature 50750F, Expoaure Time 1800 Seconds,
Stagnation Pressure 0.084 Atm, Stagnation Entl}‘nlp
10540 BTU/Ib, Cold Wall Heat Flux 696 BTU/ft%sec,
Initial l.ength 852 Mil, Final Length 816 Mils, Hot
Face at Right., One Inch Scale. Rear Broke on Rew
moval after Test.

Unetched X250

Figure 108, Arc Plasma Test ZrBp + SiC+C(A-10)~11R, Hot
Interface.
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Plate No. 2-0595

X2.70

Figure 109, Arc Plasma Tesat ZrB +Si§+C(A-lO)»Z4M Average
Surface Temperature 5415 F, Exposure Time 21,600
Seconds (12 cyclic expomsures each of 1800 seconds),
Stagnation Pressure 1,02 Atm, Stagnation Entixalpy
4250 BTU/1b, Cold Wall Heat Flux 400 BTU/{t%sec,
104 Mils Recession, Hot Face Down . One Inch Scale.

Plate No. 2-0596




Plate No,
2-0688

Figure 111, Arc Plasrna Teat ZrB+SiC+C(A-10)-26R. Average Surface
Temperature 4650°F, Exposure Time 18951 Saeconds (11
Cyclic Exposures Each of Approximately 1800 Seconds),
Stagnation Pressure 0,238 Atm,, Stagnation Enthalpy 7750
BTU/1b, Cold Wall Heat Flux 460 BTU/ft%sec, 83 Mils
Recession, Hot Fuce UP, One Inch Scale,

Plate No,
2-0689

Unetcliad X250

Figure 112, Arc Plasma Test ZrB,+8iC+C(A-10)-26R, Hot Surface,
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| . '_ o Plate No. 2-0690 :
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| ! R ’

[ ] ~.

w .

X2.88

Figure 113, Arc Plasma Test %rB +Si{C+C(A-10)-37RH Surface
Temperature 3235 F,ZExpoaure Time 1800 Secondu,
Stagnation Pressure 0,144 Atm, Stagnation Enthalpy :
7710 BTU/1b, Cold Wall Heat Flux 482 BTU/{tégec,
3 Mils Recession, Hot Face Down, One Inch Scale,

]
Plate No, 2-0691 - ’

Unetched X 250

Figure 114. Arc Plasma Test ZrB_+SiC+C(A-10)-37RH, Hot Surface.
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Plate 1-3429

Figure 116, Post Exposure Photographs of Arc Plasma Tests RVA (B=5)-1R,
3R, 4R, 5R and 7R, Hot Face is Pointing Up. Samples 1R and 3R
Show Exposed Thermocouple Holes While¢ SR Shows Sting Hole

Exposed Due to Side Ablation,

Plate 1-3432

X3.1

Figure 117. Post Exposure Photograph of Arc Plasma Test RVA (B-5).2R

Hot Face is Pointing Up.
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Plate 1-3697

Surface of Hot
Face

X3

Figure 118. Arc Plasma Test RVA(B-5)-5M, Surface Temperature 5720°F,
. Exposure Time 58 Seconds, Stagnation Pressure 1 Atm, Stagna-
tion Enthalpy 6455 BTU/lb, Cold Wall Heat Flux 1030 BTU/ft sec,
Initial L.ength 1028 Mils, Final L.ength 830 Mils, Hot Face at
Right. One Inch Scale. Si.de Ablation is Illustrated,

Plate 1-3619

Figure 119, Arc Plasma Test RVA(B-5)-5M, Matrix Area, Little Difference
Noted between Interface and Matrix,
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N .

X2,1

Figure 120, Arc Plasma Test RVA(B-5)=7R, Surface Temperature 5430°F.

Exposure Time 108 Seconds, Stagnation Pressure 0,299 Atm,
Stagnation Enthalpy 10950 BTU/Ib, Cold Wall Heat Flux 979

BTU/ftésec, Initial Length 1044 Mils, Final Length 839 Mils,
Hot Face at Right. One Inch Scale,

Plate 1.4

X150

Figure 121, Arc Plasma Test RVA(B-5)-7R, Matrix Area, Little Difference
Noted between Interface and Matrix,
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Plate 1.3630-A

M

M

et

™

kigure 122, Post Exposure Photographs of Arc Plasma Tests PG(B=6)=1M,
2M, 3M,4M, 5M, 6M, ™™, "C" Axis Perpendicular to Arc,
Hot Face Pointing Up, One Inch Scale, Samples 3M and 7M
Show "C\" Plane Delaminations,

Plate 1«3446

Figure 123. Post Exposure Photographs of Arc Plasma Tests PG (B~6)-1R,
2R, 3R, 4R, 5R, 6R and 7R, "C" Axis Perpendicular to Arc,
Hot Face Pointing Up. One Inch Scale., Samples 3R, 5R and TR
Show ""C" Plane Delaminations., Sample PG(B-6)~5R Delaminated on
"'C" Plane During Installation Due to Interference Between Stinghole
and Sting.
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Plate No, 1-4270

A,
s ¥ & +» €
8 9 o i V2

/uumn’mmm,unnmlmn|||||‘nmm\\um\
o ! 2 3 4 5

PG (B-6)

PR T~

Figure 124, Post Exposure Photographs of Arc Plasma Tests PG
(B-6)-8M,9M, 10M, 11M and 12M, '"C" Axis Parallel
to Arc. Hot Face Pointing Down. One Inch Scale.

Plate No. 1-4271 Plate No. 1-4932

& o -
8r gr % & L

Pa '(B"G) -'v'.'.-uunHHIIIIIHI‘IllllllllH'H‘lrllH
RN |’l||| llll‘llnlll' :

' 2 3 4
2 3 4 inches

SRR ARE]
I ¢ ¢ )

Figure 125, Post Exposure Photographs of Arc Plasma Tests FG
(B-6)-8R,9R,10R,l 1R'and 12R!'C" Axis Parallel to Arc,
Hot Face Pointing Down in All Cases. One Inch Scale.

137

FIP o

[P




Plate 1-3634

X3

Figure 126, Arc Plasma Test PG(B-6)-3M, ' C" Axis Perpendicular to Arc,
Sample Delaminated on ''C" Plane z2fter Exposure, Surface
\ Temperature 4530°F, Exposure Time 61 Seconds,Stagnation
Pressure 1 Atm, Stag%ation Enthalpy 4580 BT U/1b, Cold Wall
Heat Flux 670 BTU/ft4sec, Initial Length 999 Mils, Final Length
856 Mils, Hot Face at Right, One Inch Scale.

Plate 1-3635

X50

Figure 127. Arc Plasma Test PG(B-6)-3M, Matrix Area, Little Difference
Noted between Matrix and Interface Areas.
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Plate 13453

Figure 128, Arc Plasma Test PG(B-6)=4R, ""C" Axis Perpendicular to Arc.
Surface Temperature 4650°F, Exposure Time 300 Seconds, .
Stagnation Pressure 0,187 atm, Stagnation Enthalpy 3440 BTU/Ib,
Cold Wall Heat Flux 852 BTU/ft®, Initial Length 1084 Mils, Final
Length 628 Mils, Hot Face at Right, One Inch Scale,

Plate 1-3454

Figure 129, Arc Plasma Test P( (B-6)~4R, Matrix Area, Little Difference
Noted between Interface and Matrix Areas,
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™M am 3m

T

3 4 g

. Figure 130, Post Exposure Photographs of Arc Plasma Tests BPC (B=7)=1M,
: 2M, 3M and 4M, "C" Axis Perpendicular to Arc. Hot Face
Pointing Up., One Inch Scale, Sample 3M Delaminated on ""C"

: Plane, While Samples 1M and 3M show Ingipient Delaminations,

BPGe B-7
Plate 1=3416

IR AR 3R 4R 6R

Figure 131, Post Exposure Photographs of Arc Plasma Tests BFG (B-7)~1R, 2R,
3R, 4R and 6R, "C' Axis Perpendicular to Arc, Hot Face Pointing
Up. One Inch Scale, Samples IR and 2R Delaminated on "C" Plane
During Test, Sample 3R, Showing Thermocouple Hole Delaminated
on "C" Plane When Installed Due to Interference Fit of Sting and
Tungsten Holder, Sample BPG (B-7)~5R Ablated Completely.
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g B A + ¢
&M 6M 7M 8m 9

/muuulmnmulummlllu|||nl||lnmn\mn Plate No,
0 ! 2 3 4 5 1-4272

Figure )32, ,Post Exposure Photographs of Arc Plasma Tests BPG(B-7)-5M,
6M, 7M, 8M and 9M, "'C" Axis Parallel to Arc., Hot Face Pointing
Down. One Inch Scale.

Plate No, 1-4273 Plate No, 1-4274 Plat> No., 1-4939

S A

o B-7) BPG(B-1)I10R ’aR
R N PO T

3 4 3 41}:«. 2 3 4 5

inches

Figure 133, Post Exposure Photographs of Arc Plasma Tests BPG(B-7)-8R, 9R,
10R, 11R and 12R, "C" Axis Parallel to Arc. Hot Face Pointing
Down except BPG(B-7)-10R, llR and 12R Where It is Pointing Up.
One Inch Scale.
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Plate 1-3701

X3

Figure 134, Arc Plasma Test BPG(B-7)-4M, '"C" Axis Perpendicular to Arc,
Incipient Delaminatinn gn "C'" Plane, Side Ablation Present, Sure
face Temperature 4940°F, Exposure Time 75 Seconds, Stagnation
Pressure 1| Atm, Stagnation Enthalpy 6500 BTU/lb, Cold Wall
Heat Flux 760 BTU/ftésec, Initlal Length 799 Mils, Final Length
575 Mila, Hot Face at Right, One Inch Scale.

Plate 1-3628

Figure 135, Arc Plasma Test BPG(B-7)-4M, Interface Area Showing Cracks
Extending along '"C'" Plane,
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Plate 1-3427

Surface of
Hot Face

X2.1
Figure 136, Arc Plasma Test BPG(B.7)-6R,"C" Axis Perpendicular to Axc,
Surface Temperature 3810°F, Exposura Time 600 Seconds, Stag-
nation Pressure 0,017 Atm.Sta.gzxa.tion Enthalpy 13890 BTU/1b,
Cold Wall Heat Flux 321 BTU/ft“sec, Initial Length 785 Mils,
Final Length 547 Mils, Hot Face at Right, One Inch Scale.

Plate 1-3428

X50

Figure 137. Arc Plasma Test BPG({B~7)-6R, Matrix Area. Little Difference

between Interface and Matrix Areas,
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Plate No, 1-6632

M"“"'l""""ﬁj""""!"”‘"'[l‘""""l'"i.""fl"“"”‘."“"{"‘i‘”'“ |

X2,94

Figure 139, Arc Plasma Test Si/RVC(B-8)-7R, Surface Temperature
2'740°F, Exposure Time 1800 Seconds, Stagnation Pressure
0.013 Atm, Stagnation Enthalpy 8850 BTU/lb, Cold Wall
Heat Flux 210 BTU/ft2sec, Initial Length 735 Mils, Final
Length 714 Mils, Hot Face at Right. One Inch Scale,

Plate No, 1-6633

Unetched . c ’ X250

Figure 140, Arc Plasma Test 5i/RVC(B=8)-7R, SiC Coating (Top)
Did Not Fail,
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Plate No. 1~6522
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X2.69
Figure 141. Arc Plasma Test Si/RVC(B=8)-4M, Surface Temperature
3770°F, Exposure Time 240 Seconds, Stagnation Pressure
1.06 Atm, Stagnation Enthalpy 3270 BTU/1b, Cold Wall Heat

Flux 475 BTU/f{t“sec, Intial Length 739 Mils, Final Length
727 Mils, Hot Face at Right. One Inch Scale.

e

\ R Plate No, 1-6523

' )

P

A Al ) : ‘ -
Unetched X250

Figure 142, Arc Plasma Test Si/RVC(B-8)-4M, SiC Coating (Top).
Did Not Fail.
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Plate No, 1-6420

‘meNM¢MmMMMMmmew;ﬂmmh

o Y &

X2,.56

Figure 144, Arc Plasma Test PT0178(B-9)-9R, Surface Temperature

5040°F, Exposure Time 400 Seconds, Stagnation Pressure
0.030 Atm, Stagnation Enthalpy 16050 BTU/1b, Cold Wall

Heat Flux 763 BTU/ft%sec, Initial Length 1091 Mils, Final
Length 675 Mils, Hot Face at Right, One Inch Scale.

Plate No. 1-6421

—a—tr .
Unetched X250

Figure 145, Arc Plasma Test PT0178(B~9)-9R. Interface Showing
Random Orientation of Fibers.
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Plate No. 1-6407

X2.87

Figure 146. Arc Plasma Test PT0178(B-9)~-5M, Surface Temperature
5985°F, Exposure Time 54 Seconds, Stagnation Pressure
1.07 Atm, Stagnation Enthalpy 5590 BTU/1b, Cold Wall
Heat Flux 940 BTU/ft2sec, Initial Length 1080 Mils, Final
Length 801 Mils, Hot Face at Right. One Inch Scale.

Plate No. 1-6408

Unetched ' o X250

! Figure 147, Arc Plasma Test Pi0178(B-9)-5M. Interface Showing
; Random Orientation of Fibers.
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Plate No, 1-7666
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X2.94
Figure 149, Arc glasrna. Test POCO(B-10)-10R, Surface Temperature
5350"F, Exposure Time 250 Seconds, Stagnation Pressure
0.218 Atm, Stagnation Enthalpy 10890 BTU/Ib, Cold Wall
Heat Flux 1102 BTU/ft“sec, Initial Length 836 Mils, Final
Length 308 Mils, Hot Face at Right, One Inch Scale.

Plate No. 1-7667

(Cailal : ° 4y -'.-..,
Unetched X250

Figure 150. POCO(B~10)-10R, Hot Interface.
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Plate No. 1-4497

' X2. 69

Figure 151. Arc Plasma Test POCO(B-10)-5M, Surface Temperature

6120°F, Exposure Time 44 Seconds, Stugnation Pressure
5 1.11 Atm, Stagnation Enthalpy 9195 BTU/1lb, Cold Wall
Heat Flux 1060 BTU/f{t“sec, Initial Length 841 Mils, Final
' Length 679 Mils, Hot Face at Right, One Inch Scale.

) Plate No. 1-7762

A, -
E\ > i g e, 5
MO g :3'21"',\'0“ p h'j'l."/ﬁ"? [/
Unetched ) X250

Figure 152, Arc Plasma Test POCO (B~10)-5M, Hot Interface,

152




Plate No. 1-8061
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Figure 153, Post Exposure Photographs . f Arc Plasma Tests
Glassy Carbon(B-11)-1M, 2., 3M and 4M,
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Plate No. 1-8065

X2,62

Figure 154, Arc Plasma Test Glassy Carbon (B-11)-3M, Surface Tem-
perature 4540 F, Exposure Time 54 Seconds, Stagnation
Pressure 1,03 Atm, Stagnation Enthalpy 3785 BTU/1b,
Cold Wall Heat Flux 360 BTU/ft2 sec, 125 Mils Recession,
Hot Face Up. One inch Scale.

Plate No, 1-8063

Unetched X160

Figure 155, Arc Plasma Test Glassy Carbon (B-11)-3M, Hot Surface Down.
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Plate No. 1-7438
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Plate No. 2-0625
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Figure 156. Post Exposure Photographs of Arc Plasma Tests
HIC+C(C-11)-1M, 2M, 3M, 4M, 5M, 21M, 22M,
23M, 24R, 25R and 26R,
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Plate No. 1-7669
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Plate No. 1-9493
Plate No. 1-8740
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Plate No, 1-9520
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Figure 157. Post Exposure Photographs of Arc Plasma Tests
HiC+C(C-11)-7R,8R,9R,10R,11R, 12R,13M,14M, 15M,
16M, 17M, 18M, 19R and 20R
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Plate No. 1-8767

Figure 158. Arc g’lasma Test HIC + C(C-11)-15M, Surface Temperature
3865°F, Exposure Time 1800 Seconds, Stagnation Pressure

1,01 Atm. Sta n%tion Enthalpy 2830 BTU/1b, Cold Wall Heat

Flux 235 BTU/#té sec, 47 mils Recession, Hot Face Up.
One Inch Scale.

Plate No, 1-8768

Unetched

Figure 159,

Arc Plasma Test HIC + C (C~11)~15M, Hot Surface Oxide
at Top.
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Plate No. 1-7676
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Figure 160. Arc Plasma Test HfC + C(C-11)-10R, Surface Temperature
4875°F Expogure Time 1800 Seconds, Stagnation Pressure
0.066 Atm. Stagnation Enthalpy 11,850 BTU/1b, Cold Wall

: , Heat Flux 614 BTU/ft2 sec, 20 Mil Recession, Hot Face

B Down, One Inch Scale,

Plate No. 1-7677

Unetched X250

Figure 161. Arc Plasma Test H{C + C(C-11)-10R, Hot Surface, Oxide
on Top.
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Plate No, 1-8057

X2.5

Figure 162, Arc g’lasma Test HfC + C (C-11)-12R, Surface Temperature
5545 F, Exposure Time 180 Seconds, Stagnation Pressure
0.017 Atm. Stagnation Enthalpy 15,420 BTU/ft:2 sec, Cold
Wall Heat Flux 756 BTU/{t% sec. 110 Mils Recession, Hot
Face Up., One Inch Scale,

{
Plate No. 1-8059

(

Unetched X50 4

Figure 163, Arc Plasma Test HIC + C (C-11)-12R,, Hot Surface. ‘f

159




Plate No. 1-7439

Xz. 69

Figure 164. Arc Plasma Test HIC+C(C-~11)-1M, Surface Temperature
5250°F, Exposure Time 1185 Seconds, Stagnation Pressure
1,07 Atm, Stagnation EntLalpy 4670 BTU/1lb, Cold Wall Heat
Flux 635 BTU/ftésec, Initial Length 407 Mils, Final Length
348 Mils. Hot Face at Right, One Inch Scale, White Oxide
Clearly Visible,

Plate No, 1-7440

Unetched X250

Figure 165. HIC+C(C-11)-1M. Interface of Oxide (Top)and Carbide
Matrix.
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Plate No. 1-7448
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X2.65
Figure 166, Arc Plasma Test HIC+C(C=11)~4M, Surface Temperature
6250°F, Exposure Time 45 Seconds, Stagnation Pressure .
1,08 Atm, Stagnation Enthalpy 5200 BTU/Ib, Cold Wall
Heat Flux 755 BT1J/{t“sec, Initial Length 404 Mils, Final
Length 256 Mils, Hot Face at Right, One Inch Scale.

Unetched

Figure 167, H{C+C(C=11}-4M. Interface of Oxide (Top) and )

Carbide Matrix,
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Plate No. 1-7683 Plate No, 1-7822
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Plate No, 1-8789 Plate No, 1-9489
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Figure 169, Post Exposure Photographs of Arc Plasma Tests

ZrC+C(C-lZ)-7R,8R,9R, I0R,11R,12M, 13 M, 14M, 15M,
16M, 17M and 18R
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Plate No. 1-8796

X2.90

Figure 170, Arc glasma Test ZrC + C(C-12)-15M, Surface Temperature
39007F, Exposure Time 1800 Seconds, Stagnation Pressure
1.0] Atm. Stagnation Enthalpy 2750 BTU/1b, Cold Wall
Heat Flux 235 BTU/ft% sec. 64 Mils Recession, Hot Face
Up. One Inch Scale.

Plate No. 1-8797

Unetched X250

Figure 171, Arc Plasma Test ZrC + C(C-12)-15M, Hot Surface Oxide
on Top.
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Plate No. 1-7688

X2.90

Figure 172, Arc glasma Test ZrC + C(C-12)-10R, Surface Temperature
5030 °F, Exposure Time 1800 Seconds , Stagnation Pressure
0.093 Atm. Stagnation Enthalpy 11,030 BTU/1lb, Cold Wall

Heat Flux 548 BTU/ft2 sec, 32 Mils Recession, Hot Face
Up. ©One Inch Scale.

Plate No,

Unetrhed

Figure 173,  Arc Plasma Test ZrC+C(C-12)-10R, Hot Surface Oxide
at Top.
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Plate No. 1-7684

Figure 174. Arc Plasma Test ZrC+C(C-12)-7R, Surface Temperature
4955° F, Exposure Time 1800 Second s, Stagnation Pressure
0.084 Atm. Stagnation Enthalpy 11,100 BTU/1b, Cold Wall
Heat Flux 775 BTU/ft sec, 209 Mils Recession, Hot Face
Down. One Inch Scale.

Plate No, 1-7685

Unetched X250

Flgure 175, Arc Plasma Tost ZrC4C(C-12)-7TR, 1lot Surface Oxide
at Top.




Plate No, 1-7461

X2.75
Figure 176. Arc Plasma Test ZrC+C(C=12)-3M, Surface Temperature

5970°F, Exposure Time 23 Seconds, Stagnation Pressure
1.08 Atm, Stagnation Enthalpy 4580 BTU/1b, Cold Wall
Heat Flux 660 BTU/ftZ'sec. Initial Length 404 Mils, Final
Length 379 Mils, Hot Faceat Right. One Inch Scale.

Plate No, 1-7462

Unetched

Figure 177. Arc Plasma Test ZrC+C(C-12)-3M, Interfacoe of
Meltod Oxide (Top) and Carbide Matrix,

167




Plate No. 1-7468

X2.69
Figure 178. Arc Plasma Test ZrC+C(C-12)-5M, Surface Temperature '
4860°F, Exposure Time 1800 Seconds, Stagnation Pressure 2
1.07 Atm, Stagnation Enthalpy 4460 BTU/lb, Cold Wall
Heat Flux 620 BT U/ftzsec, Initial Length 407 Mil, Final
Length 341 Mils, Hot Face at Right. One Inch Scale, White
Oxide Clearly Visible, Rear Broke on Removal after Test,

Plate No. 1-7469

Figure 179. ZrC+C(C-12)-5M. Interface of Oxide (Top) and
Carbide Matrix.
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Plate 1-3510

(D=13)-23M X0.88
Hot Face On Right

X0. 88
(D-13)-21M and 22M

Hot Face Pointing Up Plate 1-3511

{D-13)-24M Xo.88
Hot Face On Right
Figure 180. Post Exposure Photographs of Arc Plasma Tests JTA(C=ZrB,=5iC)

(D-13)-21M, 22M, 23M and 24M, Showing Thermal Shock Delamina«
tions of JTA(D=13)-23M and 24M,

' Plate 1-4275

. 5M @M
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Figure 181. Post Exposure Photographsof Arc Plasma Tests JTA(C=-ZrBp5iC)
(D=13)=1M, 2M, 3M, 4M, 5M and 6M, Hot Face Pointing Down.
Samples 3M and 5M Show Thermal Shock Failures, Sample 2M is

Plate ~14276

g R
HI/HHHNI’HIlllHlll‘lHlb

! A 4. m,mmm‘m||||n|m||

Figure 182, Post Exposure Photographs of Arc Plasma Tests JTA(D«13)=8R
and 9R (Hot Face Up) and 7R (Hot Face Down}, One Inch Scale,
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Plate No. 1-4944
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Figure 184, Post Exposurc Photographs of Arc Plasma Tests
JTA(D-13)-10R, 48MX and 49RX,
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Plate 1-2786
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X2.5

Figure 185, Arc Plasma Test JTA(C-ZrB;-5iC)(D=~13)-22M, Surface Tempera-
ture 3750°F, Exposure Time 1830 Seconds, Stagnation Pressure
1 Atm, Stagnation Enthalpy 3075 BTU/Ib, Cold Wall Heat Flux
460 BTU/ft“sec. Initial Length 1050 Mils, Final Length 977 Mils.
Hot Face at Right, One Inch Scale.

B Plate 1-4466

X50

Figure 186, Arc Plasma Test JTA(C~ZrB3-8iC)(D-13)-22M, Interface of Hot

Face Showing Matrix on Left and Oxide on Right with Gap in Center,
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Plate No,
1-278¢9

500X
Figure 187, Arc Plasma Test JTA(C-2rB,-SiC)(D-12)-22M, Matrix

Sting Leg Showing White ZrB, Grains and Light Grey
SiC Grains in Dark Grey Graphite Matrix.
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Plate No. 1-4511

X2.75

Figure 188, Arc Plasma Test JTA(D-13)-4M, Surface Temperature
4560°F, Exposure Time 214 Seconds, Stagnation Pressure
1.08 Atm, Stagnation Enthalpy 4320 BTU/lb, Cold Wall

Heat Flux 660 BTU/ftésec, Initial L.ength 645 Mil, Final
Length 125 Mil, Hot Face at Right, One Inch Scale.

Plate No. 14512

Graphite

Boride

Unetched X250

Figure 189. Arc Plasma Tests JTA(D-13)-4M, Melted Interface,
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Plate No, 1-4520
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Figure 190. Arc Plasma Test JTA(D-13)-7R, Surface Temperature

46659F, Exposure Time 1800 Seconds, Stagnation
Pressure 6,074 Atm, Stagnatior%Enthalpy 9520 BTU/Ib,
Cold Wall Heat Flux 500 BTU/ft“sec, Initial Length

681 Mil, Final Length 637 Mil, Hot Face At Right.

One Inch Scale. White Oxide Clearly Visible,

Unetched

X250

Pligure 191. Arc Plasma Test JTA(D-13}-7R, Oxide Detached
at Top Interface.
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Plate No. 1-4523
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Fignre 192, Arc Plasma Test JTA(D~13)=8R, Surface Temperature
5305°F, Exposure Time 180 Seconds, Stagnation Pressure
0.164 Atm, Stagnatiog Enthalpy 7310 BTU/lb, Cold Wall
Heat Flux 770 BTU/ft®sec, Initial Length 713 Mil, Final
Length 132 Mil. Hot Face at Right. One Inch Scale.

Plate No. 1-4525

Unetched X250
Figure 193, Arc Plasma Test JTA(D~13)~8R. Melted Interface.
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Plate Nou., 2-0419

X2.70

Figure 194. Arc Plasma Test JTA{D-13)-48MX Surface Temperature
4050° F, Exposure Time 7200 Seconds (4 cyclic exposures
each of 1800 seconds), Stagnation Pressure 1.0l Atm.
Stagnation Enthalpy 4350 BTU/lb, Cold Wall Heat Flux
380 BTU/ft®sec, 118 Mils Recession, Hot Face Down,
One Inch Scale.

P]atv No, 2-0420

Unetched X 250

Figure 195, Arc Plasma Test JTA(D-13)-48MX, Hot Surface,
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Plate No. 2-0278

1

Figure 196, Arc Plasma Test JTA(D-13)-49RX Surface Temperature
4425°F, Exposure Time 7200 Seconds (4 cyclic exposures
each of 1800 seconds}, Stagnation Pressure 0.057 Atm.
Stagnation Enthalpy 9600 BTU/lb, Cold Wall Heat Flux
140 BTU/{t®sec, 45 Mils Recession, Hot Face Down,
One Inch Scale.

Plate No. 2-0279

Unetched X 250
Figure 197. Arc Plasma Test JTA(D-13)-49RX, Hot Surfac=.
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Figure 198.Post Exposure Photographs of Arc Plasma Tests KT-SiC(E-14)-3R,
4R, 5R, 6R, TR, 1M, 2M, 3M, 4M, 5M, 6M, "™ and 8M. Hot Face

Pointing Up. Sample 6M Ablated Completely While 7M and 8M showed
Longitudinal Cracks.

KT-SiC(E-14)-1R X3 KT-SiC(E-14)-2R X2.5

Figure 199. Post Exposure Photographs of Arc Plasma Tests KT-SiC
{E-14)-1R and 2R, Hot Face Pointed Up. Sample KT-8iC

(E-14)-2R Ablated Completely and is Shown Mounted on
Tungsten Sting.
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Figure 200,

Figure 201.

Plate No,
1-2801

X2.55

Arc Plasma Test KT-SiC(E-14)-4M, Surface Temperature

3670°F, Exposure Time 1835 Seconds, Stagnation Enthalpy -
4155 BTU/lb, Stagnation Pressure 1 Atm, Cold Wall Heat

Flux 600 BTU/ft%sec, Initial Length 841 Mils, Final Length

834 Mils, Hot Face at Right, One Inch Scale,

Arc Plasma Test KT-SiC(K-14)-4M, Hot Face Showing
Light Grey, SiC Grains and White Silicon Binder Phase,
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Plate No, 1-4738

X2,50

Figure 202, Arc Plasma Test KT-SiC(E-14)-5M, Surface Temperature
4440°F, Exposure Time 165 Seconds, Stagnation Pressure
1.08 Atm. Stagnation Enthalpy 4910 BTU/lb, Cold Wall
Heat Flux 810 BTU/{t% sec, 425 Mil Recession, Hot Face
Up. One Inch Scale.

Plate No, 1-4739

Etched Electrolytically with 5% KOH Solution X 250

Figure 203, Arc Plasma Test KT-SiC(E-14)-5M, Hot Surface.
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Platz No. 14957

X2,81

Figure 204. Arc Plasma Test KT-SiC(E-14)-7R, Surface Temperature
3060°F, Exposure Time 1800 Seconds, Stagnation Pressure
0.097 Atm, Stagnatiotz Enthalpy 10880 BTU/1b, Cold Wall
Heat Flux 652 BT U/ft°sec, Initial Length 679 Mils, Final
Length 655 Mils. Hot Face at Right, One Inch Scale.
Specimen Cracked by Thermal Shock,

Plate No, 1-4958

. A

Electrolytic Etch 5%KOH X250

Figure 205. Arc Plasma Test KT-SiC{(E-14)-7R, Hot Interface.
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Plate 1-2762

X0, 88
Figure 206. Post Exposure Photographs of Arc Plasma Tests JT0992

(C-HfC-SiC) (F=15)~1M,2M, 3M, 4M, 5M and 6M. Hot
Face Pointed Up,

Plate 13642

IR 2R 4R SR ek BR
5

TP

Figure 207. Post Exposure Photographs of Arc Plasma Tests JT0992
(C-HfC-SiC) (F~15) (Billet 2/G/6)=1R, 2R, 4R, 5R, 6R and
8R. One Inch Scale, Hot Face Pointed Up.

Plate 1-3504 Plate 1.3505

(F-15)-3R X0.88 (F=15)=7R X0, 88
Figure 208. Post Exposure Photographs of Arc Plasma Tests JT0992
(C-HfC-SIC) (F-15) (Billet 2/G/6)=3R and 7/R. Hot Face
at Right Pointed toward Left in 3R and Hot Face at Right
in 7R Dlustrating Thermal Shock Failures,
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Plate No. 1-2769

X2.6

Figure 209. Arc Plasma Test JT0992(F=-15)=3M, Surface Temperature
4930°F, Exposure Tinie 300 Seconds, Stagnation Pressure
1.10 Atm, Stagnation Enthalpy 4285 BTU/1b, Cold Wall
Heat Flux 770 BTU/ftésec, Initial Length 1054 Mil, Final
Length 692 Mil, Hot Face at Right. One Inch Scale. Some
Side Recession,

*

< ;«-\” -
o . ““b Plate No, 12770
..3.'\ b i‘f \‘k-'

Y
>4
A

v ooee

s

Unetched X250

Figure 210. Arc Plasma Test JT0992(F~15)-3M, Melted Interface.
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Plate No, 12766
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Xa.5

Figure 211. Arc Plasma Test JT0992(F=15)-2M, Surface Temperature
3470°F, Exposurc Time 1173 Seconds, Stagnation Pressure .
1,07 Atm, Stagnation Enthalpy 21056 BTU/lb, Cold Wall .
Heat Flux 430 BTU/ftésce, Initial Length 1033 Mil, Final
Length 999 Mil. Hot Face at Right, One Inch Scale. Severe
Recession at Sides and Rear.

Plate No, 1-2767

Unetched ' X250 oo

Figure 212, Arc Plasrna Test JT0992(F-15)-2M. Oxide (Top).
Detached from Matrix at Hot Interface.
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Figure 213,

Plate No.
1-3688

Mounting Plastic

Oxide Surface
of Hot Face

Arc Plasma Test JT0992(C-HfC-SIC)(F-15)-5R, Surface
Temperature 5225°F, Exposure Time 1200 Seconds,
Stagnation Pressure 0,027 atm, Stagnation Enthalpy 14550
BTU/lb, Cold Wall Heat Flux 500 BTU/ft%sec, Initial
Length 988 Mils, Final Length £65 Mils, Hot Face at
Right., One Inch Scale,
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Plate 1-3653

X250

Figure 2[4, Arc Plasma Test JT0992(C-HIC=-SiC)}(F=15)=5R, Hot Face Interface,
Matrix at Left Containing White HfC Grains and Light Grey SiC
Grains in a Dark Grey Graphite Matrix, Oxide Skin is Out of Focus.

Plate 1-3655

X500

Figure 215. Arc Plasma Test JT0992 (C-HfC-SiC)(F-15)-5R, Sting Leg Matrix
Showing White HfC Grains and Light Grey SiC Grains in a Dark
Grey Graphite Matrix,
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Plate 1-3646

Mounting Plastic

Surface of Hot Face

Figure 216. Arc Plasma Test JT0992(C~-HIC-5iC)(F=15)-2R, Surface Temperature
5630°F, Exposure Time 110 Seconds, Stagnation Pressure 0,287 At:?.
Stagnation Enthalpy 9390 BT U/lb, Cold Wall Heat Flux 1145 BTU/ftsec.
Initial Length 994 Mils, Final Length 594 Mils. Hot Face at Right. One

Inch Scale,

L P A
o gf-*‘%‘%«:a}éf 8

e

Plate 1 ~44€5

X15

Figure 217, Arc Plasma Test JT0992 (C«HIC=SiC) (F-15)=2R, Hot Face Interface
Zone, Matrix on Left, Zone Depleted of Carbides on Right,
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Plata _1_'{5“(_\ Plate 1 23R07

(F-16)=21M X0.88 (F=16)=22M X0.88
Hot Face at Center Facing Right Hot Face to Left
Plate 1-3508 Plate 1-350%

(F=16)-23M X0.88 (F=16)=24M X0, 88
Hot Face to Right Hot Face to Right

Figure 218. Post Exposure Photographs of JT0981 (C~ZrC-SiC) (F=16)=21M,
22M,23M and 24M Showing Thermal Shock Failures. (F-16)«22M
Experienced Low Temperature (3870°F) Oxidation for 1830 Seconds
Prior to Failure.

| . l(
‘t“!' "e@ Plate 14280

ol ot £
M M 7M 2M  3m 4Mm
,HHHHI!HH'HH,HIHHIIIIIIIIIHI‘III!||I||\|HH\\\\\
0 [ 2 3 4 5 6

Figure 219, Post Exposure Photographs of JT0981 (C-ZrC=SiC) (F~16)=2M,
3M, 4M, 5M, 6M and 7M. Samples 2M, 6M and 7TM Exhibited Thermal
Shock Failures While 5M Experienced Low Temperature (3910°F)
Oxidation, One Inch Scale.
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Plate No,
1-4183

B l |.ﬂmM ml‘lmlillll;lllllll{klllllllllI”l""l""l.mT"I“‘»“.!!m”‘5n

e - o =
]

X3

Figure 221, Arc Plasma Test %T0981(C-ZrC-SiC)(F-16) -22M, Surface
Temperature 3870°F, Exposure Time 1830 Seconds,
Stagnation Pressure 1 Atm,, Stagnation Enthalpy 3230
BTU/1b, Cold Wall Heat Flux 460 BTU/ft“sec, Initial
Length 1055 Mils, Hot Face at Right, One Inch Scale,
Exposure lllustrates Extensive Side Face Oxidation

Occurring at Low Temperature where Protective Oxide
Formation does not QOccur,
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Plate No, 1-4614

e AT T

X2. 69
Figure 222, Arc Plasma Test JT0981(F-16)=-5M, Surface Temperature
3910°F, Exposure Time 1830 Seconds, Stagnation Pressure
1.06 Atm, Staguation Enthalpy 2485 BTU/lb, Cold Wall
Heat Flux 390 BTU/ft2sec, Initial Length 692 Mil, Final
Length 586 Mil, Hot Face at Right. One Inch Scale. Severe
Side Racession.

Oxide

Plate No. 1.4616

Graphite

Unetched X250

Figure 223. Arc Plasma Test JT0981(F~16)-5M, Interface of
Oxide and Matrix.

192




Plate No. 1-4610

le 69

Arc Plasma Test JT0981(F=-16)~-4M, Surface Temperature
4990°F, Exposure Time 148 Seconds, Stagnation Pressure
1.08 Atm, Stagnation Enthalpy 3475 B1U/lb, Cold Wall
Heat Flux 640 BTU/ft?sec, Initial Length 565 Mil, Final

Length 266 Mil. Hot Face at Right. One Inch Scale.
Some Side Recession,

Figure 224,

Oxide

Plate No. 1-4612

Graphite

Unetched

Figure 225. Arc Plasma Test JT0981(F-16)-4M. Interface of
Oxide and Matrix,
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Plate No, 1-4630

X2.69

Figure 226. Arc Plasma Test JT0981(F~16)-9R, Surface Temperature
4695°F, Exposure Time 1800 Seconds, Stagnation Pressure
0.075 Atm, Sta.gna.tio% Enthalpy 9120 BTU/1b, Cold Wall
Heat Flux 523 BTU/ft“sec, Initial L.ength 696 Mil, Final
Length 655 Mil. Hot Face at Right, Oue Inch Scale.

Plate No, 1-4637A

Unetched X175

Figure 227, JT0981(F-16)-9R, Oxide {Top). Detached from
Matrix.
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Plate No. 1-4624

X3,06

Figure 228, Arc Plasma Test JT0981(F=-16)=-1R, Surface Temperature
5065°F, Exposure Time 150 Seconds, Stagnation Pressure
0.179 Atm, Sta.gna.tmn Enthalpy 7430 BTU/lb, Cold Wall
Heat Flux 747 BTU/ftésec, Initial Length 694 Mil, Final
Length 338 Mil, Hot Face at Top. One Inch Scale,

Plate No, 1-4626

Unetched X250

! Figure 229, Arc Plasma Test JT0981(F-16)~1R, Melted Interface
| at Top.
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Figure 230, Post Exposure Photographs of Tungsten and Molybdenum
Samples Employed in Temperature Calibration Tasts in
the Model 500 (M) and ROVERS (R) Facilities,
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Plate No. 1-6453 Plate No,1-5417
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Plate No. 1-4283

e 2m r oM &M
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Figure 231. Post Exposure Photographs of 5 Mil W&i, Coated W;
WSi, /W(G-18)-1M, 2M, 3IM, 4M, 5M, ] IM.%ZM, 13M,
14M, 9R and 10R, Hot Face Pointed Down, One Inch

Scale.
Plute No, 1-4284 Plate No, 1-4285
wSiy ot "N
6-0) - 4R 7e 8R
[EEEHIE T YRR RN LR AL
! 2 3 4 2 3 ‘llnlﬁli

Figure 232, Post Exposure Photographs of 5 Mil WS8i; Coated W;
Wwsi,/W(G-18)-6R, 7R and BR. Hot Face Pointed Up.

One Inch Scale.
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Plate No, 2-0629 Plate No., 2-0713
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Plate No, 2-0634 Plate No, 2-0639
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Figure233, Post Exposure Photographs of 5 Mil WSi; Coated W
WSi,/W(G-18)-17M,18M, 19M, 20M, 21 M, 22M, 23R
and 24R,
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Plate No. 1.5363
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X2,81

Figure 234, Arc Plasma Test WSi,/W(G-18)-4M, Surface Temperature
3210°F, Exposure Time 1830 Seconds, Stagnation Pressure
1,05 Atm, Stagnation Enthalpy 2785 BTU/lb, Cold Wall
Heat Flux 460 BT U/ft2sec, Initial Length 449 Mil, Final

Length 442 Mil, Hot Face at Right, One Inch Scale. No
Coating Failure,

wsi
w

2
5513
Plate No. 1~5364

Tungsten

Etched with Murakami's Reagent 0,394 Mils per Small Division (X200)

Figure 235, Arc Plasma Test WSiy/W(G-18)-4M. Irierface Showing
WgSly Zone,
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Plate No, 1-5411

" ™ . w - 3 A

Dt k

X2.81

Figure 236a, Arc Plasma Test WSi,/W(G=18)<6R, Surface
Temperature 2830°F, Exposurce Time )800
Seconds, Stagnation Pressure 0,082 Atm, Stage
nation Enthalpy 8310 BTU/lb, Cold Wall Heat
Flux 554 BTU/ft“sec, Initial Length 455 Mils,
Final Length 434 Mlls, Hot Face at Right, One
Inch Scale Arc Conditicus are for Most of
Test (See Table 39), Coating Intact,

Etched with Murakami's Reagent,0, 394 Mils per Small Division (X200)

Figure 236b, Arc Plasma Test WSi2/W(G-18)-6R. Interface Showing
W5Si3 Zone,
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Plate No, 1-5105
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Plate No, 1-4286
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Plate No, 1-4287 Plate No, 1-4288
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Figure 238, Post Exposure Photographs of 8 Mil 8n- Al-Mo Coated
Ta-10W; Sn-A2/Ta-10W(G-19)-1M, 2M, 3M, 4M, 5M, 6R,
7R,8R,9R, 10R, 11R and 12R Arc Plasma Tedt Samples.
Hot Face Pointing Down, Samples 1M and 5M Hlustrate

Coating Failure and Melting of Tt‘z N? Samples 6R and
)

8R Illustrate Coating Failures an
One Inch Scale.
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Plate No. 1-5040 '
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: X2, 69

; Figure 239, Arc Plasma Test Son-Al/Ta.-W'(G-lc))-AlM, Surface
Temperature 3000°F, Exposure Time 1830 Seconds,
Stagnation Pressure 1,05 Atm, Stagnation Enthalpy
2980 BTU/lb, Cold Wall Heat Flux 350 BTU/{tZsec,

Initial Length 378 Mil, Final Length 367 Mil, Hot
Face at Right, One Inch Scale. Coating Did not Fail,

Plate No. 15041

Unetched X250

Figure 240, S5n<Al/Ta-W(G-19)-4M. Interface of Sn-Al
Coating (Top) and Ta-W Matrix,
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Plate No., 1-5031

X2.75

Figure 241. Arc Plasma Test Sn-Al/TawW(G-19)-1M, Surface
Temperature 5090°F, Exposure Time 140 Seconds,
Stagnation Pressure 1,06 Atm, Stagnation Enthalpy
2880 BTU/1b, Cold Wall Heat Flux 390 BTU/ft%sec,
Initial Length 368 Mil, Final Length 244 Mil, Hot
Face at Right. One Inch Scale. Coating Failed.

Matrix Melted Region

Plate Na, 1.5032

Unetched X250

Figure 242, Arc Plasma Test Sn~Al/Ta-W(G-19)-1M, Interface
of Melted Region and Matrix,
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Plate No, 1-5019
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Figure 243. Arc Plasma Test Son-A.l/Ta-W(G-lf))-‘?R, Surface
Temperature 2950 F, Exposure Time 1800 Seconds,
Stagnation Pressure 0,010 Atm, Stagnation Entlialpy
10520 BTU/1b, Cold Wall Heat Flux 158 BT U/ft“sec,
Initial Length 362 Mil, Final Length 342 Mil, Hot
Face at Top. One Inch Scale, Coating Did Not Fail,

Plate No. 1-5020

Unetched X250

Figure 244. Arc Plasma Test Sn-Al/Ta-W(G-19)-9R, Interface
of Coating (Right) and Matrix,
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Plate No. 1-5016
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X3.18

3 Figure 245, Sn-Al/Ta-W(G-19)~8R, Surface Temperature 3670°F,
Exposure Time 400 Seconds, Stagnation Pressure 0.011
Atm, Stagnation Enthalpy 11440 BTU/lb, Cold Wall Heat
Flux 200 BTU/ftésec, Initial Length 361 Mil, Final
Length 322 Mil, Hot Face at Top. One Inch Scale. Coating
! Failed,

Plate No, 1-5018

Unetched X250

Figure 246. Arc Plasma Test Sn-Al/Ta-W(G-19)-8R, Interface
of Melted Ta-W (Right) and Matrix.
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Plate No.,
1-9729

X2.87

Arc Plasma Test W+Zr+Cu(G-20)-6M, Surface
Temperature 2420°F, Exposurce Time 1800 Scconds,
Stagnation Pressure 1,01 Atm., Stagnation En%halpy
1830 BTU/1b, Cold Wall Heat Flux 155 BTU/{tésec,
Initial Length 427 Mils, Final Length 262 Mils, Hot
Face Up, One Inch Scale,

Plate No,
1-9731

1 %4

Arc Plasma Test W+Zr+Cu(G-20)-6M, Hot Interface
at Top.

208

—




Figure 250,
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Plate No,
1-9712

IEIIiiiliiulll!lllilIl!‘l!!ll!(l:!ﬂilillll

]
zunlimi

%

-

il
1

-

-
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Arc Plasma Test W+Zr+Cu(G-20)-2M, Surface
Temperature 3345°F, Exposure Time 324 Seconds,
Stagnation Pressure 1,01 Atm,, Stagnation Enthalpy
3030 BTU/lb, Cold Wall Heat Flux 170 BTU/{tésec,
Initial Length 500 Mils, Final Length 388 Mils, Hot
Face Up. One Inch Scale.

Plate No,
1-9713

Wy

Etched with Murikami's Reagent X250

Figure 251, Arc Plasma Test W+Zr+GCu(G-20)-2M, Hot Interface

at Top.
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Plate No.
1-9748

X2.80

Figure 252, Arc Plasma Test W+Zr+Cu{G-20)-9R, Surface Tempera-
ture 5300°F, Exposure Time 775 Seconds, Stagnation
Pressure 0,100 Atm., Stagnatiop Enthalpy 10680 BTU/1b,
Cold Wall Heat Flux 584 BTU/ft%sec, Initial Length 433
Mils, Final Length 411 Mils. Hot Face Up, One Inch Scale,

Plate No.
1-9749

Ay AL T g L |
Etched with Murikami's Reagent X250

Figure 253, Azxc Plasma Test W+2Zr+Cu(G-20)-9R, Hot Interface
at Top.

210



Plate No,
1-9742

X2.80

Figure 254, Arc Plasma Test W+2r+Cu(G-20)-8R, Surface Tempera-
ture 5205°F, Exposure Time 500 Seconds, Stagnation
Presgure 0,135 Atm,, Stagnatlgn Enthalpy 11980 BTU/lb,
ColdWall Heat Flux 662 BTU/ft“sec. Initial Length 438
Mils, Final Length 181 Mils, Hot Face Up, One Inch
Scale, Sting Shown in Place,

Plate No.
1-9743

Etched with Murikami's Reagent X250

Figure 255, Arc Plasma Test W+Zr+Cu{G-20)-8R Hot Interface at
Top.
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Plate No, 1-9532
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Figure 256, Post Exposure Photographs of Arc Plasma Tests
W+ Ag(G-21)-1M,2M, 3M, 4M, 5M and 6M,
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Plate No,
1-9773

X2.80

Figure 257, Arc Plasma Test W+Ag(G- 21)-6M, Surface Temperature
2545°F, Exposure Time 1800 Seconds, Stagnation Pres-
sure 1,01 Atm,, Stagnation Enthalpy 2000 BTU/1b,
Cold Wall Heat Flux 160 BTU/ft“sec, Initial Length

445 Mils, Final Length 387 Mils, Hot Face Down,
One Inch Scale

ut- «,,M\.\‘A”‘u\

.,x'v.‘;“ . v‘m M 3
‘,/i Plate No,
‘4)'\ I NN .&;

2-0693

L‘tched with Murikarm 5 Reagent X250

Figure 258, Arc Plasma Test W+Ag(G-21)-6M. Hot Interface at
Top.
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Plate No,
1-9768

X2.80

Figure 259, Arc Plasma Test W+Ag(G-21)-5M, Surface Temperature
3050°F, Exposure Time 460 Seconds, Stagnation Pres-
sure 1,01, Stagnation Enthalpy 2760 BTU/lb, Cold Wall
Heat Flux 210 BTU/ft®sec, Initial Length 439 Mils, Final
Length 301 Mils, Hot Face Down., One Inch Scale,

Plate No,
1-9769

W e Mg

g KT SR

Etched with Murikami's Reagent X250

Figure 260. Arc Plasma Test W+Ag(G-21)-5M, Hot Interface
at Top,
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Plate No, 1-7743
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Figure 261. Post Exposure Photographs of Arc Plasma Tests SiO5+

68, 5w/ o(H-22)-1M, 2M, 3M, 4M, 5M, 6M, 7R, 8R, 9R, 10
and 11R,
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Figure 262.

Figure 263.

Plate No, 1-7753

X3,00

Arc Plasma Test %iOz + 68,5 w/o W(H-22)-4M, Surface
Temperature 5205 F, Exposure Time 1800 Seconds, Stag-
nation Pressure 1,08 Atm. Stagnation Enthalpy 5500 BTU/1b
Cold Wall Heat Flux 780 BTU/ft2 sec, 428 Mil Recession,
Hot Face Down. One Inch Scale,

Plate No, 1-7747

X3.00

Arc Plasma Test §iOz + 68.5 w/o W(H-22)-2M, Surface
Temperature 4505 F, Exposure Time 1557 Seconds,
Stagnation Pressure 1.07 Atm, Stagnation Enthalpy 4110
BTU/1b, Cold Wall Heat Flux 580 BTU/ft¢ sec, 19 Mil
Recession, Hot Face Up, One Iuch Scale.
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Figure 264.

Figure 265,

Arc Plasma Test Si02 + 68,5 w/o W(H-22)-10R, Surface
Temperature 3750 F, Exposure Time 600 Seconds,
Stagnation Pressure 0.009 Atm. Stagnation Enthalpy 13,100
B'TU/1b, Cold Wall Heat Flux 230 BTU/ft% sec, 331 Mils
Recession, Hot Face Up, One Inch Scale,

Arc Plasma Test 510, + 68.5 w/o W(H-22)-7R, Surface
Temperature 4175°F, Exposure Time 230 Seconds, Stag-
nation Enthalpy 10,580 BTU/1b, Cold Wall Heat Flux 526

BTU/ft2 sec, 507 Mil Recession, Hot Face Down, One
Inch Scale.
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Plate No, 1-7701

Plate No., 1-7692
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Plate No, 1-4760

e ;[1|||1;l|§l'l=Z.E!;itlgmllllllill!lﬂuﬂvm‘“‘

REH T

X2, 5

Figure 267, Arc Plasma Test 510 + 60w/oW(H=-23)-2M, Surface
Temperature 3675°F, Expoaure Time 1830 Seconds,
Stagnation Pressure 1 06 Atm, Stagnation Entha.lpy
3380 BTU/lb, Cold Wall Heat Flux 405 BTU/it2gec,
Initial Length 700 Mil, Final Length 683 Mil, Hot

Face at Bottom, One Inch Scale. Rear Broke on
Removal after Test,

Plate No. 1-4762

Tung sten
510,
Unetched X125
Figure 268. Arc Plasma Test SiOy+60w/oW(H-23)=2M, Hot
Interface.
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Plate No, 1-6532

X2,69

Figure 269. Arc Plasma Test b102+60w/oW(H 23)-15M, Suriace
Temperature 4210°F, Exposure Time 1286 Seconds,
Stagnation Pressure l 08 Atm, Stagnation Enthalpy
5440 BTU/1b. Cold Wall Heat Flux 855 BTU/ftZSec,
Initial L.ength 686 Mil, Final Length 318 Mils, Hot
Face at Right, One Inch Scale, Specimen Broke on
Removal after Test, Viscous Flow Observed,

Depletion Zone

Tung sten

Plate No, 1-6533

Unetched X250

Figure 270, Arc Plasma Test 5i0, + 60w/oW(H=23)-15M, Top
Surface After Viscous Flow,
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Plate No, 1-5318
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I

X3.38

Figure 271, Arc Plasma Test S5i02+60w/oW(H-23) -8R, Surface
Temperature 3870°F, Exposure Time 325 Seconds,
Stagnation Pressure 0,023 Atm, Stagnation Enthalpy
10860 BTU/1b, Cold Wall Heat Flux 475 BTU/ft2sec,
Initial Length 699 Mil, Final Length 320 Mil. Hot
Face at Bottom, One Inch Scale.

Plate No, 1-5319

Unetched X12%

Figure 272. Arc Plasma Test SiO; + 60w/oW(H~23)-8R, Hot
Interface Showing Some SiOp Reaction,
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Plate No, 2-0706
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Plate No. 2-0674
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Plate No, 2-0707
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Figure 274, Post Exposure Photographs of Arc Plasma Tests Hi- Ta- Mo

(I-23)-27M, 30M, 31M, 32M, 37M, 38M, 41M, 42M, 53M,
54M, 55M, 45M, 46M.
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Plate No, 2-0649
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Figure 275. Post Exposure Photographs of Arc Plasma Tests Hf-Ta-
Mo(I-23)-33R, 34R, 35R, 36R, 28R, 39R, 40R, 43R, 44R, 49R,,
51R, 29R, 47R, 48R, 50R and 52R.

224



Plate No, 1-4785

Figure 276. Arc Plasma Test Hi~-Ta=Mo(I~-23)-1M, Surface
Temperature 4030°F, Exposure Time 1830 Seconds,
Stagnation Pressure 1,08 Atm, Stagnation Enthalpy
3295 BTU/lb, Cold Wall Heat Flux 530 BTU/ft%sec,
Initial Length 578 Mil, Final Length 553 Mil, Hot
Face at Bottom, One Inch Scale.

Oxide

Subscale

Plate No. 1-4786A

Matrix

Etched with 15 Glycerine 5 HNO35HCI 3HF X175

Figure 277, Arc Plasma Test Hf=Ta=Mo(I=23)-1M, Interface Showing
Oxide, Subscale and Matrix,
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Plate No, 1=6652

& )

X2.87

Figure 278, Arc Plasma Test Hf=Ta~Mo(l~23)~15M, Surface
Temperature 4645°F, Exposure Time 1830 Seconds,
Stagnation Pressure 1,06 Atm, Stagnation Entl}alpy
3735 BTU/1b, Cold Wall Heat Flux 515 BTU/{t%sec,
Initial Length 421 Mil, Final Length 353 Mil, Hot
Face at Bottom, One Inch Scale,

Oxide

Plate No, 1=6653A

Subscale

Matrix

Etched with 15 Glycerine 5HNO35HCZ 3HF X175
Figure 279. Arc Plasma Test Hf{«Ta~-Mo(1-23)~15M, Interface

Showing Oxide, Subscale, Matrix, Some Melting
of Oxide Has Occurred,
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Plate No, 1-5007

X2, 81

Figure 280. Arc Plasma Test Hf=Ta=Mo(I«23)~12R, Surface
Temperature 3755°F, Exposure Time 1800 Seconds,
Stagnation Pressure 0 018 Atm, Stagnation Entha.lpy
12710 BTU/1b, Cold Wall Heat Flux 378 BTU/{t2 sec,
Initial Liength 560 Mil, Final Length 534 Mil, Hot
Face at Bottomn, One Inch Scale. Oxide and Subscale 5
Clearly Visible at Hot Face, :

Y

Oxide ) - g
Subscale .

| | Plate No, 1-5008A

p‘ ?j ’ ' > :"l ‘ Matrix ' . \. o
i ; §} A A ' '
v 1 -‘ Hutty 31 ‘l’;fl

Etched with 15 Glycerine SHNO3HCI 3HF X75

Figure 281. Ayrc Plasma Test Hf-Ta-Mo(I-23)-1ZR, Interface Showing

Oxide, Subscale and Matrix.
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Plate No, 1-4807

- ,
X3.18

Figure 282, Arc Plasma Test Hf=-Ta~Mo(I-23)=-9R, Surface
Temperature 4220°F, Exposure Time 1800 Seconds,
Stagnation Pressure 0,022 Atm, Stagnation Enthalpy
11250 BTU/1h, Cold Wall Heat Flux 337 BTU/ft2sec,
Initial Length 432 Mil, Final Length 326 Mil, Hot Face
at Top., One Inch Scale, Oxide and Subscale Clearly
Visible at Hot Face. Some Melting has Occurred,

Oxide

Plate No, 1-4808

Eteched with 15 Glycerine 5HNO; SHC! 3HF  X50
F'igure 283, Arc Plasma Test Hf-Ta=-Mo(I-23)-9R, Interface

Showing Oxide, Subscale and Matrix, Some Melting
of Oxide has Occurred.
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Figure 285,

Plate No. 1-9224

X3.00

Arc Plasma Test Hi-20Ta-2Mo(1-23)-1MC, Surface Tem-
perature 4760 F, Internal Temperature 3530°F, Exposure
Time 1800 Seconds, Stagnation Pressure 1.05 Atm, Stag-
nation Enthalpy 3220 BTU/1b, Cold Wall Heat Flux 425
B1U/5t2 sec, 46 Mil Recession, Hot Face Up, One Inch
Scale,




3 Plate No.
2-0694

yt L
X2.35

Figure 286. Arc Plasma Test Hf-Ta-Mo(I-23)-27M. Average Surface
Temperature 4230°F, Exposure Time 11, 600 S2conds B}
(7 cyclic exposures each of approximately 1800 seconds),
Stagnation Pressure 1,05 atm,, Stagnatioél Enthalpy 3300
BTU/lb, Cold Wall Heat Flux 410 BTU/{t“sec, 138 Mils
Recession, Hot Face Up. One Inch Scale.

Plate No.
2-0695

Etched with 15 Glycerine X250
SHNO35HCI {

-‘ I Figure 287, Arc Plasma Test Hf-Ta-Mo(I-23)-27M, Hot Surface,




Plate No,
2-0696

X2,35

Figure 288, Arc Plasma Test Hf-Ta-Mo(I-23)-28R, Average Surface
Temperature 4200°F, Exposure Time 7220 Seconds (4
cyclic exposures each of approximately 1800 seconds),
Stagnation Pressure 0,132 Atm., Stagnation Enthalpy 7600
BTU/lb, Cold Wall Heat Flux 398 BTU/ft“sec, 55 Mils

Recession, Hot Face Down, One Inch Scale,

Plate No,
2-0697

Etched with 15 Glycerine X250
S5HNO35HCI3HE

Figure 289. Arc Plasma Test Hf-Ta-Mo(I-23)-28R, Hot Surface.
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Plate No. 2-0699

Figure 290. Arc Plasma Test Hf-Ta-Mo(I-23)-38MH Surface Temperature
4230"F, Exposure Time 1800 Seconds, Stagnation Pressure

1.02 Atm,, Stagpation Enthalpy 3220 BTU/1b, Cold Wall Heat '
Flux 435 BTU/{t“sec, 48 Mils Recession, Hot Face Up. One :

Twerh Rr- ala

Plate No. 2-0700

(XN . . .
Etched with 10 Glycerine X250
5HNO35HCI3IHF

Figure 291, Arc Plasrna Test Hf-Tea-Mo(I-23)-38MH, Hot Surface,

; 233




Figure 292,

Plate No,
2-0701

. .-ﬂnu,:m{fm}nuim

X2.80

Arc Plasma Test Hf-Ta-Mo(I-23)-39RH, Surface Temperature
3620°F, Exposure Time 1800 Seconds, Stagnation Pressure
0,137 atm., Sta%nation Enthalpy 6740 BTU/lb, Cold Wall Heat
Flux 412 BTU/f{t%sec, 22 Mils Recession, Hot Face Up. One
Inch Scale,

Etched with 10 Glycerine X250
5HNO35HGI3HE

Figure 293,

Arc Plasma Test Hf-Ta-Mo(I-23)-39RH, Hot Surface,
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Figure 294. Post Exposure Photographs of Arc Plasma Tests IrC/C

(I-24) -23M, 9M, 10M, 11M, 13M, 16M, 1 7R, 19R, 22R, 24R
and 30R,
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Plate No, 2-0710
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Plate No, 2-0711
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Plate No, 2-0712
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Figure 295, Post Exposure Phntographs of Arc Plasma Tests Ir/C
(I-24) -36MOX, 37TMOX, 4M, 12M, 18 M, 3R, 25R, 27R and

29R,
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Plate No. 1-7962

X2.80

Figure 296, Arc glasma Test Ir/C(1-24)-13M, Surface Temperature
4535 F, Exposure Time 1800 Seconds, Stagnation
Pressure 1,02 Atm, Stagnation Enthalpy 3140 BTU/1b,
Cold Wall Heat Flux 310 BTU/ft% sec, 16 Mil coating
melted off. Hot Face Up. Oneinch Scale.

Plate No, 1-7966

Unetched X 200

Figure 297. Arc Plasma Test Ir/C(1-24)-13M, Location in Iridium
Coating at Center of Side Wall.




Plate No, 1-7971

Etched Electrolytically in 20% HC1 in Saturated Aqueous Solution
of NaCl X500

Figure 298, Arc Plasma Test Ir/C(I-24)-13M, Location in Iridium Coating
at Back of Sting Leg,

e e ST e e A S b L < e i

Plate No, 1-7970

Etched Electrolytically in 20% HCl in Saturated Aqueous Solution
of NaCl. X500

Figure 299, Arc Plasma Test 1r/C (I-24)-13M, Locationin Iridium Coating
at Back Quarter of Side Wall.
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Figure 300,

Figure 30},

2-0446

;-=|||uqlulisminuiuufmsilm. .

-
o

Arc Plasma Test Ir/C(I-24)-23M. Surface Temperature

4155°F, Exposure Time 1800 Seconds, Stagnation Pres-
sure 1.01 Atm., Stagnation Enthalpy 2750 BTU/lb, Cold
Wall Heat Flux 288 BTU/ftésec, Coating Survived Hot
Face Up. One Inch Scale.

Etched Electrolytically in 20% X89
HCI in a Saturated Solution of
NaCl in Water

Arc Plasma Test Ir/C(I-24)-23M. Hot Interface
at Top, One Division Equals 0,788 Mils, Coat-
ing Thickness Equals 23, 6 Mils,
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Temperoture (°F)

QO@:Surface, in-depth Temperatures for A-3-2MC
with 0.101" nose.

0,8 Surfaca, in~-depth Temperatures for A-3-3MC
with 0.102" nose.
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Figure 302, Time-Temperature Histories of Surface and In-
Depth Temperatures for ZrBz(A~3),
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Figure 304, Time-Temperature Histories of Surface and In-Depth
Temperatures for HfB2+SiC(A-T7),
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Figure 305, Time-Temperature Historiea of Surface and In-Depth
Temperatures for ZrB+SiC(A-8).
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Figure 306, Time-Temperature Histories of Surface and In-Depth
Tempezatures for ZrB,+S5iC+G(A-~10),
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Figure 307, Time-Temperature Histories of Surface and In-Depth
Temperatures for ZrB+5iC+C(A~10),
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0O, O = Surface, in-depth temperatures for
B-5-31 M with 0.202" nose.

M, @ = Surface, in- depth temperatures for
B-5-32 M with 0.463" nose.
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Figure 308, Time-Temperature Histories of Surface
and In-Depth Temperatures for RVA(B-5).
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with 0.200" nose.
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Figure 309, Time-Temperature Histories of Surface and In-Depth
Temperatures for WSiy/W(G-18),
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Figure 310, Time-Temperature Histories of Surface and In-Depth
Temperatures for Hf-Ta-Mo(I-23),
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Plate No. 1-6685

Plate No, 5127
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Plate No, 1-7176
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Figure 317, Post Exposure Photographs of 10MW Arc Lxposures ZrB,(A-3)
and (ManLats-Avco), Boride Z(A-5) and ZrB, + 20%SiC(A-8).
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Figure 318,
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Figure 319.

Plate No. 1=7173

/
X3.4
10 MW Arc Test HIB I(A-Z)-HF-Z. Surface Temperature
3305°F, Exposure T‘ﬁﬁe 20,1 Seconds, Stagnation Pressure
4.3 Atm, Stagnation Enthalpy 1930 BTU/1b, Cold Wall Heat
Flux 695 BTU/ftsec. Hot Face at Top, One Inch Scale. Fine
Cracks Observed.

Plate No, 1~7188

X3.3

10 MW Arxc Test HfB l(A-6)-HF-Zl, Surface Temperature
3470°F, Exposure Tizn'xe 20,1 Seconds, Stagnation Pressure
4,3 Atm, Stagnation Enthalpy 2030 BTU/1lb, Cold Wall Heat
Flux 733 BT U/ft“sec, Hot Face at Bottom, One Inch Scale,
Large Cracks Observed.
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Plate No, 1.7212

. “"- d
X2.87
Figure 320, 10MW Arc Test HfB, )+20%SiC(A-4)~HF-37, Surface
Tcmperature 4790032. %xposure Time 20,2 Seconds,
Stagnation Pressure 4,3 Atm, Stagnation Enthalpy

2540 BTU/1b, Cold Wall Heat Flux 940 BT U/ft“sec.
Hot Face at Top, One Inch Scale,

i W g

Plate No, 17192

Figure 321, 10MW Arc Test HEB, ,+20%SiC(A-7)-HF-32, Surface
Temperature 461001*2',' Cxposure Time 20,1 Seconds,
Stagnation Pressure 4.3 Atm, Stagnation Enthaélpy
2710 BTU/1b, Cold Wall Heat Flux 948 BT U/ ft¢sec.
Hot Face at Right, One Inch Scale.
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Plate No, 1-7202

X2,.87

Figure 322, 10 MW Azrc Test HEB, +20%SiC({A-7)-HF-18, Surface
Temperature 350008 'éxposure Time 20,1 Seconds, Lo
Stagnation Pressure 4.3 Atm, Stagnation Enthalpy j
2200 BTU/1b, Cold Wall Heat Flux 787 BTU/ftsec,
Hot Face at Top. One Inch Scale, Fine Cracks Observed.

Plate No, 1-7177

X3.4

Figure 323, 10MW Arc Test ZrB (ManLabs-Avco)-HF-.H, Surface
Temperuture 3425°F’?: Exposure Time 20.1 Seconds,
Stagnation Pressure 4,3 Atm, Stagnation Enthalpy .
1964 BTU/Ib, Cold Wall Heat Flux 714 BT U/ft2sec. .
Hot Face at Bottom, One Inch Scale. Fine Cracks Observed,
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Specimen

~ AR
N s TR ,
“\\‘\T_\. =

Graphite

One Half Inch Diameter Specimens

'

Cement

One Inch Diameter Specimens

Figure 327, Details of Specimen Holders Employed in Wave Superheater Tests,
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Figure 328, Orientation of Calerimeter and Medels in Wave Superheater Exposures.

262




] 1 L | | l
800 E /_,_ch'SSO
600 |

- /
| 300 |

NI EEEY

200 -

-

Mach No, = 5,45, Pe = 0,97 atm
i = 2120 BTU/Ib, €= 0,55

100 | ‘e e, .

80 [ Cp= 0-2 BTU/Ib °R, k =0.006 BTU/ft sec’R
p = 350 lbs/ft>

60

L L

| § ¥

40
30

B I | IIJJI

20 -

100
80

60

Heot Flux, BTU /12 sec

T ljr[l

40
30

T

1 JJIIJLL

1.0

lll]l

il

o ] ] | 1
1000 2000 3000 4000 5000

Wall Temperature °R

o

Figure 329, Calculated Heat Flux As A Function of Wall Temperature for
A One-Half Inch Diameter Hemispherical Cap Shell of Zirconium
Diboride One-Eighth Inch Thick in the Mach 6 Test Section of the
Cornell Wave Superheater,
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' 1, Exposure Time in seconds
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330,
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Calculated Wall Temperature As A Function of Time for A One
Inch and a One-Half In.ch Diameter Hemispherical Cap Shell

of Zirconium Diboride One-Eighth Inch Thickin the Mach 6 Test
Section of the Cornell Wave Superheater.
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Plate 1-4483 Sting Number Material

oD B A T
G LI I\ =D )~ h

i
2 KT-SiC{E=14)-1-8
3 KT-SiC(E-~14)-3-18 "
4 Hi-zula~-2Mo(1-23) - 4-19
5 W(Uncoated)(G~18)=-X-11
6 RVA(B-5)«X-5

grive HoL; 7 JTA(D=13)-X~7

Comerit 7 8 JT0992(F-15)-X-9

- 8. :
© *Denot.es one inch diameter cap. All other

models are one half inch diameter,

()

Jaaxnws oo WA/ S rREAM

| 2 3 4 5

1 has

Figure 334. CAL Run 67-473, Mach Number 5,45, Stagnation Pressure
1.15 atm, Sta "i tion Enthalpy 2200 BTU/lb, Cold Wall Heat
Flux 580 BTU/ft“dec, Exposure Time 15 Seconds.

Plate 1-4884 Sting Number Material

Hf«20Ta=-2Mo(1=23)«l =12
HiBy {(A=2)=X=1

HIB &lnc(A-.t)-x-‘z
PG(B-6)-X-6
BPG(B«7)=X«16
JT0981(F-16)=X=10
ZrBy(Ae3)a24.3

Sne z‘/Ta-lOW(G 19)=3= 2"

@3t N -

*Denotel one inch diameter cap. All other
models are one ha}t inch diameter,

Loekin G DownBTREAM
Run-2

'IHH(HIIllHl’llllllHH'Hlll-|||||\\\|\|\l‘\

I 2 3 4 -]

inchey

Figura 335. CAlL Run 67-474, Mach Number 5,45, Stagnation Pressure
1,15 atm, Sta nztion Enthalpy 2180 BTU/lb. Cold Wall Heat
Flux 635 BTU/ft“sec, Exposure Time 15 Seconds,
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Figure 336,
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Plate No. 1-4691
a) One Inch Scale

Plate No. 1-4692

b) X250, Etched with
10 Glycerine 5SHNO,
3HF, Hot Interface
at Top.

Model ZrBz(A-3)-l-2, Run #1, Sting #1.
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Plate No. 1-4708

a) One Inch Scale

. . i
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Y ok
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Plate No. 1-7767

h) 1.97 Mils per Small
Division, Etched
Electrolytically in 5%
KOH, Hot Face at Top

Plate No, 1-5334

¢) X250, Etched. Hot
Interface at Top

Figure 337, Model KT-SIC(E~14)-1-8, Run #1, Sting #2.
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Plate No. 1-4709

a) One Inch Scale

Plate NOQ 1-7768
b) 1.97 Mils per Small
Division, Etched

Electrolytically in 5%
KOH. Hot Face at Top

»

Plate No, 1.4710

c) X250, Etched, Hot
Interface at Top,

Figure 338. Model KT-5iC{E-14)~3~18, Run #1, Sting #3.
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Plate No, 1-4719

a) One Inch Scale
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u " " . . v

Plate No, 17766

b) 1.97 Mils per Small
Division, Etched with
15 Glycerine S5HNO
S5HC! 3HF, Hot Facé at
Top

Figure 339. Model Hf-20Ta=-2Mo(1-23)-4«1Y, Run#l, Sting #4.
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Plate No. 1-4716
a) One Inch Scale
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»

Plate No. 1-5335

b) X200, Etched with
Murakami's Reagent
Hot Interface at Top

Figure 340. Model W(Uncoated) (G-18)-X-11, Run #1, Sting #5. '
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Plate No. 1-4698
a) One Inch Scale

Plate No. 1-4705
b) One Inch Scale

Plate No. 1-4706
c) X250, Unetched.
Hot Interface at Top

Figure 341. a) Model RVA(B-5)-X-5, Run #1, Sting #6,
b & ¢) Model ITA(D-~13)-X-7, Run #1, Sting #7.
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Plate No, 1-4718

a) One Inch Scale

Muu{un|un|m|||m||mlm||;mlm|‘m||m| mpm|||||||||i||||||||gg|||mm.' :

Plate No. 1=7765

b) 1.97 Mils per Small
Division, Etched with
15 Glycerine SHNO
5HC! 3HF'. Hot Face
at top.

Plate No. 1-7763 E

c) X500, Etched, Interface
of Suboxide (Top) and
Matrix. 4

Figure 342. Model Hf-20Ta-2Mo(I-23)-1-12, Run #2, Sting #1, .
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Figure 343. Model HfB2 I(A- 2)-X-1, Run #2,
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Plate No. 1-4688
a) One Inch Scale

Plate No. 1-4689
b) X250, Etched with

10 Glycerine 5HNO;

3HF. Hot Interface
at Top

Sting #2.
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Plate No. 1-4594
a) One Inch Scale
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Plate NO, 1-4695

b) X250, Etched with
10 Glycerine 5HNO
3HF. Hot Interface
at Top

Figure 344. Model HfB2 + SiC(A-4)-X-4, Run #2, Sting #3.
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Plate No. 1-4701
a) One Inch Scale

1] 1y
'

Mn‘mn\uu]nn\ml{tnu|iuu\m|||m||mim|||m|nu||m|un4nn|m|

Plate No, 1-4703
b) One Inch Scale
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[}

Figure 345, a) Model PG(B-6)-X-6, Run #2, Sting #4.
b} Model BPG(B-7)-X-16, Run #e, Sting #5.
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Plate No, 1-4713
a) One Inch Scale

)

)

Plate No, 1=4714
b) X250, Unetched.

Hot Interface at Top,

Figure 346, Model JTO0981(F-16)-X-10, Run #2, Sting #6.
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Plate No, 1-4717
a) Cne Inch Scale

!:mluu.\nnluu‘l‘uumn uulnulnnlmnuluu ||n||ui||m|m||'|m|uulm.|| ) |

L] L] L] »

Plate No. 1-5341
b) X250, Unetched,
Hot Interface at Top.

Figure 347. Model Sn-Al/Ta-W(G-19)-3-22, Run #2, Sting #8.
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SUMMARY OF ARC FLASMA ERFOSURES OF ”IBZ I(A-E‘,
.
' Ma \ Caleulated Tomporature
1 wu':n'.“m. S N fatis T(CALC)/ T{OBS)
| Assumed I ' Surfsce  Computad Celd w-u Fay and Riddel) '
‘ Cmiltanse Mach "o 0] D % Radiatton Normal Initia} rlul. I‘.-Tpun T for Meat Tranaler
‘ Mhe0 4ty Ne stm YU (i) '.aﬂ_ BTU_ Bmiwases Lo & Sestlicle
;’ ¢ 1]
[ ) (U1 Ll {rails) (mileg} '
i HIBL \(A-2)
| 11
1 M 0,52 Lok MIT0 0,500 420 4610 1 0,34 9”/“' 943/ 608 1804 bily
‘ LM 0,06 1,00 3020 0,008 Y0 Shdb 304 0,44 3% “’ 13/9%46 113 ] bt
l M 0,06 1,09 4h88 0.300 (04 o4 b33 0,37 04/843 cael/ [ +06
M 0.)8 .08 41D O.W 164 S688 ll’ 0,13 099/997 “'Nu 1130 ] bol0
| oM 0,37 1.0% 41X 0 0 4400 o.12 4/49) «sl 148 i [ 1)
‘ 138 mil disk hormal -lmnu ofl mlhllr 230 mil dish Mnlul shochad -‘
| M ek Bpeal shocked sif initaM o3 00/l ok dermal shoe d-m siadl . '
m sk thormal shog alila il disk Al
SIRY 9.2 0,074 9470 0,900 491 8000 r 0.38 ”71/412 'v‘x'vﬂw e . v 1.2
| OR* LD 0100 TR 0900 TR er. eae 163 aeeld it
tharmal shosh (ailure ohu,nll shoch tatlure
NIN i 1M 7000 9, 4 1L S99 2% 49 01/493 N/ ll 0 1,02 (193]
JJOR¢ ' (it 1340 O, 1701 4000 28 47 14/ (4 1,06 [}
IR, L0907 10730 0,800 431 Bhio ¢ 69 940/ 408 ’“/l“ 1600 [N 1.1
SARY ) (000 §830 0,500 M R4 1V N $54/994 %I/ (L] (7Y} 1,47
AIMel 0,00 1,08 BT 0,800 449 4640 1 [(B1) o/ .
CLME 0000 100 ET6E 0,000 WD &kT0 & 0,39 s01/800 A ] i %]
“1iM-) (30 1,08 B768 0,500 @4 4918 14 043 ofn 101/68e 00 104 0.9
<l4Mel 0,30 1,08 3670 0,400 BRI S120 108 3 114/894 o 400 Ll 1,07
<l4Me2 0,30 1,09 23870 O, $10 $300 130 33 A o/ 400 108 1,02
slddds ) 30 1,08 3070 0,800  BI0 9800 98 N1} NA Y 00 1.0y ) .00
CiSMel 0,21 1,03 BA3S 0,800 b 1IN 4 46 01/000 ofs 1.6 bl
JiSMeE 021 10 20 o pITIR I 11 " 49 o/ ofe 2’“’ Lél 138 .
wlbMyd 0,31 1,00 2838 0,500  J6) Je)s ’ lril / oV §0% 0 1.0 L
< loM, V81 1,03 4930 0,507 480 Baks W) 3 §11/90) $49/482 1800 1,03 X1 R
JATMT L 0,30 1,08 4830 L8071 10 4700 A “ |“/ b4 /3% » 0.92 K
lAMAL 03 LOY 90 0,804 648 4483 41 4 / A " 0.93 0.4
JeMEY 0,90 1,07 4690 0.904  #eb Bevs 1N 8 wa/ion 1130 1,08 1,04
"Broswsdinad 10 nuautes a1 1930°C, ‘.
¢ .
Transmisalvity facher wquale 0,06 lor sapphire window, r.‘-‘-h..‘ "!‘.:;:: mu.wv‘cuuuuur supesure, thicknass rafors
Material Degradation uroun Reconsion
Sampis Ne, &o« n!ot Description of Medien Pleiure Film Coverage Lo
b LAY Ol 1000
N Vion i tistle ulmw uniform suidation, srank formed in enide coati
a e TR R
«4M Ouidation ({1 166 wn ¢ (orma
M Th, Bhogh + Meltiag 311 i1e} M\u .&nm‘:l“-hnh of lluh‘l.tu-vcd by uniform moelti
%l n.&bwmo‘u. 1850 11} \ulml uluuu {ollewed by o rmal oheah . ! .
1 "!‘.f“‘.‘“ "n "H ‘l.p:tl \ w.:l:c:‘::'tonh.. Matle activity
4 Mulling ] 03k m 1" Yorn sonter lo u.u
::ﬂ g:lI::' - l“t: u“o n‘l.lnuluug and redeselon : '
i Onldation 1800 1 ide ::?:{2: kit
.:::.; m:::: :g Spachiod frent lace, contor appedrad hutter than sdges,
I IM) Oxidation €50 Initial onide breaking off in spots, center cors alill apparemt,
RYive O da ti om 41 a0 Contar core, enide Bresking off sdges, some melting af ouida,
R Sdum i R T L
-14M. Ouidation 0¢ 20 SUght melting of axids layor which Appeared to be bavely
.{::“:i g“::}: :g u”-"n‘:'\fn :.I::Iu:.;uur cure,
1My s & . Omidation 400 . e :::m:;: uniform appearance, )
o ) Owldstion 1800 1) r:..".‘:x: flaling off sides, sdge melting, suavuret Y
. 40 19 ’ : .
SOMA 4228 " 4 ::}“" '1% 180 Onide ....nu. wurned ofl, material molted,
S0MB 818 4 204 Odmua 1130 104 glu.m::“ Wirned off, material melied, solidified
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Recassion rates converted to 30 minutas on linear basis,
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TABLE 3

SUMMARY OF ARC PLLASMA EXPOSURES OF ZrBz(A-3)

Calculaied Temperature

Sampla Ne, ., N Ratio T(CALCHT(ONS)

Assumed I \ Surlace Computed Cold Wall  Fay and Riddell

l‘ﬂh\l'lt‘l I&uh [] .0“’ 1& :'cl"ll.l .1; hd#dlu Nc::nnl ll‘nllhl Ll‘lm‘:" Cxpasure Nu!‘;l;r:ullu Ncu!‘;l‘rlnllor

A& Lad e,  abn B Lrnitanca &N [l ime Coelliciant osffleiont

Ah 20,48 Mo, amn BTU IV A ~Lnitaace Goofficiant | _Cosfilclent |

w tleec ovs Mlsec R ”‘ﬁff;“ acorEm

el (A-3)

veds?
-IM 0,492 80 138 150 0.3 1063/1063  MI/11Y " 1.0 1,06
-4M 0,492 360 4M% )4 0.4 1042/1063 1041/ 1048 1840 114 10
-17M 0,492 348 4179 3 0,12 108270088 104371041 1860 1.20 1,22
~20M 0,492 840 OO 37 0,28 1089/108%  ATY/ 898 50 1.0y 0,97
«24M V,492 750 98 0,54 1097/1081 1076/ 1020 1860 [} 11
-2IM 0.493 460 #4718 31, 0.3 1048/1068 1088/ 1040 1060 L1s 1,18
~10n* 0,491 820 38 0.4 1045/1048  1087/1027 1802 1,30 1.09
=2R* 0,491 327 § 132* 0,52 1042/ 1004 1800 1o L
«SR¢ 0.49) 284 B0 u2 0,41 sees/ 1018 1800 1,08 1,06
Rt R I mom 4 nl it
- 491 ¢ 17 +39 ’ .
NI 0,491 780 159 0,8 s19/989 " (N1 Lato
M 0,150 308 470 11e 0.4y /1 1808 1,09 1.06
-SiM 0,784 470 478 Y0 0,64 Mwr/108 1800 118 1,13
~S2M-1 Weo s . . 00 1,00 0.9
Nrivy ] 6:1 19 i (1] 1.02 0,9
<3363 B #3530 a2 ﬂ.u 600 0. % 0,9
«83M-1 4 610 818 1] 4. 600 1.08 1,03
«$3M-4 shi 153 [ 05 ] 00 [ 5. 0.91
83N [T I ) (A 00 3] 0.9
«SdMe 3 7 1] ] 00 B 1,09
~SdMs3 0. 26 48 o [ R!] 650 1,08 1,04
-MM-3 0. 40 0 8 4, (4] 104 1,00
« MG o3l 1o0b 4940 0,491 143 [ 3] 0 1.0 IS}
MG 29 ).80  3U30 0,491 B 4930 IT4 0.4 1600 .03 1,08
-3Ma o3 1,08 lw 6,491 460 8170 210 8,10 1800 1,03 0.9
MG 0.33 1.07 4360 0,491 610 6340 404 (N3] 1] a.”n 0.8

’Tuumlum tasbar oqualn O, 86 for sapphire window,

*aurtaus radiation values may b low due te requirements for eritiasl

aligament cavved by wiilisation of sna=hall iach diamster sample,

Material
Sampiv Ne,

2ibg (A
i

® riml Longth ls baaed on messuremeni prior to sectioning, thickness
velare 1o length after sectioning,

% . [ :“““?‘ m‘:.“““ "mu" l'i:“}"‘ Dascriptivn of Motion Picture Film Coverage
scession ULLLL L & un of Motion Picturs Fim Covarage

SL Bucessien  Recessies  _Meds . _Tme, P Descripsh

s b1 ] Melti (1] 1062 boride momn’

[ e [} I Onidation 1560 1) solid onida, liitle activity, tew liquid drops;, sunburet

e il 1 Onidution a0 4

LA L] 104 de! 0 W0 woride malting

W 9 Ouidat 1360 » oxide malting, sunburst formation

4013 sl [ Onldat 1060 ) axide eolid, liitle aclivity noted

[ 230 BT § i ) 1503 " uniform onidetiol

4840 ie “ Ouldation 1800 4 uniform owidation, rome liguid bubbles

e . " idation 1600 " uniform oxidation, little activ ll,

sl im e Quid, ¢ Malling 1464 [ Initia} ouidation (ollowed by uniform melting

1 M s elting 3] 1182 uniform melting, vapid recession

320 400 4 Molting ”» L] ] uniform melting, Tecosslun

410 ! 3 Onidation 1800 3 Hel saide -rﬁ developed in conter, then rosl of fromt (ace

iving moried appeavance,

4413 -9 10 Onidution 1800 1] tile Sctivily, matiled appesrance of onide,

4420 Ouidation 400 Blight mulu-g ( sdges, heavy uiide faked off frant face.

4818 Ouidatioe 00 ln‘t'u.\ "‘1‘&.."” away, hew ouide formed and broke away,
adges me .

4040 “ Ouidatisa 400 “ Buaburet formed, alight melting, no (urther flaking.

4818 Owidation 400 Meltlng, sunburat formation,

s180 Cuddation 400 faitinl cuide broke away, melling and sunburst formaition (olluwed,

o -4% 1A Ouidhtion 400 1) :M:: brone off agein, maeiting sad suaburst {ormation fallowed

o before,

N Onidation 400 Suaburst fermation, enide melting,

4094 Oaidation 400 Ldltle aclivity, ! ™

B o g mme gm0 g mioew

o= - chied fromt [3c8, some oride malling.
“re oo 1] Ouidation 1000 i Chide chipping and "maliing nif fromt {ace givieg mottied
vasce.

e -1e n Ouidatien 1000 N o shipping and melting, wniform oxide buildup with
seme mal at sdgee,

0 . 104 Meking (1] 110 Rapld malsing,
*Recosnion rate comerted lo 39 minuien o6 linear basis,




e

TABLE 4

SUMMARY OF ARC PLASMA EXPOSURLES OF HiB, + 5iC(A-4)

Material Caiculated Temperature i
Slr:lplt No Q. N Ratla T(CALGC)/T(OBS)
Aswamed Surface Computed Cold Wall  Fuy and Riddel! '
Fmittance  Mach Fe 1o P %w T Radation Normal l"m"l. l.nutlh‘ Ex " pure “é“ r}}"‘"“' "c'"‘;‘;':'“'" ;
b P Lan, o) me oellficient onificient !
uth =068 _No, atm BTU (i) BTU °R BTY_ Emittance Fichicss  hirbheiz Trieeqy = —neem., oot
b (I!nc obe  [%sec {mlle} {mils) s
HiB 06516 (A=4) f
¢ e 0iko 1686 968/680 1830 1,44 .38 .
M 0,35 3,08 3915 0,503 870 3910 [3) 0,47 966 ¢ .
SZM 0,36 1,08 5i08 0,805 470 5480 208 0.49 Nl Been 130 1,10 1.00
M 0.3 1,09 6510 0,305 930 4080 280 0,40 9"“1‘ ’IOI}H ‘Aﬂ }.I’ 19 4
M 0,36 1.08 4310 0,505 900 8620 203 0,43 aarine °z“;: e Yos 15
“2e1M 0,42 1,11 6248 0,477 935 6408 390 0.49 71790 177 1030 i l‘il
s2e2M 0,81 1,06 3435 0,487 510 3630 % 0,71 “g’,; 9«/217 e l-n e
w2-3M 0,35 1,08 5365 0,474 680 5250 192 0,94 {44 r4 I R 1 0e
2=4M 0.38 1.09 3365 0,477 915 5450 333 0,69 “0’/;70 43¢/211 120 IIGS 1‘00
w2edM 0,38 1,09 621% 0,477 1008 6370 434 0.56 1102/780 1117/76 1800 l'l 0‘9.
-2-6R* 3,2 0,023 11400 0,478 206 5680 27 0,86 gae  thaaa 1800 e 1o
S2a7R}P 3,2 0,026 17040 0,475 610 8760 388 0,68 HEHA ”'“#I;’: 54 R H
-2-8r* 3,4 0,027 13540 0,478 700 8940 408 0.70 51768 1013/ 1800 I.N l'ﬂl
+2-9R* 3.2 0.023 8320 0,473 402 8140 211 0. 64 1Y O teod R '
«2-10R* 3.2 0,022 7560 0,488 14 3840 89 0,80 109977 +3% .
tp ransmisalvity fnctar equale 0,86 for sapphire window, *rimi length s baned on Measurement prior (o sscilouning; thickness
refers to langth aftar sectioning,
v
Mn-lruNl ;l" QIDI‘O ;A llll Du:‘nﬁﬁon l:n_p'uun lnuul_nn . dm K
Sampte No Recersion scession ) me Rats Description of Motion Picture F\ Swezage
Jampie Na, X Aocspmat  Dectesion —2t e .
HiBg ¢ 3IC (A-4)
.;u :3;8 l.§ 32 %xl‘tl‘llun {:gg lmr‘lldu l‘:ﬂv‘“y. Il?utd bubbles at sdges
. xidation } uld oxide fornation
-IM 3640 88 191 Melting 139 l::uld oxlde, composits melti
adM 5140 4% 469 Onid + Melt 1608 l:qu:d ou:;io.' lwl\:.urn (ormation, meltiag, some
{laking off of ox
alelM 945 460 e Onidation 1100 (nu.:ll‘el&dndmahln.. srosion At angle to {ace, solid
onidae lormae
sodM N1 iYL ] ] Oxldation 180
ledM 4790 168 n Omidalion 1830 hllt‘:nl'ouldudmultlnl. srusion at angle 1o tace, solid
oxide toeme
ndedM sig0 16% 181 Oxfdation 1830 heated trom top towards bottom, liquld oxide, eronion
at angle, sunburst formation
«debM ELTT . 1 V) 534 Malting i20 ;‘lpld Dlll‘l meiting, receseion at angle, susburut
armalion
=2«6R 5190 «1 i3 Ouidation 1400
3Tk $300 w? M Oxidation 1800 .
PYET 480 is 4 Oxidalion 1800
«d-9R 4680 -8 11 Oxidation 1800
ei«l0R Jomo ol ] Onidation 1800 .

*Recession rute cunverted (0 30 minukes on linvar basis,
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TABLE 5

SUMMARY OF ARC PLASMA EXPOSURES OF BORIDE Z (A-5)

Material «
Sample No, LH N
Assumad P i Surface GComputed
Emitance Mach Fo e D Sew T Radiation  Normal
Ath o0 65 No, atm BTU ‘L‘l BTU R BTU Emittance
1 tiZsac obs ftisec

lnr:h Z (A=)

L] .

' -1M 0,30 1,08 3640 0,490 370 4315 116 0,89
«iM 0.54 1,19 458 0,405 490 ccvm  cue [
-3 0,32 1,06 3008 0,482 410 4405 ..o wsee
-4M D.30 1.63 2500 0,490 350 1380 9 0,64
-3M 0.36 1,08 5075 0.48% /00 5605 386 0.71
.6% 0.42 1,11 4078 0,405 600 3710 23S 0. 67
-TR 3,2 0,028 12120 0.49) 539 $430 389 0,76
.ll: 3.2 0,013 9200 0,482 262 4280 112 0.1
-9R 3.2 0,001 10410 0,402 182 2080 43 1,01

Iy 3.2 0,001 14450 0,490 701 8620 280 0.4%
=10RY 3.1 0.01711620 U485 189 8490 312 o.n
-12R* 3.2 0,010 13060 0,490 3165335 206 .80

*'runamlulvnv {actor equale 0,86 for sapphire window.
su-um’s “'l‘, Ro'“'l “.“ﬂ:‘ mu.:man Exposurs
ample No. eweosvion Recession lode ime
== Twia mile “Feconds
Boride L {As8)
1M 4093 -2 Oxidation 910
-IM mmme  mas 1 Th, Shock i
«IM 3948 ok 3 Onidation 1830
o4 3920 Oxldation 1030
«5M 8148 Th, Shock 33
&M s1s9 Th, 8koek 40
= 5170 Oxidation 1800
«AR 3190 Oxldation 1080
98 2620 Oxldation 16400
oliR 5160 Malting 100
«10R 4030 «10 ‘Th. Shockd Oxid 1800

Th. $hocks Onid

286

Initial

{mils)

723/679
698/670
674/639
708/663
736/690
7197695
1031/103
1028/ 690
1036/47%
1030/ 497

1027/697
i032/h70

* Final Length is based on measurament prior to sectloning, thicknesy
refers to length &

weanfnans

e

4Receesion 1ates converted to 30 minutas on linear basis,

Calculated Temperature
Ratio T(CALCWT(OBS)
Cold Wall  Fayand Riddell

Final Exposure Haat Transfor Heat Tranefur
Lergih® Time  Gosfficlent, _Coefficient
ckness Teeconds) -
(miis)
728/676 970 1,14 1,16
=aufb68) 1 e [
680/611 1830 1,14 1,11
708/ 659 1830 1,40 1.3%
-ee-/50% 33 1.08 1.06
aeun/603 40 1.05% 1,04
768/469 1000 IFEL) 1.01
1081/ 680 1800 i.26 .19
1037/ 66% 1800 1,64 1,61
$30/210 100 1.22 1,09
1048/ --- 1800 1.08 0.98
1088/ mne 1500 1.07 1,00

ectioning,

Duscription of Motion Picture Film Covernge

little oxidation
i.nmediate thermal shock (ailure

little oxidatlon

1 onidation

specimun ¢racked, liguid oxide formed, spallation

specimen cracked, liquid oxide formed, spallation ¢

radial crack 1/4" from face, lttle activity
thermal shock of front face on heat-up, chipped non.
uniformly, radial crack 1/4' (rom front, little activity




TABLE 6

SUMMARY OF ARC PLASMA EXPOSURES OF HfBZ + 20% SiC {A-7)

Material

Sample No.

Al:’umnd Mach P l. o ch

Emittance 8 .

sthon06% No. atm BIU (in) BTU
fthec

HiB, |+ 20v/0 SIGAT)

= 0,60
: -IM 0,42 L1l #690 0,488 810
i M 036 1,08 5085 75
-IMA 0.39 LO9 2970 665
-IMB .39 LOS 297 665
-4M 0,36 1.08 5200 5%
«SMA* 0.1% 1,01 5010 655
-5MB¥ 0.15 L0t sol0 655
SHM* 0,71 1,34 3390 750
~TMA® 0,18 Lol 6210 T40
-IMB* 0.1% Lol 6210 740
-ZIMI 0,3} 1,06 4380 2%
-23MU 0,33 1,06 45% 5831
<2IMIN 0,33 1,06 4530 583
-23MIV 0,33 1,06 4370 603
<24MI1 0,36 1,07 3980 550
-24M11 0.3 1,08 3970 653
~24MIL 0.3 1,07 219% L1}
“24MIV 0,3 1,00 195 57
~25Ml 024 1,03 4890 498
-25M11 0.27 1,04 4700 L1
-25MI1 28 L04 4960 487
! S25MIV 21 104 4910 395
-25MY 271,04 4610 498
. -25MV1 26 1,04 4350 513
S35MVILL 27 104 4780 508
-3SMVIR 26 1,04 4420 507
<25M1L. W27 1,04 4820 518
<25MX 1,04 4800 493
-25MX1 L.O4 4800 48}
-30M 5 1,03 5030 587
- 3IM 0.5 01 5580 487
B 0.2t .02 8740 618
-36MH 0.3l 1,02 1500 0, 437 513
-3TMH 0,21 1,02 3640 0,438 495
-40M 0,26 1,04 4390 0,438 493
' -4IM 0,27 LU4 4400 0,438 502
-44M8 0,26 1,04 4360 0,437 49)
-45M5 6.26 1,04 4580 0,427 522
" Preokidized mmples
. Muterial oT Grose Material
' Sample No, B Recesvion  Revession
il mils

HIB, 3+ AN SIT (AT

\ <M 5160
, -2M 4800
-3MA 8594
. - IMB 4745
4N A%o
- 5MA 5948 =ae
L} -5MB 5030 t X
-6M 813 [ ]
<TMA 4138 .
-TMB 5100 12
~ZIML 4960 ana
<23Ml 5010
, S23MiN 5040
<23MlY 3240
SLAMY 4710
-24MI1 4905
-L4MILL ANMO wee
~24MIV 4905 153
~25M1 4485 cas
~25Mll 4b30 -~ e
~25M111 4755 e PO
~25M1Y 4930 .
+25MV 4975
~25MVI 497
«25MVI1 4975 ene
«25MVIIL 5040 P
-ISMIX (11 .-
-25MX 240 .
SISMXL 5250 589
-30M 4918 343
MM #1950 2y
3™ 5188 17
«3bMH 3910 13
«37TMH 3765 10
-40M 4208 14
~4IM 4540 - 62
<44MS 2790 0 [
-43MS 2535 Q [4

+
Estimated

q
r
T Surface
Radiation
°R __BTU
obs  ft°yec
&220 336
5260 224
6059 A
5205 98
5340 230
6405 138
5490 n2
5595 246
6598 38
8560 57
5420 209
5470 214
5500 22
5700 250
5170 198
5365 233
8400 226
8365 i
4945 169
5090 156
5215 193
5390 219
5435 197
5438 211
5438 196
5500 226
5583 238
5700 262
5710 262
5375 216
4650 ne
5615 253
4370 1]
4225 L1
4665 125
5000 150
3250 3
3345 i

Degradation
Lde

Meiting
Melt, + Oxid,
Melting
Oxidation
Melt, 3 Oxid,
Melting
Oxldation
Oxad, + Melt,
Melting
Oridation
Melt, + Oxid,
Oxidation
Oxidation
Oxtdation
Melt, + Oud,
Oxi{y tlon
Dxidation
Oxidation
Melt. + Oxid,
Melt, + Oxid,
Melt. ¢ Oxid,
Oxidation
Onidation
Qxidation
Oxidation
Oxidation
Oxidation
Oxidation
Oxidation
Melt. ¢ Oxid,
Melt, ¥ Oxid,
Melt. + Oxid,
Oxidation
Oxidation
Oxidation
Oxldation
Oxidation
Oxidation

N
Computed
Normal

Exposure
_Time
avdondy
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Calculated Temperature
Ratio T| CALC/T(OBS)

Cold Wall  Fay and Riddell ':
l‘:mm I.:‘Mlh‘ Exposure HQ.I{Trlnlhr Hest Transter i
angth 1l Time Coelficismt Coufficiont 1
Tﬁlch-u ckneis wecondn, = !
(mila} {mile} ;
.
H
540/%23 -e-fA18 1.02 Loo }
§35/520 - -/361* Lib 112 ;
§52/544 -/ 444 0.4 0,82 N
...... 420/363 1,04 0.98 A
537/5% ---/309 L6 fa !
936/926 P 0.93 0.88
710/640 1,09 1.00
N2/909 849/811 1,02 0,98 :
918/92) avafean 0. % .90
592/539 113 1,06
923/922 1.07 104
1,06 1.08
R 20 1,08 1,04
789/129 L0l ¢.99 }
cenfnnn 1,08 107 ¢
104 1.0 !
1,04 102
1.08 Loa !
NS 116 !
Ll [N
1,00 haz
1,08 .08 !
1,03 1,08
1,03 Lol '
104 106
1,08 1,02 '
1,0 1.0 '
0.9 0. 99 k|
0.97 098 !
109 Las
123 123 .
1,07 .06 !
1,23 A
1,28 Ll
[ Ly
112 1,12 K
684/93 L LN
£90/395 169 Lél

* Final length vefers 1o sample length Brior to sectioningi thicknaes releys
to avelion length,
* Ertimated,

Y Nose ty inedepth tlempt rature measurement station,

Recua‘ur\
Rate Drecmiplion of Molion Picture Film Govern, L,
- LT LV
TR

Sunt iest formed, rapid melting at angle,

Qradial healup, rapid meltin, vlidified in swnbuyst,
Sunburst formed, oxide melting,

Solidified sunbural, little o 'TH
Rapid melting, solidified sn unburet,
Rapid melting, rapid recession,
Solidified 10 aunburet,

Rotating and vibraung of sample, continuous oMide meliing,
Rapid melting,

Solidified in sunburst,

Rapid meiting, aclidified in aunbursi,
Iriact from cycle 1,
Intact from cycle 1,
Intmct from cycle 11,
Meitng, soldified in
Inact from cy .
Intact from cycle I,
Intact frum cycle 111,
Considerable melting, solidified alter weveral minutes.

Oxide melting and chipping, suiburat furmed, some oxide melling,
Saine behavior as Cy(‘ll .

little change,

Uttle activigy,

some oxide hipped sway.
nunburst, hitle acuvaty,

Nuchange from cyc
Slhight melting and s
No change from cye

Slight melting and spalling of oxide, litile change,
Y v

rum:. of uxide, little change,
e VI,

No change from cycle VII,
Siight melting and chippiryg

oxide bulldup on sides,
of onide &1 vdgee,

No'change from cycle 1%,
Slight melting of oxide at edges,
Melting, solidified in sanburst, some #light oxide meiting,
Slow mmlunf. entually solldified, tume oxide melting,
Meiting, sglidified in sunburst,

Hot spot /8" diam. at nose, litlle activity,

Very slight oxide melting spread 1rom edges inward,
Slow oxide melting from sdges inwarg,

Little visible,
‘E-mvuml
Converied 10 30 minutes on a linear besis,




TABLE 7
SUMMARY OF ARC PLASMA EXPOSURES OF HfB, + 20% SiC (A-7)

Sarnple No. q, N Calculated Temp -rature
. Assumad P i b q T Surface Computsd Ratio T(CALC)/T (OBS)
Cmittance Mack ¢ e cw o Radiation Normal Initial Final Ex Cold Wall  Fay and Riddell
at_hu0.6% No & ETU fm} BTU °R BTU Emittance na posure
_No, atm EIU | BTU "R _DBTU_ Kmitusce Length Langth® Time Heat Transfer Heat Transfer
fthec obe  Hosec fﬂ?hn ﬁkhou Theconde) Cosificient  _ Coefficient
(mdls) {milg}
HIB, | ¢ 20% NCIA-T)
¢ 50,60
5.1 0.085 10710 0.438 847 3100 26 0.41 d
3.2 0,005 10890 0,438 347 3130 37 0.40 1000 b et
i 3.3 0,085 10840 0.438 47 3750 49 0.53 X L 1o
: 3.2 0,085 10800 0,438 547 3785  §9 0.61 1400 1ee e
; 2.2 0.209 7220 0.438 8% 5488 76 0.18 1800 Lis i
2.2 0,208 7360 0.438 404 5440 224 0.54 1400 116 i
2.2 ©.lyT 7100 0.438 604 3370 2z 0.54 1800 Iwtd nH
2.2 0% 7150 0,438 S% 5360 210 c.54 : 1800 oY i
3.2 0.04k 10320 0,427 499 3535 2 0,44 1206/898 1800 176 17
3.2 0,066 10530 0.427 499 460 34 0.40 Y g 1800 Ll L
3.2 0.072 10200 0.4Z7 489 350 32 0,38 1000 170 L6
) 3,2 0,072 10500 0,427 498 1840 60 0.%9 1900 163 Ler
i 3.2 0.072 10200 0.427 498 5180 1% 0.40 oo 120 L
! 3.2 0.072 10300 0.427 498 5295 16D 0,44 1060 118 oy
' 3.2 0.0462 9420 0.427 498 5295 154 0.42 1800 LT H;
: 3.2 0,062 10470 0,427 498 5413 152 0.38 1000 1118 .
, ; 3.2 0,045 10210 0.427 487 065 158 0.25 1479 102 hel
5.2 0.068 10790 0.427 489 AL 77 0.82 1000 1,66 16
; 3.2 0,05 10440 0,427 498 5190 113 0.13 1000 120 i
{ 3.2 0.670 9980 0.427 480 5275 124 .14 1800 117 i
3.2 0,070 9880 0.427 480 310 151 0,40 50 Lie nis
2,2 0.5 7380 0,427 552 3470 47 0.69 1800 179 Vi
: 2.2 0.8 7510 0.427 352 3180 44 0.41 1800 1,66 by
: 2.2 087 7%D0.427 M1 MI0 72 0.40 1800 140 L4
2.2 0.87 1210 0.427 %49 4760 175 0.7 1800 [ i
. 2.2 0,47 92900,427 335 4250  ea 0.57 1800 148 L
2.2 0.M6 7630 0,427 582 4528 94 0.48 1800 17 [
2.2 0.6 1650 0.427 $47 4910 179 0,66 1800 n2? %]
2.2 0,168 7720 0.427 335 4760 153 .63 1800 L3 g
2.2 0.K8 7840 0.427 361 4795 221 0.89 1800 L3 ¥
., 2.2 0.48 7580 0,47 547 4760 151 0.63 1800 130 129
2.2 0.8 7850 0,427 352 4410 LS 0.66 1800 4l La
3.2 0.105 9840 0,427 590 1435 37 0,87 1542 I.88 I
12 0.0 0040 5427 720 5465 198 0.47 1200 L2l b
3.2 0,180 90300.427 791 s8I0 270 0,50 1224958 931/606 90 L o

«
Final lungth refers tommeasurement atter vxposury, thickness refers
to suction lenpth,

T i Dy .
E‘;;.“Er_‘":‘:_'. _.or “'s::::’“‘ Kr‘.":‘::‘;:‘ w E:!"::"“" K"R::i:m Description of Motion Bicture Film Coverage
tmilsy - Tmilel seconds ) T
HB, |+ 20% SC (A-T) 30N
26P1 3040 ‘e eea Onxidation 1800 .- Le(l edge grew hotter throughout run.
-26R1] 3290 sen one Oxldation 1800 -.- Ouxide formed inward {rom left
<26R1I1 3290 .- .- Onxidation 1800 ven Left side hotter than rest of face.
LRIV 332% Oxidation 1400 1 No change from cycle Uil
-27TRI 4995 O idation 180n .- Light oxide formed.
TR 4980 Oxidation 1800 aaa No change from cycle I, slight oxide chipping.
-27RIN 4910 Oxidation 1800 e No change Irom cyclell.
<2TRIV 4900 Oxidation 1800 2 No change from cycls 11,
-2 3075 Oxidation 1800 con Uniform heating, little activity.
-20RL 3200 Onidation 1800 “ea Uniform heating, little activity,
- 28RII 390 Oxidation 1800 ‘.- Uniform heating, one spot near edge oxidized,
-20R1V 3380 Onxidation 1800 “-- Bright oxide apot near edge, patches on face,
-20RV 4720 Oxidation 1800 “e- Onxide covered most of front face.
-28RV1 4825 Oxidation 1800 n-- Intact from cycle V, little activity,
-28RVI1 485 Oxidation 1800 - Some oxide chipping, little activity,
-L8RVIN 4955 Ouidation 1800 aee Intact from cycle VI1, some additional oxidation,
-ZBRIX 5605 Oxidation 1479 ene Intact from cycle VI, little activity,
-2LRX 3300 Oxidation 1800 on- Mot of oxide broke off, patchy oxide formed,
<28RX1 4730 - Oxidation 1800 san Soms chipping at edges, Jittle activity,
+ZBRXU 4815 --- .- Oxidation 1800 oo Intact from cycle X1, oxide covered most of face,
-20RV11 4850 -4 15 Oxidation 11%0 1 Some oxide beoke off, littie activity.
291 ol ewe »- Onidation 1000 Ldttle actlvity, uniform heating,
»19 3290 - - Omnidation 1800 Slight hot spot &t cenker,
-29ml1 3950 aee .- Oxidation 1400 Hot spoi more appar nd growing .
-V 4300 - .- Oxidailon 1800 Oxide covering most of sample,
«29RY 3790 - aae Oxidation 1000 Most of oxide broke off, spotty oxide remaining.
-29RVI 4065 - o= Ouidation 1800 Onxide “hickeat ai tap e
-39RVU 4450 - ... Oxidation 1800 Somae oxide broke u}‘l. face nonuniformly oxidited.
-9RVHS 4300 one vee Oxidation 1000 Some oxide broke off, surface nonuniformly oxidiged,
29X 4338 bae am- Onxidstion 1800 Some oxide broke off top, heavy uxide on bottom. »
~2IRX 4300 --- --- Onxidation 1800 - Bottom oxide broke off, heavier oxide remained on top,
<29 R 3950 15 49 Onidatior. 1800 4 Onide broke away alimost completely, reformed slowly,
-33R 29715 [} 5 Onidation 1542 h Uniform heating, listle activity,
-34R 5005 -13 3 Onidation 1200 4 Slight oxide meliing
~35R 5350 293 35 Melting % $300 Fapie aeling and re.

$Converted to 30 minutes on a linuar basis,
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TABLE 8

SUMMARY OF ARC PLASMA EXPOSURES OF HfB +20%SiC (A-7)

Material

Sample Na.

Amsumrd i

Emittance  Mach P . Sew

ath s 0,65 _No. athy BTU (B) mTU
b ft"vec

HID + 20WBICIA-T)
2,1

« 20,60
«38RH 2,2 0.128 8280 0,437 497
-319RH 2.2 0,162 6540 0,437 487
-42R 2.2 0.138 7140 0,437 498
=43R 2.2 0,134 7520 0,437 503
-46RS 2.2 0,169 5750 0,440 303
-4TRS 2,2 0,169 6290 0.440 489
»48RH 2,2 0.14% 7030 0,975 492
-49RHS 2.% 0,162 6800 0.975 5i2
<SORH 2,2 0,15 7250 0,975 492
51RHS 2.2 U162 6510 0.575 497
«52M1 0.2% 1,03 4020 0,437 455
=52MIL 0,25 1.03 4110 0,437 485
-5ZMIN 0.25 1.03 4140 0,437 450
-52Ml 0.26 1.03 4IBO 0,437 442
~52MY 0,26 1.0} 4160 0,437 450
«52MVI1 0,26 1,03 4350 0,437 450
-52MvY 0.26 1,03 4180 0,437 4%
-52Mvill 0.26 1.0) 4400 0,437 450
~ 38R} 2.2 0.263 7290 0,437 880
~39RRI 3.2 0,053 8830 0.437 B88S
< 39RRI1 3,2 0,105 7290 0,437 937
«46RR 3.2 0,169 7540 0.440 988
Material T Crage Matvrl

Sample Nu, °r Ri. siun  Receaston
ampely - =walT Tenhy

HiB, | + 20%51C(A-T)

- 38RH 2558 0 o
-39RH 2710 -4 1
-42ZH 2620 ] o
-43R 2730 -l 1
w46RS 3220 [ 0
«~47RS 3158 -8 o
-48RH 2540 -1 [}
-49RHS 2820 0 n
=50RH 2630 4 0
-S51RHS 2695 -2 2
-52ML 3390 .. .-
-52ML1 3910 .- ..
-S2M1 4725 .- --

5IMIV 4370 .- .-
-SZMV 4665 - .-
-8IMV1 4690 .- --
~5IMVIL 4755 .- .-
-S2MVIIL 4710 .- i)
-38RR 4780 .- ..
- J9RRI 295% .- -
-39RRIl 4285 .- 24
-46RR o 0 1

qI’
Surface
oF  Radiation
r_BTY

obs  ftTeec

018 27
3170 34
3080 27
3190 34
3680 47
3615 40
3000 25
3280 M4
3090 30
3155 30
ELLT] &5
4370 152
5185 199
4830 117
5125 163
5150 182
5215 2¢

5170 149
5240 227
1415 39
474% 199
3570 47

Neyradation

Oxidataan
Oxidation
Oxidation
Oxidatiun
Qxidation
Cxidation
Oxidation
Oxidation
Onidation
Oxidation
Owdation
Oxidation
Oxidation
Oxidal ton
Oxidation
Oxidation
Oxidatian
Ox.dation
Oxidation
Oxidatlon
Oxidation
Oxidation

N
Computed
Normal Initial Fina! .
Emituance Laugth Langth
muines e riichess
{mile} {mils)

D000 DOOOOCDOBO00000D
C MO P RN LN EO IO NI S
[ IRl 3-Rrap TR~ VA= PR g N

Expoaur:

Time

Seconde

1800

289

Exposure
Tinge

“Taeconds)

Calculated Temperature
Ratio T(CALC)/T(OBS)
Cold Wall  Fay and Riddell
Heat Transfer Heat Transfer

Cosfficient

Coelficient

1000/93%+  1000/93
994/391s 9
1001/9%e#  1001/96
1001/395%8 | 002/394
1001

1001/399%%  1001/399
1000/39%¢s  1002/393
nz;éoo /.

1001/930
995/3908s .
aemafean an=/366
1001/934¢  1001/92

esrNeLON

LT RRERURISRRNITISERD

PLBWOOOO=—ONS

*  Final length refers to sample length pricr to sectioning; thickness
refern to section length,
¥4 MNose to in-dopth temperature measurement station,

Roeveasson
Rate*

il
40 'min

0
i
o
1
[
o
1
[
[
2

*Converied to 30

Deacription of Motion Picture Film Coverage

Nu activity,
No activity,
Little visibla,
No aciivity.

Little activity, hottest at samiple-oshroud interface,

Little activity, shroud hotter than sample.
No activity,

No arctlvity.

No activity,

No activity

Little visible, edges began tc oxidize,

Edge chipping and dropiets, oxide buildup from edge
Oxide melted, broke off, slow inciting continued,

Considerable melting, solldified in sunburst,
Initial melting of oxide,

Initial melting and chipping of oxide,

Intact from cycle V1, little activity,

Intact from cycle Vi1, little activity.

3/8" diam. hot spot oxidized at nose.

Little activity.

3/8" dinm, hot spot,

Little activity.

minutes on a linesr basis,

.
inward,
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TABLE 9
) *
SUMMARY OF ARC PLASMA EXPOSURES OF ZrB, + 20%SiC (A-8)
|
!
\ 3 Material q «
3 Saraple No. r N Calculsted Temperature
Asspumed Py N D q T  Surface Computed Ratic T{(GALC)/TOBS)
Emittance  Mach . o) O Op Radiation Normal i Cold Wall Fay and Riddel!
: atd w068 Mo  atm BTU Ty~ Bty Emittance tial Heat Tramafer Heat Transt
. - To fhee obs % sec o e Cosfficiem  _Cosfficient
d mile)
) 2B, | + 20% NC(A-8) ! !
s = 0,40
y -1M 0.47 114 36850 29 212/2558 2 1.08
-3 0.45 112 8070 306 2%/212 34 100
A «3M 0.38 1,07 483 363 116/86 18 0.9%
-4MA 0,32 1,06 3915 16 enafaun 205 1,38
-4MB 0.32 1,06 3NS5 358 211/2%7 42 %.9
-5M 0.62 1,25 3070 102 698/648 1800 1,04
] -6M 0,70 1,33 3320 269 105/% 43 0.93
/ «~TMA 0.17 .02 0 a8 aasfaen 280 0.9
’ <IMB 0.17 1,00 3480 13 602/616 1520 1,00
' -0M 0,10 1.0l 5160 167 854/031 1800 1,18
y -9 0.10 1,01 $230 5 898/876 1800 148
~10MA 0.09 1.0l M0 3 POy N 200 1. 47
-loMB 0,09 1.01 3970 28 291/977 1600 1,53
: <M 6.7 LOI 3TN0 61 887/869 1800 Ly ¢
, «12MA 0.7¢ 135 3130 188 cosfunn 660 1.08
s ~1IMB 0.7¢ 1,38 33 F s/ba2 9 0,9
~1IMA 0.44 LR 540 2718 40 0.8
<13MB 0,44 L2 M40 14 1760 1,08
: -4 0,21 L0l 4% 268 %0 9,98
3 «14MB 0.21 1.0l 44% 189 1640 L1
] «15M1 0.13  1.00 840 181 1800 1,14
. «15M11 0.13 100 48) 199 1800 1.08 1.07
. 4 «1SMIN 0,13 1.00 8240 218 1000 1,66 1,07
i i «1SMIV 0,13 1,00 443" 195 1400 1.08 .08
«17M 0.18 1.01 s700 218 1800 1.08 1,08
! -10M 0,13 10l 6070 108 1000 113 Lis
\ -19M 0,14 1.00 4450 58 1800 1,43 1.48
' i «20M 0,18 1,00 5730 170 1800 LI 1,22
-25M 0.13 .01 320 80 1800 1. 48 1,83
«2bM 0,13 101 5430 4 1800 .51 1,86
! «29M 5 0,13 1.00 8530 58 1800 1. 40 1,45
: -30MS 0.13 101 4840 29 1800 1.76 119
) +40M 0,46 1.13 4950 2 20 1.0% 1.90
«4IM 0,42 L0 %130 288 20 1,08 0.99
42M 0,38 1.07 462% 350 306/2% © 0,08 0,94
) ~4IMA 0,33 1,07 4288 29 303/292 a0 139 1,34
N 4IMB 0.33 1,07 4238 366 JOSY/ 2oy 250/234 40 0,94 0.9
# Encased in Poco (B-10) graphite shroud which ablated complately * Final langth xelers to pampln lenth prior tw sechioning; thickness
in 500 sac, “* Noae 0 incdepth temperature measurement stution,
Material g; GOross KMl\or:ﬂ Degraiation Exposure Ruceasion ]
SampleNo, _ %_.. W —Mode -"%"—::%i- _:_llr%:‘_ escription of Motion Picture Film Coverage
ZrB, | 4 20% SIC(A-8) STl
-IM 55)6 186 158 Melting 22 12680 Large drops meiting snd blowing off,
-IM 5585 161 188 Melting 34 5790 Large drops melting and blowing off
-IM 5598 291 307 Melting 78 7092 Slow heatup, rupid melting
-4MA 38135 a.- ae- Onidation 285 - Slow heatup, sume liyuid at edges
“4MP 5445 136 42 Melting 42 6070 Rapid melting
-5M 4475 182 224 Oxidation 1890 224 Omide melting continuously
-6M 5390 700 711 Melting 43 32526 Rapid melting
=TMA 5140 eu . Melting 280 .. Oxide formed and melted
-TMB 4600 204 264 Oxidatlon 1920 264 Soudified in sunburat
-8M 4180 -2 7 Omidation 1800 7 Jattle activity, some oxide melting at edges
9N 3160 N ] 10 Oxidation 1800 10 Little activity
- IOMA 2835 --- e Oxidation 200 ona Little visible
-10MB 2708 0 4 Oxidation 1600 4 Little visible
- UM 3345 -3 10 Oxidation 1800 10 Little activity, some small bubbles on surfaiv
«12ZMA 4485 ana mae Ouidation 660 - Sample loods on sting, sunburst formed
-12mMB 5090 3 247 Melting 9 39%00 Rapid melting
~1IMA 5828 ren e Melting 40 e Edges melted, sunbursl [ormation
<13MB 431 64 73 Ox{dation 1760 73 Sollidified in sunburst
-MA 5170 Melting 160 .- Melting
«l4MB 4440 42 8¢ Oxidation 1h40 80 Solidified in sunburet
»15M1 4350 . - Onldation 1800 e Edge oxide malted, central unoxidized cold spat.
- 15MIL 4540 naa ame Oxidation 1800 rea Slight spalling of oxide, center oxidised slowly
<15MIU 4700 —-- ae Oxidation 1800 .- Na changs from cycle 1l
< iSMIV 4540 26 Oxidation 1000 7
-1TM 4830 1o Oxidation 1800 no
-18M 4385 21 Oxidution 1000 27
-9 3225 6 Oxidation 1800 (]
«20M 4260 F] Oxidation 1000 2 Heavy oxide formed slowly from edges to center
-25M 3160 L] Oxidation 1000 8 Little activity.
-2bM 3y 6 Oxidation 1000 [ Little activity,
+29MS 3360 onn [} Oxidation 1000 8 Little activity.
- 30MS 2540 .2 6 Oxidation 1000 6
- 40M 5815 134 153 Melting 28 4030 ps melting and blowing offl '
-4M 5595 150 158 Melting 29 9800 Large drops maelting and blowing off %
-42M 5630 58 61 Malting 40 2180 Rapid melting, large chunks flying off )
-43IMA 3665 .o . Oxidation 80 - Small bubbles, unl,orm heating . .
-4IMB 5665 53 58 Malting 40 520 Rapid malting .

*Converted 10 30 minutes on a linear basis, ‘




TABLE 10

SUMMARY OF ARC PLASMA EXPOSURES OF ZrB2+ 20%8iC(A-8)

Material
Sample No,
Assumed
Emittance

Mach P

1

.
Ath e 0.65% No_ atm BTU
b

ZrB, | + 20%510(A-8)

t = 0,60
-16RI 2.2 0,159 6780
<l6RI 2,2 0,1%9 6730
+I8R1 2.2 0,189 7170
-8RIV 2.2 0.)52 7170
“21RA 1.2 0,093 10500
«2|RB 3,2 0,095 10300
-2IRA 3,2 0.1%0 8210
«2RB 3.2 0,13 g0
«2IRA 3.2 0,155 8140
-21RB 3,2 0.15% 8l40
-2RA 5.2 0.170 Yidg
«24RB LiE 0,170 9130
=27R 2,2 0,117 1970
-2R 2,2 0,111 73%0
«3iRS 2.2 0,226 17190
<32RS 2,2 0,228 7270
-3R 3,2 0,087 9000
=R 3,2 0,063 10160
sM.ml-rll:l ol Urunw
Satuple No, P Revismion
= tmiky
Leiy | ¢ WUSICIACE)
- 16RE 4320 e
- 16R1L 4158 -t
<1ekin 4440 sae
I6RIV 3940 1
«2IRA 2875 v
-2I1RB 5280 395
~A2RA 3560 .-
-22RB 5063 469
-23RA 3685 e
2IRB 5030 594
+24RA 3685 ...
-24RB 5254 649
-27R 2875 -6
«28R 3620 -8
-3IRS 2620 -2
12RS 2765 I
35R 2730 -3
- 3 4265 -6

D Yew
{w} BTY

ll’:c

0,427 480

Materidl
Recession

T

567
482

A
Surface
o7 Radiation
BTU

obs  ft%sec

Dugradation
Mode
-

Onsdation
Ouidation
Ovydation
Oxidation
Oxndation
Muiting

Oxidation
Multing

Oxidation
Melting

Oxadatlon
Melting

Oxidatiun
Oxidation
Oxidation
Oxidation
Oxidation
Oxidation

N
Computed
Novmal Initial Final
l:mmlucq

{mils)

0.20 mu’ul

1000/661

849/27)

639/330

92
0,47 938/622  adi/612
0. 56 B19/503  928/49%

*  Final length refen

Length Langth®
ThIc hcu 'Iﬁcﬁcu’
(mila)

Calrulated Temperature
Ratio TICALC)/T{OBY)
Cold Wall  Fay and Riddel)

Expasurs Heat ":unll-r %.:(’Jp‘u.(.r
Time Coefficie slong
Twceadiy o Sudlicly
1800 1.23 (3% 1}
1800 122 1.23
1800 L2y 1.2}
1800 138 1.0
400 1,93 1.8l
13 Lz (X33
148 )] 1,58
58 L1t 112
40 1.9 1481
s1 L.20 1.14
38 1,63 1.5
55 1ie 118
1800 1.90 1.8
1810 1.46 1.4
inoo 1.93 2.04
100 1,83 1,94
1800 187 1.0
1800 1] 129

t0 messurément after exposyre, thickness

refers (o length after sectioning,
®% Nose tu inedepth tamperaturs messuramant station,

Exposure
Time

Ree vn‘\m
veconds 5,":

30 min

1800 eue
1800 —ae
1800 e.e
1800 7
400 .-

33 500

55 15700
&\ 2is00
55 21600

@®

=11

=x=1
Nowwma

*Converted to 30

291

Descripiion of Motion Picture ¥ilm Coverage

Littly activity, oxide formed on top half,
Oxide broke ofi, spotty oxide pefopmed,
Oxide broke off, reformed on bottom, than top,

intact from cycle 111, oxide grew uniform, broke in spots,

Little sctivity,

Sudden rapid melting,

Uniform heating, slow heatup to adge melting,
Melled from edges to center, rapld melting.
Slow heatup to melting,

Rapid melun?
Heated to melting,

Rapid melting.

Lattle activity,

Oxide {orm-g from top to center, bottom unoxidized.
Little activity, shroud slightly colder than sample,
Little activity, oxidation at sarmples shroud interfuco,
Lattle activity.

Non.uniform axide buildup from lelt to right,

mituies ona lnear basis




TABLE 11

SUMMARY OF ARC PLASMA EXPOSURES OF

HIB, | +35 v/o SiC(A-9)
Materlal Calculated Temperature '
Sample No, A\ MY Ratio T(CALC)/T{OBS}
Assumed I ' Surface Compuled . Cold Wall  Fay and Riddell
Emittance Mich . » %) few T Radiztion Normal Initial Final Y Kzposurs Heat Transfer Heat Transfer
at \ 2 0, 58, No, atm BTU {ly BTU op, ATU Emittance Length Length Time _Goelticient Codlficient
ancle D R -z = er— '35 1 thTcknesa sscondal T
b - 1t%sec obs  Nt"esc {mils) (mlls)
"“".I +35v/0 31C (A-9)
¢ 523/50% w29/ 8 1,07 1.03
~IM 0,48 1,14 5700 0,489 910 0% 327 . %1 . g
~2M 0,45 1,02 4700 0,489 730 &¥0 Mo 0.%0 822/810 ==a{219 133 0.96 0,93
TR S Ot TS B
-4MB 0, 1.0l 0. 70 0. 66 et i . '
SSM 0,33 1,07 3663 0.48% 530 4000 140 0.1 875/553 1800 1.2¢ 1.2
- 4M 0.10 1.01 47 0.836 4lo 40 (1] 0.52 ©r/4e 1500 1.34 1,28
=™ .13 1,01 3% 0.42 343 D (1] 0.6 3b/e28 1800 1,32 V.20
» SMA 0,89 1.3 440 0,426 530 4028 0.48 “s/a 200 1,33 L1
« I3 0.89 1,23 2640 0.426 330 ) 82 0.43 ceafmaa 1500 .28 1,23
- 9MA 0.10 1,01 4110 0,426 430 8528 3N .59 433/an ofenn 0.9 0.9
- yMB 0,10 1,01 4118 0.436 450 95208 (3] 0,17 cenfann 201/183 1440 1,02 0.94
-10MA 0.27 1,08 4130 0,426 51 K10 32N 0,48 431/ vaufran 79 0,93 2,9
«10MB 0.27 1,05 4130 0.426 535 & 1) + 42 Y S 318/23 17128 1.02 1,60
“hiM 0.28 1,05 5330 0.436 00 4193 279 0,40 373/41 sy o 142 0.9 on
-12M 0,10 1,01 4140 0,426 530 3828 0.4 31/428 0/ 418 0,88
-13M 0,% 1,00 3410 0,426 4% SIS 138 0,48 431/421 ---[2% 1800 1.03 02
<14MA .21 1.02 3700 @, 410 4010 109 0.63 38/4 amefuame 100 1.23 "
A4AMB 0,21 1,08 3700 0,426 4¥0 840 248 5. cenfese ar4/221 108 0.% .92
~15M 0,19 1.00 3320 0,436 410 H50 e 0,62 as/an s/ 1000 1.8 1L.24
“Final length is based on prior to toning; thich
refere to length after sectioning,
Material T Groas Matarial Degradation Exposure Recsssion
Sample No, OF  Recession  Re ion Mode Time Rate* Duscription of Mation Picture Film Coverage
- mile weconds mitle"mils ‘
wee 'T0min
HIB3 | + 35 v/0 BIC [A-9)
1M 5630 294 283 Melting kL) 3.63/6530  immediste melting, rapid recession
5840 anw 23 Melting 133 1,74/3130  slow hesteup folinwed by melting
30ne wea \* Oxldatioa 133 T\ slow hn‘n-u.. olight sutface activity, then meliing and rapid
recassion
S0 .- w0 Ml 18 vaseen
3340 3l 50 Ouidation 1800 wesaf/50 slow heat-up, liquid at edges, then aoms melting at cua edgs,
volidified, sunburs: formed and fross, some -Hmu.\ osure
. 00 face activity
30 Ouwd dation 1 & Littls activity, alight oxide melt at .
s PooommR e 5
aen tion Little sctivif ' ouide melt at .
3838 i Owlderion 160 ! e alg welk At sdges
8045 sea Oxidation 3460 Ouide malted, solidified in auaburst.
o -
ane dation Rapid malting of oxide, solidified ia suatiret.
a ;:3 &d“u- ":: :‘“ pid malting » solidifie svamr
573 U ting 1 7] Rapld mel and vecession,
8368 4 Melting 418 jell &r‘- ‘qz, A bl r i
4% 124 Oxddation 1800 124 Owide melted, solidified inm swaburst,
mo == O-déation 200 1774 Slighk edge melt, then rapid mslting.
5148 205 Melting 208
3190 L] Owddation 1800 ’ Little activity, hot rim wround sdge,
*Etimated, * Estimated
*Re on rate converted to 30 minutes on lincar basis,

b —— -
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TABLE 12
4 [~ e
SUMMARY OF ARC PLASMA EXDPOSURES OF
ZrB, + 14%  SiC+30%C(A-10)
Material
iculated Temperatu:
Sumple No, . AY) Ca peratuze
:';-‘:‘n::. ach P. { 5 * J::.l;cl C:lpuc“ c:«‘l“:nfl‘c‘mluﬁol.&hu
< . cw o orma Inmitial Finat Exposure Huat Tranefer H
4id w0 b8 Ne. atm BTU (i§) BTU R _ BTV Eminance e " Leagth® Time Coefficient g’.‘.‘«T.’...‘"
» Taec by flasc e < 3¢ -
{mils) {mils)
ZrB, 4 8iC ¢ C (A-10)
v 0. 00
0.3 .00 $045 0.499 763 3430 300 0,64 881/87 708/ 469¢
0,38 1,07 4155 0.499 668 3570 38 0.70 HEE 7 18 Loy 1ot
0.33 1,06 3200 0,499 340 4515 104 6.3 762/738 1800 L) 113
032} 4075 0.497 620 533 101 0,27 S02/304 \t00 1.0 1.02
9.36 1.08 30 0.49% 748 3370 M2 0.9 198/162 162 i 1,07
0.31 1.06 2920 0.499 488 3423 0.74 an3/e3l 1500 1.8 et
3 L028 12570 0,499 4 5430 309 0.76 1111/827 1000 AN 1.08
3.2 0,031 13470 0.499 437 3708 283 .57 1028/718 1400 It 108
3.2 0.222 1060 0,480 1010 53235 224 0,81 s2nn 2 131 1,28
3.2 0,427 9290 0.497 T64 3925 250 0,57 632/300 1 1 .14
" 10540 0,499 606 3335 329 o. 18 1187/816 1800 1 1,13
3.2 0,011 14370 0,497 328 3% 0.78 971/436 1000 1,08 XH
0. 1.0 4210 0,499 410 4028 92 0.4 ole 1300 1.3% l')
0. 02 4210 0.499 4iD 4i08 )20 a.90 89/ s00 1'% R+
20 3405 0.499 540 5283 240 0.63 93i/828 1409 o2 1
24 3010 0,492 %40 I 0.6 2897774 1800 5 0
3 3240 0.499 723 8138 2 o0 ola 11%0 :‘01 :Jg
33 3240 0,499 125 8315 380 0,78 719/114 [ 1,08 n'oa
D3 4318 0424 S0 %480 318 o8 M 091 R4
03 435 0,626 340 4730 shi/ieh 1700 ] R
03 3560 0,426 938 193 [XH o - o 93 o8
03 3560 0.426 333 3060 163 0.9 103/¢a8 1798 R R
ol 5200 6 450 3390 281 9,63 e 1o La
01 5100 0,426 430 sis0 2 0.43 814/173 162 1o T
01 4430 0.428 33 4103 10y 0.9 833/816 1400 o 1)
3 3210 0,426 013 4240 (3 0.9 - 43 l.ﬂ I.a'
3¢ 3210 0.42¢ Mis S8 228 0.4 . e " 100 I
S2IMA D70 1,29 3230 0.428 730 410 9} 0.68 w/eis -ls ar 1,38 1l
-i2MB 0.70 ).29 3230 0,425 730 3700 268 0.%3 wln 312/208 104 0:,’ 0:9:
*tranumissivity factor equals 0, 86 for sapphirs window
v « ¢ pobire ' *Final length is based un measuremant prior to suctiosiag: thichaens
refers tu langth after sactioning,
Material ‘1‘ loronlu .Mnurrl Dnu::nu l'..lrpﬂluln Recession Description of Motion Pict Film &
Sample No. 4 ec a8 ecetsion ime scription on Picture Film Goverage
Sample e, D Zsmaieee Lo —eon Description of Motion Pctire TUm Coversge,
2By + 8IC + G (A-10)
«IM s110 1712 180 Melting M $,29/9%20 immediats melting, susburet late s run
-2 5140 48) 02 Melti 182 2.16/4710 di lting, susburet J i
»IM 4048 ” 14 Ouldation 1800 anaefll4 surface activily, duaburet formad and {rose, littie
© L]
M 4870 276 46 Ouidation 1800 mauel34b Ml.l‘t' s, mmug formed and {rose, some additiomal
o maltis
M 3130 2 Yy Melti 162 4.30/1740  maelting, rapid recessiocn
M 2948 22 1 Ouidation 1800 —weelt no {ilm voverage
<R 4970 -4 21 Ouidation 1800 -aee/27 uniform heating, some uu-mun-t
R 5248 140 129 Malt ¢ Oxid, 1800 vae=/129 one side heated fu , melted slighily, recession at
angle, undercuti
SR (171} (1] 575 Meiting 12 10.90/32, 400 rapid melting and r lon
-ICR 5068 310 (1] Melti M 8.7/18,660 rapid melting and r o
AR 018 4 % Quidation 1800 eeaeldb lorm lieating, som Iifm melting
JIR 204 -8 " Ouidation 1800 weaelll uniform heating, little actlvity
-13IMA 3565 Cuidation 1300 4 Poor sspolure,
«1IMB 3645 - 4 4 Cuidation 300
S14M 4818 -1 H Ouidation 1800 2 Ialtisl meltd Suret lon, omide inwed Lo malt,
~15M 3400 -2 . Cuidation 1800 8 Droplets costinucusly shot out fram center 10 sdges.
A16MA 4673 Cuidation 1180 Droplets d foll d by rapid melting of cuide.
S16MB 5063 137 140 Melting 6 3843
SITMA 5390 Maiti 100 Rapid melting, solldified in listla additional activisy,
SlTMB 4270 40 260 Ouidetlion 1700 240
-18MA 5390 Melt 49 Rapid melting, sclidifisd im sunburet, little additioarl activisy.
JABMB 4400 1" 140 Ouidation 1788 L0
SIPMA 4930 a=e e u.m-‘f 8 Frost face meited, eolidified in sunbusst, additionsl
AIMB 4690 10 “ Ouidation 1768 “ ouide melting,
«20M  3bad -2 . Cuidation 1a00 ¢ Lircle activity, slight sdge melt,
.:l:: )30 a; ;; :lllnlon :: 1m2 Sample losss on sting, melting, rapid recession,
«21 5218 I
-IZMA 3700 e = Onidat 217 113 Sample losss on sting, melting, fapld recession.
«2MB 5i40 L1 130 Maiting 104
.l-cullol rates convartad to 30 minutes on limsar basis,
293




TABLE 13

SUMMARY OF ARC PLASMA EXPOSURES OF Z:rB3+ 14% SiC + 30%C(A-10)

A
Emittance

Mach

at h w04 No. wtm BT
Ath w063 alm BTV

Ztlz 4+ 8IC + C {A-10}

« 00,60

«MVIL
-4MIX
«UMX

Mateorial
Sample No,

v
i

ZrBz + 8iC + C (A-10)

~23M1
+23MI
~23IMIIT
«23IMIV
~24 Mt
-24MI1
~24M1N
~24MIV
24MV
“24MVI
~Z4MVIl
~24MVILL
~Z4MIX
~24MX
«24MX1
~2AMXI1E
2TMA
~21MB
~28MA
<28MB

4630
4600

Fo i
b
1,02 3850
1,02 4oto
1,0z 4180
1,02 3%
1,02 4390
1,02 41%0
1,02 3370
1,02 4080
1,02 4500
1,02 4350
1,08 47180
1,02 4580
1.0z 480
1,02 4400
1,02 3990
1,02 430
1,03 5160
1,03 5160
1,35 3500
1,38 3800
W01 39%0
101 35
1,02 3870
1,02 3990
1.0 4000
L0) 4040
Oroen
Recension
miTsl
[
-9
is
-4
-4
-1
-5

Q
D (A3
{in) BTY

ft"sec

Matertal
Recession
ST

e
Surface
T  Radiation
°rR __BTU

obs ft" sec

5090 16
3060 158
5038 156
5038 187
4085 1%
4710 141
4785 147
4920 170
4865 181
4965 169
4990 175
5010 169
5025 180
5000 176
1045 187
s12% 188
6150 234
5535 173
5930 18)
419% eme
410% 68
3760 (Y]
3840 52
4740 92
3020 27
3038 26
Deyradation
ode

Melt. + Onid,
Oxidation
Oxidation
Oxidation
Oxidation
Oxidation
Oxidation
Oxidation
Oxidation
Oxidation
Oxidation
Cixidution
Oxidation
Oxlidation
Oxidation
Oxidation
Melting
Oxidation
Melting
Oxidation
Oxidation
Oxidation
Oxidation
Oxidation
Oxidation
Oxidation

L]
N Calculatad Temperature
Computed Hatio T(CALC)/T (OBS)
Normal Cold Wall Fay and Riddel)
Emitiance tnitind Final, Exposure Heat Tranefer Heat Tranafar
Length Langth Time Coeflicient Coefli cient
“Thickness ﬂi'(chinl {aeconds) - ==
{mils) {mils)
0,% a22/u20 1800 1,04 1.03
0,81 vesfuen 1800 1,08 1.0%
0,92 .- 1800 1,06 1,06
0.42 Py 1800 1.04 1.0%
0,47 326/825 1800 [ 1,33
0.61 1400 L 1,14
0,60 1) 1,08 1,07
0.62 1800 1,08 1,08
0.%7 1800 110 L1y
0.39 1800 1.07 1,10
0,60 1800 1,08 L4
0,87 1800 1,07 L
0.60 / 1800 1,06 1,08
0.60 1800 1,07 110
0,6] caefann 1800 1,04 1,06
0,58 835/721 1800 1,08 1,07
0,38 689/892 maefuea 10 0,93 0.9%
oYy /.. 874/541 1730 1,04 1,08
0.4 690/68%5 aerfaen 250 0,93 0,93
aar/lld $62 1,07 1,01
0,81 691/103%% --. /8544 800 1,29 1. 37
0,54 686/ 39 3¢ 690/3880% 1800 132 1,36
0:%) 690/95%% 694/D99% 1800 137 1,37
0,39 692/ 397 eoe/3814 1800 Ll 112
0,69 693/1034n 694/101 00 1,74 1,78
0,63 688/400%¢  693/397 1800 113 174

Exposure
Time

weconde

294

% Final length refars to inensurement afler exposure, thicknesa relers to
length after sectioning

4 Nouae to insdepth temperature measuremant station,

Hevonnion
Rute
miis

Winin

141

Descriptiug of Motion Picture Film Coverage

Edges melted, sunburst formed, wlight oxids meliing.
Intact from cyele 1, little activity,
Intact from cycle 1, little activity

intact {rom cycle A, little activity,

Hotter at edgen

Oxide formed over face, some bubbles at edges
Heavy uxide covered face,

Little chanye, alighi oxide melting,

Little change, oxide grew heavier,

Little change, slight oxide melting,

Litle change, slight oxide melting,

Little change, oxide heavier,

Little change,

Little change,

Little change,

Little change.

Melled frum edges to conter

Solidified in sunbur st,

Small droplets, oxide melted, consierable recousion,
Solidified in wunb.rat,

Hat spot /4" diamcter at nose, lttle activity,
Hot spot 1/8" diameter at nose, irtle actavity,
Little viaible, alightly hotter at edges,

Little vitible, hotter at edgen, oxide on front face,
Little vinible,

Little visible,

*Converted to 30 minutes on a linear basis,

'
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SUMMARY OF ARC PLASMA EXPOSURES OF ZrBj + 14%SiC + 30%C (A-10)

s:‘:;l';"N’o_ q, LEY] Caleulated T-mrumra
Ausumed Surface Computed Ratio T (CALC)/T (OBS) .
Emittance Mach Fo g D 9oy K "‘“{}”‘ Normal \niual i1 . Hc:;n; vm’ :'aytn.‘-_m u:u-u
at \ = 0, No, atm BTU {in) BTU R BT Emittance nitia na Xposure aat Transfar Heat Transfer
At s 0.6% _No, e Un) - T p — ee——— Length ngth®* Time Coefficient Coufficient
u'sec obe  flaec Thebnw  fithine  Treamny  —oedficles  Coy .
{mils) (mile}
Zrll + $iC + C (A-10)
1 =0,60
~2SRI 2.2 0,07 8070 0.437 492 4ms 160 0.61 1800 1,25 L, 24
-28M1 2.2 0.7 6310 0,437 458 4955 194 0,68 1800 L34 1.23
«28R111 2.2 0,120 7800 0.437 438 8080 214 0.70 1800 L2l 1,18
-SRIV 4.2 0,120 8i60 0,437 498 sio 218 0,69 koo 118 L7
<2601 2.2 0,242 7630 0,437 460 4398 126 0.60 lago LM 1, 40
-26R11 2.2 0,240 7790 0.437 482 4985 202 o.M 1800 L21 .30
-2bRilE 2.2 0,240 7900 0.437 460 Slj0 216 0.67 lsco Lis L27
~26R1Y 2.2 0,240 7900 0,437 452 by 224 0,69 1800 L7 L26
-2bRY 2,2 0,230 7610 0.437 460 &)10 220 0,49 1000 Y 1,28
«26RYI 2,2 0,236 7500 0.437 469 %138 227 0,70 1800 Li? 1.24
-26RVIU 2.2 0,236 8140 0.437 460 &iss 2l 0.66 is00 17 126
~26RVI1 2.2 0,236 7570 0,437 437 50 219 0,65 1800 L3 123
«25RIX 2.2 0,23 7090 0.437 431 8190 231 0,68 1800 1,18 1,24
-26RX 2,2 0,236 76% 0,437 488 w208 229 0,66 1800 118 123
=26R%1 2.2 0,23 1500 0,437 465 K190 236 0.69 951 L6 1,28
~30RA 3.2 0,090 10440 0.426 551 %0 33 0. 40 428 (4] 118
-JORB 3.2 0,090 10440 0,426 &%) 5438 196 0,47 (P13 LiT 117 p
~3RA 3,2 0,109 10510 0,426 596 3650 44 0.53 senfeen 300 178 1,78 ,
-3RB 32 0,105 10510 0.426 396 490 123 0,45 et A 13/in 30 1,82 1,32
~32RA 3.2 0,133 9820 0,426 6% 1899 64 0. k2 1119/809 aaefacn 38 1,83 1,80
-32RB 5.2 0,138 9820 0,426 %6 4605 133 0,63 434/18 40 L43 L4l *
<33RA 3.2 0,48 7950 0,426 682 490 1128/821 wefece 0 Ly L3
«3IRB 3.2 0,145 1950 0.426 682 4780 129 0.5 senfoen 419/102 40 1. 36 129 . X
-36RH 2.2 0,147 7280 0,437 492 7% [1] 0,77 1010/102%4 \n2/97 1800 1,63 1,76
«31RH 2.2 0,144 7710 0,417 482 3695 74 0,88 995/19 344 96/190 1900 1.64 1,80 v
<40R 2.2 0,147 6320 0,437 493 4938 173 0,62 1003/950¢ 1004/89 1800 121 1. 16
“41R 2.2 0,147 6460 0,425 495 K110 H 0,66 1000/399¢%  1014/382 1800 117 [N}
-A4RS 2.2 0,226 7400 0.440 495 4678 )28 0,86 993/94we 795/83 1800 L3g 1,38
-45RS Z.2 0,229 7470 0.440 499 s10 202 0.6 996/30 400 1001/ 380 1800 L19 1,24
46RH 2.2 0,185 7220 0,975 501  302% 22 0,56 1007/108%%  1007/104 1800 &0 20
-47RHS 2.2 0,167 6010 0,969 807 4745 |34 0,58 1004/100% 1007/87 1400 1,28 L2l
«480RH 2.2 0,185 6350 0,975 492 297 20 0, 5% 1005/4n24» 1008/40) 1800 2.0 1.97
<49RHS 2.2 0,167 6010 0.97% 322 4130 g9 0.73 983/391s 983/388 1600 145 1,40
~48RRA H2 0,109 6980 0.976 654 8528 256 0,68 1004/402 / 425 ¥ 1,08
-46RRB 12 017 8040 0,976 Bo4 £33,  lg 0,65 . 180 124 L10
+48RRC Hhi 0,125 8730 0.976 €71 8528 H ) 0.64 LE] 1,25 L4
' Final length refers 15 measurement after expusure, thickness refers
to measurement aftor sectioning,
' Noaw 10 in.depth temperature measurement station 4
o
Material uT Qrons Muterial Degradation Exposur. Recersion
Sample No, ¥ &l‘l;ﬁr'ﬁ’_" '.““r:l“.‘“!‘. e -‘7‘1—‘-:-}‘%'-'— _!r(f\m Bercription uf Motion Piclure Film Coverage .
mile
218, 4 $1C 4 C (A« 10) TR
«25R1 4405 ere - Oxidation 1800 CETES Uniform oxide buildup, little activity, Lo
<48RI11 4495 aee .. Oxidation 1800 weee Some oxide chipping, little activity, I
-25RI 4590 . aea Okx1dation 1800 EEEE Oxide cracked, some chipping,
=25R1Y 4730 .1 24 Oxidation 1800 Large piecus of oxide broke olf, surface reoxidiced, ‘
-26R1 4135 - - Oxtdation 1800 Spotty oxide buildup, -
-26R11 4495 . ven Oxidation 1400 Oxide grew more uniform,
-26R111 1650 - Oxidation 1400 Little change from cycle 11, some chipping at sdges, 4
~26R1V 4675 men Oxidation 1800 Oxide chipped off center and ciges,
26RY 4650 a. Oxidation 1800 Oxide breaking off and melting,
26RVI 478 .o Oxidation 1800 LT Uniform oxide, little activity, 4
-26RVIL 4698 Oxddation 1800 aeen Some oxide broke off edges, little activity, T
~&6RVIIL 4720 Oxidation 1800 cams Intact (rom cycle VI,
-26RIX 4730 Oxidation 1800 (R Intact from cycle VI, .
S26RX 4745 .- Oxidation 1800 caen Intact from cycle IX, some spalling of heavy oxide, -
-26RXI 4730 83 Oxidation 951 8 intact from cycle X, .
<J0RA 90 can e Oxidation 428 am-- Ouide formed from edges inta center
+30RB 4995 -10 26 Oxidation 1241 36 Oxide covered face I
MRA 90 aen e Oxidat.on 300 mme Oxide elowly melted from edges inte center .
-3IRB 4450 6% 680 Melling 10 3o Rapid mekting !
-32RA 3130 --- ves Qxadation 3% semn Heated to melting !
-32RB 4145 638 6494 Muiting 40 16600 Rapid melting ‘
<33RA 5030 Melting 30 ceen Heated to melting J
-33RB 4320 709 714 Melting 40 18400 Rapid melting ’
-36RH 3288 -2 ] Oxidatian 1800 5 Hot spot 1/4'" dinm. oxidized at nuse,
-3TRH 3238 -1 3 Oxidatian 1800 k] Hot spot 1/4" diam, oxidized at nuse,
-40R 475 -t 6 Oxidation 1800 & Non-uniform oxide buildup, f#rew heavier, '
-4IR 4630 -4 17 Oxidation 1800 V7 Spechled surface, gradual oxide bulldup,
-44RS 218 -2 1 Oxidation 1800 11 QOxide yradually spread over sample; not shroud,
-43KS§ 4050 -5 14 Oxidation 1800 X Oxide grew over top half of shroud and mont of sample,
pl
«46RH 2565 0 1 Oxidation 1BOQ 1 Hot apat t/4'" diam, onidized at noae,
-4TRHS 4285 -1 13 Oxidation 1800 13 Small hot spot grew to 1/2" diam, at noas. ¢ '
~48RH 2510 o 1 Oxidation 1800 1 Lattle activity, '
: -49RHS %10 0 3 Oxidation 1800 ) Small hol apot 1/2" diam, at none.
. -48RRA 5065 - - Oxidation 425 “een Heavy oxide mrlting vantinuously, then
N ~48RRB 5065 --- .- Oxidation 180 suhdified ¢ventually leaving an unoxidized
' -4BHRRAC 5065 66 .- Oxidation 313 cean apot at center,
.,
H *Converied o 30 minutes on a linear bama, '
f
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TABLE

15

SUMMARY OF DEPLETION DEPTHS OBSERVED AFTER

ARC PLASMA EXPOSURES O

Depletion

Material Temperature Depletian T ate
Sample Nu, ¥ Dypthrmals) {avd) Ll /hour)
HIBIQZO“lClA-ﬂ

-IM 5020 1) (LX) 22
«22M 370 10 1H30 20
-2 4790 an 830 51
»2-4M 5190 N 1810 b3
=2-6R 5190 26 1800 52
-&-7R 5300 68 1800 104
«?-HR 5180 49 1800 94
HiB, lH‘leSIC\A-‘))
- IM: 5610 (Rl m htln
“ZM, S840 #0 i 70
SAM 5410 1 28 004
-5M 3540 1 1800 26
=™ o0 3 180D 4
~BM 3538 5 1800 [l
~9M 4825 90 1400 1H0
<10M 5040 n t800 (K
-13M, 4655 11 (LI He
- M 5145 8 108 7t
«I5M %90 3} isuu [

SsMyeiting oceus el deplenon medsurecinent unlikely to be dopondaibe,

Dupletion

Afatvreant K} vageragure Deplelion Wi
gonple to, (0 Depthimily) (wie/houe)
;I.rl,lz ‘:ROV.SA(‘,(A-I)

My S5HY 100 34 10590
AM 5445 120 32t 130
-4M 4478 5 1800 10
1M 4600 6 1800 12
-8M 480 3 1800 )
+9M Lo i (100 2
«10M 2108 0 1800 0
1M, 1545 3 1800 6
S12M 5090 70 669 176
-1IM 4315 3} 1760 F1
~15M 4835 3 7200 2
s l6R 1269 [4 7200 L
AT™M 4880 20 1800 40
- 18M 4585 I 1800 2
<\9M 3245 3 1800 )
-20M, 1260 6 1400 12
-22R 50605 1" 200 306
-25M 3160 1 1800 2
«26M s i LHOD 2
<27TR 2875 1 1800 2
-28R b2 I 1810 2
-29MS 3360 ] 1800 2
- 30MS 2540 0 1800 [
- 3R 2130 i 1800 i
- MR 4265 Q 1400 ¢

*Multing oceupred, depletion mieasuerment unkikely 10 be dependable,

296

¥ DORIDE COMPOSITES

Depletian
Material Tempe rature Depletion Time Rate
Sunple Nu, {F) Depthimils) (sec} {mils/hour)
i, luo%ch(A-ﬂ
im? 5760 115 56 7410
“M 4800 40 1140 166
S 1880 54 1800 108
“hM, 5030 140 1750 288
-M 5135 (1] 264 885
-T™M 5100 40 1750 165
2AM %060 140 1200 10
-24M 4465 (BRI} 7200 b%
25M 4945 4 19418 [
26H 12145 2 6800 1
<27R 4044 1 7200 {
29K, 975 2 19800 i
M, 1915 27 1800 54
NN 4190 47 1800 94
2M 5155 100 1800 200
-34R 2974 [ 1542 ]
< MR A00h [} 1200
18P 5150 130 40 %200
WA 31910 21 LoB3 70
VIMI 3765 10 1080 i3
A0y 2710 ¢ 82 [4
L] 420% 15 1R00 90
1M ELLI 19 1400 18
Wl 2610 0 LHoo )
PR 2730 L] LHoO [
RYAYl 4400 43 i4030 8
Fhteirene o cuered; deph ion meacir st unbikely to be dependable
Depletion
[NRY TR | Teuyn rature D plidin Tinne Rate
Sannple B COH Depihfimlx) (£

[N 5170 3 34 510
“2N° 5110 6 182 119
Py 4055 I 1900 24
<4 ARTN 5 1800 10

1K, 4970 42 1800 84

RR* 5245 28 1800
-iee LT 28 1600 5
S LLT [ 1800 16
S 14M 4824 4 1800 I
- 18My 3400 [ 1800 b
«1hM 5065 10 12)3 3
- 1BM 4600 11 1788 ¥
-19M 4690 13 1762 EXi
-20M,, b4 [} 1800 26
-2iM, 5228 15 144 380
-2M 5240 [ 321 50
-23IM 4893 20 7200 1
S24M 4410 12 216400 2
-25R 4555 14 7200 7
-2bR 4420 13 1895) 2
-21M 5075 8 1730 1?7
-26M 4138 12 562 77
-30R 4995 10 1241 24
- MMH 3648 12 1800 24
- 35MH 3500 1 1800 16
-37RH 3238 0 1800 0
- M 3380 5 1800 10
-39M 4200 1 1800 22
-40R 4415 10 1800 20
-4IR 4650 6 1800 12
-42MS 2560 [ 1800 0
-4IMS 2598 [ 1800 [
-44RS a2 6 1 800 2
-43RS 4650 ? 1800 14

*Mciting occurred, deplotion measurement unlikely to be dependable,




TABLE 16

SUMMARY OF ARC PLASMA EXPOSURES UF KVA(B-))

Matarial « Calculatad Temperature

sample No, ) N Ratio T(CALC)/T{OBS)

Assumed P ' Surface Computed Cold Wall Fay and Riddall

Emittance Mach ) . D 4w T Radiatioa Normai Laftial Flaal Exposure Heat Transfar Haat Transfer

atdu0. 8% _No, atm BTU (i BTU o _ BTU Dmittance Longth L - Time Coefficlant  Coefficient

s tFonc oba  (aec 0 Sy nees Teacoamay
imile) {mile)

RVA(B-§ © o o o .

« 20,85 (Below 3000°F), 0.75{3000° - 3500°F), 0,65 (Above 3500°F) .
2 0,33 1,07 3560 0,500 330 5040 143 0,47 1016/1016  687/70) 120 1.06 1.02 '
=3I 0,30 1.0 2743 0,500 340 4500 A 0.40 1032/1032  851/837 120 1,00 1.0 *
5M 0,39 1,10 6435 0,300 1030 4180 ... aman 1026/1028 822/5%0 L) 1,08 1,00
«4M 0,49 1,15 4220 0,500 1080 (230 291 0.40 9721912 730/74% [} 1.04 0.9
o1 0,43 112 6228 0.500 BlG 4830 242, 0.44 1007/3007  709/783 [4] 1.06 1,08
-IR} 3,20 0,187 12230 0,486 LIN8 5165 167. 0, 49" 1083/1083  809/900 " 1.38 .27
=2 3,20 0,020 9300 0,487 261 4110 87% 0.42° 1049/1049  749/74) 600 1.20 1.2)
=3R¢ 3,20 0,018 15400 0,487 487 4848 120 0.487 1064710864 T14/737 00 1.20 1.30 ;
~4k? 3,20 0.163 7640 0,487 408 4465 1007 0,44, 104471044 G07/663 300 1.26 1.2) )
=SRY 3,20 0,017 13570 0,486 326 4470 65 0. 3¢, 999/999  S18/%3) 900 1.1 1.1% !
“6Rt 3,20 0,016 14000 0,487 37 4370 98 0. 475 991/991  £89/6%0 %00 1.1 1,13 |
=IRY 3,20 0,299 10950 0.486 979 3490 167 0.2¢ 1044/1044  881/839 100 1,04 i
~IM® 0,35 1,08 4405 0,500 370 euem  a-e waee 993/993  ~eu/698 100 aane !
«4M° 0,36 1.08 8948 0,300 750 cem=  a-a wonn 991/99)  913/982 9 aven
-1IM 0,31 1,06 3740 0,74 435 4373 11} 0.6 932/930  109/108 120 1,42 !
“12M 0,32 1.07 490 0,741 329 4630 160 0.74 948/940  696/688 120 1,15 .
«13M 0,34 1,07 7030 0,741 60 4493 i8¢ 0,64 931/930  628/630 120 1.20 |
-l4RY 3,2 0,012 10850 0,741 241 4010 %2 0.76 1268/962 sW0/570 1200 1,04
<IBRY 3,2 0,024 10930 0,743 438 4500 159 0.02 1262/9%9  udl/sey 900 1,30 (1) : !
SRY 3.2 0,210 10060 0,739 979 5885 454 0,82 1233/929 797/490 300 81 1,07 |
«23M 0,10 1.00 2690 0,502 167 3725 58 0.64 683/679 822/521 180 L2 LR ' .
-24M 0,13 1,00 3810 0,502 250 4105 89 0,67 683/680 568/561 120 L4 114
-25M 013 1,00 2090 0,803 126 3420 41 0.64 684/678 585/584 180 1,08 13 '
-26M 0.1 1,00 1770 0,503 73 3035 27 0.68 674/670 $72/%73 361 108 118 !
-27M, 0,15 1,00 1360 0.802 91 2995 0.7 665/663 554/834 300 1,05 1,00 : '
-8R, 3,2 0,005 52800,503 34 216§ 3 0,29 1000/701 911/669 1800 1,40 1,60 }

-29R] 3.2 0,008 11590 0,504 il7 2780 20 0.7l 1001/676 852/521 1800 1,50 1,63 . '

-30R 3,2 0.0l 13950 0,502 211 3468 46 0.68 1002/680 108/ 387 1200 1,43 1.4 .
-3M 0,10 1,00 2530 0,501 135 3285 39 0.7l 670/198%%  834/69 240 115 118 . ;
-32M  0.10 1,00 2930 0,802 135 3475 3 8.53 671/4ba%e  598/388 180 (N1 1,20

#% Nose t0 in-depth temperature measurement station

+Transmissivity tactor equale 0,84 for pyrex window, 4Final Lemgth ie basud on t prior to ioning) thi
*Surlace radiation values may be low duo to requivamaents lor critical refers to langth after sectioning,
1y t "““‘5‘3 il of one=half inch diameter sample.
oTast i ory temp « and surt; diation could be
mesgured,
Materisl T Degradation Expos Recestion
sample No, op M Tim Description ol Motion Picture Film Coverage .
RVA 'E;"" 4580 329 s Onidation 120 2,63/4134 usilorm heating, rapid sida racession
-IM 4040 181 198 Onidation 120 1.63/2934 uniform heating, rapid side recus,
5N 3720 206 19 Oxidation a8 3.41/6138 uniform h rapid front and side recesmion
bl 2990 42 39 Osldation a8 4.16/788 ull'orn\lbn » rapid front and g1de recession,
sama vibration
«T™ 5370 21 4 Ouxidation % 3,39/ilo2 unlform heating, rapid frant and eide rocession,
some vibration . ‘
VIR 4708 164 153 Onldation M 1,80/1240  uniform heating and b ding of edgas
A2k 380 300 308 Ouidation 400 0.81/918 I
=3 4408 b1 anr Owtidation’ 600 0.58/99% g snd o
-4R 4208 81 m9 Oxidation 300 1.26/2368 unllorm haating, some aide reccvaion
-5 4010 471 “H Ouidation 900 0,52/936 unllom‘n heating, some aide receasion, rapld eids
recesfion
«6R 4110 302 01 Omnidation 600 0,50/900 uniform heating, some slde recession
-TR 5430 193 208 Ouldation 08 1,90/%420 uniform hisating and recession, rounding of sdges .
SIM (4290)°  .ae 298 Owlidation 108 2,76/4968  terminated dus to rapid ablation, sumple blown sway
~AM :4140 wt 9 Owidation 9 1.00/1000 terminated due to rapid ablation, sample blown away Ad
1M 918 223 212 Ouidation 120 1,88/3330 uniform recession, slight surface activity '
-JIM 4170 252 282 Oxidation 120 2,10/37180 uniform recession, siight surface activity
-IIM 48?8 303 300 Onidation 120 2.50/4300 iform v ion, slight surt iviey
Z1AR 3320 48 m Oxidation 1200 0.11/388
150 W 421 9% Oxidation 900 0,41/192 )
-16R 5395 436 419 Oxidation 300 1, 46/2630 Uniform vecession, ,
-23M 3265 161 158 Onidation 180 0.004!5!0 Rough, speckled suvface, uniform heating. -
~24M 3645 115 Iy Oxidation 120 0.99/1785% Rough, speckled surface, uniform heat
-25M 2960 9% 94 Oxidation 180 0,52/940 Rough, speckled surface, unlform heat:
S26M 2575 102 9 Oxidation 3%} 0.27/483 Spackled (ace, little visible,
S2IM 2538 11} 129 Oxidation 300 0.43/TM Ruufh, spackled surface, uniform heating,
-28R 1708 29 ‘2 Oxidation 1800 0.018/32 Little vinible.
-29R 2320 149 155 Oxidativn 1800 0,086/155 Rough, speckled surfuce, uniform heating gradual recension.
-30R 3008 294 293 Oxidation 1200 0. 24/440 wah surface, uniform he'ing, gradual recession,
S 825 UM 129 O ddation 240 0.54/9%8 Litt)s vigible,
“3ZM 3018 13 76 Oxidation 180 0.42/760 Spuckied heating,
L]
.
.Olou lon le Ilmated b of chipplag or arosion of back Recession rate convarted to 30 minutos on linear basis,

face,

STemperaturen estimated besed on Cold Wall Heat Transler Costiiclant .
Calculation of 3310°R and 4030°R corrected by mean ratio T(CALC)/T{OBS}
o, 1610 4750°R and 5200°R or 4290°F asd 4740°F,
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TABLE 17

SUMMARY OF ARC PLASMA EXFOSURES OF PG(B-6}

‘Trn\umlnivny tactor equale 0,06 for sapphire window.

lu:hu radlation values may be 10w due to requiremaents for ¢ ritical

alignmaent caused by utilisation of onsaball inch dlamster sample,

Mn.rl“ u1‘ Ro rou‘ lun. I:l ;&l:nlon Exposure
Sampls No, ¥ scedaion ecassion ode me
- mils mile = Teconds
PQ (B=$§)
AN Plane
«IM 360 160 160 Onxidation 120
=M 4690 293 R Onidation 120
-IM 4530 134 143 Oxid 4 Th.Shoek &)
=AM 4530 106 110 Ouxidation 44
=M 5200 186 196 Onidation 60
bM s0%0 188 181 Oxidation (2]
- 5030 183 178 Oxid + Th,Shook 6l
IR 4108 394 b1 1) Oxlidation 900
2k s et 864 Oxidation 1200
IR . . wne Th, Shock ean
4R A650 445 456 Oxidation 300
=6R 3680 100+ an Oxidation 600
1R —ean aen -se Th. Shock enon
PG (B~6)
"C" Plln. +
M 5340 S 216 Onxidation 120
- 4180 ki 8 Oxidation 9
«10M 5760 20% 163 Oxidation n”
A1l 6690 304t 213 Oxidation 3
12M 5RO 194: i Oxidatian 9
-8R $09% 157 144 Oxidation 300
“9R 5390 i 321 Oxidation 150
~10R 5675 288 21 Oxidation 210
«iifl 020 147 326 Oxidation 310
-12R 4400 ne 290 Onidation 600

tGross recession s ovarestimated Uecauss of chipping or erasion of

back (a

298

Material Calculated Temparature
Sample No. q, N Ratio T(CALC) T(OBS)
Assumed ™ ¢ Surface Computed Cold Wall  Fay and Riddall
‘E{nnzn:;; Ll:nh . ‘; ‘D ‘_‘c_z ;I'R Radiation Normal Lullhl Lnut‘h‘ ) . Heat ;l“ / '; cht '{l;l‘:ll.“l
ath e 0,658 o,  atm U B BTY Emittance 8N an, me Coelficle oelticient
16 da “! o '“— e ——— Cknas s tﬂedmn Thecondi) —
. . e (mits) (mila}
UG Axis Perpepdicular 10 Arc
PG (B-4)
10,7
alM 0,31 1,06 2970 0.487 390 4320 ki) 0.44 1160/1160  1000/1000 120 1,11 1,08
2™ 0,33 1,07 3955 0.489 540 5150 139 0,42 1154/1184 861/882 120 1,04 1,01
«3M Q.35 1,00 4530 0.48% 670 49%0 13 0.44 9991999 B43/8%6 61 1.14 1.10
Delaminated on "C" Plane after Tust
=M 0.3 1,09 6665 0.486 B10 4990 146 0.56 906/906 200/196 44 1.24 1.2
-5M 0.30 1,10 67950 0.487 980 8660 208 0.43 904/904 718/1708 [ 1,14 110
-6M 0,46 1,14 3710 0.488 940 5490 151 0,35 453/853 665/612 $3 14 109
<™ 0.38 1,09 7320 0,486 870 5490 148 0.34 980/ 940 197/802 a2 1,16 1.1¢
+ Delaminated on 'C" Plana after Tust
-IR 3.2 0,020 15640 0.487 504 4865  87° o.428 1090/2090  696/704 900 1.29 19
-2R* 3.2 0,015 14730 0.489 330 4i75  &8° 0,48% 1091/1091  481/827 1200 1,27 1.24
-R¢ 3,2 0,299 16360 0,488 L2146  aeae  ean 1078/1078  --aa/106 - anm
Delaminated on "C'' Plans .
~4r! 3.1 0,187 8440 0,485 852 Sil0 Ty a, 23. 1084/1084 £39/628 360 148 1.16
-GR: 3.1 0, N'I 13800 D.lll 328 4140 57 0,40 i/l 811/834 600 1.28 1,24
=R 32 0,187 6860 0,488 1008 -oce  oon enas 1/10L emaa/1094 nne ween
hmlmcd on "C" Plans
tu0,65 "G Axie Paralial to Arc
M 0.33 1,07 392% 0,486 S50 3800 17 0,32 617/456 302/230 120 0.94
M Q.28 1,08 225% 19 0.36 622/46% 545/387 L 0.98
~10M 0,35  1.08 435% 28 0.3 5477390 ya2/22? 712 0.94
=M 0.42 L. 5915 464 [ 2y 482/421 278/200 b6 0,94
-12M 0.3% 1,07 2708 151 028 $33/318 139/204 98 0,88
«R* 3.2 0.030 13900 23y 0,56 14 462/316 300 1,18
«9R* 3.2 0,189 7190 268 0,53 554/39% 324/168 150 1,11
«JORt 3,2 ,208 0 42 0,56 538/427 3007184 20 Lié
-[iRT 32 o8 aisio 431 0,57 /464 219/138 10 1°16
«i2R 3.2 0,083 8230 143 0,54 547/387 231197 %0 L2l

»
Final fength ie based on
sufers to rcutl after sectloning,

Recasaion
Rate® Description of Motion Fisture Film Coverags
(L TINs)
a3} (30m.

1,33/2394  uniform hesteup, side racession chesrved

2,27/4086  hasteup trom » r parallel to "AM
racession uhu y oved ti\n'lnt°

2.34/4212  haataup parallel to "A" uh. side recession,
vibration

2,50/4300 n.n-up paralleltoMAll a

some sample

mpley

3,27/5886 up parallelto A" a:
3.41/6138 hut-up pAlAllIl to "A" ull.

2.87/3166
0,43/174 hut-ur parallel to "A" axls, uniform re:
of liquid an top side
0,47/846 haateup parallel ta A" agls, unlform
ausafasn hatteup paralle] to "A" axis, fracture
1.52{2736 up paralle) to A axis, unliorm re
0.40/828 ’i parallsl to "A" axis, lustrous lurtlu. uniform
oC

avnelesas hnt-up purllhl to "A" axis, thermal shock after 25 mil
sector had heated wp

n, soine plnvlbnuon
wlon, aome nmplc
L ity

slon, indication

I
mendhl-

1.88/3384  uniform heating, hourglassy axidation
0.80/ 1440 uniform heating, hourglass oxidation
2,26/4068  uniform heating, hourglass oxidation
3.23/5814  uniform heating, hourglass oxidation, suzfece sutivity
1.80/3240  uniform beating, hourglass axidation, surface sctivity
0,48/864  unlform vecession
1.51/2713  heated (romedges b center, 1o side heating, uniform

recession
1,30/2340  uniform recession, little i
£.55/2194  uniform recession, litkle i ng
0.48/870 gradual side hestsup, hourglass recession

“Pecession rate convarted to 30 minutes on linesr busis,




TABLE 18

SUMMARY OF ARC PLASMA EXPOSURES OF BPG(B-7)

Materisl .
Sample No, 9, N
Assumed P i Sur{ace Computed
Emittance Mach "o 3 o %ew T Radistion Normal
Ath= 0,604 Mo, atm BT um IV R it
i) (tlaec obe  fifsec
"'CY Axis Perpendicular to Arc
BFG (B-7)
€% 0.7
1M 0,30 1,05 2955 0.487 370 4010 “ 0.37
<M 0,33 1,07 3965 0,486 530 9040 98 0.32
*3M 0,36 1,08 4745 0,483 850 5120 129 0.39
Delaminated on "C"' Plane alter Tast
-4M 0,36 1,08 6500 0,483 760 5400 16% 0.4}
Incipient Delamination on "'C" Plans .
<Rt 3,2 0. 192 8370 0,483 736 4940 102 0.3
+ Delaminated on "C"' Plans after Test
-2R 3.2 0,187 8600 0,437 352 5263 - RN
+ b-hmtnnnd on"C" Plane dt-r $ Secands . .
4R 0.020 15200 0.487 478 4910 lO'I. 0.39
-5!.‘ 1.2 0,022 14700 0,487 501 4920 1090 0.39*
-5RY 3,2 0,017 13890 0,486 321 4290 58 0,38*
o w0.6% "C' Axis Parallel to Arc
5M 0,33 1,07 3540 0.486 500 %5690 161 0.32
oM 0,28 1,05 2230 0,482 310 4695 ki) 0,32
M 0,35 1,08 4815 0,482 7iC 6300 228 0.8
“8M 0,38 1,09 5745 0,484 910G 6405 33) 0,41
“9M 0,32 1.06 3215 0.482 480 %610 164 0,38
. -ll: 32 0.030 12000 0.486 441 5380 230 0.58
' “9RY 3,2 0,139 7230 0,486 636 %510 2l 0. 48
. -IORY 3,2 0,150 7260 0,484 781 5845 222 0.49
: SRt 3,2 0.208 9960 0,487 96U 6290 368 0.9%
! =12R* 3,2 0,014 12340 0.486 3TN s0s0 176 . 60

*Transmissivity factor aquals 0, 86 (or pyrax window,
Surface radistion values may ba low due to requiremaents for critical
alignmaent caused by utilization of one-half inch diametsr nampls,

»

Calculated Tam
Ratio T{CALC)

Talure
T(OBS)

Cold wall Fay and Riddeli
Initial Final Exposure Heat Transfer Haat Transler
Sonlficlant
thickness  thiciness Tseconde)
(mils) (mila)
"G" Axls Perpendicular 40 Arc

876/076 146/746 20 119 1,16
228/828 494/482 119 1,06 1,03
a39/039 594/599% 9% 1.08 1.08
799/799 567/515 ki1 1,12 [ Y]
874/874 4“2/508 300 1.2 1,20

816/787 87 L2 L1
848/848 531/539 600 s to1e
873/873 ~==/320 900 1.19 Lo 1o
T85/788 521/547 600 1.23 L21

“C* Axis Parallel to Arc
501/342 329/197 82 0,93 0, 90
500/349 392/239 20 0,95 0,92
498/319 275/170 10 0.94 0,91
489/344 229/147 64 1,00 0,98
506/34) 307/17% 9% 092 . AR
456/212 2717121 300 .12 .08
500/347 38)/198 150 L4 1,08
503/347 389/206 120 117 1,06
al/e 2%9/106 130 L2 1,08
518/348 91/189 900 134 1,08
*Final langth ix based on prioe to i thickneas
refers to length after sectioning,

Material ;l‘ an-l- Mata ‘l Do‘r:dnlon E; osure
. R n Mode e .
Sample No oF u:':u' on Ru:;n'o O Tine. (] i)
TaeeT (S0 mm)
2RO
g ne
A 3550 130 130 Oxldation 120 1.08/1944
-2M 4580 4 346 Oxidation e 2,91/5238
=IM 4660 245 240 Oxid 4 Th, Shock 90 2. °7I=”6
-4M 4940 232 224 Oxid + Th,Shoek 75 2,99/5382
«lR 4480 3924 366 Oxld + Th.Shock 300 hl'llll% heateup paral
' 2R anos 72 101 Oxid # Th,Shoek 37 sTI2180  delaminated ‘11"1'» G atstor hasted e pston
1?% mg -’-l-l ;g: a{::::: ggg 8 2* 332 ppunu-un A" axle, unlform racess! on, some
surface activity on front face
w6k 380 264* 238 Oxldation 600 0,40/720  heut=up parnliel to A" axls, uniform recessionbands
: noted on front (ace
BPG (B-7)
“C" Plane "
«SM 5230 172 143 Oxidation (1] 1.7t/3186  uniform heating, hourglass oxidation
%M 4238 108 e Onxldation 120 0,92/1686  no {lim coverage
¢ =M 5840 220* 169 Oxidation 10 2.4174338 ing, hourglass onidation, speckied susf
-0M 5948 260 197 Onidation o4 3.09/8862 ing, hauuhu ouldation, speckied aunu-
«9M 5150 199* 168 Oxidation 46 1,75/3150 ge
«8R 4920 185+ 151 Onidation 300 0.50/900 uniform heating, recession
-9k 5050 147 152 Oxidation 130 1.01/1818  little ivity, unlform
«10R 8108 144 141 Oxidation 120 1.18/2124  little activity, unifarm
=110 5830 172 168 Oxidation 120 1.40/2820  uni(orm heating, rec
«12R 4620 221 186 Oxidation 900 0.21/372 uniform heating, recesnion

+Olull recession is overestimated bacause of chipping or srosion at
back face,

*Recesaion rate converted to 30 minutes on linear baele,
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TABLE 1Y
SUMMARY OF ARC PLASMA EXPOSURES OF Si/RVC(E -8)
Matcrial . Caiculated Temperature
Sample No, 3, N Ratic T{CALC)/T(OBS)}
Agsumed P \ Surfuce Computed Cold Wall Fay and Kiddell
Emlhllac:.l‘ ll:u'h e B';U Si! q“l’l T Radiation  Noumal lnitial Final . Exposure Heat Trans{z. Heat Transfer
atk 2 0.h%y 0. atm L {in) BTU "R BTY Emittance Length Length Time soefticient Coefficient
. e - Th'ﬁ‘igt Thi Gens Tecconds]
b ft°sec obs it sec
({miis (mils)
Si/RVC{B-8)
¢ 50,70
-iM 0.36 1,08 4670 0,503 720 6180 292: 0.42 TI4/717 194/439 73 0,95 0.90
“IM 0.33 1,07 4230 0,502 615 5840 Z‘c'l‘ 0,47 696/691 522/519 ki 0.9% 6.32
. -3M 0.32 1,07 3790 0.50% ®55 5750 28D 0. 54 71s/110 5417531 74 0.94 0,90
-4M 0.31 1,06 31270 0.505 475 4230 100 .66 731/739 129/727 240 121 Lol6
-5MA 0,31 1,06 3720 0.503 470 4250 94" 0.62 724/729 ceafenn .- 1,23 1,20
{ After 735 seconds, temperature and redidtivn changed to -SMB
' -5MB 0.31 1,06 3720 0,%02 470 5370 148° 0.38 Y S 509/528 785 0,97 0,95
1 «6MA 0,32 1,0b 3910 0,503 510 4150 90* 0.6% 6927693 ceefera von 1.29 1.2
! After 90 scconds, temperature and radntion changed to -6MB
-6MP 0,32 1,06 3910 503 &0 S510 z20® 0,51 Py . 500/520 106 0.97 0,95
; -7R 3.2 0,013 8850 0.%02 210 3200 53 1,08 103 /735 1030/714 15800 1,58 Vo
-BR* 3,2 0,02 93190 0,%02 15 4800 174 0.70 1041/749 701/48% a0 1,18 1.03
‘ -9R? 3,2 0.026 10090 0,505 590 5220 217 Q, &2 10347725 768/451 "00 1 0,94
’ -10R? 3,2 0,018 8850 0,503 1310 4450 128 U,b8 103t /680 747/ 401 780 1.19 1.07
5 <1IR* 3.2 0,138 10170 0,503 691 5250 27% Q.41 10327720 7607438 200 1,23 1,20
‘ -1ZRY 3,2 0,213 10560 0.502 968 503D 526 0, 8% 1027/719 679/369 160 L. lb 1o
i -13MA 0.35 1,07 3260 0.507 445 4218 Be 0,45 125/723 P S bHL 1,20 |
- 13MB 0,36 1,07 3260 0,507 445 6235 128 [T ceaf e 362/335 124 7 0.94
’ < 14M 0,10 1.01 5480 0,503 480 5540 196 0,44 T07/708 342/334 1496 1o 0,493
i - L&MA 0,20 1,01 3120 ©,.%03 29%  36iS 87 (U] 7047709 caafuen 110 (1.3 1.28
- LS 0,20 1,03 3120 0,%03 205 3n30 “+5 0,02 P 7047704 177e 1,82 L3z
{ «16M 0,17 1,02 2520 0,504 220 3200 19 0,19 w1/762 7584/754 18uu [TRY] 1,33
! -1 0,38 1,07 2920 0.503 397 42V, 90 0,60 21/129 A5H/ 348 LR 115 .12
\ - \BM 0,29 1,08 30 0,508 362 N0 %9 o.M 723/728 725/ K LROG b, 30 1.3%
13 MTIYRY 018 1.0 a0 0,505 824 3730 T 0.8 6/713 cenfans 10 1.eR 1,24
- - LM 0,08 1,02 tan 0,503 2y LTS LT} 0,19 ceafaen 715/704 L7an [IRN 1.3%
; S20R* 2,2 0,00 K2 0,500 2T 3I07s 28 0,67 1054/ 740 1054/ 724 L ROD 16 [
, . S21RY 2,2 0,109 G0 O, R0y 262 I0RK 28 0,64 102 696 1uL4/684 LB t.ot .73
“ S oSurfavy radiation valuey miulit bt error spce severe side ceasion
. caunet 4 g ant ehiinge @ specimen dametee, N gl 1 . . ‘it alleyr oy 5 kb ufe
f T ek ssinaty Jactor cquls 0,86 tire sapplure windoa , ?}IZ:XL:'("""II': I“”.I:::m o e s Thickhiess pafers
o

Mot wgal 3 Gritas Mot real I ostadatink Esposur.

o Rivs wvinn Al
e e

Recessaon

M Lo

BEAY] ATAN 220 LM RVE Osabilion i 1, 12/0620 Coating meltcd and Burend afl, urdiass veor ssion,
N} il 174 17 BAC Osvidataun Iy 2, 2144020 Conting it ald Barnd o, Bourgin e v s dun,
M| "y W\ [l A Onadatinn L 2. /2w Coaling meled o and burnod o'l onrgdas- Foon s s,

(Y] ' 3 [ St O aditaem AL e Coating taeited Dl raemnnel o iront e,

LY YRY (¥ L} aee ot YU S ANTITIFRRY KRL] Conting melted wnd remdined, thon barmed wit,

howrglasy res ession,
SN LR AN 1 [LAN G ¢ NTINTRTIT 50 . HE, nETH
S0MA tuh .- Lot S Oaution L1i] ceea 2000 Contimg el doanel Fooneine 4, then e o o,
Hourglass rece ssinn,

-hMB LILYH Vo2 16} RNC Oxideaton &%

SR atin [} H L TLSR SINTRYNTY 3014

<HR Hhin $10 201 Osidation Hue

-UR [k 2bb 274 Oudation 500

S1OR LULTH 2RI 208 Qnlation 750

<liR p1ug 272 215 RVC Ondation 200 Tmrnehiate coating tarlurs, umform recession,

Sl LY (R]3 350 RYS Owdatiun b0 Imnvdiate costimg tabire ) uniform recessinn,

ST EMA YA .. K10 Osvdatiun LB van /) Lagguid on (ace wnd cdges,

RN 1715 hi jLL] RVC Owdation 124 1, 06/8514 Coating (ailed, rapicd ablaton,

Chan R0 th4 31 HYC Osidation 196 1,86/3382 Lot te coatine Liglure, graHats ablation,

SISMA ST S1C O xatataon 30 ceanfian Lagquid at vilgrew,

SIAMB 3070 0 R ht Oxpdution T No fallarre,
VoM FAR1 T B S Owadation Lann Little vimible, no fasiure,

1M v 208 Vi) HYC Oaitation 10 Bubblen al edges, Goled near Top s di and spredrd s rass Lo
VRAM b 2 1 S Onotadion 1801 Nubblen At edges sathaee,
19MA $2iu . . S0 Onidatian nn Sima bl bishible s on fav e and odgeow

< LMDy JIHL) | L] S Osidation 1100 No luhur,

- EUR MYLY [} V2 SO Ovpdation 1 Bty Lattle actinaty .

2R FLAUR § e Mt Onadntion L HOO Lattle av tivity

+ Evtimabe d,
Hooeswomm mites canvy pied 1o thirty minates on inear basis,
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TABLE 20

SUMMARY OF ARC PLASMA EXPOSURES OF PT0178(B-9)

Material . Chalculated Tempsrature
Sample No, q N Ratio T{CALC}/T(OBS)
Assumed P i Surface Computed Cold Wall  Fay and Riddell
l:n:nhnc:’ b:‘uh . ; P q‘; ;l‘ I.IQSTIHDI E'N:rmll 1aitial Final Exposurs Heal transter Heaut Transfer
stk w0, bbp 9, atm DTV BT R BTU ittance Length Langth Time Coeificient Coefficient
= b (s lt:eu ;' eec thicknacs  thickness {seconda)
¢ (mile) {mils)

FTOIT8 (B.9)
« 20,75 .

~tM 0,20 1,05 1665 0,495 580 5375 193, 0.49 1083/1084  786/7%9 a3 0.8l 0.70

=ZM 0,24 1,03 2205 0,495 285 4630 4, 0.43 1098/1104  832/829 100 0.93 0.90

-3M 0,29 1,05 3960 0,495 470 s4l0 211 0.52 1160/1104  644/608 67 1.90 0.9%

«4M 0,31 1,06 4770 0.49% 780 6280 160: 0.36 1089/109) 817/818 48 0.94 0.8/

~SM 0.3} 1.07 5590 0,49% 940 64458 IS 0,46 1078/1000  799/80) 54 0.97 0.90

~6R* 3,2 0,011 12190 0.495 271 4250 13 0.7 135711/1083  909/607 1000 1.23 )15

=TR* 3,2 0,023 10800 0,495 443 4680 197 9.47 1450/1318  9718/7118 550 I.24 1.10

-8Rt 3.2 0,028 12990 0.495 590 5180 283 0.4 1418/ 4421 sas/em $00 12 1,07

<9R+ 3.2 0,050 15080 0,49% 763 8500 348 0.8% 1380/1091  9317/47% 400 122 1.08

SIORY 3.2 0,213 11440 0.49% 1035 6335 625 0.8 116571096 $28/260 190 L 1,06
‘Surhu vadiation values might ba in #iroz since savere side sroaion * rinsl length {s based on measurirauntrior to sectioning, thickness

od A signilicant change in specimen diamster,

cA refars to length after secticuing.
*Tranamisaivity factor aquais 6,84 for sapphire window,

'Mll.lrth °'l"l nOruu‘ M.n"llll Dou:ddm“ Exposure R';':“‘M e viption of Motion Fictare Film G
amplv No, scension  Recesslon . Time Ate acription of Motlon ure Filin Coverage
mmee e L W T wile T T T e mile ,—mie —
sec W0min
FTOL18 {B.9)
-iM 4913 91 s Onidaiion [} {7080 rapid heat-wp of entire specimen, hourgiaes recession
«2M 4190 i6h s Onidation 100 /4950 rapid hourglase recession
3171 4950 8¢ 204 Oxidation 61 7195  rapid huuegl,
“4M s8z0 214 278 Onidation 1) /8870 rapld hourgl
SM 988 a9 219 Onidation 54 /9 )00 rapid hourgl
(1.3 3190 A0l 114 Oxidation 1000 %7
-1k 4820 472 197 Onidation 350 /1198
R vize 348 430 Oxldativn 500 /1620
-9R 3040 4 Als Ouidatian 400 e
-10R 3898 40 836 Onidati -1 i90 4.40/7920 rounding of nose, uniform recewsion

*Rereusion rate auiverted to 39 teinutes on Hnear baels,
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TABLE 21

SUMMARY OF ARC PLASMA EXPOSURES OF
AXF-5QPOCO (B-10) and GLASSY CARBON (B-11)

Material Calculated Temperature
Sample No, e N Ratio T(CALCYT(OBS)
Assumed P ¢ Surface  Computed Cold Wall  Fay and Riddell
lll‘llnlolt:s M"n:h [] . P Yew 3; Radiatioa Narmal i‘llﬁll N l‘lu:h. hrh:'uu l::en Transler Hu!"l‘unllu
ald w0, 65 9. atm BTU 2} BTU y BTU Emittance ength Liat, . cefficien? Coslficient
i i KT6ec o friase ness  ORlcknans Teeconda) - = ———
AXP-50 {B-10)
0,501 400 4820 140 0,5% 826/031 629/629 103 1,03 1.02
0,501 625 4040 348 0.58 840/842 608/604 76 9,917 1.0}
0,501 578 8600 210 0. 46 824/830 610/618 8l 1,00 1,01
0.501 860 6260 303 0,42 643/644 61 0,97 0.92
0.50) 1060 6580 518 0.59 618/679 44 1,03 1,08
0 0,501 333 4800 120 0.48 448/ 646 (33 1,00 1.03
0,502 638 4980 21V 0,7% 619/483 800 1,28 1,13
0,500 364 4360 1N 0.18 730/386 900 1.28 11s
0.503 902 si:s0 iz Q.79 481/418% 930 1.29 iz
0.50z 1102 5810 487 .91 573/308 2%0 122 115
0,801 1180 b22% 3% 0,50 1127/036 40)/118 300 1,16 1.09
0.502 184 3070 3 0. 91 1133/884 750/ 461 1500 1.%% 1,57
0,502 104 2805 20 0.69 1131/843 931/638 1800 1.59 1,87
0,500 505 5480 19 0,46 506/138 Y 2 o 0.97
0,800 440 3480 219 0,83 868/138 e /31 35 oﬁzl
0,500 360 %000 147 0,50 $24/138 s21/10 5 ‘o4
3300 0.%00 300 ¢ » . 4i1/102 ey [y
:Trlnnn\nuvny factor equals 0,06 for aapphire window,
Immediate tharmal shock failure on exposure to jot, * Final lesgth 1s based on mea prior to uectioning) thickness

rafare tu length after nectioning,

terial T a Material Degrudatio Exposurs Recessjon
l:‘;n;l: No, oF Mc"::lnn Ruo.ulon Lodn " 'r’lmn lhhq Description of Motion Picture Flim Coverage
- = mile L1 ———— "svconds L1CPG 1)
sec ' SOWIA
POCH ite
O.(?:‘nh 4360 191 02 Onidation 103 uniform heating, slight hourglass recaanion
oM 2580 P31 FET Oxidation T unlform heating, hourglase recension
oM 5140 24 m Ouidation [} uniform haating, slight hourglave recansion
M 800 193 {1 Oxidation 6l uniform heating, hourglass recsseion, spechled surface
~$M 6120 189 162 Oxldation 4" ":!“ heating, u:ld hourglase recession
=M 4340 191 191 Oxldation [ T uniform heating, hourglass ion, epeckled surface
=R 4510 460 b1 1] Onidation 800
=R 3900 440 4“4 Onidatlon 900
R 4310 402 LY1] Ouidation 50 ~=u/1390
YT S 11 (%3] 829 Oxidation 250 2.12/3816  unltorm recession
HROER R W mme gm o mumemae oo
R b on [ orm heating, re
13R 5 1 108 Ablation 1800 03 Uniform heating, ra
Qlasey Carbon(B-11)
Qrade 2000
. L 4990 b s Onddatlon (1) sure Hourglans recession; edges melted, then rear of
-IM 9% ™ Onidatl n d, then front face multed.
an tion [13 8349 ion,
M :: 4340 4 128 Onidation 54 467 H ion,
e e e Th.Shoch v sean Thermal shoched immaediately,

*Racsaalon rates convaried 10 30 minwkes un linear Sasie,
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TABLE 22

SUMMARY OF ARC PLASMA EXPOSURES OF HfC+ C(C-11)

Material .
Sampls No. N Calculated Tomparature '
Assumed P i Suriace Computed Ratio T(CAIC)/ T (OBS)
Emittance Mach e e D w Radiation Normal Cold Wall  Fay and Riddell
ath = 0,63 No. atm  BTU (in) BTU _R BTU Emittance ll.'e“u‘): Ll.‘ﬁn-‘:‘. l:x_ﬁ-uu Heat "l‘rnuhr Heat ;l'unnﬂor
_—— 5 - _ 4 n me Coefficient Cosfficient
fthsec oba ft” sec Tﬂ%ul 'ﬂﬂckou Teaconda)
{mils} (mile)
HIC 4 C (C-1))
¢ = 0,60
1M 9,35 1.07 4670 0,456 635 5710 353 0.7 407/407 486/344 1188 103 1.01
M 0.36 1,08 £320 0.45%6 715 5515 09 0.7 406/401 3n0/323 1800 un 1.10
-IM 0,37 1,09 §790 0,456 785 6580 518 0. 61 416/408 237/208 [1] 0.9% 0.95
-4M 0.36 1,08 5200 0,456 755 6710 445 0,49 408/404 262/2% 45 0,92 0,90
«5M 0,33 L.07 1860 0,464 495 5250 244 0,68 413/412 443/362 1800 1,04 1.03 '
=TR 3.2 0.221 10230 0.4b4 889 634y 348 0.51 711/400 $15/363 60 L 1.09
-8R 3,2 0,192 10100 0.463 801 4320 38 0.49 712/394 41/0 100 1.09 1.07
-9R 3,2 0,125 11770 0,439 1709 5360 266 0,59 714/408 681/36% 300 1L.27 L2y
-10R 1,2 0,066 11830 0,459 614 5138 276 0,73 714/405 726/ 388 1800 1,24 119
<lIR 3,2 0.011 14370 0,458 M& 5240 250 0,71 714/401 c34/38 1800 1,09 1,04
=1ZR 3.2 0,017 15420 0,459 7% 600% 303 0,%0 7N4/396 600/2“ 140 L6 0.97
<13M 0.62 1.25 2590 0,456 565 4865 198 0,74 479/428 442/364 76 1,08 1.00 .
- 14M 0.43 112 3490 0,435 435 %640 237 0,50 407/3183 437/34b 1800 0.96 0.94
-15M .15 1.0 2830 0,455 235 4328 65 0.39 481/415 829/368 1800 Lo5 1,08
[\ -loM ¢.17 1,02 1570 0,426 MO0 4900 0% 0,39 4217348 499/349 1800 1,00 1.02 .
1T 0.14 1,01 3400 0,426 295 4820 88 0,35 439/437 4817405 1800 1,01 1,00 N
-lBMA 0.21 1.0} G480 0,426 740 6675 409 0, 44 436/418 R 60 0.9% 0,93
~l8MB 0.2 1,03 6480 0,426 740 58%0 158 2.29 aenfacn 262/200 1740 1o 1,06
-i9R 3.2 0,029 9160 0,427 150 6055 303 0,48 152/ 44) 734/410 48 L 0.89 ’
-20R 3.2 0,180 9040 0,427 791 6175 329 0.48 751/440 s23/201 120 1,10 ).07
<M 0,27 1,04 6330 0,440 660 8800 283 0,53 4517450 431/404 1800 1,07 1.08 '
-12M 0,28 1.04 §960 0,439 708 5730 288 0.57 444/4%1 4i1/382 1800 1L09 1,08
=23M 0.30 1,05 6130 0,440 748 5570 240 0,53 4%9/45)3 416/374 1800 1,13 L3
-24R 2,2 0,204 BODO 0,440 633 K548 246 0,56 752/441 768/409 1800 L4 113
~25R 2.2 0,204 B6I0 0,439 748 5640 269 0.%% 753/44% 746/412 1800 1.18 1,18
«26R 2,2 0,200 8340 0,439 699 5620 256 0,58 158/448 167/416 1800 147 18
¢ Final length refers to measurement after exposute, thickness relecs
to length after sectioning.
Material o Qross Materal Degradation Exposure
. Sample No, F Receasion Recesaion Mode Time Racension
- (mila) {inlle) veconds Ratu#® Deacription of Motion Picture Film Coverage
0 (o
: HIC + € (Celi) W min
M 5250 .79 59 Melt, + Oxid, 18s 630 Melting, sunbuyaet formed,
1 -2M 3085 » i) Melt, + Ouald, 1800 18 Meiting, sunburst formed at angle, some molten droplets,
M 6120 179 200 Melting X} 8443 Rapid meliing., .
<4M 6290 146 148 Maliing “" 5920 Rapid meliing,
-9 4790 - 30 LT Oxidation 1800 50 Heavy uxide, small sunburst, hotter at sdges.
Y ~7R LY 196 i Mellting 60 o Melting throughout run,
-8R 860 233 394 Melting 100 7092 Malting .
-9k 4900 33 40 Melt, + Oxid, W00 240 Sunburst formed, little additional
« JOR AB78 2 20 Oxidation 1800 20 Siow hadtup, sldes grew coider as oxide thickensd,
- 1R 4780 <10 20 Qurdation 1000 20 Slow heatup, sides grew colder as oxide thickened,
«12R 5545 14 o Mealung 180 1100 Melting thiroughout run, N
1M 4409 3 04 Oxidarion 164 152 Heavy oxide, aome adge chipping.
-14M 5180 ~ 30 37 Oxidation 1800 M Heivy oxide, some vdge chipping. 4
-15M R1.TL <48 47 Oxidatlon 1800 47 Pully uxide, some edge chipping,
-16M 4440 (] 46 Cxldation 1800 46 Extromely hoavy oxide,
1M 4360 42 L3 Oxidation 1800 n Heavy oxide, somse adge chipping.
, -14MA 6215 eon Melting 60 Fapid melting.
Y -1M D 83940 177 230 Oxidation 1740 230 Solidifingd { nburat, Llittle activity, .
-19R 5898 <18 3 Melt, + Oxid, 45 1240 Slow melring mple {ractured a sil,
-20R 5718 28 2y Melting 120 L) Continuous melling. :
M 5340 20 46 Oxidatlon 1600 46 Melted inte sunburet, oxide continued 10 malt elowly, *
- diM 5370 27 b9 Qxidation [ (1] Meltad Into sunburst, onlde continued to melt alowly,
-4IM 1110 43 9 Oxidation leoo 19 Melied into sunburst, onlde continued to molt slowly,
4Rt 5185 =16 prs Onidation 1800 12 Unlform oxldation, little sctivity,
31 3230 7 1 Oxidation 1600 12 Uniform oxidation, little aetivity,
<d6R 5160 -4 1] Quidation 1800 2 Uniform oxidation, little sctivity,

4 Recesaion rates converted to thirty minutes on linear basis,
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TABLEZS

SUMMARY OF ARC PI.ASMA EXPOSURES OF ZrC+C(C-12)

-
Material Calculated T
S:mpll N‘la. . ". c N . Ratlo 1'7(:1\1.7(’:’)‘7;'(‘.0':;)'
3sums. urface ompute Cold Wall !
Emittarce  Mach P- le D Qw T Radiatioa  Normal Initiel Final . Exposurs Hn:l ‘ru.uln'l.i::t-;rt:.‘l:lrl
ath =0.65% No, atm BTU (in) BTU °R_ BTU Emitiance Lunnh' Llnlltl- Time Coslficient  Coefficient
b fi"sec obs  t"mec ¢ nees CUREsH
{mila) (miis)
ZrC # C (Cs12)
¢« =0,
STOIM 0,33 1,07 3925 0.464 500 5310 286 0.49 412/406 444/ 389 1800 1,08 1,02
LM 0,34 1.07 4070 0,464 573 s480 2087 0,68 406/199 414/ 34) 1800 1.0% 1.00
M 0,36 1,08 4580 0,464 660 56430 378 0.47 4117404 3874379 3] 8.92 9.84
M 0,33 1,07 4330 0.404 575 5420 292 0.72 407/403 415/383 1800 1.08 1,08
1 AWM 0,34 1.07 4460 0,464 520 5320 280 0.74¢ 407/407 3817341 1800 1.09 1,91
: . oM 0,35 1,08 4955  0.464 625 6300 36l 0.43 417/408 Wi 44 0.91 3.9
0,31 1,06 3488 0,464 430 4965 199 0.70 4117410 426/370 1800 1.08 1,04
+ p l202 1800 127 118
SR 3,2 0.084 11100 0.463 715 5418 103 .78 7117411 121
SRY 3.2 0.224 11520 0.464 1012 6128 42 0.2 7107414 anaf B 23 1.%0 1.1
.Ql." 3.2 0,218 10380 0,464 370 6238 36 0,44 713/40) 438/ 0 20 1.13 1,1
.lol’ 3,2 0,093 11030 0,464 4 8450 319 %.7% T13/404 23/312 1400 117 i
-HR‘ 3.2 0.01) 13320 0,464 383 8228 210 .17 7137404 7123/370 1800 1.14 1,08
-12M 0.6 1,26 2720 0.42% 560 520 219 0,62 444/44) 4787354 1800 0.99 0,96
«J4M 0.4 102 3428 0,426 %38 5410 st g,62 439/428 449/ 188 1300 1.00 0.98
«18M 0,15 1.0 2150 0,427 235 4360 3] 9,30 481/400 536/ 404 1800 Lo 1.04
' ~16MA Q17 1.02 3490 0.426 3153 4890 76 0.28 449/452 ennfmne 150 1.01 1.02
-l6MH 0,17 1,02 3490 0,426 328 4630 “ 0,3 aanlase 483/ 422 1680 1.07 1.07
-1TM, 0,21 1,08 5190 0,426 700 4784 214 0,22 2087287 -eed 0 65 0.90 0.8%
JISR* 3.2 0,130 12110 0.421 450 seds 288 0.47 7487442 142/393 1380 1.1 1.9
+0ransmissivity factor squale 0.86 for sapphire window,
*Final length is basad upon meas t prioer to {oning; thickmase
sefexs o length alter sectioning.
Material T Qraes Material Dagradation Expos Recespion
Sample No, or Recevnion Tp:“:u Mt.g Deec tiption of Motion Plcturs Film Coverage
O “Feconds m i
ee min)
ZiC ¢ ClCald)
~IM 48%0 =32 41 Ouidation 1800 censfd? droplets and whishers a in amall aunburat,
: 513 h“:y “I‘I‘?‘ :m:‘h\ i 1gh )
. - «~iM 5020 -8 86 Oxldation 1801 neanl sunburst forma sian st slight angle
: wiM 4910 Y 18 Maltin, 12 1,09/19640  rapld melting, specimen foll o1( m-.: s
~4M 4960 -8 10 o.u..f,,.‘ 1800 wuen/80 dropleta and whiskers, small sunburet
5™ 4860 26 T3 Onidation 1800 wm=n/bb sunbyrst forimation of dropleta and whishers
oM H040 M 94 weltin 4 $.07/3712%  rapld malting, specimen tilted whan meksing bagan
TIM %08 " 4 Onidation 1890 sienial little activity, heavy oxide formed
| 1 TR U 209 Ouldation 1900 109 Lttt setivity
ST 14 S il Msiting 1) 14000 rapid melting
~9R 5778 H] ] 404 Maltin 20 34000 rapld malting
J0R 8030 - 10 n Onldaticn 1909 n spachied uwumu dus to graphile flakes, usiform
heating and recestion
1R AT - 10 M Onidation 1800 34 wme 40 10R
«JiM 410 - 34 " Onidatlon 1800 (1] vy oxlda, sample loose an stinger, rnating and vibrating fl
-4 A% - 10 42 Onidation 1800 42 heavy oxids, sample loose on stingsr
-1SM 3900 B 1) 64 Oxidation 1800 [ R Iy onide lormad
=16MA 4430 - wea Oxidation 150 30 wavy oxide lormad
~16MB 4170 - ¢ 30 Onldation 1630
-11M 6328 e 3] Mtl\lnr [1] 26 rapid melting and zecession
B 1Y 4313 - 14 4 Onldation 1330 [1] grudual onide formation, ittie netivity

’bruhn apacimens, coud ot be measured accurately, .
Recedslon retes converied to thiriy ininutes on linsar baele,




TABLE 24

SUMMARY OF ARC PLASMA EXPOSURES OF JTA(D-13)

Caloulatsd Timpesraiuie

Matarial
q . Ratio T(CALC)/T{OBS)
S‘:r'n":‘l’:"N"u. P i Suriace c'"“}:'“"" tnitial Final E chlh'il‘wl‘nul ,;;Ya:"lrd by
Emitlance Mach '« l. o ch °T Radiation Normal nit na . Xposure oA r afer L ransfer
Length Langth Time Coelficient Coefficient
i x065y _Ne am BTU () BTU R —DIY__ Emittance Shise  Widhess  “Teccondm- —
1h ft"sac obs {t%sec (mila] {mlle)
JTA (D-13)
0. 1.13 0.98
“ZIM 0.42  i.J1 2515 0,489 730 4550 54 0.26 1015/1015  1000/992 132 : -
“22M 0.3 1.06 3075 O.4AA 460 4210 60 0.40 105011080 10aafem 1 I.1e bz
S2M 0,33 1,07 4510 0,486 600 ce-u  oun aee- 5 R -
Four Disks Thernia! Shocked Off Front Four Disks Thermal Shocked OIf Front
S24M 0,32 1.06 4875 0.490 490 cem-  aon - 1032/1032  weec]--e o R o=
Six Disks Thesmal Shocked Off Front 8ix Disks Thermal Shocked OIf Front 120 s )
SIM 0,32 1.07 3195 0.488 450 4210 68 0,44 38671474 Jrsrezn B 1ite 1ot
ZM 0,34 1.07 4920 0,488 660 5450 202 0. 49 lz‘;;’,:’g “7,“ I s -0
“3M 0,38 1,09 6425 0,488 9BO .ame  aue pe 9 smonlans e
Threa Disks Thermal Shocked Off Front Three Disks Thermal Shocked Off Front Lz L. o7
~4M 0,36 1.08 4120 0,488 660 $020 190 0,64 Jaafeas  dswizs i : .9
-5M 0,38 1,09 4110 0,488 930 .eme  an- .- 978/658 ecrafene b e
Four Disks Thermal Shocked Off Front Four Disks Thermal Shocked Off Front N o
-6M 0,36 1,08 4765 0,488 810 5080 118 0.43 921613 103/ 363 o7 i et
STRY 3.2 0.074 9520 0.4A8 S0G 4125 234 o713 1000/681 917/ 637 1800 ) .
“8R* 3.2 0.164 730 0,490 770 $765  .-n R 1008713 4497132 190 107 9.0
S9R* 3.2 0,151 7260 0.489 770 5765 M4 0.60 1003/692 425/97 140 Hat Pas
-I0R* 3.2 0,200 9110 0,488 945 6125 46l 0,10 998/663 6s7/312 i20 : :
~3IMX 0,33 1,07 8310 0.496 635 SZIO 170 0,49 691/682 215/198 175 8,10 1,16
SIZMXA 0,33 1,07 4215 0,496 630 5213 190 0.58 680/678 00 1,07 1.02
SIZMXB 0.33 1,07 4215 0,496 630 4395 ... st IOy i 1500 1.26 1.21
<ISMXA  0.31  L.96 3035 0.49% 540 <045 (84 0.1 689/682 2 1.10 1,06
=33MXB 0,31 1.06 3855 0,498 540 4398 [ 0.49 confana 1660 1.21 1. 16
<34MXA 0,31 1,06 3780 0,498 490 4705 175 0,76 6£89/677 300 L1 1.08
SMMXB 0,31 1,06 3740 0,498 450 4415 99 0.8 1500 NI Lis
1,07 4250 0,498 625 5140 192 0.58 200 1,08 1,03
1,07 4290 0,495 625 4363 ... aen 238 (1] 122
1,08 4960 0,495 780 5340 144 0,43 143 L1l 1,08 .
1,00 5005 0.496 860 6190 164 0.4 63 1,00 0.%
1,08 8148 0,495 028 B43S 162 0.39 132 L1 1,08
. 1.08 5505 0,495 820 3935 134 [ 9 %) 10¢ 1.02 0.9 ‘
. 1,08 5738 0,495 848 5985 |4 0,19 102 1,03 0.99 ’
1,08 5395 0,495 830 8310 124 0.1) --+/206 1311 144 1.09
1.3 00 0,435 &30 4020 220 0.3 413/412 51 0.88 0,85 R
1,00 3160 Q. 437 448 5448 24 0,5¢ ==afans 1314 0.91 0.9
1,00 3160 0,437 448 4435 ... pede 3M1/330 169¢ 1,12 1.10
1,08 340 0,43 3490 2.4 0,57 menfena o 9.9 [ 11
1.08 3340 0,433 500 4480 ... eem 2711/246 11%0 144 .11
1,08 3060 0.435 380 4810 164 0,65 sy A [} 1,00 1,00
1,00 3060 0,435 S0 4%28 ... . 711/654 1768 1.96 1.07
**Prucxidized 30 minutes at 1450°C,
*Transmienivity factor equals 0. 86 for sapphire window. *¥inal Length 1s based on mensurement prior to sectioning! thlcknase refers
to length after sectioning.
Material u’!‘ Grom Material Degradation Expoeurs
Sample No. ¥ Rocr:‘u.lor\ Ro;'c:lon Mode ";I‘:nml' Description of Motion Picture Film Coverage .
ITA (?.1 3) . o
-2iM 4090 5 23 xidation 182
BTV T4 H 7 Ouidation 130 N 80 fllm toverage
=2IM weea e e Th, Shack & a0 filin coverags
WM el o Th, Shock 1 s o flim coverage
“iM 3750 1 46 Ouidatian 1830 N 2o llm covqrage
.ghMl 4950 e 461 2:‘“&“"" ”t sod! hothqutﬁunﬂc, sunburet (ormation, sppa rent cwoling ol front face
Y e P ;26 o idn:ﬂ sens rapid oxldation, thermal shock failure
.!M ? ‘l‘: “":: 4 :)l‘quld nluln.ilo e:p‘\tlﬂully balled off
- mwwe ne [ « e srmal shoch (ailure
] '_"':4 :::: 2:; ’2: g::::::: ﬂ:: Ilqﬂg‘suldo continually bolted oft
. - o coversge
'== :g:: ::: ::; g"“‘:“‘ 5810 axide melting, rapld recession, farmed rounded nose
s H HH OI luation 4980 oxide malting, rapid racession, furmed rounded nose
-lon 5663 4 xidation 8268 ouide malting, raphi reneasion, tormed rounded hose
- HMX 47150 46 84 Owdation Sunburat formatiun. o'ade continued to melt,
-:i:;: “;':: W e g::'::::"'\ 0';;3 S:nhur’:t formation, ¢low melting of oxide -
. k o un 1 Ut run,
SIIMRA 438 vaa nas Oxidation ;.'.::‘.: u:qx,
SIIMXB 393 203 10 Oxidation 01
S MMXA 4248 V.- ane Omi dation HSame as SEMX, 1
SMXD suss 21 282 Onidation W
JINMXA 4700 Cnydation Satne as 1 MX, .
SIAMXB 3908 608 h2b Ontdatson 2812 ;
S3MX  4BAD 603 w04 Oxidition 1604 Front surtase melted throughow rus,
S3TMX 87130 299 36 Ouidatian 10742 Ragid melting,
SIIMR 4918 %6 LY L) Oxidation 7887 Fronl lluruuo melted throughout run, recession
At angle,
< IMX 549 49) 14 Oxidation o e rlrlu vadual melting of {ront face, then rapid
mely
“AOMX 8494 “ee 4410 Quidation 102 T a I9MX,
-4IMX 4880 474 Ouidarion H 7719 o FMX,
~42IM AN00 m 444 Melting 4 14968 te meiting.
SAIMA 498y Melting 1o Wing, solidifie:d in ausburstl, some
-4IMB 1978 o1 (L T}) Oxidalion 16%0 kLU melting,
-«uﬁ :g‘lg Mh “0 [’,‘"‘,"" ”:3 o0 Owide melling, solidified iy aunburst, .
44 Inidation k&
S4OMA N Melling 38 Ontde melting, sulldified 1n sunbur
GMB ey 148 207 Ondation Ty 201 N oul " "

.
Recesaion rate convertad to 30 mbnukes un linssr hasis,
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TABLE 25
SUMMARY OF ARC PLASMA EXPOSURES OF JTA(D-13)

Matarinl . ¢ Calculated Temperature
Sample No, T  Surface ComPluted Ratio TICALC)/T (OBS}
B e Bl P e o Mmpm ormd o mm, o et LI
nce tAnc ngt! me
_Ath = 0.65¢ Mo am BTY tnl. P’}! 2 "l';ll'!" Emitihnce ﬁ-’ﬁfm. Tichhees  Teeconds) Cosfiicient  Cosfficignt
1b t“sec oba t"sec {mils) {mily)
1 JTAAD-13)
' « v 0,78
- 1.15
-48MY1 0.15 1,01 4070 0.504 380 4225 98 0,68 ceefee- 1800 119
-ASMXLL 0,17 1,01 4270 0.504 279 4480 (22 0,64 i 180 L e
-4BMAIIL 0,17 1,01 4670 0,804 376 4548 139 0,69 '"/'(—,8 mg 3 %Y
-48MX1V 0,17 1,91 4610 0,504 370 4715 143 0.62 - - 637/ 1800 ns 103
49 RX1 3,2 0,057 9590 0.503 440 4768 162 0,67 1025/665 - - o0 l.\7 1.13
-49RXN 3.2 0,057 9600 0.503 446 4910 174 0,64 wenfoan weafauu lBgD \'16 ‘.“
-49RX1H 3.2 0,087 9700 0,503 440 4980 \_84 0,64 manfman --- 1l°u l.I l~“
«49RX1V 3,2 0,055 9420 0,303 440 4835 16 D.69 canfen- 976/640 3 .19 f
. ®Final length refers to measurement after exposuve, thickness refers
Note: Samples a)) cut from cylindrica) billet perpendicular re billet axss > .
{prasaing direction), to length iter sectioning,
S.Mllltrllqll a‘; A Uroan RMatena\ Degradation Exrulurz Recuesgion 5 tion of Motion Preture Film Coverage
mple No, ecession cengelon Mode Time Rate Dewerption of Molion Pleture F uverag
N (miTs) mile] aecunds )m': 0
Tmln
JTA (D-13)
~4BMXI 3165 e Oxtdation 1800 “an Oxide fortmed, slow melting in deregular manner,
» 1IBMXIL 4020 BT Oxidation 1800 No change {rom cycle I, slight oxide tmelting. .
~4BMXIIT 4085 e Oxidation 1800 No change (ram eyclie 11, alight axide melting,
~4BMX1YV 4258 118 Oxidation 1800 i No change from cycis 111, alight oxide melting,
«49RX1 430% Oxidation 1H00 R Slow, spotty oxidy buildup to untform layer,
~49R X1 4450 Oxtdation 1800 ves Ne change (rom cyele 1, some edge chipping,
- SR KIIT 4520 aee " Oxidatin 1500 ras No change from eycle {f, stight edge chipping,
SAFRXLY 4378 4% Oxidution 1Ho0 it No change from cycle 11T, slight edge chipping.

*Converted tu thiety minutes on & Wnvar bais,




*Troasmissivity tactor equale 0,86 for sspphl

‘mnlrh'} :r IQ"“l ;‘nurl:l
. ample No, scesuion ecession
mua mis
KT$iC (K14)

=1M 1 «l0 o

3038 =3 3

3140 0 4

iR a

4 e [

bidll ) i

e 16 M

s [ ]

4940 o 4

3180 13 1

30 1} 1))

] 4

8 Io‘: I a4

Matevial

Sample No,

Assusmed » Nl

Emittance Mach [} 1) D Yw

ath 0,68y No. _atm BTU (ia) BTV

[} n’nc

KT.MC{E-14)

130,10
M 0,32 1,06 3090 0.4%0 480
M 0,35 1,07 3370 0.490 348
3M 0,39 1,10 3280 0,491 810
«4M 0,33 1,07 4183 0,491 600
M 0,36 1,08 4910 0.490 810
oM o.u 3.08 4285 0.4%0 110
™ 1,08 3130 0,490 340

l- udinal Crack
oM 1,00 ms 0,490 520
. twdinal C

R :.z 0,078 nao 0,439 487
@R 3,2 0,163 1200 0.491 781
S3R* 3,2 0,008 11360 0,490 457
4Rt 32 6 7690 0.487 491
SR 3,2 0,008 1710 0,491 687
<427 3,2 0,100 11820 0,490 497
TR 3,2 0,097 10880 0,490 48

ro window,

Dagradatlon
Mode

Onldation
Omidation
Ouidation
Ouidation
Ould 4 Vepor
Quid ¢ Vapar
g-hn\lu

Owidati
Onid 4 Vapor
Ouildation

Ouid 4 Vapor

Ouidution
Onid ¢ Vapor
Oxldailon

TABLE 26

l:nmnun
Tima
“eoconds

SUMMARY OF ARC PLASMA EXPOSURES OF KT-SiC(E-14)

Calculated Temporsture
Aatio T{CALC)/ T(OBS)
Cold Wall  Fay and Riddeld
Imitial Final, Eap Heat T fex Heat Transler
L Li Time Costiiciomt Coafticiont
1] 1l [{

mila) (mils)
903/90) 993/ 98 1838 1,32 1018
92/992 995/98y 1900 1,39 1.43
904/984 994/980 36 1,39 LY
sél/eei 240/034 1938 138 1,29
90/ 188 1.24 1,17

991/ 680 -/0 124 118 L
m/m 999/ 656 1830 1,22 118
988/678 969/ 644 1830 1.32 (11
9911676 20s/668 1800 .00 .78

1§ n2/is 160 128 Lis
L 976/4668 1300 1.74 1,48
990/ 681 Qar/10n 170 1,29 1.21
990/678  979/458 800 118 147
990/ 448 517/202 200 L3¢ [ )

H 979/ 68! 1900 1,84 1,17

t prior to i g1 thick

* Final lutﬁ is Wased on
relors 1o leagih after sectioning.

lnu‘lu
Rate Deecription of Motion Picturs Film Caverage
(
] liquidpresens, bubbling, droplets awapt to outeide rim
] o tim coverage
i 1 p t, bubsling, droplets swep to cutelda rim
o flm coverage
4637 rapid ablatio
4 surfsge Aeumr. 1iquid onide; vapld ablation
3 lquid oxide, bubbiing dus to gas svolution
] liquid exide, g due 1o gas
[ wo fim coverage
358 rapid rececaion
m; ::ll L:"'A." dde htealag, s !
orm heating, sudden brightealag, tasn rapldvapurisation
3 uniform he l::. tistle un‘\’ny N * v
M7 lulo“l‘m dge Lo conter, rapld recsasionbyvaporination
4 rm hesting, listle sativily

*novaasion rate converted ta 30 minutes on linesr basle,
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TABLE 27

SUMMARY OF ARC PLASMA EXPOSURES OF [TT0 992(F-15)

Material a w
Sample No, T
Assumed P i Surface Computed

Emittance Mach g e« D S%w T Rediation Normal
athx 0,65y No, atm BTY (g BTU °R BTU Lwiltance

16 “2“: ubs tl‘ul:
JT0992 (F-18)
«=20,7%
-IM 0.4 6160 209 0.42
M 038 1930 104 0.9}
-IM 0,40 5350 )48 0.87
M 0.40 8370 227 0,58
S 0,49 8030 140 0,53
“M 0.3 4600 242 1.14
Rt 3.2 4270 . 0.29*
SRt 3.2 4845 972 0.
-6RT 3.2 5380 184) [
sr* 32 3685 213 0, 433
<IRY 3.2 6015 1145 o. 183
2Rt a2 6090 393 [
SR 3,2 0,163 8470 0.489 790 nce  mae -
Four Dieks Thermal Shocked Off ¥rom
SRY 3.2 0,013 9600 0,488 224 eae-  .ee
Two Diske Thermal Shocked OIf Front

:'l'ummtulm factor squale 0, 86 {or sapphire window,
Surface radiation values may be low due to requirements for critical

- alignment caused by utilisation of ons-half inch diameter samples.

Mnolrul aT Gross Material Degradation Exposute
Samplq No, ZF _Recgssion _Recession Mods Tim
mils mile .chﬁl

170992 (F-13)
“IM 5

700 (37 37 Oxid + Malting 377
-M RLXL] was 34 Oxidation 1
“IM 4930 39 362 Onid 4+ Melting 100
“4M 4910 416 481 Oxid + Melting 400
-4M 4370 418 444 Onid 4 Melting 408
oM 4140 46 6) Ox=ld + Melting 161
-4R 380 41 [ 1] Oxidation 1800
-8R 4388 -3 22 Onidation 1800
“6R 490 L] 29 Ouxidation 1800
-SR 9228 128 123 Oxidation 1200
IR 4538 i3] 7 Ouxid + Melting 195
-2R 8630 197 400 Oxid + Melting 1o
<SR .. ave - Th, Shock “nas
-1R onue “es aee Th, Shack ems

Calculated Temperature
Ratio T{CALC)/T(OBS)
Cold Wall  Fay and Riddel}
Initisd l‘lnu. t;puuu Heat Tranafer Heat Tranaler
%*Ia L,ne&h img Coglficigat Coslficient
thickness  thickness seconde]

(mils) {mils)

1038/1038  ¢b2/420 177 0.9 0.99
1033/1033  --./999 173 1.1% 1.06
1094/1054  715/692 360 1,07 1,04
1034/1034  618/383 480 1,12 109
1063/1063  645/619 185 L 1,09
1616/1016  970/953 161 1,22 1.7
1010/1010  969/957 1800 1,01 0.99
990/990 995/960 1800 0.98 0,94
1000/1000 1000/971 1800 0.97 0.94
988/938 860/86% )200 1.03 0.98
1005/1005  667/66H 13% 1,10 1ot
794/994  597/%94 110 L3 1,08
971/911 meefun- e ---- -

101¥ 1012 aeefvea wenw rawn P

.rlnnl length is based on measureinent prior to sectioning, thicknaes
refers to length after mectioning,

thlll)ﬂn
Description ot Motjon Picture Film Coversye
(m
3min)
2948 tiquid formation, bubbling, oxide stringers, sunburst conliguration
52 axida furmation, Little activity, um:tc vibration
2112 liquid oxide, stringere, sunburst configyuration
1804 0o Hilm coverage
1648 no (lm coverage
118 no covara,
[1] litvke activity, elight oxidation
a2 Nitle activity, slight uxidation
29 litt)» activity, slight vxidation
185 uniiorm haating, oxide melting, sunbur et formation, uni{orm reca ssion
449 oxide melting, racession
H544 ukide melting, recyssion
e delamination
anas delamination

‘l(ncunhn rate cunveried to 30 minukes on lineav basie,
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TADT T 20
e -l §)
SUMMARY OF ARC PLLASMA EXPOSURES OF JT0O9B1(F-16)
| Mataerial . Calculated Temperaturse
I Sample No, 4, N Ritic T(CALC)/ T(OBS)
: Assuned P i Surface Computed - Cold Wail  Fay and Riddell
; Emitanca  Mach e . D  Yew T  Radiation Normal Initial l'ﬂml xpo ::-l ‘:“ ras “ Hén"‘r'n‘n::-r
| t) 20,68 No atm BT (im) BTU °R BTU _ Lmittance E"P_h -;‘E me oetticis osflicle
{ .__.'_-L _— vl z r— ! ess ness ‘l ml, _——
b sec obr  ftTsec {mile) (miin) e
Jﬂml (Falt)
«=0,7%
«2IM 0,30 1,08 2565 0.489 460 «-e- ~am enme 10101 eaef--e 1 asne ase
Ous Disk Thermal Shocked Q4f Front
| -2ZM 0,32 1,06 3230 0,490 40 4330 ] 0.36 105571058 1830 L6 1.10
| Tharmal Shocked Aftar Test
. S23M 0,33 1.07 4510 0,489 600 sven  --- 104171040 weofene . [ e
Five Diske Thermal Shocked Off Front
Y «24M 0,33 1,07 4510 0.490 600 =amr  wee . 1073/0073  avafaea [} ceen -ree
Six Disks Thermal Shocked Off Front
-2M 0,36 1.08 4460 0.488 710 5570 - 1000/ 642 un/162 116 1,03 0.9
Cne 136 Mil Thick Disk Thermal Shocked Otl l'roﬁ
-3M 0,36 1,08 3900 0,488 470 5940 147 0.32 1000/ 631 711/100 70 0.93 o.88
M 0,33 1,08 3475 0,480 640 5450 192 0,486 998/ 565 603/266 148 0.9 0.92
-5M 0,32 1,06 2485 0,490 390 4370 61 0,35 1000/692  900/846 1930 1.06 L0
-6M 0,34 1.07 4730 0.490 670 ...~ .o - 9917675 waafonn 173 “ren amne
Five Disks Thermal Shocked Off Front .
-T™ 0,38 1,09 6160 0,488 950 ---- -m- onen 986/ 642 meafoee s L. uee
+ Threa Diske Tharmal Shocked Off
-8R 3,2 0,075 9650 0,489 512 «--. - anam 1011/67% cemlone 13 ees wees
Thermal Shock Failure
Rt 32 0,075 9120 0.488 523 K155 281 0,75 998/ 496 978/458 1800 1.12 1.06
ARY 3,2 0,179 T430 0,489 747 3825 283 0,57 1014/694  ¢59/30 150 Ll 3.03
«ORY 3,2 0,179 7430 0.488 731 5605 24 0.59 10137478 6267293 126 1,10 1.0
Apparent Surface Delamination
~LRY 3,7 0,208 9350 0,489 9%0 6070 398 0.62 96/ 667 By 100 112 1.08
Four Disks Thermal Shocked Off Front
"l'rnn-mh-lvlty factor equals 0,86 for sapphire window, * Fiaal length is based on measurement prior to sectioning, thicknees

+ Melting

Materisl Groas Degradatioa Ezposure
Sampls No, Recession Monde Time
mike #acon
JTO (F-18)
21K Th. Shoc ]
«22M Oxid ¢ ‘l‘h Shock 1030
-I3M ‘Th, Bhock [}
24M Th, Sheek
«2M Th. Shock + Guld 118
«3M {dation
M Crtidation !
«3M Oxidation 1830
oM Th, Shosk 1
1M Th, Shuck
-8R ‘Th, Shock 13
DR Ouldation 1900
R Oxld 4 Melting 150
=10R Onid + Melti 126
JGIR v N\Oeh#?u“ 100

veless to leugth alisr sectioning,

Racossipn
Description, otin cturg Film Cover

min]

an {llm coverage

thermal shoek, uxidation, bubbling
boiling of liguid onide

Sailing of liguid oxide

a0 (lim coverage

tharmal shack

tharmal shock
41 fittla activily, uniform oxidation
e onide malted, melting and rapid Teca ssion tollowed
L2335 ] onide mulhd. iting and rapid ¢
suee fromt faca thermal shoaked off during l\ou-up but

stuch to specimen, liguid (ormed, then [ronl (ace
llowr olf and wwelting continued,

*Recession rale converted 8o 30 mindes on dwar basis,



TABLE 29

SUMMARY OF ARC PLASMA TESTS IN NITROGEN TO MEASURE
THE MELTING POINTS OF MOLYBDENUM AND TUNGSTEN

Mo (Accepted Melting Point = 5220°R, e = 0. 30)
A=0,65

Measured Value (Model 500) = 5250+ 30211
Measured Value (ROVERS ) =5190+30"R

W (Accepted Melting Point = 6570°R, ¢, _, g5 = 0+41)

Measured Value (Model 500) = 6850+1100R,
Measured Value (ROVERS ) = 6710% 70°R

SR VIR Ty
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}' TABLE 30

SUMMARY OF ARC PLASMA KXFOSUKEDS Ul o
W5i, ON W (G-18) "

I Calculated Tamperature
j Krmetie Y a9 “w Ratio T(CALG)/ T(OBS)
| Assuned Surisce  Computed Cold Wall  Fay and Riddelt
i Emidance Mach Feo % D 9%w T Badiation Normal Initlal Yiaal | sure Heat Tranasfar Heal Transfur
i MAu0,65p No. atm BTU (ls) BTY OB _ BTU  Emittance St aagh 1:‘_@ —Coslliclent | Coefficlomt
WAL /W(a-19) 1 sec ol ft%sec imils) (mile)
¢ = 0.60(below 3500°r), 0. 33(above 3500°F), 0. 40{baraW)
'
“IM 0,28 1,08 2440 0,505 305 3438 1) 0.5 761464 T68/466 1519 L34 Ll
«2M  0.20 1,08 2330 0.804 320 3360 3¢ 0,87 150/448  797/437 1830 136 131
. “3M 0,20 1,08 2260 0,804 330 344S 3 0,53 743/449 713/447 1830 138 1,27
-4M 0,30 §.08 2785 0,305 440 3538 4 0.60 763/449 179/442 1830 L43 LW
. -SM 0,28 1,08 2680 0.304 240 3088 5 0.89 154/448 58/444 1830 146 1,80
i .uwm o500 1200 o.s:omc‘:: ::zo . 1‘1‘ 0.49 TS/4S8 enele-- 100 1,90 1,76
' ] ascoids are ¢ . nged to AB
’ -SRBf 3.2 0,082 6310 0,504 834 3248 27 0,82 seel=en T64/437 1w 1% LT
-TAAT 3.2 0158 8020 0,305 781 4038 n 0.87 b/ 484 see/eer 300 149 1,88
Aftar 300 seconds, material bogan baiining and conditione
changadto 1:‘5. This may ba dus Lo bura off of the  mil
coating of s
STRB* 3.2 L0,158 %020 0,503 7M1 s8AD 170 0,30 meelan. 119/404 50 120 1,10
~BRAY 3,2 0,158 7410 0,505 718 3965 [} 0:!! 161 /466 eon/een 270 1,70 1,54
After 270 seconds, material bagan burning and ouditlons
changedto ORB, This may be dus 1o bura oif of the § mil
conting of WSi; ,
<SRE* 3,27 70,150 7Tel0 0,808 775 6088 g 0,28 serlnee 4117191 e Lis 108
«ORY 3.1 0,033 13400 0,503 ¢49 3973 33 0,335 186/482 el il sa¢ L8 1,10
-IOM’:.‘: “06033 11420 0,505 45§ "= “m“ eem 781/441 R e 110 neas  srme
or te, ara condith N T
~10RE*3,1 0,018 7200 0,505 22¢ 4330 1) [ 1] aneloan $09/207 1090 1,38 1,19
«AIM 0,36 1,08 5208 0,504 708 638 148 0.2l 471/481 ===/34% 4 Los  Lo1
«IZM ‘0,34 1,07 4098 0,503 840 SS10 14 0.33 407/4 =-e 426 n 1,10 1,07
“13M 0,30 1,06 4265 0,504 825 6310  eee 4647437 01/278 i1l 0,95 094
oldM 0,26 1.04 3483 0,504 440 5038 (1] 0,27 458/482 weslaes 1002 Led 02 \
STM 0,21 102 310 0,504 320 3640 42 0,51 10471020 1400 LS4 1) .
S18M 0,21 1,02 32680 0,504 Mo 3490 33 0,47 201/2008% 1801 L L4l
-19MS 0,21 1,02 3JHO 0,500 310 2480 23 0.71 W40/ 950 1800 [ ]
S20MS  0.21 Lz 3160 0,%00 306 2970 21 0,74 17 /200w «- /300 1800 Les  Lbe
-3IM 0,28 1,04 1400 0,503 395 3775 54 0.57 A50/45 3 Ah/453 1800 Wit LT
S22M 0015 101 4360 0,505 344 3895 66 .61 454/ 448 ANB /448 1800 LI LM
«23RAL 2,2 0,232 BIBO  0,%0¢ 699 3670 &2 0.6} 764,748} veef-e 900 179 178
Z3RB. 2.2 0,232 BI80 0,505 699 403% 63 0.51 N NN
) 2IRET 2.2 0,232 BIBD 0,505 699 4738 j02 0,42 vanfunn T/ 428 b [ICT IS 1]
*24RT 2,2 0,248 740 0,505 653 3455  4) 0.61 To1/45%0 160/448 =00 L8618
s *‘rr.“.mlu.\vny factor equils 0RO for wapphlre window, * Final length refers to measarement aftet exposura, thicknesa velees to
neasukremont afler seclinumg.
M NuRe e depth tempeeslure nueasurenient station
Materlal T Qrosw Masorias Degradation Eaposure Matorial !
Sample No, OF  Racession Reaession h’od- 'IPI:n- 3 No. Description of Meil ture Film Ceverage
Sample e, X =Sm= SR e SEn— .
Wi/ W (Ga10)
M 297 -1 i WSk uOuid 1819 unlform ouidasion, slight bu»uu{ Atudges, caating lmisct
1 -7 1} W8, -Onid 1830 walferm A conblag intac
R4 3 Wal3.Oxid 1830 wniform ceating intact
«lé 1 Wily-Onid 18 uniform coating intash
ud 1 VBl Onid 1430 wnlferm ] castleg intact
18 Whly.Omid 7 wo il aeverage
] 18 W8ii.Onld 1108
-l {10) Wl&-ﬁsu l:: no flim coverage
"
slo’b vai .auu ﬂg uaiformhsating, conting falled followedby vallarm [}
[J W-Ouid 800 »o flim ceverage
30) WeOnid 110 wo flim covarage
04 WeOnid 1090
104 W -Qxid ” rapidhont-up, coatingburnad (i, housgless rec sssion e
N WaOuid H) ' rapldhoateup, coatinghuraud nff, heurglass recession
168 WaOnid 1 1,30/2360  rapidhenteup, aoating hurned off,huurgiass recession
oo Whig.omid (111} senefvaue tu!ll&molhd, shon solldifivd, than lailod In wne spet near
edge which sventuslly spread ever entire spschinen
:m ""fu |‘ m:lgm:’l }:gg SRA Lt ad tivity,
- 30 .o M Oxad, seed) Lattle aet 3 ] .
TIaMs 2420 e o WSi2onid. 1800 “.1/0 L:ul:- ::n:;::—v.' some molten droplels 4l edge, .
~A;)MS m: g wg: -gxu:; {n:uo -..;n Taule viathlo,
«2M " a 3i5.0x1d, #00 ceefn bome bubbling &l edges, anitorm 3 !
2 4 N ew, anilorim \'lll"'. "o (Ullll\u .ll\lll'..
S20M 1438 a ] W81 0Kid, 100 e /0 H ) .
S2IRA 3210 wm(;;om. avg ce/h Lot wrarge, 1 ¥R e v 0 appsenn Tailare.
SIIKD IATH ea . W.ud, - Probable coating {aiilure,
' SAME 427 2) 23 W-Oxid, 1oh o, n/doh Iungsten expasel,
~24R 2098 1 1 W1,.0x1d, LIt By Lant e wetivity,
i “Reevuedon rate converted b 10 imdnules on Locar baxis, ‘
. O) bt
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SUMMARY OF W58i3 ZONE WIDTHS FORMED ON W'Siz./W(G—IS)

DURING ARC PLASMA TESTS

#rman

Test Temperature Time Width
(°F) (sec) (mils)
WSiZ/W(G-IB)

-1M 2975 1519 0.40
-2M 2900 1830 0.40
-3M 2985 1830 0.30
-4M 3075 1830 0.55
-5M 2625 1830 0.15
-6R 2830/2785 1800 0.40
-17T™M 3180 1800 1,70
-18M 3030 1800 1.15
-21MS 3315 1800 1.55
-22MS 3435 1800 3.20
-24R 2995 1800 1,20

312




s e rman = e+ -

P

SUMMARY OF ARC PLASMA EXPGOSURES OF
Sn-Al CN Ta-10W {G-19)
Mateslat Calculated Temporature
Sample No. % N Ratin T(CALC)/T{OBS)
Aosumed » N Surface Computed Cold Wall  Fay and Riddel!
Fittance Mack fe e D ;;- g ladistion  Normal latia) JFiaal | orurs  Heat Transtor Moat Trasatar
At 80 (fu o, _atm TV y BTV Emitta L] 0 celficient Satticient
Aholgee Moo am ML L9 BTV R B ace TN b aBpy  Coolfclest  Ceaiciem
80-AY/Ta-W(G-19) Onile) (mile}
Cn 0,678 Al), 0,50(Ta-W)
M 032 1,06 2880 0,516 390 5550 (g4 0,44 528/ 368 393/244 140 .92 o8
Coating Falled - M of T Obssrved Coating Failed - Molting of Ts Obsarved
«2M 0,24 1,04 1360 0,516 160 255 11 0.54 512/547 S1b/ 332 1330 1.3 1.3
-3 0,28 1,05 2135 0.514 220 3200 ) 0,63 1831 .34 1Ly
~AMd  0.29 1,05 2960 0.514 350 370 M 0,64 1830 1.43 14
=5M g.::‘ l.olsl“ 3230 0.51¢ ;u 5770 %0 0.48 dolser L.“ nl 6.%3 o.m
aa ral = Mall of Ta Ovesrved csting Falled ting of Ta Observed
SRt 3.2 .‘o.ou 8740 0.316 514 8358 &Y 0,17 $30/371 Ty . 2 .20 L1
Coatiug Fatled - Melting of Ta Otserved aiting of Ta Obsarved
=R+ 3.2 0,050 7100 0.514 IS5 3500 42 0,54 ] 1000 1.5¢ 1,4
¥ TAS é.zd 0.011 11440 0.518 200 413 91 0.4 ézs/tm mdsooldu 1“& ” 1.2y 127
on Failed . Melting of Ta Observed oa! ¥ = Meiting of Ta Ohserv:
Rt 3.2 uo.on 10820 o‘..s‘u e 1 Sl sulm 525/342 1000 L.l 1.4
-10R* 3,2 0,011 7940 0,516 $16 30Ts 25 514/344 519/336 1800 L4 e
-HR* 3.2 0,010 7220 0.516 94 295 2} 513/3%1 516/338 1000 L 1,68
=120+ 3.2 0,011 9400 0.5 I32 3% 30 529/368 8327333 1300 139 L.e

"l‘unmlnlvhy factor squals 0.86 for sapphire window.

»
Final length is baved on measuraments prior o sectioning; thickm ss
refors to longth After sectioning. P

Material T Gross Material Dagradati
Sam:le No, OF  Recession Mecsssion Mods
mils mils

Sn-Al on TaslOW(G=19)
oiM 0% 124 Te.l0W Melting
-2M 2108 -4 15 Su-Al Onid
«3M 1740 -10 23 Su-Al Oxid
-4M 1910 12 1 SueAl Oxid
S8 530 143 17 Ta10W Matting
R 4898 e 128 Ta-10W Maiting
1R ne e 13 Sun-Al Ouid
-k W70 25 ] Ta-10W Multing
=R 2068 -l 20 So.Al Oxid
-10R 2418 ~3 10 SacAl Ouid
=R 2505 -3 13 SasAl Ouid
iR 11170 -3 16 SauAl Owid

313

a |
Rate* Description of Motlon Pictere Fim Coversge
Rt
o
~=nu/189%
suesa/1S little activity, coating did mot fail
~=vn/23 surface activity, same liquld bebbleg, 30 coating tailure
weeafll surface activity, some liquid bubblas, no coating tallure
»e=s/2753  contingmalied 20 saconds into rus, totally burned off at
:g uuua‘.nd tantalum melted severely till rus endadat
secon
==ae/208  costing formed small bubble which graw, thes specinen
suriaco brightonsd
eaen/i2 Ustle activity
“==~{1T76  motal melted
14 At ldation, little sctivity
e=eu/10 litlle activity, uwsiforms beating
esvslld litla activity, usiferm heating
wsenflb litlle activity, wsiform boating
x {en retas dta 3 mi o0 linsar busis,
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TABLE 33

SUMMARY OF ARC PLASMA EXPOSURES OF
W+Zr+Cu(G-20) and W+Ag(G-21)

Materisl

Sample No. 8

Asswned P L Surtace

Emittance Mach '8 s D e T Radation

)06 No, am BTU (i) BTU % _ BTU
n ?nc obs  ft%aec

WHZréCulG.-20s

a0,

)M 0,22 1,03 Q970 0,413 313 5008 104
-2M 0,13 1,01 3030 0,435 I'I: 3808 l:

~ORA, 3.2 0.135 11980 0,428 2 5455 406

-SRpT 3.2 0.135 11980 0,428 662 %463 442

9R° 8,2 0.100 10680 0.425 384 5760 237
wuog(o.zl)

‘

* '-IM 0,23 1,03 2330 0,509 310 4710 n
«2M  0.18 1,01 2330 0,519 230 M9 L]
SIM 0,13 1,01 2790 0.508 150 2740 18
~4M 0,18 1,01 2360 0,510 210 3478 38

-SM 0,13 1,01 2760 C.519 210 sS10 4"
M 0,15 1,7 2000 0.514 160 3008 20

"l‘ruamlulvuy factor equals 0,84 for aapphiru window,

ummiaNs, SF Retessmos Recersisa blode
Sam o, ecesnion otesn
Sample o, 7  Ressslon Recstaion _ Mods
WS r4Cu(G-20)
M 4848 ... 147 Melting
~aM 3348 106 112 Mel
-IM 2180 9 L] Oxidation
«AMA 2440 o= ave Ouidation 4
4MB 2960 54 [T Melung
«SMA 2043 - s Molting +
SSMB 2318 [ ] L 1 Oxidation
-6MA  206% ns cun Melting ¢
-6MB 2420 151 168 Oxidatinn
-1 3338 1] 43 Onddation
SORA 5398 ... Maitiag
«8RD $20% %) 257 Onidation
- 5300 1?7 21 Oxidation
WeAg(G-21)
. -iM 4310 m 4hé Jelling
M 2y e sl Malti
=M 180 -1 3 Onidation
-4M o018 (] 143 Melt,or Ablet.
M 3080 s 138 Ablation
«bM 2545 eu L) Ablation

Celculated Temperatuze

N Ratio T{CALC)/ T(OBS)
Corapated Cold Wall  Fay asd Riddell
Nermal Initial Final Heat Transtor Heat Transier

IuTH
Em La Loagth i Cosfficlom  _Goefficient
Emiamee S, i T e

o v
{ralis) (mile}

0.8 “s/01 ---/290 187 1.03 1,03
0,42 504/500 398/388 324 1.22 1,30
0,26 531/491 404/401 1000 .42 1,52
0,54 “%2/458 menfmen 1425 1.34 1,38
0,47  -=cfem- 408/40% 182 1.4 1,18
0,45 420/414 eanfenn 400 1.6 1.7
cmen  mmafean 340/333 1400 1,42 1,44
0,54 a4 mnefuas 500 1,24 1,24
Sl coefeon 200/262 1300 1.43 1.44
0.40 036/520 a08/a77 1800 1,18 1,13
0.74 T55/438 wmnfunn 41 1,48 1,29
0.91 eoufane 502/181 459 1,29 1,33
0. 46 78%/433 730/411 118 1,22 1.23
0,33 4714/465 250 1.01 0,97
0.49 13/l 503 1.26 1,23
0.86 466/485 1800 1,64 1.12
0.81 470/461 424 1.32 1.29
Q.61 459/43% 0 1,35 1,34
0,52 450/445 1000 1,41 1,40

*Fimai 1o is bas~d on measpurement priar to ssctioaing, thickuess
zofurs to langth aftur pectioning,

Material
3
!

e No, Description of Motion Picture Film Goverage
(13 w

187 1485 Immediate meiting of {ront face.
324 622 Matarial melting cut of {rout tace, uniform melting,
1800 990 Little vigible,
1425
::ol 39 Little visible, soms apparant melting.
usoooo u Little visible, soms apparent melting,
1300 168 Little visible, some apparvnt melting,
1800 43 Hesvy buildup an front, some oxide chipping off,
-;55 925 Heavy oxide; some melting, visible rcul'a‘r o
178 sl Hesvy buildup with oxide chipping oft,
%0 3388 Littld activity, rapid melting, hourglass recession,
503 376 Little viaible, some appsvent melting,
1800 3 Littla visible, some spparent malting or ablation.
624 182 Little vieible,
440 540 Little visible,
1800 E]) Little visible, apparent ablation,
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TARBRLE 34

SUMMARY OF ARC PLASMA EXPOSURES OF
Si0,+68., 5 w/o W(H-22)

Material B Calculated Temperaturs

Sample Na. A N Ratl. T(CALC) T(OBS)

Asouned 'S | Surfacs Compused Cold wall  Fay and Riddell

l'.mltuu': l:‘aeh . ] D Sw o; Radiation Nermal Lﬂml‘l’| f‘“‘u‘ l‘d_lrp‘own Hul‘;l‘dnnhr Heat Transler

ath =0, 89 o, atm BTU (i BTU BTU Emitiance on, (] me Coefficient Caelliclent

Ath =0,65 Mo, atm BTU (i R _JTU_ Emddance L w Ty -Sosflclem Coeffehem

! Y 1%esc cbs St sec {mile) (mils}

810,+68. SN W{H-22

] &)JO )
SIMA  0.32 1,06 3670 0,507 470 4700 104 0.48 679/672 [y 250 1.08 1.06
-1MB  0.32 1,06 2670 0,307 470 4830 132 9.51 aeafan= a1/ 662 1530 1,08 et
«2MA 9.33 1.61 4110 0,507 500 4963 143 0.50 704/ 100 nesfenn 00 1.08 1. 04
-3MA 0,93 1,07 4110 0,507 580 4785 118 0.48 wunfaae 692/ 681 981 0 1,08
aIMA 0.36 1.0 4730 0.507 670 5640 240 0.50 688/684 ceefann 180 1,00 0.97
-3MB 0,36 .08 4730 0.507 670 5270 18| 0.50 menfaan 448/420 1680 1,07 1.04
-4MA  0.36 1.08 3500 0,507 T80 Sk 2% 0.83 680/654 O 2 &5 108 1ol
~4MD 0,36 1.08 5300 0.807 780 5343 .- —a—— menfune 2437226 1738 v 10
SMA 0,37 1.3 4170 0.507 840 5695 276 0.56 7017697 P e 100 101 108
~SML 37 1.09 4170 0,507 840 5430  eue aune oy i oln i N b
4MA 0,35 1,00 4699 0,507 640 3315 200 0,53 917682 Ry S 150 1708 10t
-6MPB  0.3% 1,00 4690 0,507 640 8165 1T 0.31 wonlana 592/874 1450 1.08 H
- 3.2 0,085 10580 0,507 526 4638 17 0,79 993/688 493/181 230 1.28 1,21
AR 3.2 0,011 13700 0,507 307 4825 14 0.3 9800/677 643/ 346 350 L1 110
RN .2 0,009 9%0 0,507 184 3790 7 [0 996/670 239/538 1800 133 e
+10RY 3.2 0.009 13100 0208 230 4200 128 0.5 973/607 6097276 690 1 HE
~LIR 3,2 0,004 12440 0,508 209 4025 95 0.17 982/487 700/392 1200 120 ot

+. .
Trensmisslvity factor squais 0.86 for sapphire window, * Final Langtn ls based on muasurement prios to sectioniag; tnickness

refere to lengtn alter sectioning,

Sampie N o R i it Cinistion  Kaposure i Dascription of Motion Pic n
mple Ne, ecansion  Recession Made Time e Dascription o an Plcture Film Coverage
= Tl mih “weconds ol mils
s UMl
Si0,+64, SN W(H-22)
=1 MA 4240 ey ane Qvidation 250 little activily, uniform heating, small hot burets
«1MB 4390 - 2 10 Oxids Flow 1580 H hr‘l appraring on {ront surlace
=ZMA 4508 wen wem Oxidation 600 uniform heating, small hot bursts, slight meitiag
-IMB 4328 12 19 Oxidé Flow 957 2 At adger
«IMA $180 on Lres Oxidation 150 uniform heating, smail hot bursie, edge melting
-IMB 4010 240 256 Oxidt ¥low 1650 26
~4MA $208 e —-s Oxidation 65 lguid asound edge, visible recession
«4MB 4888 437 428 Oxidt Flow 1738 2
SMA 5238 “me aua Oxidation 100 liquid ay und edge, visible recesviom,
=SMB 4970 107 697 Onidé Flow 931 1217 burnaed tlirough etiag hole
~6MA 4085 e new Owidation 150 uniform iwating, small hat bursts
-6MB 4705 9 108 Ould+Flow 1680 108
»TR 4178 500 507 Oxidé Flow 230 3968 rapid recension,
-8R 4065 338 331 Omidé Flew 350 1792 slight rounding of
=9R 3330 151 138 Owmic Flow 1300 138 slight rounding of
=10R 3750 344 kR1} Ontice Flow 600 993 slight rouuding of ¢
1R 3565 237 29% Ontlid+ Flow 1200 4“3 alight sounding of adges, visible leagth recestion

-
Recesslon rate convertad to 30 minuite on linoar basis,
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SUMMARY OF ARC FLASMA EXPOSURES OF

Si0, + 60 w/o W(H-23)

Matervial Calculatsd Tempersture
Sample No. 9 N Ratlo T(CALC)/T(OBS)
Assumed ' i Surface Computed Cold Wall  Fay and Riddel
n.‘uu;u‘; I'l‘nu . -; P Sew T Radlation Normal Lﬂlﬂd 1..1“‘ l:;;;o-urc Hut"hl-n-lu Hut'l’;::uht
Ath w0. 650 L) U {in) BTU °R BTU Emittance h_ ongtn me Coelticlant Coatiiclent
T - _— nens  Thickneas {saconds) m—— =
It ft%ec obs  ft%eec (mila) (mils)
$102-60W (H-" *
[} %.40 !
oM 0,32 1,07 4490 0,508 515 (860 140 0.61 703/750 684/ 662 1830 [ 1,24
V.06 3380 0,30% 408 4458 2§ 0,68 687/700 710/ 683 1630 )24 122
1,08 5 0,404 340 13995 T8 0.63 oBé/ 690 696/ 688 1039 1.3 1.30
1,04 2310 0,505 200 05 68 0,66 700/711 702/ 699 1068 519 122
. 6010 0.505 755 3520 260 0.5¢ 698/698 553/328% 1087 .23 1,22
1,13 5060 0,506 840 5750 288 0.4 733/724 oen/una ] .17 1,12
d ture a diatior changed to -6MB
1.13 5060 0.506 840 3095 190 0. 60 ae 43/423 1740 1.3 1,27
1.14  S230 0,506 895 NTE0 274 0.52 709/113 Ry & 1.1 1 4e
de, ture & distion changed to -7MB
1,04 8230 0,504 893 5120 ]84 9.4 auel/ 245/217 1740 1.34 1.20
0,023 10860 0,506 475 4480 128 0.5 1006/599 634/320 123 1.44 1.37
0.014 11330 0,506 324 4390 118 0,56 1007/699 46071585 500 1.3 1,24
0.007 9160 0.506 218 3920 66 0.59 904/593 1900 K] 1,27
0.004 1023C 0.505 ise Ya20 5 0,68 M%/7118 1800 1.4 1.2
! 0,025 14830 0.506 616 4960 138 0.5 330/19 300 1.47 1.3
. 1.00  $440 0.506 855 5/é3 29} 0.5 o 60 .19 .13
{ ~ISMB After 0 5080 110 0,38 inine 1226 .3 1,23
¥ 1.008 8150 0.506 845 S730 24 0.52 - 60 1.17 1,11
. ~L6MB After 60 seconds Sie0 86 0,26 1740 1.3 1,24
\ 1,08 4330 0.506 700 S450 218 0,83 60 .16 L0
' ~17MS Aftar (0 seconds 120 11 V.5 1749 1. 24 1,17
; 1,00 3479 0,508 %60 4050 151 0,8, 208 1.22 1,186
H M8 Altar 200 seconds 740 136 0.5 1600 1,24 1,19
: 1,07 4260 0,506 630 5190 179 0,52 100 143 1.4
R ~19MB After 100 seconds 20 157 0.53 1700 1.24 1,18
. 1.07 390 0.80% 395 3110 170 0.5 100 1,19 114
. ~L0MB After 100 seconds 4820 138 0.4 1700 1.2 2
i 0,008 13160 0.505 173 3995 [ 0.58 1009/492 715/391 1800 116 L2
0.009 14120 0,504 295 4340 100 0,68 1005/6809 4947189 500 122 i.13
0.017 13030 0.508 411 4430 m 0.0 1010/693 $40/223 300 1.28 1.16
.016 1620 0.307 218 3760 [}] 0.47 1000/ 697 954/643 1800 .37 .18

T raneminsivily factor vquals 0,86 for espphire window,

Material T
Sample No, or

810;-40W(H-23)
% M 4400

i «16MA 5195
B =16MB 4380
«17MA 4990

~1TMB 4650
AMA 4390

~1BMB 4180
«19MA 4730
=19MB 4560
~2074A 4§50
«20MB 4360

O ' AR 3838

24R 3300

Material
Recension
mils

301

* Fical Lengtn ls based on measuremaent prior to sactioning; taickness
refers to lengtn after vectivning,

Recsasion

D"&‘;‘.‘b‘ n-;-":":" lauz Description of Motion Plcture Film Cuverage

—— Wl —_—
Teend R le
Oxidation 1030 slight surface activity
Ouidation 1830 slight surface activity
Onidation 1039 some flaking and liguid late in run
Ouidation 1048 6light bubbling at sdge, little activity
Ouldation 1087 uniform onidation atangletocylinuer axie, eagging of
spacimendue to (racture at sting, eventusllyfell off
Onldation “w some surface activity and melting
Ouid ¢ Flow 1740 aena{301
Ouidation 0 olight surfact activity and melting
Ouid ¢ Flow 1740 A
Onidation s ce--/2196
Ouldation 00
Onidation 1100
ton 1800
Ouidation 300
Onidatioa moelting, recession at angle
Onid ¢ Flow 1326
Onidation malting, racecsion at angle
Onid 4 Flow 1740
tion wo fiim coverage

Onid ¢ Fiow 1740
Ouidation 200 slight eurlace activity
Onid + Flow 1400
Onidation 100 1urfsce Bativity
Onid ¢+ Flow 1100
Onidation 100 "/ surface activity
Oxid 4 Flow 1700 w===i51

Oxidation 1800 301 uniform healing and recyesion

Oxidation 500 le72 1 heating, idayable re "

Omidation oo 220 uniform heating, considarabie re:gasion

Ouidation 1800 L1 walferm hesting, little activity

.lu-ulnn rate converted to 30 minutes on linear basis,
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TABLE 36

SUMMARY OF ARC PLASMA EXPOSURES OF
Hi-20Ta-2Mo(I-23)

Calculated Temperaturs
g‘_:;u:‘:“ "w . Ratlo 'r(cu..c)'/"'r(ou)
R med Surtace  Gomputed Cotd Wall  Bay snd Riddeil
P 4 9 Initial Fisal sure Aeal Transfey Heat Tranefer
Emitance Mach ‘e e D lew T Redition  HMormal Le Loagit® ime Cosificient_ _Goefiiclont
st =0.65 Mo aim MM‘.:,_"___r_“._Eﬂ_...E’_ . e TGl —
b asc obs ft sac {mils) (midn)
Ht-20Ta-2Mo(l-23)
“=h,
[ AT
S 0,35 1,08 3295 0,508 530 4sss  M12 0.61 #80/570 39/583 1830
LM 0,28 1,05 1725 0,509 230 3030 29 0.73 750/436 763/434 952 HT H;
M 0,28 1.05 2585 0,514 383 4086 %0 0.3% 7607449 770/434 1830 2 vt
.4M 0,28 1,05 22710 0,500 320 g% SO e.52 741/428 T01/414 1830 L e
M 031 1l08 3600 0,503 400 3895 &4 u.se T4/a87  730/444 183 I3t BT
T6M 0.30 1,05 2065 0.505 420 3715 54 0.40 T20/413 129/ 408 1% i i3
JRY 3,2 0,063 1870 0,508 455 40%0 12 0.5% 124/414 732/402 1900 bwone
LR+ 3,2 0.181 7400 0,505 753 .iec  eee ——t ;n/«‘r m:““ 1o
Sample meited ample mal
ARY 327 00,022 11250 0,514 337 4835 122 0.4 144/432 719/324 1800 H; H:
JIORt 3.2 0.017 9180 0,502 250 3az5 & 0.9 M e 1800 L Lt
TR 3.2 0,017 10600 0,515 297 3sé0 72 0.63 1Y/4e Te/ale 1800 LI LS
S12RY 3,2 0,018 12710 0,507 TN 4%y 112 ek 865/860 877/53 1800 Lie i
Aamooze Lo 2978 0.303 sa8 4t 16 0.68 ks wrian 0 oy Lt
~14M 0,29 1,08 3965 O, 5 9 o wandean
J5M 0.32 1,06 3733 0,508 5.3 8320 226 ,,:2 430/421 3701353 130 1,04 1.8
-2IM 0,21 1.0 4790 0,742 435 4860 136 0.59 #19/072 iﬂl:“i 1800 1.1 \12
-32M 0.26 1.03 4920 0,743 470 8045 177 0,58 $74/66b aTe/640 1800 .13 L
J2IMA 0,26 1,03 4470 0.492 30 5070 180 0,61 M5/442 LT ALL 4 .12 L.10
«23MB 0,24 1.03 4470 0.492 %00 5780 279 0.9 emefume /0 1] o.n &N
«24M 0,19 1.01 3¥90 0,497 430 5080 149 0.54 434/428 ~ea/392 1000 1.07 1,04
- 0.23 1,03 5400 0.487 380 35710 281 0.5¢ 6477/680 s/ 13 1,08 1.04
-1MC 0.29 1.05 3220 0,501 428 Sa20 233 .67 “y n anef/81 1000 1.08 .97
~2MC 0,30 1,08 3350 0,503 35 8310 206 0,58 e/ 93 Py ) 1000 1.2 097
SIMCA 0,31 1,06 3380 0.499 510 S415 193 0.48 441/100 P 1540 1.00 0,95
J3MCB 0,31 1.06 3380 0,499 510 5795 214 0,40 wasfeas wnef 0 13 0.9 0.09
24MC 0.31 1.0 3540 0,503 400 5395 212 0,53 oW/ oY A 1800 1.5 0.9
*Transmiselvity factor equale 0,86 for sapphire window. * Floal Length refers to sample leagth prior 10 sesticaing: thickness
Tefers to saction leagth,
Mnolrh'} oT (.'}mul Mlhl‘l‘ul Dagradation Exposutre De ton of M pic rim C
Sample No, T  Receesion Recespion Mods Time script otiva tuye overage
= Tmlls - T miG “Feconds
H{-20Tas2Mo ((~23)
M 4195 -9 1) Oxidation 1830 soms surfacs activity, kliag, little 4
«M 2570 =13 2 Oxidation 952 80 fllm coverage
SAM 3590 ¢ a0 \s Oxidation 1830 listle activity
M 3325 -20 12 Oxldation 1830 lirtle activity
-SM 3435 -7 13 Oxidation 1830 lictle activity
M 3288 -9 [ Ouxidation 1830 lstle activity
<R 3630 + -8 120 Ouidation 1000 uaiform heating, Nitle activity
AR (4460) 4“7 447 Molting 10
=9R 4395 25 106 Oxid ¢ Maelting 1800 begans malting, then stopped sad little sctivity tollewed
-I0R 2948 -3 22 Oxidation 1800
S1IR 3400 «11 24 Oxidation 1200
2R 3900 =12 26 Oxidation 1800
~k3IM 3910 =12 U Oxidation 19% melting at edges, sunburst formation
14M 4080 e aae Oxid 4+ Th,shock 30 ra| {04, posslhla thermal sheck
<180 4840 60 ["} Oxidation 1830 sunburat f tion, cxide malting
-31M 4400 -15 [ Ouidation 1800 Draoplets iy lttle activity.
-22M 4588 -4 2% Onidation 1800 Dreplets at edges, Litle Activity.
-2IMA 4bi0 aaa - Oxidation 40 Sunburet formed, rapid melting,
-23MB 8520 4“3 “2 Ma (1]
=24M 4620 sun 33 Oxldarion 1800 0 Slow of oxide 1y
-I5M 5250 232 (13 ] Ml 13 3% Rapid ruelting.
«IMC 4760 - “% Oddation 1800 “% Svsburst formation, edges appesred hotter than

conter wntil hoavy oxide built up,

+2MC 4930 1] Owidation 1800 [1] Sunduret (ormation, small spet 81 canter agd
IMCA 493 Oxidatt 1540 e oty ey d&uuuh -

. w—— om

«IMCB 8338 100 Me is st formatien, oxide ma )

-4MC 4938 ”» Owidation 1000 " for oxide

¢ d based os Col. Wail Heat Tramater Cosfficisat
Eﬂm'x::':f::‘o';?i'm..m?s, mean ratio T{CALC)/ T(OBS) of *Nacession rate converied to 0 minwtes on linear basts.
1.2¢ to 4920°R or 4460°F,
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TABLE 37

SUMMARY OF ARC PLASMA EXPOSURES OF Hf-20Ta-2Mo (I-23)

Material
Sample Na.
Assumed P
Emitiance Mact o

ath s 0,65 No. atm

Hf - 20;‘- - ZMo {1-23)

t20,

-26M1 0.28 1,08
-26MI1 0.29 1,08
«26M111 6.29 1.08
~26MIVA 0,20 1,0%
-26MIVE 0.28 1,08
=27TM1 0,30 1,08
-27TMIL 0.29 1.0%
=27MIlL 0,30 1,08
«27TMIV 0.30 1,03
=2TMY 0.30 1,08
27MV1 0.30 1,03
«2TM V1L 0.30 L.a%
-30M 0.26 1,04
-3IM 0.2t 1,02
-32M 2,23 L2
-3TMH 0.30  1.0%
-3aMH 0.21 LoO2
4 0,28 1,04
-2M 0.3t 1.0%
-45MS ¢3¢ 1,05
~46MS 0.30 1.0%
~53MI 0.1% 1.02
<54 0,28 1,04
«55M 0.28 1.04
Material OT
Sample No,

HI-20Ta+2Mo(1-23}

-26M1 4508
-2bMiL 4805
- 26MILL 4805
-IOMIVA 4910
«ZoMIVB 4540
<2TM 3608
-2TMIL 3910
= 2TMINL 4295
«2TMIV 4365
2TMY 4560
27TMVI 44i0
2TMVIL 4480
-30M -
M 420%
3zM 4480
37TMH - -
36MH
-4IM
-42M -
<45MS 325%
- 46MS 3730
-5IMH 4045
-54M 4205
~$5M 44l0

Gross

£ Recesslon

mils

Matertal
Recension
mils

ql’
T Surface
o, Radiation
R BTU

ohs fi sec

Degradation
Mode

Oxid, +Meit,
Oxad, +Melt,
Oxidativn
Oxidation
Oxidation
Oxidation
Oxidation
Oxid, +Melt,
Oxidation
Oxid, +Melt,
Oxid, +Melt,
Oxid. +Melt,
Melting
Oxadation
Oxidation
Melting
Oxidation
Melting
Melting
Oxidation
Oxjdation
Oxidation
Oxidatiun
Oxi1dation

N

Cormputed
Normal
Emihance

Exporure

1800

318

Initial

Length

Final,
Length

Calculated Temperature
Ratio T(CALC)/T (OBS)
Cala Wall Fay and Riddell
Exposure Heat Transfer Heat Tranafer
Time Cosfficient _ _ Coefficient

(mils)

914/914

948/947
e/ S0
/

{mils}

1800 1.08

1800 1.45
1800 130
1800 119
1800 1L17
1800 L

¥ Final length refers to raeasurement alter exposure; thickness refers
(u section length,
¢ Nose to in-depth tempe rature measurement station,

Recesslon
Raie*

Description of Motion Picture Film Coverage

Oxidized rapidly, sunburst formed, sdge melting continued,
Oxade broke of{, new sunburst formed, slow melting cuntinued.

Slight spalling, continuous slow melting,
Shight spalhing, continucus slow melting.

Edges hotte- than center,

Uniform oxide formed, odges melted, small sunburat,
Oxide broke off, slowly meited into sunburst.

Shight melting of oxide, ' ,le change.

Most o oxide broke off, oxide melted tnto sunburet,
Sume oxide hroke off, continucus oxide melting,
Piecen of uxide broke off, continuous oxide melting,
Rapid melung,

Edge melting, sunburst formation, siow melting,
Fdge melting, sunburst (or mation, slow melting,
Rapld melting.

Ovidized over 3/8" diam, spot, slow meiting

Rapid melting.

Rapid melting,

Little visible,

Little visible,

Rough, heavy oxide over entire nose,

Edges melting continuously, smail sunburast.

Edges mrlling continuously, small sunburet,

*Recession rate converted to 30 minutes on linear basia,
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SUMMARY OF ARC

Material
Sample No,
Assumed

Emittance
at ) 20,654 No,

Mnach

©
e
a

H{ - 20Ta - 2Mo (I1-23)

¢« = 0,58

-28R1
-28RI11
-23RMN
-8RIV
-29R1

Material
Sample Na,

Hi-20Ta - 2Mao(l-23)

-28R1
« 28RIL

+ Estimated,

NORNMNGORNRINNNMNNONN NN N

NNNNNNNRBARNLLWNINNNO YO NN

I
£

433
4255

7590
7450
7410
7900
7400
7400
7400
7330
6060
8000
9580
9150

Graux
Recension

NN

D
fin}

=~

1,000

qCW
BTY
T

t sec

Material
Receanion

{mals

)

TABLE 38

PLASMA EXPOSURES OF Hf-20Ta-2Mo (1-23)

N
Surface Computed Calculated Temperature

oI  Radiation Norma) Ratio T(CAIC)/ T (728}

R BTU Emittance Cold Wail Fay and Riddell
T aec = Initia) Finsl, Exposure Heat Tranefer Heat Tranafer
obs Jength Length Time Goefficient Cocfficient

‘Hﬂ'ﬂn_.u Tmﬁ-‘\?ﬁ‘ Teeconda}). ~— — -
{mils) {mils)

795 141 0,57 1229/910 1800 1,24 1,27
4115 141 0,61 Y 2NN 1800 1,25 .28
4500 n3 0.59 —emfee 1820 1.3 1.34
4585 126 0,61 1225/ 855 1800 1,30 1,35
4325 109 0,6¢ 1275/951 1800 1,33 1,48
4455 121 0,65 eonfenn 1800 1.30 L4
4630 136 0,63 A 1800 1,28 1.36
o --/ 910 310
4290 83 0,52 1027/709 1039/690 1800 1.32 135
4870 130 0,43 1029/221 1056/709 1800 1,23 L3l
4070 59 0,46 1040/728 1050/717 1800 1,51 1.49
3975 56 ©0,48 106/787 ceafann 313 1. 49 1,56
4940 167 0,60 A n21/ 368 380 1,28 1.26
4080 94 0.72 982/97% 988/ 75 1800 1,44 1.56
4070 99 0.77 1025/403%% 1025/ 381% 1800 1043 187
4440 U8 0.64 1065/109% 1087/ &3 180¢ 134 1,40
5070 60 0.58 1276/394%% 1306/ 365 1800 116 L7
4735 152 0.64 1018/102¢# 1033/65 1800 1,31 135
4735 152 0.64 1061/3990%  1078/373, 1800 1.30 L34
4185 101 0,70 U67/205%% 175/ 18 1800 1,42 144
4280 106 0,67 1217/980w 1230/73 1800 1,34 1.30
4255 123 0.80 1280/397%% 1295/ 373: 1800 1.38 1,38
4420 128 0.71 1348/399%+  1358/37} 1803 1,30 1,27

*  Final length refers ta mesasurement after exposure; thickness refers
to sevtion length,

“¢ Nowe (o tn-depth temperature measurement station,

+  Estimited,

Dugradation ExXposure
bode 3

T‘Myr__ Rut cayion M ” Filen G
[TREEE Rate Description of Motion clure m Coverage
e
30 min
Oxidation 1800 “ee Heavy oxide butldup,
Oxjdation 1800 Some oxide broke off, reformed,
Osxidation 1820 Some oxide broke off, reformed.
Oxidation 1800 Same oxide broke off, reformed,
Oxidation 1800 Uniform oxide buildup,
Oxidation 1800 Oxide broke off, reformed uniformly.
Oxidation 1800 aen Oxide broke off, reformed uniformly.
Cxidation 310 11 Oxide broke off, reformed uniformly.
Oxidation 1800 19 Slow, uniform oxidation,
Oxidation 1800 12 Some oxide meited at edges, little activaty.
Oxidation 1800 u Little activity, |
Qxidation a1 oan Little sctivity,
Oxidation 380 62 Oxide continuously melted at edges
Oxidation 1800 22, Light oxide alowly formed over 1/4'" diam. spot,
Oxidation 1800 22 Light oxide slowly lormed over 1/4% diam. apot,
Onidation 1800 26 Oxidined uniformly, little activity,
Oxidation 1800 29 Oxidized uniformiy, little activity,
Oxidation 1800 37 Shroud relatively cold, eample oxidized uniformly,
Oxidation 1800 26, Shroud relatively cold, sample axidized uniformly.
Oxidation 1800 <y, Light oxide formed over 1/4" diam, spot.
Oxidation 1800 a5, Oxidited over 3/8" dlam, epot.
Oxidation 1800 24, Lattle visible,
Oxidation 1903 26 Oxidized ovar 1/2" diam, spot.

.Rueulon rate converted to 30 minutes on linear basis,
‘E-umlud.
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TABLE 39

SUMMARY OF ARC PLASMA EXPOSURES OF Ir ON C (I-24)

Calculated Temperature
Ratio T{CALC)/T{OBS)

Cold Wall  Fay and Riddell
Initial l“I-“mll‘ Exposure Heat Transfer Heat Transfer
Length ength Time Coefficient Coefficient
ﬂuc&ﬁ I 1mchen {seconds

{miis) {mils)
mnz/102 393/330 105 0.93 0,89
ob1,/487 aeafuan 400 113 1.09
vasfouo ava/0% 1400 Li6 112
6B4/¢84 6719/598 1800 1,22 1,21
695/695 meafon 1800 1,09 1,08
695/695 690/647 1800 106 0,98
999/1005 1003/1005 1800 .25 113

1001/1006 Y 30 L2 1,07

canfn 672/665 900 L 0.98
990/999 canfenn 12 L27 1.10
canfenn 901/913 120 118 101

1000/1004 995/1007 1800 1.20 107

1019/1026 1027/1023 1800 1,22 1,10

695/697 692/693 600 1,09 1,06
701/700 £99/698 1800 114 113
701/701 698/698 1200 118 1,13
699/698 696/694 1800 1,13 1,09
699/694 695/695 1800 1.0% 1.10
638/688 694/ -~ 1800 107 1,06

1001/688 981/ ... 1800 1,34 140

1002/702 997/897 600 148 1.57

1002/703 1002/702 1200 1,48 1.58

017/712 1011/705 1795 1,47 1,58

695/695 aeefen- L2 [
ceifean [11} 1,03 0.99

®4 Top distorted to me pure due to parhal costing burn-off and irregular
graphite ablatiun,

* Final length refers to sampie length prior 10 sectioning; thickness
vefers to arction length,

- Material «
. i Saraple No. G Corfuted
. 1 Assumed P i q Surface Normat
} § Emittan e Mach e e (_D_)_ c; °n Radi;:;un Erratt
3 3 1. u.d No, atm BTU {in BT I mittance
! / Bt - - u.8% No. atm RS BT R Emittance
? ft°sec obs  ft” mec
} [r/Graphite (1-24)
}: s =0,
¢ -9M @31 106 3450 0.521 525 6455 43 0.1
! -10MA 0,20 1.02 2985 0.521 345 4825 90 0,135
i ! -1oMB 0.20 1,02 2985 0.52F 345 4680 51 0.27
% L -IIM 0.6  1L.02 3620 0.525 310 4590 91 0. 44
13 -IEM 0,16 1,02 3140 0.523 310 4995 99 0.3¢
i 1M, 0,15 1,00 2185 0.521 310 4b40 a8 0. 40
3 -17F + 3.2 0.002 8550 0.521 98 131980 62 0.5}
' SI9RAY, 3.2 0.00812260 0.5(9 302 5395 122 0.31
4 <19R A, 3.2 0,008 12260 0.519 102 4800 197 0,794
t -22RA,, 3,2 0.016 12980 0.525 506 5780 79 0.1%
t -2ZRP 3.2 0,016 12980 0.525 506 5100 276 0,874
: -24Ry 3,2 0,004 9190 0.520 155 4605 98 0. 46
-30R 3,2 0.004 12220 0.518 194 4875 109 0.41
¢ -4M 0.18 1,02 2810 0.520 287 4810 76 0.3
H ~12M 0,17 1.0l 2950 0.519 257 4575 46 0.22
i ! -M 0,18 1,02 2930 0.521 287 4590 94 0.45
i i -23M 0,18 1,01 2750 0.536 286 4615 98 0.46
. 1 -36M¢ 0,21 1,02 3450 0.520 310 4645 92 0.42
: ' -31}/:’ 0,27 1,04 3300 0,520 355 4835 He 0. 46
I . 3R #.2 0,106 6230 0,507 250 4445 69 0.38
1 -ZSR. 2,2 0,099 5650 0.515 20% wu> 43 Q, 44
y -27R, 2.2 0,097 5790 0.521 196 31}~ 43 0.44
I =Z9R° 4, 2.2 0,097 5900 0.52% 1950 23820 43 0.43
-36MM“ 0,20 1,02 3160 0,520 300 4450 103 0.56
-36MRB 0.42 1,10 3250 0.%20 515 530 233 0.62
o + Tranamissivity factor equals 0,86 for sapphire window,
| * After coating burned off, pyrometer was wighling the graphite substrate,
! Emittance of 0.75 was used for the Puco Graphite (B-10),
| n Caating compoeition 50% HO,-50% Ir, « = 0,50 at X s §.65,,
i %8 Reruns, conditions graduallychanged from [A) ty (B),
1 '
o
.,
i

#Based on original coating thickness

Materisl oT Gross Material Degradation Exposure
Sample No, _F  Recession  Recvwsion Mode TFarme
A mils mils ll‘(ul\al
¢ tr/Grapinze{l-24)
-9 5998 309 172 Melting+C Ablation 105
- 1OMA 1365 an- 334 Ir Ablation 400
-1OMB 220 ame - C Ablation 1200
) BitY o -8 % Oxidation 1800
-lIM 4535 ) - 1r#+C Ablation 1600
- M 4180 - % 48 Oxidation 1800
-11R 3520 -4 0 Oxidation 1800
s . -19RA 49358 .e- 130 Ir Melting 30
i -19R8 2340 329 08 C Ablation 900
' -22RA 5320 --- 26+ Ir Melting 1z
. -2ZRP 4640 89 60 C Ablation 120
p -24R 4145 5 -3 Oxidation 1800
J -30R 4415 -8 3 Oxidation 1800
) -4M 4350 3 4 Oxidation 600
1M 4115 2 2 Oxidation 1800
-18M 4130 3 3 Onxidation 1200
) -23IM 4155 3 5 Onxidation 1600
' -3%bM 4188 4 4 Oxidation 1800
{ -3IM 43758 -6 Oxidatlon 1800
-3R 395 20 “.- Melting 1800
<33R 3345 s 5 Oxidation 600
=2TR 315 0 | Oxidation 1200
-29R 3360 6 ? Oxidation 1795
: -36MRA 3950 .o .. Oxidation an-
v «36MRA 4350 - s Melting 889

320

R vusiun
Rate Description of Motion Pictire Film Coverage
mily
min
6317 Front face melted, coating burn-of! continued {o sides,
Surme malten I on carbon,
149 Dark wpots on {ront face grew during run, one edge
melicd and formed hole which spread across fron! face,

[T Dsrk spots kept forming and disappearing except for

one in center which grew near ond of run,
meame Coaung melted off front face in an irregular manner
leaving large hole,

4 Dark spots formed and disappeared; canter patch
expanded to edge, then most of front face o coating
burned olf,

[} Uniform heating, little activity,
ligd Coating graduslly melted off frunt face then sides.
616 Graphite ablation,

1900 Rapid melting of coating from {ront and aides,
900 Graphite ablation.

(] Uniform heating, little activity.

3 Uniform heating, little activity.

12 Little activity.

2 Little viaiule, wlightly mottied appearance.

4 Little activity, uniform heating,

5 Little activity, untform heating,

4 Little activity, some roughening of eurface.
.- Uniform heating, some roughening of suriace,
——.s Coating (siled around edge, not in center,

L) tmiform heating, little activity,

2 Uniform heating, litile ivity,

7 Uniform heating, Hitle activity,

Droplets and hot apots at edges,
Apparent failure duar edge spread inward,

*Recession rate converted tc 30 minutes on linear basis,
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TABLE 40

SUMMARY OF IN-DEPTII TEMFERATURE EXPOSUREL OF 2rB,(A-3)

Matrrial
Sample No.
Asaumeu
Emittance at

ivuse N
Fhickness "

A:=0.65 (Inchen)  DTY

ZeBy{A-3)
b= &,57
- EMC

-2MC

-IMC

-4MC

*
Asmunmang ¢

©.104 4540

0.101 3230

0.102 1380

Q. 104 4569
Ramd Mclting

= 1,00 at th-depth temperalure measaremen slation,

q(’w
BTU

f7nec

475

460

TABLE 42

on

Surface

4500

634
6340

T°
o

—R

In Depth

Timye

{Seconr .

SUMMARY OF IN-DEPTH TEMPERATURE EXPOSURES OF LA lGZO'/'uSKS(/\dI}

Material
Sample No,
Assumed
Ennttance

None '
Thivkness [

ath =0,650 {lnihes) By

ZrB, +20%S:C(A-B)

Cadodo

<25M

~26M

-27R
L8R

-29M

-30M

-3IR

-32R

0,096 5280

0,395 54130

o.102 7970

0,400 7350

0.096 5330

452

452

58

»

Poco(B- 10} Graphite ahroud vompletulyablated,
3790

0,395 4840

0. 095 7390

0,399 17210

350

440

437

T T
] S
Sutface,  In-Depth
1580 1190
3620 3260
14610 1210
3490 1280
3470 3230
3560 35o
3560 joHo
3570 3070
1560 060
3580 1060
1560 1060
10%0 2970
3140 2960
BR1.30] ren
sniod 2680
s2za 26R0
4140 26HO
3960 1150
3930 3260
9 3250
3740 1290
VTio 200
3710 1260
3000 2470
29%0 4550
2975 2550
2975 2550
2990 2580
2975 2910
310 2830
Ao 2820
e 2820
1260 2120
3240 2120
3260 2720

Time
{Seconds)

.Anuminq ¢ = 1,00 at in=depth temperature measurement atation,
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SUMMARY OF IN-DEPTH TFMPERATL RE EXPOSURES OF HIB,

TABLE 41

! 20%SIC(A-T}

Muterial
Sample No,
Ansumed ivose \ .
Emittance Thickneay 2 Qew T Time
atA = 0.6% (Inches) — BTU  BTU °r {Seconds)
b, ft"aec Surface In-Depth
HIMB, +20%31C{A-7)
= 52&0
-l6MH 0,109 1900 513 4210 1950 249
4370 I9bu 690
Sighting hole brcame blucked, no further incasurements,
s -3IMi 0, 40% Hio 495 4070 1510 3150
4230 1570 &7l
Sighting hole hecame blocked, no further measurements,
I8RH 0,100 &280 497 3070 LR 600
1050 PP 1200
. 30%0 L 1800
J9RH 0,401 6540 487 0 2780 600
3200 2880 1200
3190 2840 1800
-40M 0, 100 4190 495 409% 3620 4%9
4175 840 660
4340 3950 RS
4580 1970 1278
1645 3490 1555
‘ 4670 3970 1670
S4IM 0, 397 4400 502 3950 350 313
4230 3550 651
4565 3660 1084
4665 3669 1259
4870 690 1536
5010 isio 169%
v42ZR 6,102 7140 494 3o e w00
310 2860 1000
s\e k0 1500
-43R ¢, 400 7520 503 31230 2680 600
iz 2690 1200
3260 2700 1400
- 14MS 0,101 4460 493 1250 3070 [
23 lor0 958
3z 3060 1036
3230 3050 127}
3230 3050 1545
1220 3060 1727
16MS 0.1399 45R0 h2e 3350 2780 136
330% 2790 367
1270 27%0 o718
3260 2740 962
3250 2750 1291
3230 2740 V700
Aous 0,097 57150 503 3450 3120 600
3730 3160 1200
-47RH 0,400 4290 489 3660 2910 600
3580 2860 1200
3660 2830 1800
-48RH 0. 100 1030 492 3030 2900 &00
3000 2850 1200
2970 2840 1R00
-SORH ¢.401 7250 492 2970 2800 600
29%0 2750 1200
2940 2780 La00
-49RHS 0,101 6800 a2 320 3000 600
0 3000 1200
33in 3010 1800
-51RHS 0,399 6510 497 1200 2670 600
s190 2660 1200
380 2640 1800

L)
Asyuming ¢ = 1,00 at Inedopth temperature medsurement station,

k




TABLE 44

TABLE 43
SUMMARY OF IN-DEPTH TEMPERATURE TXPOSURES OF ZrB,+8iC+C{A-10) SUMMARY OF IN-DEPTH TAMPERATURE EXPOSURES OF RVA(B.5}
Matsrial
Material Sample No,
Sampie Ne. Astumed Nose i R
::‘\:l.\-d ﬂl‘i‘o:: a - ) - Eﬂ\‘h!llo\tz Thickness . Qew ol o Time
ace chases cw me ath = 0,658 {inches) BTV BTU R .3 {Secomds}
o, 0. ——— et . RN N
ath = 0,6% {iaches) g;y R R (Seconde} o, Ez‘—-c Sorince - Degth
1o, ft"sec  Surface In.Depth
) RVA(B-3)
.lr-B&_*‘;lc!uClA 10} « = 0,85 {Below 3000°F), 0.75(2000°-3800°F), 0,68{Above 3506°F)
-34MH 0,102 3950 416 3930 3620 352 -3IM 0.202 2530 138 1280 2860 5
3975 3690 658 3320 2920 95
3910 3690 985 3310 3000 120
4110 3770 1253 3300 3020 147
3973 3620 1545 3310 3050 168
3918 3630 1645 3300 1120 22
-35MH 0.391 31500 420 3840 :::g 2:(: 3o 3100 a2
2040 3
80 3310 940 «32M 0.463 293¢0 138 3400 2730 108
3940 3300 1282 3420 2760 115
3960 3330 1541 3440 2780 130
3960 3320 1666 3450 208 145
+36RH 0.109 1280 492 3110 2800 600 1470 288 160
3370 3040 1200 3470 2848 17¢
770 3200 1800 3400 2880 o
S37RH 0.393 17110 482 3160 2649 600
3260 2900 1200
3740 2980 1800 .
-34M 0.0% w70 400 i?’gg ;::g :;; Assuming ¢ = 1,00 at in-depth temperature measurement station.
3810 3520 9%0
3840 3540 1269
3840 3550 1871 ,
3840 3550 1684
-39M 0.389 3990 400 w000 3010 310
4260 209 665
41%0 3340 939
4450 3430 1276
4710 3450 1548 TABLE 43
4748 3440 1681
-40R 0.101 6320 498 :l‘:g :3;3 l:gg SUMMARY OF IN-DEPTH TEMPERATURE EXPOSURES OF WSi,/W(a-18)
¢
8020 3360 1ano
“4IR 0.400 6460 495 :“g :v;g lggo
9 0
5170 2930 1800 Saterial
-42M8 0. 102 4000 393 3020 2820 161 N
3000 2960 480 Trnittan Nitd i 4 »
2990 2920 583 mittance Thickneas . cw oT or - Time
3000 2930 943 Ah 20,65 (nches) BT BTV R _TR___ {(Seconds)
2:;3 g:gg ll::: iy ft°aec  Surface  In.Depth
2920 2510 1700 }"f"a/m%:fg' 1500°F)
. 5 .
438 .35 dvd0 403 252 e e S1TM 0.102 3150 320 1620 3160 405
2920 2830 961 1620 3280 636
2968 2560 1261 1630 3250 941
3010 2510 1545 3650 o 1245
Mo me
«44RS 0.094 2
B Ta0 s 1 HiY oo -18M 0.200 320 b 3490 2960 830
4750 3220 1800 M0 3020 1130
-45R8 0,399 7410 [31 1880 2880 600 1490 70 1250
5130 2870 1200 50 3o 1560
5210 2870 1800 90 3110 1760
-ebRH 0.108 7220 %01 3080 2900 600 “19MS 0.096 3380 310 2080 2670 243
3060 1020 1200 850 2760 640
3110 3020 1800 s 2749 98
-48RH 0.404 6350 492 3030 2740 600 2860 2170 1260
3010 2750 1200 2060 2170 1548
3000 2770 1800 2 260 2770 672
-4TRHE 0,103 6010 so7 4060 3040 400 -20M$ 0.200  3le0 306 2965 2120 157
4330 3le0 1200 i 1690 359
4830 3210 1800 2830 2670 678
<49NHS 0,392 6010 %22 1210 2020 600 2788 640 338
4150 2020 1200 2850 660 1263
4190 2830 1800 2110 640 1543
2760 620 1707

* .
Asquming ¢ = 1,00 at in=-depth tamperature measurgmant station, Assuming ¥ » 1.00 at in-dapth temperature measurement station,
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TABLE 46 TABLE 47 ,

SUMMARY OF IN-DEPTH TEMPERATURE KXPOSULRES OF HI-20Ta-2Mo(l-23) SUMMARY OF IN-DEPTH TEMPERATUAE EXPOSURES OF Hf-20Ta-2Mo{l-23)
Material Materia)
Sample Mo, :nmp'l:.:o. Nose
ssumed Nos 38Ul
:":“mn" Thickn iy Yw T Pad Time Emitiance Thicknéess " Sew “‘l‘ °‘l‘. Time
At e 0.68 {Inches) BTU BIU °R °R {Seconds) A1) 80,65 {laches) BTU BTY _°R _ _ %R __  (Bsceuds)
b, ﬂlnc Surface  In-Depth 11 ft%sec  Surfacs la-Depth
H{-20Ta-2Mo(1-23) Hi-20Ta-2M0
" 20,58 « 0.8
-IMC 0,097 220 425 1690 1400 108 -53MH 0. 100 3360 452 4430 3640 31y
4230 3608 510 44% 3700 (1)
3795 750 4450 i
(111} 3940 1200 4800 %10
8170 3920 1400 4440 b 30 1833
5220 3990 1800 4440 1341)
-IMC 0,092 3350 508 1380 3628 150 -30MH 0,39 5220 48 455 3% [T
! 4698 3740 ars “H 3320 " .
' 4890 A74n 400 440 3350 1259
| 5275 3900 600 b0 3320 1554
} 8310 3740 00 480 138 1712
5338 o 900 +39RH 0.100 740 412 4100 1800 600 .
5240 3760 1300 4150 3400 1200
5310 3640 1000 4160 3680 1830
-3MC 0,100 380 510 3030 3840 [ +4ORH 0,410 6950 388 4069 e 600 4
5208 3890 180 4110 nn 1200
s 5338 3300 818 4140 3300 1800
5410 3920 1100 -54M 0. 106 IB00 488 “%40 3510 38
5418 4075 1330 10 3440 0
5338 4230 1488, “%30 i 124
5340 4280 1560 440 3850 {
5550 4500 1565 4650 380 1740 H
! 8470 4880 1870 -55M 0,408 W20 488 4760 3280 340 ;
o 5798 3240y 1878 4800 32%¢ o
' “4MC 0,099 3560 480 4110 3600 115 48%0 3150
5330 1820 360 870 3240 125 !
8198 3720 450 4030 3260 1848
8385 3840 800 4800 3260 3311
5268 3810 1200 “43R 0,120 7690 10Y 4270 3870 600
sLio 1810 1560 4390 38% 1200 '
5195 1m0 1800 4530 3540 1800
sAssuming ¢ = 1,00 at in-depth temperature maasurement station, -44R 0.399 €800 403 :'!“lg oo |=:3 .
, "t Melting observed, NS o 1700 “w sgzg .;.. 1800
' -4 0.0 3 e 170 .
+Eatimated 3630 3% o
80 3170 "
W7 3ib0 1344
3720 3% 1537
3700 170 1703 )
B -46MS 0.393 3760 470 3920 2000 350 i
3940 3TN 680 '
\ 3970 2790 ” !
4120 7% 1240
4180 8% 15843
[} 4210 27% 1130
-4TRS 0.102 7340 498 4480 3210 00
44650 HW 1200
4840 3140 1800
-40RS 0,400 7090 498 4800 3760 600
499 2740 1200
| 4840 2120 1800 -
-49RH 0.206 7480 408 €100 3460 600
4220 3440 1200
4270 3440 1800
-51RH 0.400 6900 398 4230 3240 00 .
2% 24 1200
4340 3240 18%
-50RHS 0,104 5750 402 “Hs 3410 (3]
4310 3434 1200 : .
4370 3s7¢ 1800 ,
-52RHS 0.390 190 39 4310 970 00
, 44% 2970 1300
) 4300 2940 1800

X ‘Auulllu ¢ = 1,00 al in-dapth temperaturs measuramient station.
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TABLE 49

COMPUTED TEMPERATURES FOR ZrB, AND HiB, AFTER TWENTY

SECOMNDS UNDER 10 MW ARC CONDITIONS

(ie = 2000 BTU/1b, P,= 4, 3 atm)

Distance from
Front Face
mils

Radiation Equilibrium
(Eqs. 2,3)

0
250
500

1000

Radiation Equilibrium
{Eqs, 2,3)

0
250
500

1000

Cold Wall Heat Flux
(BT U/fi2aec)
800 1000 1200

ZxB, (density = 375 lbs/ft’)

4530°F 4640°F 4715°F
3221 3498 3708
2557 2814 3018
1887 2122 2318
1029 1245 1437

HIB, (density = 625 lbs/ft’)

4530°F 4640°F 4715°F
3298 3571 3770
2577 2833 3030
1797 2034 2224
461 688 902
326
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)
|

Material
Semple No.
Assumed

Emidance » L
atl s0,650 “plm e

a=0.80 sm_ BTY
- D —_—

]

>
HIBy y(A-2)
-KF-) 633 1968
Hre2 626 1930
H, (A6

=MF.20 6.57 2233
~HIre31 6.4 203

HIB, | +30v/a8i0(A-4)
«H¥=28A 4,76 1w

HIP-M 683 218
TriaiA-%

HF 3.41 W00
HF-6 2,4

«HF-78 [ X

e 6.9 1964
=13 4,84 20
~HIPal4 6. 4% 2030
HIFa13 a3 203
Zrb;(Aved)
HFaI? 6. 7T 1%
«HI-22 680 2%
Boride z{A-.!)

«MiFe1) 631 1%
~HF=12 640 198

2rBy ( + 30 v/o BIC(A-D)

«MF-13A 637 2200
HF 233 611 3370

*sampies examinnd by NOT dye pﬁm (Tabte 12 yloidiag resulse

) luc-nnn

o‘d&' Wvie lk:(A-dlm‘ ! -h-d a umul surface crack but
wa

orwise sound,

SUMMARY OF 10 MEGAWATT ARC HIUH FLUX

-2

is

0.4875
.88

0.47%
0.873

TABLE 50

EXPOSURE CONDITIONS AND RESULTS

CAI:M‘I‘ rabure '
Ratie T(CALCY T{OBS)
Cold \v-u Fay sad Riddalt Motallographic Features

Sow Hest Trans, Heat Traas. T Lupeture  Matarisl Degradation (Distance of Crack(rom)
IFU Cowlliciant Coafficieat mex Time Recessloa ode {Trent ¥oce - Mus)
oo obo il‘ 20conds mile
705 4820 1,03 0.95 360 10,1 2 Th.Bhack  Large Gracks® g:’)
s 3168 L2 1.0 1308 10,1 1 Onidation  Flee Cracks
"we 4080 127 119 1600 0.1 -2 Th, Shock l.u.ocruh.(
133 9% L6 118 3470 20,1 -l Oaldatien  Large Crecke®(300)
"8 3700 L4l T ] 8.7 . Onldation R
036 4088 1.07 as 10,0 Th.Shoek  Large Cresls
180 4920 1.3 “ho 7.8 - Th,Bh, +Malt Large Cracks
0 70 . nie 10,9 e Oxidation
88 4320 L2 .0 1] Ouidation

T 1708 12,0 I Ouldetisn
M emme  mmee emvn 20,4 3 Omidation
e 1630 1,02 s170 20,1 3 Th, Shack

5280 .08 4790 0.2 1 Qmidntion
oy 840 108 19.9 W Th, Sk
W oMl 1R 3500 20,1 Ouidation
M 460 L2y 3580 162 . s
“w a8 L1 5 20,1 [ Th, Shack
M 010 1.l 4810 .1 2
16 & 1,04 6.1 0 ™, Shask
W0 )0 4530 20,1 7
1520 &40 1,0¢ 0.93 5380 16,2 13 Th, S, +Mali  Large Crashs
w0 we 1.0 0,9 (1) 20,3 ™ Th, 8h, ¢Melt Large Crachs
650 naue omae eou eane 11.3 - OQuidabien ensssnasenne (ansl
9w %0 0.9 0.08 37 20,) “ Th, 8, ¢Melt  Large Cranks (21
00 480 1,08 1,07 20 10,3 .. Owidation smsensasens  (=ss)
08 810 o.M 0.89 e 16,6 k4 Th Sheuh u.r.-cnnu “
0 evea  mues wnnn P 20,1 ] Th, Shaek umcmu
w oo LN %91 4“4 1.4 0 ThShesk  Large Craehs
Me M8 1.3¢ 118 7713 0.1 12 OQuidaties  Fime Srecks®
o) 4800 106 0,99 940 5.4 -4 Th.Bheck  Lazge Crasks ‘ln
714 M3 1,00 0,94 .
W odhe ok o9 bty JHH : L bt A el 4
77 4l L2 Lié 3100 20,1 . Ouldation  wevessamas  funs!
Mmoo Ll L wie a0l % Tolhort  Lurge Grasks fimgu
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TABLE 51

SPECIFICATION OF FLUX-S51Zk THR.ESHOLDS FOR
THERMAL SHOCK FAILURES OF BORIDE CYLINDERS

No Thermal Thermal Shock
Material Shock Noted Occurred
1/2" Diam 7/8" Diam 1/2" Diam  7/8" Diam
(chffé‘;—i WA S S T W :-zﬁ’c) I ATy °F)
H(B, (A-2) ——mmmamn—— (695)/(3305)% cmemacaun-- (785)/(4360)
H(B, (A-6) S (733)/(3470)" ==-eemeemac  (799)/(3600)
HIB, + 5iC (A=4) (940)/(5170) --m-mncenan { 966)/(5170) =mmmummmmu-
HfB, + SiC(A-7) (948)/(4610) (787) /(3500)* (1306)/(5780) (840)/(4025)
2rB, (A-3) cemmwmmamas  {800)/(3820) =-mmemwm-e-  (960)/(5370)
ZrB, (Avco) eemmmamcan (714)/(3418)% —eee-- —e-we  (811)/(4340)
EorideZ (Aw5)  eu-ecommmse  e-ee- mmmmmn  mememmemee= (714)/(4380)
(747)/(4160)
ZrB, + SiC (A=) ------ v==m= (787)/(3700) ~=--- me-wem (852)/(3910)

*C racks revealed by NDT dye penetrant test and metallographic examinations
of selected samples,
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TABLE 52

SUMMARY OF ARC PLASMA EXPOSURES OF PIPE SPECIMENS

IN THE TEN MEGAWATT ARC FACILITY
(Mach No. = 1.73, Stagnation Pressure 6.0 A\tm.)

Materizl o Position Pips Shaar
Sample No, in Rtream Entha) Heat Flux Nress
Sample o, SR Zredm. he'py

{BTU/1b) un-u/n’. ac) (lb-/!t!l

HIB, (+10%8ICIA-7)

-1PP ypP 3960 480 %.0
-1PP DOWN 3940 400 26,8
-3PP up 3520 410 4.4
~4PP 3520 410 24,4

ZrB, | $20%8ICIA-8)

-1PP up 1960 480 6.0
-2PP DOWN 3940 480 2.8
-3pp uUP 6000 590 2.4
-4PP DOWN 6000 490 2.4
ZrB,4SICHC(A-10)
-1PP up 1940 <0 2.8
-2pP DOWN 1960 480 2.8
«3pp up 6000 550 26.4
-4PP DOWN 6000 590 26,4
Si/AVC(B-8)
-1pP up 98 472 .5
-2pP DOWN 3895 2 26,5
«3PP P 6000 s 26,4
-4PP DOWN 6000 590 6,4
KT-8IC(E-14)
-3pp up 3998 409 24,9
-4PP DOWN 3998 408 .9
-spp upP 6000 890 26,4
«6PP DOWN 6000 $90 2.4

He-TasMo(l-2)
1P Uy 3960 48 2.8
«2PP DOWN 1960 180 2.8
-3pp up 1520 410 24,4
«4PP DOWN 3820 410 .4

WA single run consisted of & palr of samples denoted as ''upstresm” and
"downsiresm",

Material *

Sim LN Viaual Observstions

HiB, | HONSIC(ALY)
-IPP Serien of radial cracks, longitudiaal cracks 180° apart.
-3PP Series of radial cracks, several longitudinal cracke,
i";: 'c"":':""&"u'".'.i'." cnclndllm f siightly cracked,
- racked radially and longitudinally,

Zeb, \HOMNCIA) v andlongliudntly
-iPP Crackad longitudinally in hal(,
«2PP One quarter cracked cleanly off,
- 3PP Crl!‘l‘ Ially and longitudinally,
- 4PP Crached radially und lungitudinally.

lrl‘OllCN:(A‘ tL]
-1PP No viaible crachs,
-2PP Cracked radially in half at o-ring,
-3PP Cracked radialiy and Ion.nlud.ln-fly.
-4PP No vigible cvacha,

Si/RVCiB-8}
-\PP No visible crachs, coating inaide burned off,
-aPP No visible cra atreahs o
3PP No visible crac 3

n
No visible cracke, coating inwi

-4PP o burned off,
KT-8ClE- 14}

-3pP Crachked longitudinally in hall,
Cracked longitudinally (n half,

-SPP Crached longitudinally in haif and radially
PP Crached longitudiuaily in thirdse.
Hi-Ta-Moil-23)
«I1PP Burned through at o-ring, eroded behind hole,
«2PP Large portiun melted away, o-ring a1va degradaiion.
-ipp Little damnage,
-APP Burned through from - ring back,

#Virtually al) samples showad indications of hent effects where they
came In contact with the o-rings of the sample holding lixture,

Sample  Welght latermal Diameter Teot

e 4 Emittauce run/Poet-rum Ple-run/Post- run Time

= U, grams - sec

’

e 0.40 4. 44/34. 4 0,608/0,610 10,00
2270 0,40 3. 18/36.18 0,606/0, 408 10,00
[ 0.60 14,29/38. 10 0,407/0, 408 10.02
2270 0.460 38.27/35.27 0,608/0. /08 10.02
e 0.60 21.87/21.09 6. h06/0, 406 "
2420 0.60 24.86/21. 88 0,606/0, 605 $.99
e 0,60 22.00/21.98 0,506/0,610 9,61
4260 0.6n 21.92/21.83 0.605/0. 608 XY
ooy 6. 60 12.94/17.94 0,606/0. 605 10.08
2600 060 18,7310, 74 0. 606/0.608 10,08
[2e) 0.60 18, 13/18.08 0,606/0, 609 6.9
3960 0,60 18, 40/18. 37 0.60¢6/0. 608 4.9
ahe 0,70 16.92/16. 97 0.618/0,616 9.9%
3200 0,70 17.04/17. 10 0.613/0.¢12 9%
s 0.70 17.99/17.5) 0.611/0,616 9.9
4200 0.70 17.00/16.9% 0,606/0,61% 9.%
‘oo 0.70 18.94/12,%4 0,603/0, 602 10,00
2420 0,70 12, 49712, %0 0,401/0, 604 10,00
e 0.70 12.52/12,22 0,601/ - v 9%
1920 0,70 12,48/12, 26 0,602/ - 9%
[ 0,58 46,78/-uuee 0,629/%¢ 8.7
3070 0.58 %, 98/18, 3% 0.629/0e 37
e 0,5% 44,40/44, 44 0,641/0.633 413
»3000 0,88 45,50/33,71 0,632/0, 620 [N

*  Combined waight of 1.2).1 PP and -2PP,

" Smple melt nd distorted

9 No maasurement made upstream, pyrometer sighted on 0, 10" apot 1/2%
nside rear of downstream sample.

Dencription of Motion Picture Film c»n;n.g“

No aceivity visible,
Underenpoaed, hv activity visible,

Hot epot around o-ring.

Overaxposed, no leatures visible,

Hot apot arcusd u-ring, some sparks blowing back,
Some liquid droplets,

Liquid continunusly struaming back, some sparky blowing back.

liquid eireaming back sariy in run, no clivity near snd.

Hot spol nesr 105 Snd Around o.ring.

Some liquid drople

+ ot spot around o- ring,

Very hot avound o-ring, then muited rapidly,
Underenposad, no activity visible,

seCamern was sighting (hside rear ol downstream sample,
Desacriptions thus apply te this sample 's bebavier,
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TABLE 55

CAMERA SETTINGS EMPLOYED IN WAVE SUPERHEATER EXPOSURES

Focal Shutter
Camera  Film Speed Length  Aperature Speed

Run No. Number Frames/Sec of Lens Stop Number
473 1 200 3 inch £2,8 5
2 250 4 inch £5.8 5
3 250 4 inch 14,0 5
4 600 11 inch®  £5,6 40
=474 1 200 3 inch £4,0 5
2 200 4 inch £5. 6 5
3 200 4 inch 8.0 5
4 600 11 inch®  em-- 40

*Effective focal length,
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TABLE 56
HEAT TRANSFER RESULTS

—Run No. 473 414
Rate of Temperature Rise ~ deg. F/sec 780 880
Gage Thickness - in 0.1260  0.1265
Average Thermocouple Temp at Time
of Reading - °F 360 350
Corresponding Specific Heat to T of
Copper = BTU/Ib - OF 0.096 0.096
Indicated Heat Transfer Rate - BTU/ft2-
sec 440 485
Gage Surface Temp ~ °F 410 395
Gage Surface Enthalpy - BTU/1b 210 205
Total Enthalpy of Stream at Time of
Reading - BTU/1b 1880 1870
Cold Wall Heat Transfer Rate -BTU/ft2sec 495 545
Run Eatbalpy = BTU/1b 2200 2180
Cold Wall Heat Transfer Rate Corrected
to Run Enthalpy - BTU/{t®sec 580 635
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TABLE 57
TEST CONDITIONS

Run No,
Rotor Total Pressure = atm
Total Temperature - °r
Total Enthalpy -~ BTU/1b
Tunnel Reservoir Pressure - atm

Test Section Stagnation Pressure on
Model Nose - atm

Free Streamm Mach Number
Free Stream Density = 1bs/st>
Free Stream Pressure - psi

Free Stream Velocity - fps
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473

98.2
6740
2200
56.0

1.15
5.45

8 x10°

0.65
9700

414
96.9
6700
2180
55,0

1.15
5.45
8 x10~3
0. 64
9700
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TABLE 58

WALL TEMPERATURE AND HEAT FLUX HISTORY FOR THE STAGNATION
POINT OF A 0,500-INCH RADIUS HEMISPHERICAL NOSE WITH

A THICKNESS OF 0,125 INCH

Time T,(®) d4pp0  ~9rap  9NET

0 560 464.1 0.026 464.1
0.5 1090 431.8 0.370 431.4
1.0 1302 418.9 0.753 418.1
1.5 1481 408. 0 1,26 406, 7
2.0 1650 397.7 1.94 395. 7
2.5 1814 387.7 2.83 384.9
3.0 1972 378.0 3.96 374.1
3.5 2126 368. 6 5. 35 363, 3
4.0 2274 358.4 7.01 351, 4
4.5 2417 348.3 8.93 339, 3
5.0 2554 338,5  11.14 327.3
6.0 2813 320.0 16,39 303. 6
7.0 3051 303.0 22,7 280. 3
8.0 3269 287.4  29.9 257.5
9.0 3468 273.3  37.9 235.4
10.0 3648 259.8 46,4 213.4
11.0 3808 246.3  55.0 191. 3
13.0 (4146)* (146)*
15.0 (4405)* (96)*

%*
Estimated by hand calculations.
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TABLE 59

WALL TEMPERATURE AND HEAT FLUX HISTORY FOR THE STAGNATION
POINT OF A 0,250~-INCH RADIUS HEMISPHERICAL NOSE WITH
A THICKNESS OF 0.125 INCH

Time TR}  duppo  “9rap  INET
0 560 653.0 0. 026 653.0
0.5 1293 593.1 0.732 592. 4
1.0 1576 568, 7 1.62 567.1
1.5 1812 548, 4 2.82 545. 6
2,0 2032 529, 4 4,47 524.9
3.0 2441 490.1 9.29 480.8
3.5 2629 4710 12,5 458, 5
4.0 2808 453.0 16,3 436.7
4.5 2978 435.8  20.6 415.2
5.0 3139 419.6  25.4 394.2
6.0 3434 389.8 36,4 353.4
7.0 3695 361.8  48.8 313.0
8.0 3919 335.0 . 61.8 273.3
9.0 4113 311.9  74.9 237.0
10.0 4279 292.1  87.8 204.3
11,0 4421 275.2  100,0 175.2
12.0 (4576)" (140)"
13.0 (4700)* a12)*
14.0 (4800)* 82)"
15.0 (4872)" (6n*

*Eltimated by hand calculation.
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