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ABSTRACT

The oxidation, mechanicai and puysical pispeciics of zirsonium dihnride i
and hafnium diboride and composites prepared from these diborides with appro- i
priate additives, bave been determined as a function of composition, micro-
. structure and test temperature. The composites were designed to enhance
oxidation resistance, strength and thermal stress resistance without sacrificing .
high temperature stability; the principal additives were silicon carbide or graphite. :

Several hundred diboride billets, in sizes from two inches diameter to six
inches square, were fabricated by conventional hot pressing. All hot pressed
billets were subjected to extensive nondestructive testing correlations and flaw
identification criteria. A unique role for ceramic additives has evolved in en-
bhancing the fabricability of diboride materials and producing fine grained crack
free billets. All powder materials and hot preased microstructures subjected to
properties evaluations have undergone extensive characterization through quali-
tative and quantitative chemical analyses, phase analyses and grain size and
density measurements.,

An exploratory fabrication effort was initiated to develop alternate means
to hot pressing for producing dense diboride materials; hot forging, plasma
spraying and sintering are being studied, In addition, the hot pressing of diboride .
compositions containing additives such as SiC whiskers, carbon filaments or 1
tungsten filaments is being studied.

Oxidation screening evaluations were performed in hot sample cold gas .
furnace tests in which low velocity air at a linear flow rate of 0.9 {t/sec is passed
over specimens at temperaturea from 1700° to 2200°C. The beneficial effect of
SiC in reducing the rate of diboride oxidation and increasing the adherence charac-
teristics of protective oxide coatings was confirmed and extended in temperature
range and composition. The introduction of graphite, for improved thermal stress
resistance, detracts from the oxidation resistance. Hafnium diboride compositions
display superior oxidation resistance to analogous zirconium diboride compositions.

Mechanical properties screening evaluations, comprising bend streagth
measurements u, o 1800°C and static elastic modnulus measurements up to 1400°C,
were performed for selected diboride compositions with variations in porosity and
grain size. The fine grained fully dense diboride composite compositions possess
the highest elevated temperature strengths; bend strengths of 40,000 to 60,000 pui at
1800°C ars found in several compositions. FPorosity and graphite substantially re- L
duce the Young's modulusof HfB3 and ZrB2 from the 70 to 80 x 106 pei level whereas i
SiC does not significantly alter the composite modulus. The tomperature and strain i
rate dependence for the onset of placticity are being established; all compositions
have ghown limited plasticity in bending at 1800°C.

Preliminary steady state thermal stresa resistance measurements were per-
formed in which hollow cylindrical specimmens are heated by a concentrically

iii
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ABSTRACT (CONT)

I positioned carbon rod in order to induce thermal stresses sufficient to cause
hrittle feilure. Transient thermal stress data of materials from this program

ﬂ are being obtained in a variety of hot gas/cold sample arc plasma evaluations
under a separate study.

The reaulte of the current program provide an increased coni.dence in
the choice of a diboride material as a monolithic ceramic body for applications
in environments which will produce thermal stresses and surface oxidation.

Diatribution of this report is limited for the protection of technology re-
lating to critical materials restricted by the Export Control Act.
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L. INTRODUCTION AND SUMMARY

A, Introduction

The diborides of wircunium and haluivm have bedn identificd a5 cx-
cellent candidate matcrials for applications involving exposure to oxidizing
environments at elevated temperatures. A previous investigation of diboride
materials showed that the oxidation resistance of the refractory diborides de-
creased in the order HfBp<ZrB;<TiB; <TaB2<NbB2; extensive thermodynamic
data were presented and reviewed (1"). Subsequently, extensive oxidation eval-
uations confirmed the superior oxidation resistance of HiBp over ZrB2 and
demonstrated that metal rich compositions of HfBp or ZrB) were more oxida-
tion resistant and possessed higher thermal stability than boron rich compositions
of the same diboride {2). More recently, the oxidation ciaracteristics of poly-
crystalline microstructures of ZrB, and HfB, containing various additives were
investigated; the oxidation behavior was ltudieﬁ in hot aample/eold gan furnace
teats in which air was passed over the sample at low velocities (3). The addition
of SiC as a second pbase constituent substantially improved the oxidation resist-
ance of ZrB, and HfB,. Additional oxidation characteristics were obtained
from a lirnited number of hot gao/cold sample, arc plasma tests in which hot air
was passed over the sample at subsonic and supersonic velocities, In these arc
plasma evaluations, the HfB, was again more oxidation resistant than the ZrBj.
No thermal stress failures were encountered in forty arc plasma tests. Bend
strex:)gth data were also obtained for ZrB; and HfB; from room temperature to
1400°C,

The present program was undertaken to prepare a number of diboride
materials containing either ZrB; or HfBj as the principal component with selected
additives designed to enhance one or more of the following: oxidation resistance,
mechanical properties and thermal stress resiatance. Diboride materials, in-
cluding ZrB, and HfB; with no additive, are being fabricated with microstructural
variations oi’ grain size and porosity. Billets are prepared by conventional hot
pressing procedures suitable for the production of components such as nose caps,
leading edges, vanes and similar objects anticipated for use in high velocity flight
or re-entry conditions. The program is broadly divided into three phasevs: (1)
composition and microstructure screening, (2) extensive properties testing and
(3) simulated application evaluations and verification of properties in scaled-up
fabrication, In Phase One, oxidation, mechanical and thermal screening tests of
a wide range of compositions and microstructures are being used to select a
limited number of particularly attractive diboride materials. Ia Phase Two, the
selected compositions and microstructures are being fully characterized over a
wide temperature range in terms of oxidation resistance, strength, elastic
modulus, linear expansion, thermal conductivity and steady state thermal stress
resistance. Finally, in Phase Three these properties will be redetermined for
materials prepared in scaled up billet sizes and a leading edge configuration will
be subjected to simulated hypersonic flight heating conditions of varying severity.

tUnderucored numbers in parentheses designate References given at end of report.
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At 18 anticipeivd ibai at the completion of the nrogram. sufficieant
powder material procurement and characterization information, fabrication
technology, physical, mechanical and oxidation property data and thermal strees
resistance performance data will be available so that future utilization or di- R
boride materials for a particular application can be readily achieved with a
minimum of additional required data. Appropriate information is being generated
to ascertain property trade off consequences which may be utilized in developing .
optimized materials for specific applications, or which may be necessary if other
fabrication techniques must be employed.

B. Summary

Zirconium and bafnium diboride powders were procured in several
lots ranging from fifty to three hundred pounds. Additive material procure.nents
included rilicon carbide powders and fibers, hafnium silicide and boron silicide
powders, hafnium metal, hafnium-tantalum alloy and cbromium metal powders,
tungsten filament, Poco graphite and Cabot Regal carbon powder and Thornel 25
graphite fibers.

Several hundred diboride billets were fabricated with and without one
or more of ths above additives by conventional hot pressing procedures. The di-
j boride materials fabricated include the following basic cornpositions which are
{ ‘ identified by roman numerals: Material I, ZrB2 with no additive; Material I,
L HIB, with no additive; Material IIl, HfB, with 20 v/o SiC; Material 1V, HfB2 with
1 30 v/o SiC; Material V, ZrB, with 20 v o SiC; Material VI, HfB; with 4 v/o Hi-Ta
‘ ailoy; Material VIII, ZrB, with 14 v/o0 SiC and 30 v/o C; Material X, ZrB, with .
20 v/o 8186; and Material XII, ZrBy with 50 v/o C. Additional billets baving varia-
tions frorn the basic compositions were also fabricated. The majority of the billets .
were 2.0 inch diareter by 0.7 inch high, although several dozen 3.0 inch diameter
x 1.0 inch high and about a dozen 5,75 inch square by 0,75 to 1.5 inch high billets
were also prepared. All hot pressed billets were subjected to extensive non-
destructive testing evaluations to provide sufficient data for subsequent development
of property correlations and flaw identification criteria. These evaluations are
being performed under & separate program (4).

r Considerable difficulty was eacountered in the fabrication of crack free
tdllets of Materials I and 11, which do not contain intentional additives. Furthermore,
fully dense billets of Materials I and II could not be prepured without significant grain
growth. A unique role for ceramic additives in enhancing densification by hot
pressing, hereotofore not fully understood nor expioited, was found. The incidence

of cracking was virtually sliminated for composite compositions based on either

ZrB, or HIB,; this effect is particularly well documented for additions of SiC, C ,
or both 8iC + C, High density fine grained diburide microgiructures were hot !
pressed and characterized in terms of chemisiry, density, grain size and phase

anslysis. The various intentional additives to the diborides also resulted in ap-

perent reductions of the impurity phases found in the as-receivad diboride powdors.

An exploratory fabrication effort was undertaken to develop altarnate
means to hot pressing for producing dense diboride materials; hot forging, plasma .
epraying asd sintering are being studied. In sddition, the hot pressing of composite
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composikions couinining addiiives uoi iu puwders form bes beoein allenpied; ths
materials that were prepared include Material V with SiC whiskers, Material
XII with Thornel 25 yarr and a Material XIII ccntaiiing ZrB, with W filaments,

Phase One screening evaluations were performed on diboride compo-
sitions representing variations in porosity, grain size and chemical composition.
Specimens were subjected to thermal, oxidation and mechanical tests in order to
select a limited number of microstructures for more extensive properties

measurements in Phase Two.

Therinal screening evaluations were performed in argon and at 107

5

torr vacuum at temperatures up to 2300°C, Screening evaluations at 2300°C for
15 minutes in argon revealed no change in the initial microstructures of Materinls
I, II, I, IV, V and XII. Surface depletion zones of additive phases at depths of

15 to 50 mils were found for Material VIII and second phase melting was observed

in Material X. Melting data obtained on hot presssad samples from several dif-
ferent lots of ZrB; and HfB, powders indicated incipient melting temperatures
consistent with identified oxide and carbide impurity phasea, Complete melting
was oburvsd at 3075° to 3095°C for three different high purity ZrB; materials

and at 3345°C for one high purity HfB, material.

Oxidation screening evaluations are performed in hot sample/cold gas
furnace tests in which low velocity air at a linear flow rate of 0.9 ft/sec STP

is passed over the specimen (0.35 inch diameter by 0. 35 inch high) at temperatures

from 1700° to 2200°C for 30 or 60 minutes. Oxidation characteristics are de-
termined by post oxidation metallographic analysis which yields measurement of
the depth of conversion of diboride to cxide, observation of adherence charac~
teristics of oxide coatings and determination of high temperature limit for the
formation and retention of a protective oxide for 30 to 60 minutes. Hafnium di-
boride displayed better oxidation resistance than girconium diboride at all temp-~
eratures in agreement with earlier results (2); the high temperature limit for

protective oxide formation was 1875°C for ZrB, and 2050
reported (3) enhancement of diboride oxidation resistant characteris

C for HfBg. Previously
ic

s by the

introduction of SiC were confirmed and extended in Materials III, IV and V. The

adherence characteristica of the oxide produced in the latter materials is improved

relative to ZrB, and HtBﬁn\:ith no additive and protective oxide formation is ex-~

tended to a temperature

it of 2000°C for Material V and was cbserved up to

—— O BT,

et k. B ot

2100°C for Materials III and IV. Prefarential oxidation of SiC was cbserved at all
temperatures; this phenomenon leads to the occurrence of three discreet mones in
an oxidized spocimoen: the outer oxide, the diboride plus void zone and the unaitorad
diboride plus SiC matrix. The introduction of C detracts from oxidation resistance,
as in Materials VIII and X1I, which were formulated to maximize tharmal stross
resistance. Material VI with 14 v/o SiC and 30 v/o C is more oxidation resistant
than Material I butless than Material V. Material XII with 50 v/o C is substantially
less oxidation resistant than Material I; reduction of C to 20 and 5 v/o renders
Material X1I competitive with Material I. Addition of SiB, to ZrB;, Material X,

extended the range of protective oxide furmation to 1925°C but did not improve
oxidation resistance at lower temperatures; addition of Cr to ZrB;, Meterial XI,

lowered the oxidation resistance of ZrB,. Addition of Hf-27Ta to
VI, showed no appreciable effoct on the oxidation resistunce of HEB,.

20 Material




‘has eliminated the need for the consideration of low melting metal additives as a

Machanical screening evaluations, comprising transverse bend
strength measurementa from room temperature to 1800“C and static elastic mod-
ulus measurements from room temperature to 1400°C, are being performed for
selected diboride compositions of several microstructural variations in grain Y
sise and porosity in Phase One. The effects of grain size ranges of 6 to 40 mi-
crons,for Materials ] and ILLand 5 to 10 microns for Materials III, IV and V and
porosities from 0 to 15 per ceat bave been evaluated. Materials 1 and I display .
peak strengthe at 800°C; Materials 111, IV and V show relatively flat temperature
bend strength curves up to 1800°C, Bend strengths of 40,000 to 55,000 pei have
been obtained with the fully dense fine grained compositions of Materials IlI, IV
and V. QTheu strengths are substantially higher than those of Matcrials I and II
at 1400°C and 1800°C. Young's modulus values of 70 to B0 x 10° psi were obtained
for the fully dense diboride materials. Porosity substantially reduces the elastic
modulus, whereas additions of SiC do not significantly alter the diboride modulus.
Currently, the temporature and strain rate dependence for the onset of plasticity
are %cin; established; all compositions have shown limited plasticity in bending at
1800°C,

Preliminary steady state thermal stress resistance measurements
were initi. ted to obtain experimental data on the response of several of the diboride
materials to the selected evaluation technique in which hollow cylindrical speci-
mens are heated by a concentrically positioned carbon rod to induce thermal
stresses sufficient to cause brittle fracture. The initial results suggest that suf-
ficient plastic strain occurs during the slow heating cycle at temperatures as low
as 127%°C to prevent fracture due to the thermal stresses. Transient thermal
stress data for many high temperature materials including the diborides developed
in this study are being obtained in a variety of hot gas/cold sample arc plasma
evaluations under a separate investigation (5). .

The combined results of the current program strongly suggest incresased
confidence in the choice of diboride material as a monolithic ceramic body for
applications in environments which will produce thermal stresses and surface oxi-
dation. Such materials can be recommended for aerospace applications, particularly
when the application requires retaining a specific geometry such as the radius of
leading edge or nusa tip for long périods of time.Diboride materials can now be con-
sidered fior nonasrospice applications for which oxides, boron carbide and silicon
carbide havs bsen the luading candidates. Such applications include extrusion dies
and liners for working of asrospace alloys and stainless steel, drawing dies, turbine
engine parts or other components subject to combinations of abrasive wear, thermal
stress and sievated temperature, The success of the ceramic additive approach

means of cnhancing consolidation; material fabricated with metellic binders would

of course have limited high temperature properties and be less oxidation resistant

tkan the base diborides. Ceramic additives can now be considered for other ceramic
steme to enhance fabricability, improve properties and adjust chemical compo-

sition.
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II, OPERATIONAL PROCEDURES AND PROGRAM MANAGEMEN'Y

This program is a materials research, development and evaluation
effort directed and co~ordinated by a prime contract to ManLabs, Inc.,
Dr. Edward V, Clougherty, Principal Investigator. ManLabs, Inc, proe
vides technical and administrative management and is aleo responsible
for materials procurement and several experimental tasks, Subcontracting
services and evaluations are being obtained, or planned, from Avco Space
Systems Division, Battelle Memorial Institute, Bell Aerosystems Company,
Atomics International Divisicn of North American~Ro.kwell Corp., The
Carborundurn Company and the Raytheon Research Division,

Technical management responsibilities at ManLabs are provided by
Dra, Edward V. Clougherty and David Kalish. This task includes direction
of materials procurement, initiation and supervision of subcentracting efe
forts and co-ordination and integration of program results with other directly
related current Air Force programs, A breakdown of organizationsl respon=-
sibilities is provided in Table 1,

Individual reaponsibilities for specific tasks and subcontract descrip~
tions are as follows:

Dr, Edward T, Peters of ManLabs supervises materials characteriza=
tion, thermal and oxidation evaluations and complementary service support
for the entire program which includes among other things chemical analyses,
Xeray diffraction and electron microprobe analyses,

Avco/Space Systems Division subcontract is directed by Dr. Russell
J. Hill and William H. Rhodes; Dr, Thomas Vasilos provides technical
consultation. An extensive fabrication effort is being expended which includes
hot pressing as the principal method and several other methods including
plasma spraying, hot forging and sintering. Avco performs complete metal~
lographic analysis of all billets fabricated. Nondestructive testing services
are also provided by Avco under AF33(615)-3942, "Nondestructive Methods
for the Evaluation of Graphite and Ceramic Type Materials", Russell C,
Stinebring, Supervisor. Mechanical property measurements and emittance
determinations are also pexformed, Dr. David Kalish of ManLabsa provides
technical liason for the Avco subcontract,

Pyrolytic deposition procedures for boride materials will be pursued
in a subcontract to the Raytheon Research Division under the diraction of
Dr, James Pappis. :

Thermal diffusivity data will be obtained in a subcontract to Atomice
International under the supervision of Dr. C. A, Smith,

Steady state thermal stress resistance evaluations are being performed
at Battelle Memorizl Institute under Dr. Dale E. Niesz.

Transient thermal stress behavior are being obtained from dynmamic
air oxidation evalustions performed in arc plasma tests under a concurrent
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ManLabs' program, AF33(615)-3859, “'Stability Characterization of

Reiraciony Materisls Under Hish Valocity Atmospheric Flight Conditions",

Dr. Larry Kaufman, Principal Investigator.

Simulated leading edge evaluations will be performed in a suboontract
to Ball Asrosystems Co, under the direction of Mr, Frazaok Anthony,
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MATERIAT S PROCURFMENT. CHARACTERIZATION AND
IDERTIFICATION™

A, Introduction

T
~be

The zirconium and hafnium diboride materials for this'program
were generally procured as powder in fifty to several hundred pound lots
with realistic purity specifications set in accordance with the required quan~
tities, the anticipated contaminant materials, the state of the art of diboride
powder production and cost factors, Powder production processes employ
the metal oxide as a starting material and boron carbide, crystalling boron,
or a combination of boron oxide and carbon as the source of boron, Accord-
ingly, the price and availability of hafnium diboride are determined by
availability of and requirements for hafnium oxide for preparing this and
other hafnium~base materials such as hafniurn metal alloys, In general,
one hundred pound lots were purchased at prices from $75 to $120 per pound
for hafnium diboride and $8 to $10 per pound for zirconium diboride. The
latter is readily available and has beca prepared in larger batches than
hafnium diboride. Considerable variation was found in different lots from the
same manufacturer allegedly following the same production process. Some
powder variations were found to influence certain material properties including
thermal stability and hot pressing characteristics,

A limited number of diboride materials were procured as hot
pressed billets to provide a comiparison for materials fabricated in the program,
Diboride powders for these pressings were either taken from the fabricator's
stock or supplied by ManLabs.

B. Material Identification

A number of diboride compositions bated on zirconium and hafnium
diboride were designed with various additives to improve une or more of the
following properties or characteristics: oxidation resistance, mechanical
properties, thermal stress resistance. Compowitions selected for evaluation
ia the Phase One screening are provided iu Table 2. Roman numerals are used
to identify phase constitution and a base composition. The latter was changed
for some materials as the program developed.

C. Material Characterization

i. General Powder Charactesrization Procedures

Physical and chemical characterizations specifically ob=-
tained for zirconium and hafnium diboride, but generally applicable in
entirety or in part to other refractory materials include the following:

() Emission spectrographic analyses are obtained to
check qualitatively the pressnce of metallic impurities which can in turn be
rolated to raw materials, powder processing or particle size reduction. The
presence of hafnium in sirconium compounds and particularly, of sirconium
in hafnium compounds is generally expected as 1 to 3 per cent; careful inter=-
pretation of emission spectra is needad to distinguish those very simllar
metals and estimate their relative contents,
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My Duantitative chamicral analvsas are obtained for the
principal metal (Hf or Zr), boron, oxygen and carbon. In addition, quanti-
tative analyses are also obtained for any impurity qualitatively indicated at
C.1 per cent or higher by the emission specira. A phasec aésay is calculated
for the powder on the basis of the chemical analyses and other characteriza=
tion results,

(c) X-ray diffraction analyses are used to identify the
diboride phase and major impurity phases such as metal oxides and metal
carbide. Light element-containing phases such as boron carbids, although
possibly present in relative large amounts, are difficult to identify in the
pressncs of metal borides, carbides and oxides,

(d) Powder density determinations are generall
performed with an air pycnometer. The powder density of relative iigh
density materials such as hafnium compounds is a sensitive measure of low
density impurities, but is a less sensitive measure of metal oxide and car-
bide impurities {n a2 metal boride powder, as such impurities have similar
densities., The powder density is also important for comparison with the
me asured density of billets fabricated from these powders,

(e) Powder particle size analyses are determined for
as-received and milled materials, The principal particle size reduction
method used thus far is fluid energy milling in air. The particle size dis-
tribution is determined with U. S. Standard Series Screens and with 2 Rollar
Particle Sixe Analyzer. The latter is used for the range 40 to lp.

(H Hot pressing characteristics and metallographic
analysis of resulting consclidated billets are obtained. The minimum condi~
tions of time and tamperature (and to a lesser extent presaure) in the range
1,000 to 4,000 psi reflect the presence of various impurities which are known
to enhance the densification processes, The metallographic phase assay inter~
preated in the light of possible reactions between the consolidation powders and
the hot pressing atmosphere and container material provide a comparison to
the phase assay of the starting powdars, Quantitative chemical analyses for
metal (sirconium or hafnium) boron, carbon and oxygen and Xeray phase iden~
tification of the hot pressed billet provide an indication of any reactions which
occurred during consolidation. High pressure hot pressing can be employed to
provide dense billeta for metallographic phase assay and Xwray analysis for
direct comparison with powder characteristica,

(g Melting point and solidus temperatures and/or impurity
phase malting temperatures for samples obtained from the hot pressed billets
are determined by a direct observation method. The solidus temperature and/
or the melting temperature of the impurity phase is a particularly good technique
to confirm minor phasec identification. The melting point of the matrix phase pro-
vidas an indication of composition,

2. Diboride Materials

Zirconium and hafnium diboxide powders have been obtained
from several suppliar=producer companies in fifty to several hundred pound
lots to provide an adsguate supply of a given lot for a series of fabric. tion
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experiments, Several sources were considered fo. yoth ZrBp and HfB) in
order to both select the most suitable powder and to gain information about
the relative capabilities of these producers, Capabilities of particular in=-
terest include, but are not limited to, adherence of produced materials to
purchase order specitications, maintainance iv deiivery schedurss and
reproducibility of production runs,

Request for quotations for 100 pound lots of ZrB; and HiB,
were issued to U, S, Borax Research Corp., The Carborundum Company,
Wah Chang Corp. and Shieldalioy Corp (U. 5. distributor for H, C. Starck
Berlin), Powder procurements were initiated with 100 pound orders of ZxB;
to U. S. Borax Research Corp, and Shieldalloy Corp., 100 pounds of HfB,
to Wah Chang Corp. and 50 pounds of HfB, to Shieldalloy, In addition, sam=-
ples weighing less than 10 pounds were ordered for special lots of irB, and
for production runs of I{iB, from U. S, Borax Research Corp. Subsequently,
a second 100 pound lot of ZrB; and a 400 pound lot of ZrBj were procured
from U, S, Borax Research Corp. A three hundred pound lot of HfB, was
ordered from Wah Chang Corp. Extensive delays in the delivery of latter
has required that the order to the Wah Chang Corp. be changed to 100 pounds
and another 100 pound order has been placed with The Carborundum Company.
Some delays have also been encountered in the preparation of acceptable ZrB;
and HfB, by H, C. Starck. These delays were caused in part by the attempts
of this producer to rigidly follow an early set of :liboride powder specifications
which restricted the boron to metal ratio to the range 1.7 to 1.9. The !nitial
materials produced did in fact have a boron to metal ratio of 1, 6 but such
material could not be synthesized without considerable amounts of cubic phase
boride. After this specification wae relaxed, an acceptable shipment of ZrB,
was prepared and delivered. The original 50 pound order of HfB; is now being
reprocessed. A tentative powder specification is illustrated in Table 3. A
complete powder identification chart and a summary of procurement status are
provided in Table 4,

Detailed characterization reasuits are presented in Tables 5
through 9 for the four lota of ZxB; and cue lot of HfB which have been used
extensively in the program. Appendix I contains a summary of characterization
results for the lots of diboride powders which were obtained in sample quanti=
ties, but not used extensively in the program; appropriate discussion of the
results and the reasons for rejecting the extensive use of these materials are
presented therein, Inspection of the results in Tables 5 through 9 reveals that
oxygen and carbon are the principal impurities in the diboride powders, The
oxygen is present in the metal oxide, and the carbon is present as metal car-
bide for metal rich, over=-all composition or as boron carbide for boron rich,
over=all composition, The ZrB, obtained from U, S. Borax Research Corp.
contained only minor quantities of hafnium; the material from Shieldalloy con-
tained a normal amount of hafnium (1 to 3 per cent) for a relatively high purity
powder, All the hafnium diboride material examined contained 1 to 3 per cent
zirconium, Other metallic impurities generally conformed to the powder speci=
fication, viz., lees than 0.1 per cent,

3. Additive Materials

The additives required to formulate the compositions shown
in Table 2 include silicon carbide powder and fibers, hafnium metal powder,
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hafniunetantalum alloy powder, hafnium silicide powder, boron silicide powder,

Poco graphite powder and Thornel 25 graphite fibers, amorphorous submicron
carhon powder, chramiuvm nowdar and tungstan filament. Procurement informaew
: ‘ tion for the additive materials is pressnted in Table 10, Characteriration results

T L. F o

are provided in Tables 11 through 14.

D, Procurement and Characterization of Hot Pressed Materials

The procurement of hot pressed billets independent of those prepared
in the research and development program at Avco, originally planned for a later
stage of the program, waa initiated in order to gain earlier assessment of the
commercially available material fabricated from a particular supplier's diboride
powder, In addition, the relatively high incidence of cracking in unalloyed hot
: pressed ZrB, and HfB; experienced in the present program (see Section 1V) dice
N tated an invuitigation of the hot pressing characterisitcs of the same powders in
another hot pressing apparatus. Accordingly, two six inch diameter billets of
ZyB; ware ordered from U, S. Borax Research Corp. and twelve two inch
diameter billets of Z:B, were ordered from The Carborundum Company. The
diboride powder materials for these billets were specified as¢ high purity materials
to be supplied by the respective fabricator. In addition, The Carborundum Com-
pany agreed to hot press powder from the 102 and 103 lots of ZrB2 powder accorde
ing to specified conditions of pressure, time and temperature {optical).

One hot pressed billet of ZrB,, six inch diameter by two inch high,
was recoived from U. S, Borax Research Corp. and forwarded to Avco for NDT
confirmation of the visuslly cbserved crack-free surface and for radiographic
inspection, The latter evaluations confirmed the absence of surface cracks and
showed no indication of gross density variations, Subsequently, the NDT measuring
tochniques were refined and re~examination failed to show any irregularities.

T -t e~ S

two inch dlameter billeta are presented in Table 15, Characterization results
for the biilets are also provided. The results of the NDT evaluations show no

| {ncidence of cracking for the first group of billets prepared from the 102 and 103
- powders; circumferential cracks were cbserved in two of 92% dense billets

?' prepared from the Carborundum powder. Both single billet and

triplicate billet pressings were performed by Carborundum. The six billets

" prepared from the Carborundum powder were fabricated in two triplicate pressings;
! the six billets prepared from 102 and 103 were fabricated by individual pressings,
2 Two final triplicate pressings were parformed using conditions to produce fully

|

¢

!
1
\
ﬁ ‘ The conditions employed by Carborundum for the fabrication of the
i
j

dense billets of 102 and 103 muterial. All six billets contained radial cracks of
varying severity; two billets showed cracks running across the entire diameter.

The significance of these rosults is discussed in Section IV.
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1V. HOT PRESSING

A, Fabrication Conditions and Results

Diboride specimens fvr Mateiials I through VI, VIII, X and XII were
fabricated using graphite die hot pressing techniques described in Appendix .

The hot pressing conditions and results for each material are discussed below.

Air pycnometric powder densities were measured on all as-received
powders; these values were used as the theoretical densities or as a basis for
calculating theoretical densities for powder mixtures. However, for certain
compositions, the powder theoretical density was not equivalent to the obaerved
maximum billet density apparently due to phase changes during hot preasing. In
those cases where densities higher than the powder theoretical density were
observed in fabricated billets, the maximum experimental density was employed
for calculating relative densities, Table 16 presents a summary of powder den-
sities, calculated densities for Materials III through VI, VII, X and XII and
maximum densities obtained to date for all materials examined.

1. Material I

Table 17 liste the fabrication conditions and results for billets
fabricated from six different ZrB, powders.

The microstructure of Material I fabricated from the 03A
powder exhibits a marked difference from that fabricated from 02A powder. The
hot pressing characteristics of the two powders are also different. The dominant
impurity phase in billets of the 03A powder is a dark gray zirconium dioxide
with a reflectivity similar to that shown by the 5 v}o Zr0O2 additive in billet
102A D0302. The oxide impurity phase in 103A billets is distributed in two ways:
small | to 5 micron singularities and large graius closely approaching the grain
gize of the ZrB, matrix, Figure 1. An orange zirconium carbide phase is ob-
served in both the 102A and 103A materials., This carbide phase is distributed ak
isolated patches in billets of either powder.

A quantitative metallographic phase distribution was conducted
on sample 103A D0308. The gray and black phases were counted together because
of the tendency for the gray oxide phase to pull out during polishing; it is difficult
to metallographically distinguish between residual porosity and pulled out im-
purity phases. The bulk density of this sample was 6.05 gm/cc which was slightly
greater than the pycnometric density for 103A powder (6.038 gm/ce). Accordingly,
it was assumed that cssentially zero pore phase was present. The combined con-
centration of the ZrO, and ZrC phases are hi her by approximately 2% in billet
103A D0308 than in bi%let 102A D0283, Table 18.

A number of fabrication runs with roughly equivalent time cycles
at tamperature and pressure are compared in terms of relative density as a
functien of temperature for Materials 102A and VO2A, Figure 2 and Materials
I03A and VO3A, Figure 3. The fabrication time for the 103A and 102A pressings was
60 minutes at each indicated temperature. The data in these figures show that the
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T031A nowdar densifies more rapidly than the 102A powder. tl\u behavior may be

attributed to the higher impuri.y phagse content. Tiuc uapaiity ghoses conld act
RS a high diffusivity or plastic phases for enhanced denuﬂcatlon by either of the

WO mosi probabls prossurs sintering mechanisms; stress directed diffusion

or plastic flow. (The densification of Material V will be discussed in a subse-
quent section.)

Four additional experiments were conducted to verify the effect
of second phases on the densification behavior of Material 1, Table 19. Billets
102A D0302 and 102A D0303 containing intentional 5 w/o additions nf ZrQz and
ZrC, respectively, were consolidated to essentially theoretical density under
conditions which resulted in 90% relative density for the as-received 102A powder
(cf., 102A DO613). It appears that increased oxide or carbide content in ZrB,

powder facilitates consolidation by hot pressing.

Two pressings of Material I02A were made with ZrQO, additions
as a means of assessing the possible effects of the crystal structure of the ZrO,
phase which is often present in Material I compositions, Pure ZxrO undergoes
a monoulinic to tetragonal phase inversion at approximately 1000°C which is
accompanied by 1 large volume change. The occurrence of this inversion within
a diboride matrix could be the source of cracking or high residual stresses.
Stabilization of cubic ZrQ, can be eifected by additione of 6 to 12 mole per cent
of certa:.n matdrials of which Y,03 is one of the more common. Stabilized
2rOp-Y was added to press?ng 102A D0504 while pure ZrO, was used in
J02A D0§053 By a visual inspection both billets appeared uncracked after proces-
sing, but during the course of the NDT inspection, the billets were heated in an
oven at 200°C to drive off some cleaning solvent. At this time billet 102A D0505
crack 1 which indicates that high residual stresses were present. These limited
experiments suggest that the crystal form of the ZrO, phase could be an important
factor in controlling the incidence of cracking and poasibly even the strength of
the fabricated billets, It is important to note that the HiO» phase undergoes an
analogous transformation. Accordingly, the impurity phase structure could also

be a source of residual stresses in H{B, base materials.

Several other Material I powders were employed to a limited
extent in Phase One of the program. Billets using powders 104 from U. S. Borax,
105 from Shieldalloy, 106 from U, S.Borax and 107 from U.S.Borax were hot
pressed and are included in Table 17. The 107 powder is being used as the major
suurce of zirconium diboride for Phases Two and Three. The effect of
fluid energy milling is demonstrated by comparing billets 107 D0628F and 107 D0589;
the particle size reduction effected through the milling led to enhanced densifica-
tion. The fluid energy milled 107 powder achieved 100% density at a lower tempera-
ture and shorter time than the unmilled powder. Similar effects of particle size
reduction were noted for fluid energy milled I02A and JO3A powders, e.g., billets
I02A DO0345F and 163A DO0214F. It is not clear whether the milling fractures single
crystal diboride grains or breaks up polycrystalline agglomerates in the ag-received

powders.
Metallographic phase analyses were periormed on the addi-

tional material microstructures, Matarial 104 containg the smalleat amount of
second phase of all the ZrB; fabricated; about 7 volume per cent of a light gray
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phase. Material 105 contains two impurity phases, between 3 to 9 volume

per cent gray ZrO, and 11 to 14 volume per cent oringe phase; these phases
appeay 2 wall dianeraad graina amaller than the boride grainas. The 105 powder
was reprocessed by Shieldalloy with the resgult that I05A material has no measur-
able second phase. Material 106 exhibited a gray second phase which was disiri-
buted as in the i03A microsiruciure. Hui pressed Maicclal 187 oiten shows &
grain orientation such that the length of the tabular grain is orthogonal to the
direction of pressing. Otherwise, Material 107 appears similar to 103A, but
contains a little more of the orange phase and less gray phase. In terms of the
hot pressing beliavior the 107 ig easily densified to 100% density at conditions
comparable to those employed with the I03A powder.

2. Material V

Billets of Material V (ZrBjp + SiC) were fabricated with the con-
ditions and results listed in Table 20. The ZrB, and SiC powders were dry mixed
in a shaker mill.

Typical microstructures developed by hot presging are shown
in Figures 4, 5, 6 and 7. Figure 4 illustrates the extent of mixing of the SiC
phase. In general, the phases are well dispersed, but several small patches
rich in 8iC or ZrB, are apparent, Figure 5 demonstrates that very few SiC _ i
particles are trapped within the ZrB, grains. Some SiC agglomerates are ap-
parent, but it is doubtful that this feature could be avoided at this high level of
additive concentration (20 v/0). Figures 6 and 7 show the reduced amount of
the impurity phases in Material V relative to the amounts cbserved in the un-
alloyed Material I. It is thought that the impurities are 'gettered® by the SiC phase;

a similar result was found for the H{B2-SiC system as is discussed in Section IV. AT,
There was little tendency for radial cracking in the pressed billets of this material.

The base composition studied in Material V contains 20 v/o
SiC. However, a series of billets were fabricated where the composition of the
silicon carbide was varied from 5 to 50 v/0 in a mixture with the 02A ZrB., powder.
The amount of impurity phases present after hot pressing was determined tnetallo-
graphically. The 9 to 10 v/o impurity phases in the I02A powder were reduced
to less than 2 v/o by hot pressing the diboride powder with SiC additions. The
quantity of diboride impurity phase remaining as a function of the volume per cent
SiC ie given in Figure 8 ; a minimum is observedat 10 to 15 v/o SiC.

The impurity phaskes remaining inn Material V do not appear to
wet the SiC, but are generally observed as partially penetrating the diboride grain
boundariea, Figure 6. Since the irnpurity phases are nonwetting with respect to
the SiC it is assumed that the reduction in the impurity phase content is due to a
chemical reaction (gettering) rather than a physical change such as the formation
of a thin film surrounding the SiC grains. A higher per cent of impurity phases
is found in V03A, Figure 7, as compared to VO2A, Figure 5, due to the higher
impurity content of 103A compared with I02A. A special series of billets were
hot pressed containing large amounts of the presumed impurity phases, ZrO, and
ZrC, in an effort to understand the phase changes occurring during the fabrica-
tion of Material V. The compusitions and pressing conditions of these billets are
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given in Table 21, The two component mixtures of SiC-20 v/o ZrC and SiC-20 v/o
Zvog were hot pressed to study possible analegous impurity phase-SiC carbide
realusns aa Mzisoizl Vo comnasitions. W-raw diffraction patterns confirmed the
absence of extraneous impurities in the powder mixtures in Table 21. After hot .
pressing, the rirconia phase was not detected by X-ray analysis. However,
ZrSi, and ZrC phases were identified in biliet D0024; this billst did not contain
these phases in the starting powders.

The t..crostructures of the hot pressed billets listed in Table 21
were analyred by microhardness measurements and metallographic techniques
and the results are given in Table 22. Billet D0624 prepared from Zr0Q, and SiC
powders contains three distinct phases identified as ZrSi,, ZrC and 8iC. A dark
gray high hardness phase present as the major phase is SiC. The hardness values
on the two other phases indicate that the white phase is ZrSiz, but the value for
the third phase of gray color does not agree well with the accepted values for ZrC.
Etching helped to confirm the identification since ZrSi; and SiC do not react in

| concentrated nitric acid whereas ZrC is etched. Similar results were obtained
with concentrated sulphuric acid as the etchant. When a mixture of hydrofluoric
and nitric acid was used on billet D0624, both the ZrC and 8$iC phases were etched
leaving the ZrSiz still unaffected.

" Billet D0626 prepared from the high purity 05A ZrB2, ZrO;

i and 8iC produced the same type of reactions as billet D0624 during hot pressing.

: The resulting microstructure contains four phases, ZrC, ZrSip and SiC with ZrB;.
The microstructures of billets D0624 and D0626 are shown in Figures 9 and 10,
The Zr3iz phase morphology suggests molten phase formation during fabrication.

Billet VO3A D0473 was examined for the silicide phases by
electron diffraction using an extraction replication technique, Two phases were
idsntified, Zr»S5i and a Zr-B-Si ternary D8g phase as reported by Brukl { 6). The
lower silicide could be expected to form in the CO reducing atmosphere of hot.

. pressing in the presence of SiC with a small concentration of Zr0p. Furthermore,
t it is reasonable that a ternary could be forrned when ZrB; is present. These

g compounds with ZrB; have minimum incipient melting temperatures of 2312°C{6).
3 The ternary silicide may be the phase which is found when billets have 'reacted™
during hot pressing due to exceeding the temperature of 2312°C. In addition to

the silicides, ZrC should be formed due to the CO rich hot pressing atmosphere;
the sgpeacisl compositions substantiate this supposition.

The orange phase often found in Material 1 was never obsexved
in any of the specizl materials, D0623 through D0627. This orange phase is be-
lieved to be a zirconium carbide containing some boron. The lack of consistancy
in observing the orange phase may be attributed to a high dependeiice of color
on stoichiometry. It his alsoc been suggested that the vrange phase is a complex
zirconium boride with oxygen(7), The elactron beam microprobe analyses per-
formed by ManLabs contradict™this latter assumption, but supports the mono-
carbide contsiring boron theory.




The influence of the 20 v/o addition of SiC on the hot pressing
characteristics of ZrBj is illustrated in Figures 2 and 3. The relative densities
of hot pressed 02A and 03A powders with and without SiC additions are compared
for similar fabrication conditions. The data demongtrate that the addition of SiC
enhances the densification of zirconium diboride during hot pressing.

Several problems were encountered during the early fabrication
of the large plates (5-3/4 inch squares) of Material V; billet VO2A Q2206 cracked
during extraction from the die although the billet is fully dense and the SiC pbasec
is uniformly dispersed; billet VO2A Q2221 is less dense than was desired, 92.5%
and contains a low density 2 inch diameter central core; the edge of the billet
VO02A Q2225 was contaminated by the BN mold wash. In this last case, the BN
wash must have scraped off the die wall during the initial compaction and mixed
with the loosely packed VO2A powder. These early problems have been overcome
and fully dense large plates of Material V are now made reproducibly, Table 20.

3. Material VIII

The Material VIII kot pressing conditions and results are listed
in Table 23. Two lots of ZrB, were used, the 02A and the 07 powder and the
graphite was introduced in one of three forms, Poco graphite, Regal carbon or
Aquadig carbon. In many instances the billet density exceeds the theoretical
density for the powder mixture indicating that a change in the chemistry has
occurred, However, no attempi has been made to determine the identity of the
phases in the hot pressed microstructure, Figurell. The small grain sixze,
about 4p and the relatively poor mixing of the SiC with the ZrB,, shown in
Figure 11 is typical of Material VIII. Figure 12 shows the microstructure of
Material VIII containing Regal graphite; an impurity phase reminiscent of that
found in Material V03A, Figure8 is observed.

Billets 3 inches diameter and 5-3/4 inchea square were fabricated
from this material. A variable density in the large plate VIII07 QZ2301L was
indicated radiometrically suggesting that there is a segregation of the phases
during handling as powders.

4, _Material X

The hot pressing conditions and results for the four billets of
Material X are listed in Table 24. The limited availability of suitable SiBg powder
required for this material has precluded further fabrication. As in the case of
Material VI the high denaity of billet X07 D0635 indicates that the SiB¢ has re-
acted with the ZrB,; theoretical density of Material X is 5.25 gm/cc. The
microstructure of billet X07 D0596, Figure 13 shows a third phase present which
appears to have been liquid during hot pressing; a homogeneous distribution of
phases was developed in this billet, However, the microstructure of billet X07
D0597, Figure l4 contains large aggregates of both the matrix and additive
phases. Additional billets are scheduled to be hot pressed and phase analyses of
Material X will be performed.
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5. Material XI1I

The Material X1I hot pressing conditions and results are listed
in Table 25. It was found that the Poco graphite powder could be mixed more
oasily than the Regal grade. The microstructure of billet XII{20)07 D0608,
Figure 15 with segregation of the phases is typical of a billet rnade with Regal
carbon. In comparison, Figure 16 indicates how the Poco powder mixes well
to form evenly distributed phases throughout the material. At 2100°C, the
powder mixture wes found to react forming a liquid phase clearly visible in the
resulting microstructure as a gray third phase. After hot pressing at 2050°C
only a few areas can be found containing a gray phase. It has been reported (8)
that ZrB) forms eutectic type, pseudo binary with graphite at 2390°C. A
fine grain material is produced at 2050°C, the smallest obtained for any ma-
terial in the program, Comparatively longer pressing times are required for
complete densification, The material containing Poco graphite is more difficult
to densify than the Regal carbon material.

6. Material II

The Material Il hot presaing conditions and results are listed
ih Table 26. Several hafnium diboride powders were employed for hot pres-
sing experiments; powder lot 1105, from Wah Chang, has been the principal
source of powder for Material Il fabrications. Pressing 1105 D0316, 99.3%
dense, comtains at least cne and possibly two impurity phases shown in
Figure 17. The major gray impurity phase which tended to pull out during
metallographic polishing, cccurred in both irregular and spherical shaped
‘grains between 2 and 30 microns in wire. A minor grain boundary impurity
phase, which was appareantly liquid during fabrication was observed in billets
fabricated at 2200°C. The quantitative metallographic pbase analysis of
billet 1105 DO316 is presented in Table 27. The hot pressed microstructure
contains about 8 v/o of impurity phases principally consisting of a cubic hafnium
borocarbide. ‘

- The 1106 powder, from Shieldalloy, had a high impurity conteat
which was manifested by approximately 31 v/o impurity phases in the hot pressed
billet. A finely divided gray phase (17 v/o) and large areas of a very dark gray
to black phase (14 v/o) which had a grain size of tha same order as the boride
phase was observed. The high level of impurities in the 1106 powder aided the
denaification of the material; full density could be obtained at 1950°C compared
with 2160° to 2200°C required for the 1105 powder. The high impurity phase
content correlates with the high carbon and oxygen levels in both the 1106 powder
and the fabricated billets.

The 1107 powder, from U. S. Borax, was used for one hot
presasing and there were indications that a reaction sccurred during the fabrica-
tion. The microstructure wae examined and the billet contained approximately
15 v/o of a nonwetting grain boundary phase,
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The II08 powder, also from U.S.Borax, gave a microstructure
with @appruximaiely 5 v/o second phase located at the grain boundaries. This
powder was hot pressed to high density under comparable conditions to those em-
ployed with the 1105 powder,

7. Materials 11 and IV

The hot pressing conditions and results for the HfB,-SiC compo-
sitions, Materials IlI and IV are presented in Tables 28 and 29 respectively.
These powders were dry mixed in a shaker mill.

The microstructures produced for fully dense billets of Materials
HI and 1V are shown in Figures 18 and 19. The impurity phases in Materials 1l
and IV have decreased from the 8 v/o level present in the 1105 billets. This phenom-
enon is verified in the quantitative metallographic data reported in Table 27. The
impurity phase still remaining, occuénieu a position adjacent to the SiC phase, and
from the apparent contact angle (>90°), it appears to be nonwetting. There is
further evidence that the impurity phases are gettered by the 5iC rather than oc~
cupying some other position such as surrounding the SiC in a thin film which would
require a contact angle of <90°, Similar to the observations on Material V, this
gettering of the oxide and carbide impurity phases by the silicon carbide addition
may be significant in enhancing the mechanical properties. The SiC pbase in
Material IV is well dispersed, but because of the high percentage of additive in-
volved there are many aggregates containing several SiC grains.

It is possible to determine the effect of the SiC on the hot
pressing characteristics of Hf{B, by comparing hot pressing resulta for Materials
Il and III. The relative densities of these materials hot pressed at equivalent
temperatures and pressure and similar times are presented in Figure 20, The
SiC significantly aids the denwification of H{B, as well as acting as a getter for
the impurities. One striking feature of microstructures of the SiC alloys of both
ZrB, and HfB;, that may account for the enhanced densification behavior over
the unalloyed materials, is their much smaller grain sizxe. Diffusion models for
densification during hot pressing (including Nabarro-Herring creep) are favored
by a small particle size., The SiC phase may serve to restrict grain growth and
thereby promote densification,

Finally, it is interesting to note that the decrease of the impurities
in Materials II, IV and V is accompanied by enhanced densification whereas in
Materials I and Il impurity phases appear to enhance densification. There are
evidently several factors which affect the rate of densification and the addition of
5iC to the base materials may serve to influence more than one of these factors.

8. Material VL_

The first hot pressings of Material VI were performed with a
powder mixture of 96 v/o HfB3 and 4 v’o of an Hf-27Ta alloy, Table 30. The com-
ponent powders were dry mixed in a tungston carbide ball mill at ManLabs. The
air pycnometric density of this composition is 10.89 gm/cc. However, one of the
first three hot pressings prepared had a denaity of 10.97 gm/cc. The three
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pressings oi Materiai Vi gave relaiive densiiies of 100, 51 aud 82%. Sauilar
fabrication conditions, produce equivalent densities for Material II. The 4 v/o
addition of the hafnium-tantalum alloy does not improve the hot preusing
characteristics of hafnium diboride, 1105. Billet VI05 D0462 (fully dense) con-
taing threo phases as shown in Figure 21, The major gray impurity phase
normally found in Material Ii05 is present, slthough the minor grain boundary phase
is not observed. A quantitative metallographic phase determination for sample
V105 D0462 is given in Table 31. The hafnium-tantalum alloy addition lowered the

ray phase concentration from 7.8 to 1.7 v/o; this is similar to the effects of the

C additions to ZrB, and HfB;. Billets VI05 D0461 and V105 D0462 exhibited
different hafnium-tantalum alloy phase morphology. In billet VIO5 D0462 the Hf-Ta
phase was located as isolated widely apaced grains of about the same size as the
matrix, whereas in specimen VI05 D0461, this phase possessed a similar spacing
snd sise, but contained ine precipitates. Knoop microhardness values (100 gram
load) of the HfBj matrix phase and the gray Hf-Ta phase (nc apparent precipitates)
were measursd in billet VI05 D0462 with resultant values of 2380 and 2650 Kg/ mm?,
respectively. The high hardness of the pliase produced by the additive indicates
that the H{-Ta has undergone a chemical conversion during fabrication, probably
to a boride or a borocarbide of these metals.

B. Furnace Variables and Process Control

The hot pressing furnace used for the fabrication of the 2 and 3inches
diameter billets is described in detail in Appendix Il. The fabrication of larger
billets in the program is conducted on a scalad-up version of the same apparatus.

Below about 2000°C the operating parameters, including temperature,

I pressure, and rate of densification can be controlled adequately so that reproducible
' materials can be obiainad. However, when 2000°C is exceeded, the lowering of

the creep resistance of graphite now makes close control more difficult to obtain.

1t is precisely within this range of temperature (above 2000°C) where borides can
be success{ully hot pressed s explains why some specimens are not reproduci-
hly densified even within a series of seemingly identical hot pressings. To add

to the difficulty, the temperature of the material being hot pressed cannot be

1 ' measurad directly and optical sightinges are made on a point within the graphite mold
away from the sample. Temperature is measured continuously, however, to
monitor power input. It is important to note therefore that the temperatures re-
corded for hot pressing can only be used for comparisons between the hot pressing
characteristics of various materials. Even this relationship is in question when
different furnace configurations have been used. However, the hot pressing temp-
erature must be regarded as only an approximation when compared to the true
tempaerature of the billet, or the temperatures measured in the various tests per-
formed i the program.

il Finally, it has been found that in a typical graphite hot preasing assem-
1 bly the atmosphere found in the region of the billet is reducing above 1000°C and
coneists of a CO rich CO/CO, mixture. Carbon rich phasos are likely, therefore,
to predominate in an equilibrium environment.
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. Nondestructive Testing

Billets fabricated in the first 45 hot pressings of Materials I and I
showed a high incidence {i5%) »i cracking, Coussguently, a crack dotoction
screening program was initiated through the Avco Nondestructive Testing Section
under a separate program (4). The primary purpose of this NDT program is to
identify the presence of cracks in the hot preseed billets in order to allow par-
ticular materials and billets to be chosen for the mechanical and oxidation
screening programs. Approximately 90% of the billets fabricated were tested
in the following manner:

1. fluorescent dye penetrant for crack detection and
surface inhomogeneitics;

2. ultrasonic {reon bath cleaning for removal of dye
penetrant to check for open porosity and

3. radiography for density gradients (with eithar the
Avco 150 KV machine or the A, Green Company
1 MEV machine).

Almost without exception, the compositions contaicing SiC for both ZrB, and HiB;
base materials exhibit no ¢racking. The graphite die wall/diboride and BN
wash/diboride reactions that often occur appear to be associated with the high
density rim detected by radiography.

Information concerning the source oi cracks was obtained by making

. correlations with Materials I and 11. The parameters considered and the

corresponding incidences of cracking are given in Table 32. Certain powders
show a greater incidence of cracking, namely, the I03A and the I106 pressings.
This indicated that within each material catagory the powder with the most im-
purities has the higher tendency for billet cracking. An etched microstructure
of I03A D0415, Figure 22, exhibita cracks radiating from an oxide inclusion.

The strong indications of the importance of powder chemistry on the tendency for
cracking is supportud by the results in Materials IlI, IV and V. The addition of
SiC reduces the volume of impurity phases to less than 2% and virtually elim-
inates the cracking.

It was not possible to make any other correlations between processing
prrameters or microstructure and the incidence of cracking; primarily due to
the amall sampling within each powder lot. The data for the different powder lots
could not be comhined (for example, to study the effect of billet density on crack-
ing) due to the complicating effocts of powder chemistry.

The nondestructive testing program was extended on billets examined
after number D0599 in the following ways. A small ground V-mark notch wau
ground on one edge of eich billet and all subsequent tests were referred to this
datum mark. If an area of anomalous density showed during radiography, the
billet could be cut accurately to show what caused the discrepancy. During the
machining for metallography, another cut was added to the billet so that a bar is

19




K]
i
%
!

o e

cut across the diameter and a view tkrough the billet can be made radiographi-
cally as shown in Figure 23. In addition to the radiography and die penetrant,
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measurements to assess variations in these parameters at different locations

within each billet, A fixed array of points shown in Figure 24 was oriented with

respact to the notch datum poin
taken for each indicated point.

billet and will not bs reportedi

S —

t for each billet and the measureiments were
The array of points used was taken along four

diameteors spaced at regular intervals of 45°. This fine structure in density,
velocity and conductivity was plotted for all billets subsequent to D0597 as indicated
in Figures 25and 26, These results were used in the analysia of a particular

n detail here.
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V. EXPLORATORY FABRICATION

Hot forging, plasma spraying, sintering and the fabrication of filament
composite studies were initiated in order to explore the utility of these methods
ior consolidating diburide waicsials,

A, Hot Forging

Two hot forgings were conducted in a hot pressing furnace identical
to that utilized for billet fabrication except that Poco graphite pistons wereused,
A previously hot pressed specimen was core drilled to 1.5 inches diameter and
forged with the conditions and results listed in Table 33.

Tke first experiment, billet 105 D0463, was not a true forging be-
cause the starting billet was only 79% dense, thus, much of the forging reduc-
tion may be attributed to further densification. However, billet 103A D0466 was
fully dense and subsequent forging resulted in a 16% height reduction. Thia
height reduction did not show any microstructural texturing and probably would
not effect properties; additional hot forging work has been scheduled for several
diboride compoeitions.

B. Plasma Spraying

Preliminary plasma spraying of diborides was accomplished uaing
an Avco Model PG-100 spray gun. Argon carrier gas was used and a variety of
substrates were employed. Nine aprayings of Material I and one spraying of
Material II were performed with the conditions and results given in Table 34.

The metal substrate surfaces were prepared for plasma spraying by
grit blasting with 0,062 inch steel shot. The bonding between coating and sub-
strate remained intact for all runs except I102A P0162 where the coating readily
peeled off the substrate. Poor surface cleaning could give rise to a low joining
efficiency. The strainless steel substrates were cylindrical and were rotated at
approximately 300 rpm during spraying. The other substrates were flat and the
gun was traversed during the operation,

The coatirgs made with a 5 inch gun distance exhibited poor self bond-
ing az demonstrated by a qualitative abrasion test. The shorter gun to substrate
distance greatly improved the self bonding and this was apparent in the metallo-
graphic examination. Many of the specimens were extremely porous and they all
exhibited an impurity phase, presumably an oxide, which was present in a larger
volume percentage than in the hot pressed billets of the same material. The
microatructure in Figure 27 is a typical dry plasma sprayed layered structure of
Material I and contains a high quantity of second phase.

Further plasma work is schedulod and will involve spraying in an
argon atmosphere to reduce the impurity level in the coating. Measurements will
be made of the bond strength of the coating to substrate and the strength of the
sprayed diboride.
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C. Sintering

A sintcring program wae initiated with the ohjsactive of producing
diboride specimens with a minimum density of 90%, which could be characterized
and teated for comparison with hot pressed material. Initial sintering runs were
conducted in a tungsten mesh element vacuum furnace. Temperature was read
optically by sighting directly on the sample and correcting for absorption through
the sight windows. The processing conditicns and results are summarized in
Table 35. ‘

The 1/2 inch diameter samples were cold pressed without a binder
whereas the | inch diameter samples required a polyvinyl alcohol binder to pro-
mote adequate green strength for die extraction and handling. Several pre-
sintering experiments were conducted to find the correct temperature for binder
removal; 400°C for two hours in air was chosen.

The vacuum sintering resulted in significant weight loss, so subse-
quent experiments were conducted in argon. Sample 103A B005 was quite dense
in areas, Figure 28 and bad an over-all density of 89%. This structure demon-
strates 2 marked anisotropy of grain size. Small regions of high porosity were
maAacroscopically apparent which may have originated from the accompanying
evaporation. Laminations were encountered in specimens B000I to 5 which were
thought to be caused by excess cold pressing pressures, Green densities measured
for ZrB, pressed at 10,000 and 20,000 psi, were 56.1 and 56.9 per cent. These
gresn dengities were considerod adequate for sintering to high density. Conse-
quently, the 1 inch diameter specimens were pressed at less than 20,000 psi and
with one exception this avoided further cracking.

In general, argon sintering resuited in low density specimens for
conditions where 90% relative density was previously attained {Z). This could be
due to either the chomistry of the ZrB;, {relative to that previously used) or oxygen
contamination and oxide formation from the argon. A purer argon source and
lower flow rate will be used to reduce the oxygen content in the chamber.

D. Reinforced Diboride Compoasites

The use of fiber reinforcing procedures are often considered to enhance
the ability of brittle ceramic materials to suatain stresses induced by mechanical
and thermal environments which would be produced in various applications,
Cearamic bodies reinforced with metal fibers should display improved mechanical
properties and thermal stress resistance. Krochmal's review of fiber reinforced
ceramice and summary of possible matrix fiber combinations (9) ahows that
present technology has been unable to capitalize on this approach te achieve im-
proved thermal stress resistant ceramic materiale with predictable mechanical
integrity. Among other things, thermochemical interaction, matrix cracking and
preferential reinforcement oxidation have prohibited the application of this concept
to technologically interesting raterials.




Farlier work under Tinklepaugh at Alfred University which is sum-
mariz.d in Krochmals review (9) showed that suitably prepared metal reinforced
oxide composites failed in bending only after the outer fiber stress was increased
several hundred per cent over that of specimens without reinforcement. Devia-
tions from linear stress strain Dehavior were nuitd ifur ithcnc Loratiad mativis
composites where the onset of the deviation was coincident with the stress required
to fracture the unreinforced ceramic. The ceramic matrix actuaily {ractured at
this stress, but the specimen was held together by the reinforcing metal fibers.
The stress applied after the noncatastrophic matrix fracture effected a gradual re-
moval of the fibers across the fracture and eventually complete failure ensued,

Three types of reinforcing agents were employed in an attempt to pre-
pare reinforced diboride composites for evaluation in the Phase One screening
tests, Composite compositions are identified and designated ag follows: (1) Material
V, ZrB, with five and twenty volurme per cent SiC whiskers, V{(5) and VI(20) re-
spectively; (2) Material XII, ZrB) with five volume per cent Thornel 25 carbon fila-
ments, XIIf(5) and (3) Material XIII, ZrB, with 5 volume per cent W filaments,
These composites represent three different approaches to the utilization of rein-
forcing agents to effect improvement over the inherently brittle behavior of diboride
materials. The Material V composition is a ceramic whisker reinforced ceramic
matrix which would not be subject to failure by oxidation of the reinforcement
material. The over-all mechanical property enhancement and the improvements in
fabricability of the diboride base materials derived from the addition of SiC powder
in Material V compositions suggested the examination of the SiC whiskers as a rein-
forcing agent for ZrB,. Thornel 25 was chosen as a reinforcing agent in Material
XII to provide crack arresting particles and to improve mechanical properties,
Polycrystalline compositions of Material XII with particulate graphite additions
were designed to enhance thermal stress resistance by increasing the strength to
modulus ratio, 0/E. However, the relatively high modulus of Thornel 25 carhon,

E ~ 20 x 10° psi, coupled with the low percentage addition is not expected to pro-
vide any significant reduction in 0/E for Material XIif(5). Tungsten filament was
selected as a reinforcing agent in Material XIII on the basie of its thermochemical
compatability with ZrBp and HfB, and its availability. This composite is repre-
sentative of the conventional metal rrinforced ceramics. Successful fabrication
of thise material would provide impraved mechanical behavior and thermal stress
resistance at the expense of decreased oxidation resistance. The characterization
of the selected reinforcing agents was presented in Section III.

Conventional hot pressing procedures were employed to attempt to pre-
pare the chosen compo#site compositions. The fabricating conditions and results are
summarized in Table 36, The preliminary)experiments appear to be characterized
by experimental difficulties common to wgimitorced composite fabrications, Mechanical
difficulties were encountered with the SiC whiskers while thermochemical inatability
was observed with the Thornel 25 carbon. The behavior of the latter is probably
aspociated with interaction of the additive with the oxide impurity in ZrB,. Mechanical
difficulties and chemical reaction with the hot pressing atmosphere were observed
for the W filament - ZrBy system. Partial success in fabricating Material XII{(5)
was obtained in billet XIIf(5) D0644 by winding the continucus yarn on a mandrel and
cutting round mats of the windings. Each mat was held together at its ends with
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Duco cement to facilitate handling. Mats were loading consecutively with layers
vi buride resuiting in conrinuous alignea layers ot Thornel yarn in the pressing.
Reaction was reduced at least in the center of the Thornel yarn by not separating
the yarn into its constituent filaments. A representative micrnstructure is pro-
vided in Figure 29. The average room temperature bend strength measured firom
three specimena of billet D0644 was 20,000 psi indicating no improvement in

properties as compared to 100% dense Material 107 which has a bend strength of
40,000 psi,

T g - Y

Full co-operative effects typical of functional composites was not
realized almost certainly due to the stresses not being transferred fully to the
graphite filaments. This is because each filament of the yarn is not in contact
with the boride. This would only be possible if the yarn were separated into its
filament constituents. However, under such circumstances the filaments are de-
graded under the hot pressing conditions. Thus, the principal problem in forming
Hlament boride composites revolves around chemical compatibility of the filament
material and the diboride during hot pressing. It is clear that processes employing
lower fabricating temperatures must be developed.

A summary of possible diboride ratrix fiber reinforced composite
systems taken from Krochmal's review (9) is presented in Table 37; thermal sta-
bility and other pertinent remarks are included. The results obtained to date and
the information in Table 37 will be used as a basis for the continuing effort on
liber reinforced diborides in the current program.
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Vi, THERMAL SCREENING

A, Introduction

: Thermal screening procedures have been carried out on reprcoowiia-
tive structures of each material prepared during Phase One., Cylindrical speci-
mens (about §. 355 inch diamcter by 0. 35 inch high) of the hot pressed material
are initially subjected to metallographic examination to characterize grain size
and shape, phase distribution and porosity. The specimens are then subjected
to high temperature anneals in argon after which they are re-examined to de-

termine changes in both gross and microscopic features.

B. Experimental Procedure

e bt s TR S g B B i B X R A -

Screening runs at temperatures up to 2200°C (optical pyrometer)

were carried out in a belljar with a resistance heated tantalum tube furnace. A
series of tantalum radiation shields were employed to maintain a uniform bot zone
of 2.5 inches diameter by 5 inches long. The speciinens were contained in
tantalum wire baskets for screening at 1800° to 2000°C. In operation the furnace
was twice evacuated to ~ ! torr and back filled with argon; specimen degassin
was promoted by initially heating the specimens to ~ 1000°C in a vacuum of 10~
torr followed by cooling to room temperature, After introducing argon to pro-
vide an operating pressure of ~ 650 torr, the furnace was heated to temperature
by a manually controiled power supply at 2 rate of 5 to 10°C per minute.
Ternperature was measured periodically with a micro-optical pyrometer,

: accurate to +10°C, After the test, the specimens were slowly cooled to room

temperature,
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For temperatures above 2000°C, where the diborides alloy with
tantalum to form a liquid phase, the specimens were placed on a HiB;, plate
supported on a ZrO-, pedestal. Temperatures in excess of 2200°C (optical) could
not be obtained because of contamination of the heating element by vapor trans-
port from the specimens. To overcome this difficulty, thermal screening an-
neals were carried out in flowing argon at 2300°C (color temperature) in the oxi-
dation furnaces (Section ViIl).

R i ey S

C. Experimental Results and Diascussion of Results

A summary of the thermal screening experiments is given in Table 38.
Except where noted by a remark, there waa no evidence for any localized melting
or for second phase coalescence, redisiribution or dissolution. Line intercept
analyses of initial and annealed structure photomicrographs yielded on the average,
a small increage in grain size. The following microstructural features were

observed.

PO

1. Material I (ZrBz) .

y Specimens of pressing 107 D0589 were chserved to have a num-
ber of microstructural variations in both the as-pressed and annealed conditions. ;
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[] Figures 30{(a) and 30{b) present photomicrographs of two areas within the hot

§ pressed billet; the variations in microstructure are clearly evident. Both

i sections contain a gray pihase dnd pores, some of which appear ag having pre-

' viously contained a secondary phase which was pulled out during metallographic .

preparation. In contrast, a section of the gpecimen screened at 2200°C (optical)
contains a difierent porosity distribution and contains large amounts of an
orange second phase, Figure 30({c). .

Structural variations in the specimens thermally screened at
2200°C (optical) and 2300°C (color) are depicted in Figure 31 ; the structures
include a) large, elongated grains with a considerable amount of grain boundary
! precipitation and porosity, b} large pores, c) small pores and d) small pores
; and large amounts of an orange precipitate. Complete evaluation of the speci-
mens indicates that the structural variations that have been noted are charac-
teristic of the billet and have not been affected by the annealing treatments.

2.  Material VII (ZrB, + 30 v/o Graphite + 14 v/o §iC)

v Two formulations of Material VIII were thermally screened,

» including preparations from Regal 330R carbon powder (D0498) and Poco graphite
g powder (D0592); microstructures of these billets are presented in Figures 11
and 12, After thermal screening treatments, transverse gection microstruc-

; tures of both pressings exhibited a peripheral ring depleted of additive phase,

= Pressing D0498, treated at 2200°C (color temperature) for 15 minutes exhibited
an average additive phase depletion of 50 mils, whereas pressing D0592Z, treated
! at 2300°C (color temperature) for 15 minutes exhibited an average depletion of
. about 10 mils. Photomicrographs of both specimensg, including an over-all view
- - of the transverse section and microstructures of both the depleted and matrix

‘) zones, are presented in Figures 32 and 33. In both cases, the matrix zone
structures are identical to those of the original materials. It is of interest to
note that heat treatment in argon at about 2200°C produces about five times
greater additive phase depletion in the material prepared from Regal 330R
carbon compared to preparation from Poco graphite.

3. Material X (Z.rB2 + SiB6)

Exposure at 2200°C (color temperature) for 15 minutes re.
sulted in SiB, -phase melting in specimen D0596. The original and heat treated
] microstructures are presented in Figure 34, The SiBg phase, which originally
A is quite uniformly dispersed, is observed to be present as a grain boundary phase,
' The rounding of the ZrB, grains is characteristic of the past presence of a liquid
grain boundary phase. As one traverses from the center to the surface of the
sample, the extent of porosity and ZrB, grain size is observed to increase ani
the amount of SiBg phase is observed to decrease. Further experiments are
planned to determine the necessary conditions (temperature, time and atmosphere)

«: 'e'} for SiB6-phale meltina'

0

D. Melﬁgg Pointu

In addition to the foregoing, melting point measurements have been
carried out on six hot pressed specimens by E.Rudy, Aercjet General Corporation.
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The specimens, in the shape of right cylinder dumbbells, were melted under a
PoBitive NEliUIn pressurc vi ¢ atin. Appawent tamneratures were corrected for
the black body sighting hole configuration and for transmission through a quartz
furnace window. Incipient melting is generally associated with a viaual obser-
ML . ~temnwerad vao

vation of liquid infiltration by melting ot secondary phases. The cbscrv
Bults are presented in Table 39.

The melting results of the Carborundum, 102A and 103A structures
are consistent with the X-ray finding that the major impurity phase is ZrO2
(melting point ~2600°C). The diboride melting at ~ 3085°C is in reasonable
agreement with the melting point of ZrB; (1 ). The Norton ZrB;, containing
ZrC as the major impurity phase, yields incipient melting at a higher tempera-
ture than zirconium borides containing ZrO, as the impurity phase.

. The melting behavior of the Material Il (HfB,} samples are also con-
sistent with second phase impurities, The II05 material, containing very little
second phase impurity, shows no evidence of melting to 3235°C; complete melt-
ing was observed at 3345°C. The I[IC6 material, which coatains large amounts
of HfQ» and HIC, showed incipient melting at 2697°C and complete melting at
3085°C, considerably lower than the 1105 material.

Additional melting point evaluations are scheduled for specimens
prepared from Materials III, V, VI and VIII.

27

SR tacs el




Vil. MECHANLCAL SCRELINUNG

A Bend Teating

Bend tests at Avco were conducted within an inductively heated

graphite four point bending cell, Figure 35. The load was applied at a con-
stant rate (24 b/ min) from a constant head water tank and the loading was
terminated by a microswitch operated selenoid water valve at the instant of
fracture, A W-5% Re vi. W-26% Re thermocouple was located directly under
the specimen. This couple was checked against a Pt-5% Rh vs. Pt-20% Rh thermo-
couple for accuracy. The specimen wag allowed to thermally equilibrate several
rainutes prior to the application of load. The graphite cell was constructed so
that alignment of the specimen throughout assembly and testing was assured.
Specimena were 0.875 inches long by 0, 150 inches wide by 0,050 inches thick and
the moment arm was 0. 187 inches giving a span to height (1/2 thickness) ratio

of 7.5. Three tesis per temperature were performed for each microstructure,

1. Temperature Effect un Bend Strength

The results of the bend test measurements at Avco which were

performed at temperatures from 23°C to 1800°C are given in Table 40 for

Phase ] structures and Table 41 for Phase II structures. The average results

for Materials 1 to V are plotted as a function of test temperature in Figures 36
to 40. Several microstructures are not represented graphically as only limited
cumparative data were available.

Almost all Material I microstructures tested display a strength
peak at 800°C with the strength falling sharply at 1400°C, Figure 36. This agrees

with previous results on high pressure hot pressing ZrBj and HIB, (3). At 1800°¢C,

the maximum average strength for one microstructure was 31,000 psl and this
occurred for a 90% dense billet. An increase in porosity does not appear to de-
crease bend strengtk of the material at any temperature, However, it was not
possible to independently vary the porosity and grain size of Material I micro-
structures. Consequently, the dense Material [ microstructures generally have a
larger grain size thin the more porous onea. The beneficial effect of the smaller
grain size of the less dense microstructures may compensate for the detrimental
affect of the porosity producing the somewhat ambigucus results in Figure 35, This
suggests that it would be desirable to fabricate fine grained dense materials, but
this was difficult with the 102A powder. Relatively fine grained materials could
be made from 03A powder at the 95% and 100% density levels, but these samples
were not appreciably stronger than coarser grained 02A materials of equivalent
density. The fact that a strength increase was expected from the finer grain size,
but \::l not chserved may be attributed to impurity phase differences between the two
powders,

The role of grain size and porosity in determining the strength
of ZrB, may be clarified by comparing the results for Material I with
the bend strengths ot two additional lots of ZrB; material. The strength properties
a® & function of test temperature for ZrBz materials supplied by the Norton and
Carborundum Companies were determined for temgeratures from - 196°C to 1800°C,
Table 42 . The testing at ternperatures up to 1400°C was performed at ManLabs

28

prteny PR o




using a three point bending apparatus. Tests at 1400°C and 1800°C were per-
formed at Avco with the four point apparatus being employed in mechanical
arraaning atndier af tha nther haride materiala. The atrengths measured on

the Norton material were comparable to those determined in the previous boride
program (3 ). However, the new results for the Carborundum ZrBj show

higher strengths than the eariier measuremenis. The discrepancy may be

due to the different sample preparation technique; the earlhier specaimens werecut
by electrical discharge machining whereas the recent material was cut by diamond
tools. Other work has shown that EDM of TiC was detrimental tc the bend strength
due to the creation of microcracks (10).

The Carborundum ZrB2, low in metallic impurities behaves
similarly to the Avco microstructures of Material I. The major decrease in
strength occurs between 1200% and 1400°C. The Norton material shows an un-
usual behavior in that the strength declines gradually up to 1400°C and then at
1800°C drops to the lowest value observed for any of the diboride material. The
unusvally low strength at 1800°C is attributed to the combination of a relatively
large grain size and the high porosity which is unlike the Material I microstruc-
tures where the 90% dense materials are all fine grained.

Specifically, the Norton material with a porosity of 11% and
grain size of 18y has a bend strength at 1800°C of 5,000 psi; Carborundum's ZrB,
was 95% dense with a grain size of 16p and had a strength at 1800°C of 15,000 psi.
These lower strengths as compared with other Material I microstructures may
again be due to impurity differences. However, at their respective porosity levcls,
these data support a grain size dependence in the bend strength. If the data for the
Norton and Carborundum materials are compared with the data in Figure 36 for
90% and 95% dense materials, respectively, a trend for decreasing strength with
increasing grain size emerges.

Consequently, within a given powder lot, the fine grained dense
microstructure will display the highest strength, but among powders of different
chemistry the impurity phase content and merphology may be the dominating
factor in determining the strength.

It should be mentioned that the limited number of tests per
microstructure and temperature also complicates the problem of determining the
role of microstructure and chemistry on the strength of Material I. This factor
may be most important in the brittle fraclure range at temperatures up to 800°C
as opposed to conditions where limited plasticity is cbserved at 1400° to 1800°C.

A preliminary series of experiments were performed on the
Norton ZrB, and Carborundum ZrB; where an oxide layer was developed grior to
bend testing at 23° and 1000°C. The specimens were preoxidized at 1600°C for
30 minutes; this temperature is in the region where the oxide is coherent to the
diboride matrix., The oxide layer produced was about 0.007 inch thick. Exarnina-
tion of the oxide boride interface at high magnifications revealed that the oxide
preferentially penetrated the diboride grain boundaries to a depth of 1/2 to 1 grain
beyond the general interface. Howcver, at no point was a diboride grain complately
surrounded by grain buundary oxide nor were any microcracks found to be gen-
erated from the penctrating oxide. The bend test results wore analyzed from two

29

-
iy




mm CRATHER TRy e, e

standpoints: first, it was assumed that the diboride matrix supported the entire
load; second, it was assumed that the matrix plug the oxide supported the load.
These calculated strecses are compared to the range of strengths measured on !I

the wmawidizad mutriy for each material in Tahle 43

The results indicate that the oxide layers do not detract from -' :
the strengths of the ZrB; matrices. However, the oxide does not appear to have .

the strength of the diboride matrix, Future plans include preoxidizing structures i
of all the materials and using preoxidization conditions in the different regious of
oxide formation (coherent, semicoherent, incoherent). In addition, the studies
will be extended to include the effect of SiC depletion on the strength of the alloyed
materials.

Fully dense Material V microstructures were fabricated with
0ZA, 03A and 07 ZrB; powders. In both Materials V and I the chemistry effects
seem to be most important at low test temperatures, 25%°and 800°C, whereas at
1400° and 1800°C the grain size dominates. In Material V, for fully dense
and comparable grain size microstructures, there is ¢ssentially no difference
among the three base powders in the bend strength at 1800°C. Residual stresses
introduced by impurity phases in the base materials due to thermal contraction
differences may influence the strength at the lower test temperatures. At
the higher test temperatures these stresses could be relieved thus minimizing the
1 effect of powder chemistry.

Comparisonr of Material V with Material I, Figures 36 2nd

37 indicates that the $iC addition suppresses the strength maxima at 800°C
and increases the strength at 1800°C. The strengthening effect of SiC for the
02A ZrB, and 05 HfB, base materiala at 1800°C is shown in Figure 4lonly
data for ginets 98- 100% dense are plotted. The 1800°C data for both ZrB, and
HfB2 base materials suggests a significant increase in strength with the addition
of SiC. There isa 2 substantial difference in grain size for the microstructures
with and without SiC and this must be kept in mind when comparing strength values.
The mworphology of the SiC does not allow for strengthening by dispersion hardening
. since the SiC grains are of the same order of size as the matrix. However, the
r two phase aggregate may be more resistant to deformation than the boride alone

and thereby contribute to the elevated temperature strengthening, The ZrB, base
componsitions do not show any dependence on SiC content for compesitions between
10 and 35 v/o SiC. Alternately, the HfB,-SiC composite strength continues to
increase with increasing SiC content, This discrepancy is not understood at this
time, but may be due the chemistry changes induced by the additions of SiC. This !
problem will receive further consideration from the standpoints of phase analyses i
and strength measurements; the latter will include the definition of the stress strain [
curves for samples tested at 1800° and 2200°0C, E :

: The lin ited bend strength data for Material II, Figure 38
v indicates that 2 fine grain size is more important than low porosity for obtaining
g a high strength. The addition of SiC to HiB2 greatly facilitated the densification
of Material III and allowed fine grained microstructu- .4 to be produced at all
porosity lavels, Section IV. The bend stremgths 3 functions of test tempera-
ture for Materials I and IV, Figures 39 and /. demonstrate that porosity
is detrimontxsl to the strength although this effer does not psreist at all test
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temperatures, Figure 39. The general effects of the SiC additions are believed
to be similar to those for ZrB) base materials as discussed in the previous para-
ETaphs. The stiougih iovel ai 160078, 55,000 psi, is thought to be the highest
strength ever reported for an oxidation resistant material.

Limited testing was performed on Materials VI, VIII and XII,
Material VI exhibited strength values at 23°C and 1800°C comparable to those of
an equivalent density Material 1ll. Material VIII possessed moderate strength
values at 23°C, but excellent elevated temperature strength was attained in a
similar manner to other SiC containing diboride compositions. Material XII, with
20 v/o C high temperature values no better than Material 1.

An additional point of interest with respect to Materials III, IV
and V was revealed in the etched microstructures. Fine linear features are ob-
served within the matrix grains; these facets being as much as bhalf a grain diam-
eter in length, It is unknown at this time whether these features are microcracks
or a precipitate, However, it should be noted that even the highest strength micro-
structures of these materials contained these hairline features, Figures 18 and 19.

2, Surface Finish Effect on Bend Strensth

Surface finish could be important in determining the level of
fracture stress in brittle materials because fracture is thought to often originate
from pre-existing flaws. The surface placed in tension in a bend test would be
most critical and thereby control the fracture stress. In the case of catostrophic
brittle fracture, the crack length and fracture stress are related by the Griffith
relation
f iC
where U, = the fracture stress, 7y, = fracture surface energy, E = elastic
modulus and C s crack lengih, If f.{he fracture surface enexgy is the true chemical
surface energy, which would be about 1 to 2 x 103 ergs/cm#®, then the critical
crack length wou$ be of the ozader of 1 to 5 microns (using E= 51,7 x 1011 dynes/cm?
and 0{ =44.8x 1 dynes/cm ). Bend tests on a series of surface finigshes were
conducted to test the importance of the starting surface on determining fracture
stresa.

A number of berd specimens were machined from the 100% dense
hillet VO7 D0576; the NDT report indicated that this billet was uniform in deneity
and was uncracked. Various surface finishes were prepared by grinding the tensile
surface with 220, 400 and 500 grit wheels, A fourth surface condition was pre-
pared by obtaining essentially a metallurgical finish with a final 0,25 micron diamond
polish, The structure of the surfaces was characterized in two ways; Talysurf
(Taylor-Hobson)} surface contour traces and electron microscope surface replica
examination,
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dections oi the Tayinuri traces i< shown in Figurae 42 far
the four surfaces tested. Associated with each tracing is the vertical magnifi-
cation and the C. L. A. (intergrated average deviation of the ridges and grooves
from the centerline). As can be noted, many grooves have total depths much
deeper than twice the C.L.A.; 180p inch in the case of the 220 grit finish, 100
inch for the 400 grit finish, 100y inch for the 500 grit finish and 3y inchea for
the polished surface. The 400 and 500 grit finishes appear very similar.

The electron microscope examination showed surface struc-
tures represented by Figures 43 to 45, The 400 and 500 grit finighes
appeared quite sirnilar, so the structure for only the 400 grit is shown, Figure
44, The 220 grit finish reveals the microstructure since many grains were
completely pulled out. Evidence for pogsible intergranular surface cracking is
also shown in Figure 43, The 400 grit surface has resulted in a greatly in-
creased surface .utting although some grain pull out also took place. Poasible
surface cracks are shown in Figure 44 for this finish. The finely polished
surface shown in Figure 45 reveals verv little structure or scratches, The
pits that are preeent show no w.lil defineu structure at higher magnification; they
are apparently areas whs: = polishing did not completely remove the results of
rough grinding. However, ..0 cracks were clue. ved on the polished surface.

The room temperature sur«agth data for the four surface finishes
are reported in Table 44. There was a trend fo1r increased mean strength with
the finer surface finishes; however, the standard ieviation for each population
was large, except for the 500 grit finisl . The "Studeut's T' test was utilized to
investigate the significance of the variation be ween the me-u strength of the 220
grit and the polialied surface. The probability of ‘gnificance w s 38,9% and this
shows that from statistical considerations they essenti: lly belong to ne strength
group.

The insensitivity of tr. fra:ture strengih to the surface ~ondition
may be attributed to slow growth of the existing fl:ws by localized plastic flow
process s at a resses balow ¢t at for catostr. . hic failure, Room temperatur slip
in pelyc: ystalline TiB; has been observ:d (:1j. :All the su:face finishe' produced
cracks and could be subcriiical up to stress levels wihere slow crack gre «.th
initiates . Ar alteruate mechanism fors owcr: ckgrov wacouldinvolve stress corrosion
of the diboride, Yoth static an:l dynamic stress corros >n eifects have been reported
for alun. a4 g_) In .ithei case pre- exic'ing cracki coul. row. .der . ncreas.ngstress
until the Gr..ith-C owan criteria for fructure it .eached and then rapid crack
propagation ecusues. Independent 11easur.cinents at Manlabs of fraciu.e
energies n conveix ionally Lot presscd ZrB, «.nd obtaiced values of 71,000 aad
134,000 rgs/cm® 1:r two different grad.s oi material. {The waterials stucied
were the Norton and Carbo-uvnduru grades.} Using thes. numbers for twice tie
surface fracture energy in the Griifit'.-Orow. . equation, crack lengthe of grevier
than 90 microns could be tolerated withuut iniciating fracture at the obser ved
fracture stresses. Fracture stress insensitivity to surface condition cou sled
with the fracture energy measureincnts lends contiderable suppoxt to the prosgect
that loca.ized plastic deformation processes are iuvolved ir the fracture of tho
diborides.
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There are two alternatives to the assumption that slow crack

rnarmvrrblh A At et e hn Foam mdasaa s L LR Al . V_ £ d - ] R a1
P~ YT vae Mo s W S M W ALGAW WA WO A AL PLy) WHLITEA UTIGWLE IIL“’ e PXUBGIKI— 4Lk LMD

| ot
material from the fabrication and these defects are larger than any flaw created hy
the rough surface finishes. Metallographic studies do not support this assumption;
cracks of several grain diameters would easily be detected by light microscepy.

Second, the flaws introduced by the surface finish techniques do not have a morphology

that creates a critical stress concentration. For example, pre-existing atomically
sharp cracks of less than a grain diameter may provide 2 more severe condition
than deep , but relatively blunt grinding grooves. Microstructural features have
been observed in Materials IIl, IV and V that could be transgranular cracks although
they have not been positively identified as cracks, However, the surface grinding in
these brittle materials does not create blunt grooves, but removes material by
chipping and pulling out grains thereby providing high stress concentrations.

B. Elastic Modulus

Dynamic measurements of Young's Modulus (E} were made by the
sound velocity technique at 23°C., High density half billets of Materials I to V
were employed in order to measure both the compressional pulse velocity (V1) and
the transverse pulse velocity (VT). The results of these measurements on seven
billets are listed in Table 45, Considerable disagreement is found among the
calculated values of Poisson's Ratio. It is believed that the primary source of
error in the calculations is in the measurement of V.. Therefore, a value of
0=0.145, as previously used (3 ) will be adopted in future calculations of Young®s
Modulus until accurate determinations can be made for each material in this
program,

Static measurements of Young®s Modulus were made using a four point
bending and a single point probe strain measuring app~ratus, Figure 46, At
present, the measurements are being conducted in argon, so the spring support of
the load cell cage is unnecessary. The schematic also shows three tungsten probes
positioned against the sample. This design was intended to bring the strain
reference point directly to the sample. This would eliminate errors due to knife
edge interactions, etc. Ilowever, the early work with this design has been in-
accurate, so at present, the cuter two probes are fixed to the lower knife edge
block. A W-5% Rp vs. W-26% Ro thermocouple is placed next to the lower graphite
pedestal and ie positioned directly under the sample., A Mo furnace is being used.
Ap extremely small strains are measured (4-9 x 10-% inches) for the specimens
which are the same size as used for bend tests, the LVDT was calibrated with a
series of four gage blocks having height diffserences of 25 x 10-6 inches, as well
as A micrometer reading to 1 x 10"® inches. Also three standard modulus ma-
terials were used to check the accuracy of the appa.r%tul; they were 9Ni-4Co-0.45C
nt%el (28.5 x 10° pei), 99.5% dense alumina (58 x 10
107 psi).

The static Youny's Modulus measuremente are summarized in Table 46.
Also included in this table a ¢ a limited number of dynamic modulus measurements
and static mesasurements conducted at ManLabs. The dificrent measurements
served as further checks on the accuracy of the equipment, Furthermore, data
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are included which were collected both prior to and after several equipment
modifications, so varying levels of accuracy are represented.

It will be necessary to collect additional self-consistent data in order
to separate the effects of composition on the elastic properties; however, at this
time it is possibie to relaie porusiiy iv Young's Modulus in the diborides,

MacKenzie (13) analyzed the effect of emall amounts of porosity on
elastic moduli in an isotropic body. This relation is given as

5(1-0 (3K_+ 4G
A% 4% A s (2)

G
t-w - (9K_ + 8G )
[o] [o]

where G = modulus of rigidity, p = relative densaity, K, = bulk modulus, A = constant
and the zero subscript refzrs to the full density value. Cable et al,,(14) calculated
the constant A by setting G/Go = 1 at p = 0 and found this equation accurafe for several
materials. For Poisson's ratio0= 0,145 for ZrBy andG/Gg=1, Ko=1.08and A=1.04, The
curve for Eq. (2) is plotted in Figure 47 along with Young’s Modulus data for
Materials I through V at various porosity levels. The data plotted is thougnt to

be seli-consisteat in that apparatus design and calibration was constant throughout
the measurements. Several interesting features emerge; the SiC alloys of the
diborides fall on the same curve as their respective base materials, the ZrB; base
materials agree with the predicted relation and Young's Modulus for the HfBj bace
materials is much more sensitive to porosity than predicted. Rossi et al. (15)

bave shown that anisotropic geometry for porosity or second phase inclusiors can
account for marked deviations from predicted behavior. The ZrB; and HfB; base
materials must be carefully re-examined for differences in these microstructural
features which may be responsible for the behavior shown in Figure 47.

In order to determine the accuracy of the elastic modulus measure-
ments at Avco, a sample exchange study with ManLabs, Inc. was instituted. The
room temperature Young!s Modulus values obtained at Avco (four point bending -
single deflection probe) were approximately 7 to 10 per cent lower than those ob-
tained at ManLabs, Inc. (three point bending - single deflection probe). Both
laboratories also tested a series of standard materials ( steel, Al,03 and WC-5.75Co)
with the same discrepancy between test techniques. A comparison of the measure-
ments on the standards with published values revealed that the Manlabs, Inc,
measurements were within 5 per cent of the absolute values. It was concluded that
the static Young's Modulus measurements oa the diborides at Avco obtained as of
this report are up to 10 per cent lower than the ManLabs numbers. The measure-
ments at 800° and 1400°C at Avco have the same accuracy as those obtained at 23°C.

The elastic moduli of the Norton and Carborundum lots of hot pressed
sirconium diborides were determined by a three-point bending, single-point deflec-
tion probe technique at Manlabs, Inc. The results are presented in Table 47 .
with some dynemic measurements for another hot 'ressed ZrB; (16).
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There is excellent agreement between the static and dynamic measurements
and the 5 data points for modulus ve. density form a curve which extrapolates

tc 2 valuc ofabout 7 42 70 2 100 noi for fully denee Z7xRo
C. Post-Mortem Examinations
I, Visual Examinations

All specimens were examined after testing with respect to the
location of the fracture. Single and double asterisks appear after certain speci-
mens in Tables 40 -and 41 and these denote primary and secondary” knife
edge fractures, respectively. The incidence of such knife edge fractures is
common in transverse rupture tests utilizing four-point bending; the origin of
this phenomena is still a matter of some controversy (17). Compressive stresses
are anticipated in the areas under the knife edge, hence, tensile failures should
be prevented in these regions. However, there has been at least one investi-
gaton (_1_3!) in which knife edge failures did originate in tension surfaces, so that
the actual stress distribution under a knife edge is probably far more complicated
than previcusly supposed. In addition, the incidence cof knife edge failures could
be correlated in one case (18) with absorbed surface moisture, the frequency of
such failure increasing on dry surfaces and this is also a factor which has not
previously been recognized.

It was not possible in this study to correlate the incidence of
knife edge fractures with any microstructural or testing parameters, although
the frequency of such failures was much higher in certain materials. Similar
information will be recorded in the future and trends may become apparent when
more data are available.

Plastic bending was observed in many of the samples tested
at 1800°C as evidenced by curvature on the fragments when placed against a
flat plate. In all cases, however, the amount of plastic bending was estimated
to be less than 1%. The notations N.B., $.B. and B in Tables 40 and 4] denote
no plastic bending, slight plastic bending and plastic bending of less than 1%,
respectively. Again, it was not possible to correlate these observations with
either microstructural parameters or strengths. Much more information will
be forthcoming when high temperature stress strain curves are generated.

2. Fractography

Replicas were taken from a selected number of fractured samples,
for Materials I to V and examined in the electron microscope., The fracture mode
was predominantly transgranular in samples tested at room temperature, while
the percentage of intergranular fracture increased with increasing test temperature,
Figures 48 to 51 show fractographs of a Material V microstructure tested
at four different temperatures. It can be seen that a limited amount of transgranu-
lar fracture occurred even at 1800°C,

* . : .
The main fracture in these cases was within the gage length, but an additonal
fracture occurred at one of the loading points, resalting in three fragmenta.
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It is difficult to differentiate between the ZrB2 matrix and the
SI1L addition, as The iracture mode was similar jur boib phaescs. Huwever, gl
microscopy of polished surfaces shows that the SiC phase is generally smaller
than the Zrli2 matrix. The smaller grains visible in Figures 48 to 51 are al-
moast certainly the SiC phase, The terraces visible in the 18009C fractograph
are probably due to thermal etching.

The increase in the amount of intergranular fracture with in-
creasing temperature occurred even when the fracture strength increased. Pre-
vious observations on fine grained ZrB, and HfB, showed that the percentage of
transgranular fracture paralleled the sgrength peak (9). This difference in be-
havior is not understcod.

3. Optical Microscopy

One aspect of the post-mortem studies is to determine the rela-
tive stability of the microstructure to the testing environment. The grain sizes
for specimens tested at 1800°C are given in Table 48 and reveal that significant
grain growth only occurred in one ZrBj) structure. The I02A D0338 specimen
shows an apparent anomaly, undoubtedly due to grain size variability within the
billet itself. The unalloyed HiB;, Material Il and the diboride-S5iC mixtures,
Materials III, IV and V show little or no grain growth during the 1800°C test {(at
temiperature approximately 5 minutes). The SiC second phase evidently inhibits
movement of the diboride grain boundaries as it does during fabrication. The
thermal stability of impurity phases in the HfB, (sclidus 3235°C) relative to those
in the ZrB; (solidus 2560-2630°C) may also contribute to the observed increased
grain size stability for HfB2. The grain sizes determined from the electron frac-
tographs agreed with the grain size measurements by light microscopy.

The specimen from billet 102A D0305 showed an increased con-
centration of orange carbide phase relative to the gray oxide impurity phase,
compared with the starting billet, but the over-all second phase content remained
constant. All other specimens examined possessed structures that appeared iden-
tical to the as-fabricated material. The edge of specimen I02A DO0338, Figure 52
(tested at 1800°C) shows no evidence for oxidation during testing in argon.

In several cases, anomalously weak specimens were encountered
and examined, There was nothing unusual in the fractographs which could explain

the low strengths at room temperature and the fracture mode waa still predominantly

transgranular.

Although plastic deformation occurred at 1800°C as manifested
by permanent specimen curvature there were no details on the fractographs which
could be correlated with the limited amount of macroscopic plasticity.

4, Density Checks

Post-testing density checks on bend specimens fractured at room
temperature are shown in Table 49,

In order to measure the geometric density, the fracture face of
the test fragment was squared off and the radius on the tension face was removed
by grinding. When a discrepancy between the air density and the water displace-
ment density occurred, the geometric density was always lower,
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It was also possible to correlate the differences between ori-
ginal hillet dc nrity and the true (water displacement) specimen density., X-radio-
graphs were available for billets 102A D0345, 11105 D0386 and IV05 D) *10., Billet
D0386 had a high density rim and this was the reason for the higher deusity of
the billet compared v ihe bend specimen. PBillots I02A D0348 and IV0S DOL10 had
low density areas on the edge, therefore, the higher density of the bend specimens
is to be expected. The density variations on the exterior of certain billets is at-
tributed to the chemical reaction of the billet with the BN mold wash or the graphite
liner. Clear examples of reaction zones were visible metallographically in several

billets.
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Viii. OXIDATION SCREENING

A, Introduction

Furnace oxidation screening experiments have been carried out on
hot pressed specimens of Materials I through VI, VIII, X and XII and on high
pressure hot pressed (HPHP) specimens of Materials VI, X and XI. In addition,
oxidation comparisons have been made between commercially hot pressed ZrB,
{obtained from two sources) and Material I and also between Boride 2 &
(Carborundum Corporation) and Materials I, V and VIIl. The oxidation charac-
teristics of selected diboride compositions containing rare earth and alkaline earth
additives were also determined. These materials were fabricated under a separate
Air Force program investigating boride coating compatibility for graphite. The re-
sults are summarized in Appendix III,

B. Experimental Procedure

The oxidation exposures are carried out in a furnace depicted
schematically in Figure 53 . Cylindrical specimens, which are generally 0.35
inch diameter by 0. 35 inch high, are placed coaxial with the furnace tube and
are mounted on zirconia knife edge supports. The specimens are heated by
radiation from a zirconia liner which in turn is heated by a carbon tube resist-
ance furnace. Four identical furnaces, each having an inside tube diameter of
0.75 inch, are being used.

The specimens are heated to the desired test temperature in argon
having an effective flow rate of 0.9 ft/sec STP; heating times are generally 30
to 40 minutes. After the desired temperature is stabilized, air ie admitted for
a fixed time interval, usually one hour. Then argon is readmitted to displace
the air and the specimen is cooled; 60 to 90 minutes are required to reach room
temperature. ‘

Several experiments were carried out to determine satisfactory
air flow rates to sustain reaction (or diffusion) controlled oxidation. Figure 54
presents a hypothetical oxidation experiment in which a protective oxide is
formed. The amount of oxygen required to sustain equilibrium oxidation as a
function of time is indicated by line 1. The amount of oxygen supplied to the
specimen is linear with time; two air flow rates are represented with v.,> vy
For any given time, the supply of oxygen (v) must exceed the oxygen require-
ment (line 1), Thus, a 60 minute experiment requires an amount of oxygen
corresponding to point (2); either air flow rate wounld be satisfactory. For a 30
minute experiment, however, flow rate v, would supply an amount of oxygen
corresponding to point (¢), whereas a quantity corresponding to point (b) is
required; 2 J0 minute experiment employing flow rate v; would be oxygen supply
Llimited, For a given specimen material, temperature and time, the critical
flow rate v. corresponds to the rate which supplies just the amount of oxygen
required for specimen oxidation,
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Flow rate dependencies have been determined experimentally for
Material l (ZrBj, 1800°C, 15 minutes) and Material I1I (HfB, + 20 v/o SicC,
71?.n°{_‘,' AO minntaal: :\91-1_-)'_319111_- Aata are nreasntad in Tahle B0l and 'F“'agnrn L1
In both cases which represent the severe extremes of short time and high temp-
erature, the critical flow rates were determined to be 0,4 ft/sec STP. The
oxidation experiments reported upon were ail carried out at an air flow rate of
0.9 ft/sec STP.

The specimen surface temperature is measured and recorded
continunusly by means of a two color pyrometer. The pyrometer is calibrated
weekly against an NBS certified tungsten filament to detect and correct for cali-
bration changes. The temperatures reported in this section are color tempera-
tures which, for tungsten are 20° and 50°C higher than true temperatures at
1500° and 2000°C, respectively.

After oxidation, a quantitative metallographic procedure is em-
ployed to measure the extent of material recession; post-mortem metallographic
inspection also provides morphological information about the diboride matrix,
the oxide and the matrix oxide interface region. Initially, a low magnification
photograph of the specimens obtained to provide a record of the shape of the
specimen and of the physical condition of the outer oxide layer. The specimen is
mounted longitudinally and is polished to reveal the oxide diboride interface; the
final specimen height (and height of undepleted additive phase zone, if present)
is measured on a traveling stage microgscope. A reticule photograph of the
longitudinal section is taken for future reference. The specimen is then re-
mounted and polighed in the transverse direction to provide a measure of final
diameter, Reference photomicrographs are obtained of the transverse section,
the diboride matrix and the matrix oxide interface, The conversion of diboride
(and additive phase) to oxide is calculated from the difference between initial
and final dimensions.

C. Experimental Results and Discussion of Results

The experimental results of oxidation screening are presented in
Tables 51 to 62 and are shown graphically in Figures 56 to 65, A discussion
of the results for each of the materials is given below.

l, Material I (ZrBz)

The oxidation screening results for zirconium diboride over
the temperature range 1550° to 1850°C are provided in Table 51 and are shown
graphically in Figure 56. All of the selected specimen structures were subjected
to one hour screening runs at 1700° and 1800°C and to 30 minute runs at 1850°C;
additional data were collected on representative structures between 1550° to
1650°C and at 1770°C.

The data presented in Figure 56 yield a logarithrmic variation
of the one hour recession values with temperature for the range 1550° to 1800°C;
average one hour boride recessions are 8, 13 and 22 mils at 1550°, 1700° and
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and are comparable with results obtained in another study ( 2) for the tempera-

ture vange 18800 to 18R09C. Abhove 1800°9C, the rate of nxidation was found to b
increase substantially so that it was necessary to reduce oxidation times to 3¢ T
minutes. By assuming a parabolic dependence for oxidation kinetics, the one

{

1
hour boride recessions at 1850°C are within the range 25 to 75 mils and average }
50 mils, . a

1800°C, respectively. These data are consistent with previous findings ( 3) " I
i

The ten selected screening structures of zirconiumn diboride,
representing I02A, 103A, I05A and 107 powders exhibiting variations in grain
intercept of 6 to 40 microns and relative densities of 89 to 100 per cent, yield
equivalent oxide conversions to within +2 mils at 1700°C and +4 mils at 1800°C.
Furthermore, there is no particular trend in the 1850°C data, Consequently,
the selected structures cannot be rated by means of the oxidation screening tests.
Representative photographs of the oxidized specimens are presented in Figures 66
through 76. The photographed specimens are fully dense structures prepared from
the four ZrB; powders having grain intercepts of 20 microns (102A D0345 and
103A D0309), 40 microns (I02A D0326 and I05A D0590) and 70 microns (107 D0589).
The outer oxide of these specimens, Figures 66 to 69, is dense and adherent
after one hour exposures at 15509, 1700° and 1770°C, but becomes somewhat
puckered at 1800°C; a very porous outer oxide is observed after a 30 minute ex- .
posure at 1850°C¥, Oxide matrix interface pictures at several temperatures are .
presented in Figures 70 to 72. The oxide formed at 1550°C is cbaracterized by
columnar grains whereas oxides formed at higher temperatures have an equiaxial ,
grain morphology., The oxides are adherent to the matrix after one hour expo- '
sures for all temperatures up to 1800°C**., The grain size of the oxide is smaller
than that of the diboride at 1700°C, but becomes larger than thet of the diboride
at 1800°C, Oxide porosity is observed to increase at higher temperatures. -

Longitudinal and transverse section reticule photographs of
specimens oxidized at 1700°C are shown in Figures 73 and 74 ; the uniformity
of the boride recession is clearly evident. Matrix photographs of 102A and 1034
structurcs after one hour oxidation exposures at 1700°C are presented in }
Figure 75 . Similar photographs of 105A and 107 structures afier 30 minute ex- bl
posures at 1850°C are presented in Figure 76, The chemical characterizations
of these structures were presented in Sections III and IV,

*The letter ¥ appearing in the macrophotographs indicates the leading face ex-
posed to the air stream; in addition, several of the macrophotographs (including b
Plates 1-3042, Figure 66 and 1-2074, Figure 67 ) include the zirconia mount
which has fused to the specimen. + 5

**The oxide layer on OX335, Figure 70 was inadvertantly broken off during metal-
lographic preparation.
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2, Commercial Zirconium Diboride

Oxidation data have been obtained for hot pressed billets of
zirconium diboride obtained Irom ihe Norion and Carburuandumn Cuinpamics i
Order to compare the oxidation behavior of commercially available material to
that prepared in this program. The results of oxidation tests over the range
1550° to 1900°C are presented in Table 52 and Figure 57.

The particular lot of Carborundum ZrB, that has been
tested possesses oxidation behavior comparable to that of Material I. On the
other hand, the Norton ZrB; exhibits a somewhat higher and more random
rate of oxidation for temperatures up to 1800°C, It was noted tlmat a black or
dark gray oxide formed on those specimens of the Norton material which yield
the greatest oxidation. For example, the uppermost point at 1700°C , Figure 57,
was obtained for a specimen having a very dark gray oxide. X-ray diffraction
analysis of the black oxides yields momnoclinic ZrOj; no additional phases could
be detected. Electron probe microanalysis was carried out for a representative
black oxide from a Nerton ZrB, sample oxidized at 1700°C for 60 minutes, OX272.
In addition to Zr, trace quantities of Cr and Ti were detected in the matrix and
metallic particles rich in Fe, Cr and Ti were observed in the oxide., A few
isolated positions in the diboride matrix were found to yield very high chromium
contents; these areas were not metallographically distinguishable from the di-
boride matrix. It is concluded that the enhanced and variable oxidation behavior
of Norton ZrB7 is related to rather high impurity levels of iron and chromium.

Typical microstructures of oxidized Norton and Carborundum
ZrBj are presented in Figures 77 through 80. The outer oxides of the commercial
materials, Figures 77 and 78, are observed to become porous at lower tempera-
tures than for the Material I screening structures, Figures 66 to 69; above
1800°C, the commercial materials are very porous and quite distorted. The
boride oxide interface pictures of the Carborundum ZrB, , Figure 79, reveal
structures that are comparable to the screening materials, The Norton ZrB,,
however, is characterized by considerable porosity which results in the forma-
tion of a boride oxide band at the higher temperatures; this behavior is exhibited
in Figure 80. Complete characterization data for the commercially hot pressed
ZrB2 materials has previously been presented ( 3).

3, Material V (ZrB,, + 20 v/o SiC)

2
The effectiveness of silicon carbide additions in promoting
the oxidation resistance of the diborides was first reported in an earlier study ( 3 ).
Boride compositions containing a SiC additive undergo preferential oxidation of =
the additive phase at elevated temperatures leading to zones of outer oxide, boride
plus voids (formed by preferential oxidation of SiC) and a core of boride plus SiC,
The results of oxidation screening experiments carried out for six structures of
Material V for the temperature range 1800° to 2100°C are presented in Table 53
and Figure 58, The structures represent pressings prepared from I02A, 103A and
107 powders, The results presented in Figure 58show a larger spread in the
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recezzion values as compared to Material 1; it should be noted, however, that

a higher than average boride recession for a given temperature is accompanied
by a lower than average SiC recession and vice versa. No particular distinctioa
can be made between the screening structures in regards to the level of protec-
tion afforded.
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obtained in the previous boride program (3 ). The addition of 20 v/o SiC is

found to increase the oxidation resistance of ZrB, about 20 times for one hour
exposures at 1800°C. Average one hour diboride to oxide conversions are 2.5,
6, 20 and 60 mils at 1800°, 1900°, 2000° and 2100°C, respectively. Typical
post oxidation microstructures are presented in Figures 81 to 85. The outer
oxide, Figure 81, is8 smooth and glassy after a one hour exposure at 1800°C,
becomes roughened and less glassy after one hour at 1960°C and is very rough
and porous after one hour at 2100°C. The macrophotograph of the 2100°C speci-
men reveals several blow holes which presumably are the result of silica loss
irom the oxide during the exposure.

Oxide mairix interface pictures are presented in Figure 82
The oxide is adherent after exposures up to 1960°C and exhibits a grain gize and
porosgity distribution comparable to the silicon carbide depleted matrix. The
oxide is nonadherent at room temperature after oxidation at 2100°C; it is probable
that oxide separation occurred during cooling as a result of differences in the
thermal expansion coefficients between the oxide and the depleted diboride. In
one case, after oxidation at 2100°C, the voids near the surface (caused by the
preferential oxidation of SiC) were cbserved to be partly filled with oxide. Photo-
micrographsa of this oxide intrusion are presented in Figure 83.

The 1800°C interface picture, Figure 82, clearly defines three
zones; these are (1} the oxide, consisting of ZrO; and probably 8i0O,, (2) the
diboride matrix, where SiC has been preferentiafly oxidized, leaving veoids and
(3) the original diboride SiC matrix. The corresponding zones in a specimen
oxidized for one hour at 1960°C are presented in Figure 84 which also presents
the specimen microstructure consisting of essentially discontinuous grains of SiC
within a ZrB; matrix.

Reticule photographs of the 1960”C exposure specimen are
presented in Figure 85. The longitudinal section reveals a2 dark outer band cor-
responding to the oxide, a light intermediate band corresponding to the SiC
depleted matrix and a central core of the 2rB; + SiC matrix, The oxide has
become detached during preparation of the transverse section; the two matrix
zones are apparent. Several radial cracks are observed within the SiC depleted
zone of the transverse section. It is suggested that the ZrB,-SiC composite
matrix might have a lower coefficient of thermal expansion than does the ZrB,
matrix which is depleted in SiC, resulting in circumferential tensile stresses
within the depleted band; stress relief would cccur by the formation of radial
cracks within the SiC depleted zone.
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4, Commercial Boride Z

The oxidation of samples of Boride Z, a commercial ZrB,
. MoSia compoaita which containe SiC and Mo dicoolved in the Z2B lattics, waz
evaluated over the temperature range 1550° to 1950°C for comparison to
Material V. The oxidation data are presented in Table 54 and Figure 59. The
. commercial material 18 tound to have oxide recessions of 3, 6, 12, <45 and 32
mils after one hour exposures at 1600°, 17009, 1800°, 1900° and 1950°C,
respectively. These values are about half as large as for Material I {(Z1B,)
and 5 to 10 times larger than for Material V (ZrB, - 20 v/o SiC).

\ Typical photographs and microstructures of the oxidized
R Boride Z specimens are given in Figures 86 to 89, The macrophotographs

: are generally comparable to those of Material V; there is less evidence for the
formation of a glassy oxide phase and the outer oxide is observed to become
very pourous at 1950°C.

., Microstructures of the oxide matrix interface are given in
Figure 87; the oxides are adherent after exposures up to 1900°C. Some difficulty
wasz erncountered in the metallographic preparation of the interface region,
accounting for the apparent oxide detachment from the matrix. Representative

i reticule and matrix photomicrographs are shown in Figures 88 and 89,

‘ respectively,

5.  Material VIII (ZrB, + 30 v/o Graphite + 14 v/c SiC)

i Oxidation screening has been carried out on two pressings of
HEEE Material Vﬁl. The first {D0498) employed Regal 330R carbon having a particle
b size of 200A. The second (D0592) employed Poco graphite milled to 325 mesh;
: microstructures ot this pressing reveal a graphite particle size of 5 to 20 microns.
The screening results are given in Table 55 and Figure 60; the latter also con-
" tains oxidation data for Material XII to be discussed in the following section.

The pressing prepared with Regal carbon exhibits recessgions

' considerably lower than Material I and corresponding to 8 mils per hour at 1800°C
i and 12 mils per hour at 1980°C. The latter value is8 comparable to those obtained
i for Material V. A specimen run at 2180°C was completely oxidized. Further
oxidation screening runs have been scheduled to provide a more complete evalua-
tion of this material,

In contrast, the pressing prepared from Poco graphite yields
oxidation data comparable to Material I up to 1800°C. Some improvement over
Material I is observed at higher temperatures where a one hour recession of 75
mils is obtained at 1970°C; this is about 8ix times greater than for the pressing
containing Regal graphite, A specimen run for one hour at 2000°C was completely
oxidized.

Represcentative post oxidation microstructures of the two pressinga
O are given in Figures 90 to 92. The Regal graphite containing material yields a
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glassy outer oxide at 1820°C, Figure 90 and a tight, uniform oxide at 1980°C,
: The Poco graphite containing material yields a slightly puckered cuter oxide at
4 1nnnOc 2md o Aintantad wacanin awida ad 1‘)70°C. Mhn dmbnmfamn ~dnbecinm mmamanbéad

= 18009C 2zl 2 ted poocucs cmide The interface picturcs precentsd
in Figure 91 depict a very porous depletion zone (between the original matrix

and the oxide) in the Regal graphite material and a uniform depletion (much like
observed for Material V in Figure 82 ) in the Poco graphite material. Representative
-’ matrix photographs of the two screening materials are presented in Figure 2.

6. Material XII (2rB, + X v/o Graphite)

2
‘ Three pressings of Material XII have been screened. The
i oxidation results are given in Table 56 and Figure 60. The pressings represent
o the following formulations:

D0561 - ZrB,(I102A) + 50 v/o Poco graphite
D0572 - ZrB2(103A) + 5 v/o Thornel 25 graphite yarn
D0585 - ZrB,(107}) + 20 v/o Poco graphite

In the ensuing discussion, these will be referred to as the 50, 20 and 5% mixtures.,
The 50% mixture yizlds very high oxidation rates at all temperatures over the
range 1600° to 2000°C. It is likely that the oxidation experiments carried out were
either air supply or diffusion limited; the data points presented in Figure 60
therefore represent minimurn values. The 20% and 5% mixtures yield oxidation

3 data which is essentially the same as Material I. The presence of graphite

& in these specimens does not appear to have an effect on oxidation behavior.

Representative photomicrographs of the various oxidized
specimens are presented in Figures 93 to 96. The macrophotograph of the 50%
. mixture after exposure at 1800°C, Figure 93, shows a uniform outer oxide con-
taining numerous pits or blow holes. This oxide proved to be very fragile and
could easily be crumbled away from the matrix core. The outer oxides of the 20%
and 5% mixtures are similar in appearance and exhibit a somewhat flakey oxide;
in addition, that corresponding tc the 5% mixture contains some large blow holes.
The interface photographs of the 20% mixture, presented in Figure 94 show a
tight adherent oxide matrix interface. The specimen treated at 1860°C for 30
minutes exhibits a much larger oxide grain size with considerably more porosity
than does the specimen treated at 1800°C for one hour. In both cases, the matrix
exhibits a band adjacent to the oxide which is depleted in graphite, The oxide is
detached from the 5% mixture specimen and is definitely nonadherent in the case
of the 50% mixture,

The extent of oxidation at 1800°C for the 50% and 20% mixtures
is shown in the longitudinal reticule photographs presented in Figure 95. The
zone depleted in graphite is clearly evident in the 20% mixture photograph.
Representative matrix photographs of the three pressings are presented in
Figure 96. The second phase observed in the 5‘7}: mixture specimen (Plate 1-5962)
is believed to be an impurity phase present in the ZrB, powder.
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7. Material X (ZrB, + 20 v/o SiB

2 6)

Oxidation screaning af 7rBa with a SiB. additivs phase ox-
pected to improve oxidation resistance was screened over the temperature range
1700° to 1900°C. The results are given in Table 57 and Figureél ; the latter
als¢ includes daia vbiained for selected high pressure hot pressed specimens of
Material X and for Material XI to be described later. The oxidation data for the
high pressure hot pressed rnaterials is given in Tabl~ 58,

The oxidation behavior of the conventionally hot pressed ma-
terial is essentially the same as for Material I. The high pressure hot
pressed material presents a slightly lower level of oxidation and also exhibits
preferential oxidation of the additive phase resulting in a depleted band between
the oxide and the matrix.

Typical microstructures of the oxidized specimens are given
in Figure 97. The outer oxide is dense and uniform. The oxide forms an ad-
herent interface with the inatrix., The grain size and distribution of the additive
phase is shown in the matrix photograph.

8. Material XI (ZrB, + 8 v/o Cr)

A limited amount of oxidation data was collected on high
pressure hot pressed specimens of Material XI, in which the chromium was ex-
pected to act as a grain boundary binder phase. The oxidation results are given
in Table 58 and Figure él. At 1700°C, the one hour oxidation of Material XI is
twice that of Zr%z; the two materials have approximately equivalent oxide re-
cessions at 1850YC, It was determined that the oxidation behavior of Material
X1 did not fulfill original expectations and no further screening was carried out,

9. Material II (HfBz)

Specimens of hafnium diboride prepared from three separate
powders were tested over the range 1600° to 2050°C; the experimental results
are presented in Table 89 and Figure 62. Samples from the three powders
(1105, 1106 and 1}07) all yielded equivalent oxidation results; furthermore, the
various screening structures prepared from 1105 powders all yielded comparable
behavior, precluding a ranking in order of oxidation resistance,

The data yield a logarithmic variation of the oae hour reces-
sion values with temperature over the entire range of testing. One hour boride
recessions of 5, 12, 28 and 70 mils were observed at 1700, 1800°, 19009 and
2020°C, respectively. These values are very similar to data obtained in another
current study for the entire temperature range investigated {5 ). Two experi-
ments carried out near 2000°C involved air flow rates of 0.27and 0.5 ft/sec STP.
The boride recessions were lower than average in both cases, indicative of air
supply limited oxidation behavior. For comparable temperature ranges (1550
to 1800°C), the oxidation resistance of HiB, is about twice that of ZrB,.




Representative photomicrographs of the oxidized specimens
are presented in Figures 98 through 103, The outer oxides shown in kigure Y9
are tight, dense and adherent for exposures up to 1800°C; at 1900°C, the oxide
becomes very norous. The interface nictnrer in Figure 99 show adherent oxidrs
for specimen exposures up to 1800°C; the oxide consists of equiaxial grains at
all temperatures with a grain size comparable to that of the diboride matrix.
Oxide porosity increases with temperature and is especially pronounced after
1900°C. Reticule pictures of a specimen oxidized at 1810°C are shown in
Figure 100; diboride conversion to oxide is very uniform. The matrix structure
of the same specimen is shown in Figure 101, For comparison, various pictures
of an oxidized specimen prepared from the evaluation lot of 1106 powder are given
in Figures 102 and 103. The latter specimen exhibits smaller matrix and oxide
grain sizes than does the equivalently screened specimen prepared from I105
powders. Other metallographic features of the two materials are comparable.

10.  Materials Il (HfB, + 20 v/o 8iC) and IV (HEB, + 35 v/o 8iC)

o ° The oxidation screening results for the temperature range
1800" to 2100 C are presented for formulations of HfBy and SiC in Tables 60 and
6l , Figures 63 and 64. These data show a 15 to 20 times improvement of oxi-
dation resistance over that of unalloyed HiB;. On the average, the oxidation data
for Material 11l show a sliglitly lower recession than was obtained in studies
carried out in a concurrent program ( 5). This slight difference is not considered
to be significant. A limited number of tests carried out for Material IV show an
increased protection above 2000°C relative to Material Ill. The HfB; + SiC ma-
terials are about twice as protective as previously reported (3 ) and exhibit 3 to
4 times the protection that is afforded by Material V (ZrB, +BiC). Silicon carbide
recessions of Material Ill and 1V as well as V are equivalent. As with the pre-
vious materials, it is not possible to rate the effectiveness of protection for the
selected screening structures.

Representative microstructures of the oxidized specimens are
presented in Figures 104 to 11l. The outer oxides, Figures 104 and 108 are dense
and adherent at all temperatures examined; the oxides are definitely glassy at the
lower temperatures but lose this characteristic and become somewhat roughened
at 2100°C. In contrast, Material V loses the glass forming property and becomes
roughened at 1960°C, Figure 81. The interface pictures show good adhesion be-
tween the oxide and the matrix, which in all cases is depleted of SiC. The oxide is
detached from the matrix in the case of Material IV at 2100°C, Figure 109. This
separation probably occurred as a result of differences in thermal expansion
between the oxide and matrix., The matrices of Material IV show more porosity
than can be accounted for by SiC depletion alone; the additional porosity is a
result of grain pullout during metallographic preparation,

Reticule photographs of the longitudinal and transverse sections
of specimens oxidized at 1950°C are presented in Figures 106 and 110. Radial type
cricks are observed in the photograj as of the Material Ill specimens which, as
described previously, are attributed to circumiferencial stresaes developed in the
SiC depleted matrix zone during specimen cooling. Matrix photomicrographs of
the same specimens are shown in Figures 107 and 111, The excessive grain pullout
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within the depleted zone of Material IV, which is believed to occur during metal-
lographic preparation, is clearly evident in the low magnification interface
nictnre nrasented in Figure 111. Since Material IV contains 35 v/o SiC. it is
likely that there are localized interconnections of SiC grains enhancing the
likelyhood of grain pullout.

11. Material VI (HIB, 4 4 v/o Hf-27Ta)

o Oxidation screening was carried out over the temperature
range 1750 C to 1950 °C; the results are presented in Table 62 and Figure 65.
The oxidation results yield slightly higher conversion values than for unalloyed
HfB,. For comparison, a few additional oxidation runs were carried out on high
pressure hot pressed specimens. The results, which are given in Table 58 and
Figure 65 are exactly comparable to the conventionally hot pressed material.

The characteristics of the outer oxide shown in Figure 112 are
very similar to those observed for unalloyed HfBj at equivalent temperatures.
Selected microstructures of the oxidized specimens are shown in Figures 113 to
115, Oxide adherency to the matrix is maintained at room temperature in speci-
mens exposed at temperatures up to 1875°C; the oxides of the 1875 and 1960°C
test specimens are very porous. The distribution of the additive phase, be-
lieved to be a carbo-boride of the original Hf-27Ta alloy phase, is shown in the
matrix photographs, Figurell5, No evidence was found for preferential oxida-
tion of the converted additive phase.

12. Effect of SiC Content on Boride Oxidation

To determine the effect of silicon carbide content on bhoride
oxicla.t:lond a series of oxidation experiments have been carried out at 1800°, 1950°
and 2100”C on Material Il epecimene containing 10 v/o SiC and Material V speci-
mens containing 5, 10, 15, 35 and 50 v/o SiC. The results are presented in
Table 63,

The boride and SiC depletions of Material 11l specimens con-
taining 10 v/o 8iC are two times greater than for specimens containing 20 v/o SiC
at 1800°C and are approximately the same at 2100°C; these data are presenied in
Figure 116.In the case of Material V, Figure 117 the one hour boride recession
is lowest in specimens containing 35 v/o SiC; observed recegsions are 2, 3 and
33 after one hour exposures in air at 18009, 1950° and 2100°C, respectively, The
specimens containing 50 v/o SiC yield low one hour recessions ( 3 and 6 mils) at
1800° and 1950°C, but are completely oxidized at 2100°C, Addition of 15 v/o SiC
showbehavior comparable to the data presented for Material V while the 5 and v/o
additions are less oxidation resistant,

It is concluded that additions of 35 v/o SiC to both ZrB, and
HiB; provides the greatest protection for the temperature range 1800° to £100°C
while reasonable good protection can be maintained with SiC contents as low as
15 v/o for ZrB2 and 10 v/o for HfBz.
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13, Occurrence of Gross Cracks in SiC Depleted Zones in
Materials III, IV and V

Several of the reticule section photographs of Materials UI, .
IV and V (for example, Figures 85 and 106) exhibit cracks within the SiC de~
; pleted ieairin wone; the cracks are generally normal to the oxide matrix and
SiC depleted - undepleted matrix interfaces, It has been suggested that the
cracks form as a result of circumferential tensile stresses within the depleted
matrix which are generated during the specimen cooldown after an oxidation
exposure due to differences in thermal expansion between the depleted and
o normal matrices. In this event, cracking would be expected only for the cases
T where a diboride plus SiC core is still present in the oxidized specimens.

The interpretation i8s supported in part by an examination of '
the longitudinal and transverse section photographs of all oxidation specimens of i
Materials III, IV and V for the presence of cracke, Pictures requiring a mar- )
ginal judgement were disregarded. The following results were obtained. ;

a, Specimens Partially Depleted in Silicon Carbide 1.

Material |
m vV %

Total Number 29 4 28
Number Cracked 15 8 14 :
Frequency of Crack '
Formation - % 52 50 50 .

i b. Specimens Completely Depleted in Silicon Carbide

3 moIv v
L Total Number 15 2 4
’% ; Number Cracked 3 0 0
} Frequency of Crack

b Formation - % 20 0 0

o Half of the specimens of each material were found to have cracks in the depleted
matrix zone when a diboride 5iC core is present, but only 3 of 21 specimen sec-
Wl tions were found to have cracks when SiC depletion was complete.
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D. _S_umma ry

A summary of the observed screening material recessions after one
hour exposures in flowing air is given in Table 64 . Three distinct levels of
oxidation resistance are represented. The first, including Materials 1, VIII (Poco
graghite} ¥, ¥I, XII and the commercial zirconium diborides hawve good resiatance
in comparison to other refractory materials and are useful for one houvr exposures
tu 1800°C. A second level is represented by Materials II, VI, VIII (Regal
graphite) and by commercial Boride Z which are twice as protective as ZrBj and
can be employed up to temperatures of about 2000°C. Finally, ZrB; and HfB
containing $SiCC present in amounts of 20 to 35 v/o (Materials V, Il and IV) provide
an order of magnitude reduction in oxide conversion compared to H{B,. These
mate ials can be used for one hour exposures at temperatures up to 2 00°C or
higher for shorter times.
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IX. THERMAL STRI 35S RESISTANCE

A, Introduction

The failure of ceramic materials under stresaes inducad he tharmal
gradients is well known. One of the objectives of the present investigation of
diboride materiale is to develop a thermal stress resistant material without sig-
high ¢ thérmal and mechanical stability and oxidation
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Laboratory thermal stress resistance measurements under steady
state heat flow conditions are being performed to provide an experimental relative
rating of the materials and microatructures under evaluation in Phase Two of this
program. Such data wiil be used to assist in the selection of the microstructures
v.alch will be fabricated as six inch diameter discs in the final phase of the pro-
gram. The therinal stress resistance data will also be useful in the selection of
the materiais to be evaluated in transient heating conditions of simulated hyper-
sonic flight leading edge specimens (19).

Additional dynamic therimal stress resistance data for materiale de-
veloped in this investigation are beiag generated under a concurrent Air Force
program at ManLabs, Inc. (5). A variety of candidate high temperature materials
are being characterized by performance in hot gas/cold sample arc plasma eval-
uvations over a wide range of stream conditions and time exposures. Extensive
background information is needed to fully understand the significance of these
evaluations; consequcatly, the results are not presented herein, but are described
in detail in the reports of the other program.

B. Experimental Evaluation of Steady State Thermal Stress Resistance

1. Introduction

A primary consideration in the use of brittle materials in high
temperature applications is the resistance of the material to thermal stress frac-
ture. These sireosses arise from the requirement for displacement accommodation
of body elements when they undergo different thermal dilations due to temperature
variations in the body. In a ductile material, accommodation of thermal stresses
result from a combination of plasiic and elastic strain; fracture does not usually
occur gince the induced plastic strain is normally only a small percentage of that
needed for fracture, On the other hand, in brittle materials, the accommodation
can only result from elastic strain and catastrophic failure will result when strains
of the order of 0.0l to 1 per cent develop, depending on the mechanical properties
of the material, However, as temperature is increased, a point is reached where
formerly brittle materials will exhibit enough plastic flow to significantly increase
their ability to accommodate thermal strain, This tendency will first appear under
slow beating or low strain rates and as temperature is further increased, it .
appears at increasingly higher strain rates (20).
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When significant plastic flow does occur, simple thermoelastic
theory will underestimate the thermal stress resistance of the material., In
order to completely define the potential of a material under conditions where
such stress relaxation occurs, the stress strain behavior of the material as a
fimcton of temperaturs and ::tr::::-. TALS WSt Be Rauwu. Alilwugll such an approach
is desirable, its use in a materials development program is usually prohibited by
the time and cost involved in obtaining the property data required. For materials
thai behave eiastically, the resistance of a material to thermal stress can be cal-
culated much more readily frorn the thermal and mechanical properties of the
material, but measurement of the thermal stress resistance greatly reduces thre
number of measurements that must be made and gives a more reliable result.

Two general types of tests for the resistance of materials to
thermal stress are commonly used. In one, the extent of damage (e.g., spalling
or strength loss) is measured after application of thermal exposures standardized
as to severity and number. These tests provide a measure of the characteristic
referred to as 'thermal-shock-damage resistance’ (21). In the other type of test,
the expcsure conditions necessary to initiate fracture are measured directly, Thia
type of test yields data on a characteristic referred to as the 'thermal-shock-
fracture resistance' or thermal stress resiastance (21). The first type of test in-
volves the tacit assum.ptxon that fracture may occur. However, the extent of
damage measured is governed by those physical properties of the material which
affect the propagation of cracks once nucleated. Such a test is limited in value to
specific applications and is8 quite unsuited for general evaluations of structural
materials in which even 2 small crack can act as a stress concentrater and must
be avoided. Thus, a thermal stress test which is to provide quantitative data for
structural materials must be one that measures the conditions for crack initiation.
This type of test can have broad utility and can provide data having clear significance.

By considering simple shapes in a variety of thermal stressing
situations, analytical descriptions have been developed for the conditiona to initi-
ate fracture of a brittle material, These descriptions show that no single param-
eter or test value is a suitable index to rate a materials resistance for all con-
ditions of thermal stressing. Material properties that affect thermal stress re-
sistance are thermal expansion coefficient, Young's modulus, strength and, depend-
ing on the situation, Poisson'’s ratio, thermal conductivity, diffusivity and emissivity
and where plastic strain occurs, the stress strain behavior as a function of temp-
erature and strain rate. The shape and sometimes the size of the specimen also
have significant effects.

Analyses for different conditions result in the following three
parameters that can be used to rate the thermal stress resistance of material under
conditions where plastic strain is insignificant:

O

R, = Efa 0]
q

R, = If‘k&" (@)
o

Ry = ‘é’a&e‘ (3)
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where

nR
[}

fracture stress

E = Young's modulus

a = linear coefficient of thermal expansion
k

=  coefficient of thermal conductivity

a = pl: = thermal diffusivity
p

p = density

specific heat

n

°p

Conceptually, the critical conditions for fracture f{ is defined
by the simple product relation, f= P . S, where R is the appropriate material
p&rameter, R‘. R, or R3 and § is a corresponding parameter dependent only
on specimen geometry or size. R, applies when fracture results from an extreme
thermal shock, in which case f is the instantaneous surface temperature change,
ATg, of an object initially at uniform temperature and suddenly immersed in a
medium at a different temperature. R, is the proporticnality factor for the gteady
heat flow, W » that will cause a sulficient temperature gradient to induce frac-
ture. R apm’i to the minimum constant rate of surface temperature changes,
$ g that will cause fracture.

These relations only apply when plastic strain does not occur
and they do not cover all possible conditions. For example, in the case of a shape
at a uniform temperature immersed suddenly in a mediung‘ at a lower temperature,
the relation 4T = R;S holds only when Biot's modulus™ is greater than about
20 (22}. 1f Biot's modulus is very emall AT; = R2S is applicable, but for inter-
mediate values of 8, ATf is not directly proportional to any of the three material
parameters. Manson {(23) has developed an expression, however, for ATy in
terms of R;, Rz and rmh for all values of B.

tBiOt'l modulus is the surface heat transfer ratio defined by:
r_h
m

A= 5

r_ = normal distance from center, midplane or axis to
surface of specimen

coefficient of heat transfer between surroundings
and surface

coefficient of thermal conductivity

where

¥ & 3
]
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Poigson's ratio has not been included in the material param-
eters R , Ry and R3 even though it is a material property than can affect thermal
stress resistance. The analyses indicate that the nature and extent of the influence
oi Fuisson's raiiv depends s5lcly on the shaps undar conaideration  Therefore. it
has been considered as a property of the shape rather than of the material and is
included in the shape parameter, S. This requires an assumption that Poisson's
ratio does not vary significantly, which is a good approximation in the case of
dense ceramic materials,

2. Experimental Methods

A simple experimental technique has been developed for quanti-
tatively measuring the Ry parameter directly; this method does not require prior
knowledge of the thermal and mechanical properties of the test material {24-26).
R} and R, values can be determined readily from R, from the following relations:

A Rz/k (4)
Ry = Rz/pc p (5)

R

Under conditions of steady radial heat flow through the wall of a hollow cylinder,
the heat flow per unit length at fracture, W, ..., is the product of the separable
parameters R, (defined by properties of a?é material) and S (defined by the
specimen shape) where:

wma.x -

S (6)

Rz.
G
Rz =. T ¢+ 2s defined above

S = a dimensionless parameter describing the
shape of the specimen

For a hollow circular cylinder with radii b and a and height h, S depends on
b/a, h/a and in some cases also on Poisson®s ratio.

The use of this relationship to assess quantitatively the thermal
stress resgistance of different ceramic materials, i.e., to measure values of Rz
requires the following:

(a) an apparatus in which hollow cylindrical specimens can be
fractured under a condition of radial steady heat flow and
in which heat flow per unit length at fracture, W ,» can
be measured accurately; max

(b) a separate evaluation of the shape factor, S, for ithe speci-
mens so that the desired material factor, R, can be obtained
irom the relationship:

R, = W max'/s (7)
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Past work at Battelle (24-26) has established the validity of the above product
ruviationship and developed an apparatus to provide the required heat flow condi-
tions and values of shape factors for a range of specimen shapes.

Iu order i ciaperimeuniaily esilablish the valldily « { the product
relation given by Eq. {6), groups of well controlled ceramic specimens of two
different types {SiC and M203) with significantly different shape factore were
tested. One group of specimens had a circular inner boundary and a square outer
boundary and samples in the other group were hollow cylinders. In both groups
of samples, the ratio of the area between boundaries to that encloged by the outer
boundary was about 60 per cent, Some results obtained with specimens having
lengths five times their inner radii are shown in Table 65. Failure was always
marked by the appearance of a longitudinal crack, which was located at one of the
places of minimum wall thickness in the square tubes.

The product relation is tested by computing the SiC to Al,0
ratio for each geometry., If the product relation is valid, the two ratios shouls.d
be equal. The ratios and their probable errore in the above case are listed in
the final column of Table 65. Since the ratios are nearly equal, the resuits tend
to support the theoretically derived product relation given by Eq. (6).

To obtain values of R), the material factor of the ceramic, it is
necesvary that the shape factor, S, of the specimen be known. Theoretical and
experimental analyces at Battelle have yielded values of S for a range of speci-
men shapes.

Figure 118 gives shape factor values for hollow circular cylinderas
having radius ratios of 1.5 and 1.7 and of any length. Similar data are available
for circular cylinders having a radius ratio of 1.3. Although experimental data
are not available for hollow circular cylinders having radius ratios of 2.0, calcula-
tion of the shape factor for a thin washer along with extrapolation of the experi-
mental data for thinner walled cylinders gave the data shown for a radius ratio of
2.0. The curve for cylinders having a triangular (equilateral) outer boundary, a
one inch diameter circular inner boundary and a a.1lidity* of 70 per cent was obtained
by extrapolation between the theoretical (26) and photoelastic (27) results for & thir
washer and the experimental results for two inch long triangul'i'i" samples of 60 per
cent solidity with a 1 inch diameter inner boundary (26).

3. Experimental Apparatus and Procedure

A view of the experimental apparatus used to measure the ma-
terial parameter, R2, is shown in Figure 119. A cross sectional view of the
arrangement of the sample and guard rings around the graphite heater element are
provided in Figure 120. This apparatus has been designed to provide a controlled,
meagurable radial heat flow through the wall of @ hollow, cylindrical specimen,

rSolidity is the solid cross sectional area divided by the area defined by the outer
boundary,
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The specimen is aligned concentrically on the heater rod
between one or more upper and lower guard tubes, Upon applying power to the
heating rod, heat flows radially through the specimen, producing a radial temp-
avatinre A-.-nn and raanltant thermal atrenres. As the nawer delivered to the
heater rod is increased, the critical tensile stress in the wall becomes greater.
In testing, the stress is increased by increasing the power until fracture occurs,
The temperatire is measured by sighiing an opiical pyromeier vu the outer
surface of the specimen and by placing thermocouples near the inner and outer
surfaces of the sample. The thermocouple cutputs are fed into a two point re-
corder to obtain a record of the thermal history of the sample and to indicate when
steady state conditions are established.

To obtain fracture under steady state conditions, the power to
the heater rod is increased in small increments and it is retained after each in-
crement until the outer wall temperature becomes conatant., The heat flow (power)
per unit length at which fracture occurs (Wy,ax) is recorded. This value divided
by the appropnate shape factor gives the R, parameter which quantitatively de-
gcribes the resistance of the material to fracture due to thermal stress. No diffi-
culty had been experienced in determining fracture; an axial crack opens which can
be readily discerned because of the bright heater rod background, For circular
cylinders, the maximum tensile stress occurs at the outer diameter. For a
triangular sample, the maximum tensile stress occurs at the outer boundary at the
center of the sides of the triangle.

For power measurements, small holes are drilled in the heater
rod at points approximately opposite the ends of the specimen and the distance
between thege holes is meagured accurately. A 4 mil tungsten wire is forced into
each hole and passed through a small hole drilied in a guard tube, A connection is
then made through the base to a Model 300G Ballantine electronic voltmeter which
has an accuracy of | per cent and is relatively unaffected by high resistance in the
measuring circuit. The heater current is passed through the primary of a type RT
Westinghouge current transformer with a calibrated primary/secondary current
ratio of approximately 800/5, A Model 1954 Weston ammeter with an accuracy of
1/2 per cent is used to measgure the secondary current. The power (heat) dissipated
per unit length at the gage section of the heater element is the product of the trans-
former ratio times the current reading times the voltage reading divided by the
distance between the voltage leads.

In past work, a major concern was whether the necessary condi-
tions of radial steady heat flow could be met adequately in the apparatus. As a
result, the heater element was made long compared with the specimen length so
that the temperature of the center section of the heater rod showas little variation in
the axial direction. This feature also minimizes axial conduction in the heater rod
and axial heat flow by radiation. Axial conduction in through the guard rings was
aleo found to be insignificant so long as the heat transfer characteristica of the
guard ring are similar to those of the test specimen. If the tests are run in an inert
atmosphere rather than in vacuum, axial heat flow by convection can also occur,
However, heat loss is considered insignificant in the closed space between the heater
rod and the sample,
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4, Experimental Results and Discuasion

The experimental work thus far has consisted of preliminary
evaluations to determine the behavior of refractory diborides to thermal stresses s
resulting from steady state temperature gradienta. The objective of these de-
tawminstions iz to define the zamplc geometry and test couditicns neceasary Lo
cause brittle failure without appreciable plastic strain. Under these conditions, .
quantitative thermal stress resistance data can be obtained with measuring the
materials propertiee which fix thermal stress resistance., For comparison pur-
posee, KT-8iC has also been evaluated. The results of the preliminary evalua-
tions are summarized in Table 66.

il My inbe. .

a. KT-8iC

“

The KT-SiC samples evaluated for comp2 rison purposes
were 1.7 inches cutside diameter and 1.0 inch long. Calculation of the factor Rj
5 from the best available property data (28) yielded a value of 4.87 cal/cm sec.
: Property data at 1315°C were used for this calculation, since strength and modulus
datz are not available at 1350°C. The range shown in Table 66 for the experimental
values of R is due to the size of the incremental increases in heat flux. In each
case, the lower value represents the highest R2 value at which the sampie did not
fail and the higher value represents the R, value to which the sample was exposed
when failure occurred. Thus, the actual experimental value of Ry lies somewhere
between these values. As shown by the data in Table 66, the calculated and ex-
perimental values agree quite well for this material. Figure 21 shows one of the
KT-8iC sarples after thermal stress failure, The failure was catastrophic, as
evidenced by the separation of the broken pieces by the kinetic energy imparted
to them when failure occurred. It should also be noted in Figure 121 that some of
the free silicon in KT-5iC has beaded on the inside diameter where the temperature
was above the melting point of silicon, 14100C.

i O T, B~

b. 1.7 Inch Outside Diameter Diboride Samples

The samples in the first group of diboride samples evalua-
ted were 1.7 inches outside diameter, 1.0 inch ingide diameter and approximately
0.75 inches long. Evaluation of Material I, 102 D0364 revealed that the tempera-
tu.¢ at the inner wall of the sample at the heat flux required to cause failure was
batwaen 1700° and 1800°C. Since macroscopic plastic flow has been observed in
mechanical teats conducted in this temperature range, it was apparent that lower
sample temperatures would be reguired in order to produce brittle failure under
the slow heating (strain) rates used in evaluating the materials under steady state
conditions. Several techuiques for lowering the sample temperature by increasing
the rate of heat transfer away from the outer surface were evaluated. These in-
cluded (1) coating the outer surface of the sample with colloidal carbon to improve
its emissivity, (2) conducting the test in a heliumn atmosphere to get conductive and
convective tranafer away from the surface and (3) conducting the tests in a helivm
atmosphere with 2 water cooled, carbon coated cylinder near the outer surface to
got increased conduction through the helium, The specimen temperature was
lowered 100%, 75° and 150°C, respectively, for Techniques 1, 2 and 3 listed above. -
However, a greater temperature reduction was considered necessary to prevent ‘
stress relief due to plastic flow.
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C. 2.0 Inch Outside Diameter Diboride Sample

The most convenient way to lower the specimen temperature
is to use a geometry that gives a lower shape factor. Since lowering the shape
,actor lowers the heat rlux required to create a critical stress, the specimen temp-
erature is lowered. Therefore, a group of samples 2 inches cutside diameter, |
inch ingide diameter and | inch high was evalnated, Since the shape factor for thia
size sample is 20, the heat flux required to create a critical stress is 33 per cent
lower than for the first group of samples which had a shape factor of 26. Materiall,
103A D0539 was evaluated in a helium atmosphere up to an Rp value of 15.0 cal/cm
sec using the standard test procedure as described above. This R2 value is about
twice the value calculated from thermnelastic theory, but no failure occurred. The
sample must have experienced considerable plastic strain, Ho®wever, the sample
did fail while cooling after completion of the test. Since the sample experiences a
much lower temperature gradient during cooling than during evaluation, failure
probably did not cccur as a result of thermal stress caused by a temperature gradient.
Rather, failure must have occurred as a result of a stress reversal on cooling
cauged by plastic strain which occurred during the evaluation followed by elastic
behavior on cooling. Such behavior would create a residual tensile stress at the inner
wall and apparently this stress exceeded the fracture stress of the material. Since
the outer wall temperature at the heat flux required to obtain the calculated Ry
value was approximately 1330°C and that of the inner wall approximately 15000C;
significant plastic strain must have occurred at temperatures of 1500°C and below.
Figure 122 shows the sample after failure., As in the case of KT-8iC the pieces of
the fractured specimen were displaced as a result of catastrophic failure,

In order to determine whether the creep rate was in a range
where, because of strain rate sensitivity, failure could be induced by more rapid
heating, sample 103A D0548K (2.0 inch o.d.) was heated at a faster rate. In this
evaluation, the specimen was exposed to the heat flux necessary to obtain a material
actor of 7. 18 cal/cm sec (i.e., 143 cal/cm sec) instantaneously. Under this heating
rate, failure occurx&ed in just over 3-1/2 minutes at an outer wall temperature of
approximately 1315 C which is approximately the equilibrium temperature for the
heat flux employed. Figure 123 shows the sample after thermal stress failure.
Failure was catastrophic 2s in the case of the KT-5iC sample. Although this sample
was heated under transient conditions, he temperature gradient established was
nearly the same as the one established in steady state heat flow, because of the high
thermal conductivity of the sample. The fact that failure occurred on rapid heating
is a further indication that significant stress relief due to plastic atrain can occur
at temperatures as low as 1400°-1500°C under the heating (strain) rates normally
used in the steady state test. Since sample 103A DO0548K (2 inch outside diameter)
failed when rapidly heated with the approximate heat flux calculated to cause failure
under steady state conditions, the creep rate of this sample was considered insig-
nificant for the resulting heating (strain) rate. A slight modification of this technique
was employed in an effort to obtain some quantitative data., The modified technique
involved slowly increasing the heat flux until a material factor of o..e half that cal-
culated to cause failure was attained and then allowing equilibrium to be establishzd.
The heat flux was then increased in one increment to that required to give a ruaterial
factor around three quarters of that calculated to cause failure. After establishing
equilibrium, the heat flux was again reduced to the one half level and allowed to
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equilibrate. In the absence of plastic atrain, renaating this nracadura ot auc

cessively higher heat fluxes (material factors) would serve to bracket the
material factor.

In order to evaluate this technique, a 2.0 inch o.d. speci-
men of Material V, VO7 D0571K was tested in a helium atmosphere. The time
allowed for equilibrium to be established was 2 minutes for the heating cycle and
2-1/2 to 3 minutes for the cooling cycle. The material factors evaluated and the
corresponding temperatures are shown in Table 66. The heat {flux was reduced to
give a material factor of 3.5 cal/cm sec between each of the levels shown. Failure
did not occur during the test nor did failure occur on cooling as a result of residual
stress caused by plastic flow during the test, The fact that failure did not occur
on heating indicates that significant plastic strain took place during the test and
these conditions cannot be used for quantitative evaluation.

d. Triangular Samples

In order to further lower the testing temperature, equilateral
triangular specimens with an outer boundary 2.5 inches on a gide, 1,0 inch diameter
circular inner boundary and 1.0 inch high were evaluated. This geometry reduces
the shape factor to 15 which lowers the required heat flux 25 per cent of that for the
above 2.0 inch outer diameter samples.

Material V07 D0582K was evaluated in vacuum under steady
state conditions. Incremental heat flux increases were made every two minutes
which represented a change of approximately 0. 50 cal/cm sec in the material factor
(Rz) up to 9.5 cal/cm sec; this value is approximately 125 per cent of the material
factor where failure would be expected based on available property data and elastic
thecry. The bheat flux was then increased in one increment to change the material
factor from 9.5 to 11.1 cal/cm sec and, after 5 minutes, from l1.1 to 12.8 cal/cm
se¢c. No failure occurred during this test, probably because of plastic strain. The
sample temperatures at the outer boundary and at the center of the triangular sides
were 1240°, 1330°, 1365° and 1475°C for material factors of 7.75, 9.5, 11,1 and
12.8 cal/cm sec, respectively. Since failure should occur at a material factor of
approximately 7.75 cal/cm suc, significant stress relief due to creep must have
occurred when the outer wall temperature was as low as 1240°C during the time the
material was under stress in the experimental run. However, this temperature
represents a considerable reduction from the outer wall temperatures of 1650° and
1325°C required to attain the sarae material factor for the 1.7 inch O.D. and 2.0
OC.D. sawples, respectively. .

in order to further lower the testing temperature, Material
V07 DO586K was evaluated under steady state conditions in a helium atmosphere,
In this evaluation, the same procedure was used as for sample V07 -DO582ZK except
that the incremental increases in the heat flux were such that the change in the
material factor was only 0.25 cal/cm sec. In this test, the sample temperatures
were 11759, 12359, 13200, 1385°C at material factors of 7.75, 9.5, 11.1 and 12.8,
respectively. No failure occurred, probably as a result of plastic strain. Ata
material factor of 7.75 which is near the value where failure would be predicted
based on elastic theory, the inner wall temperature was approximately 1275°C.
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Material 1105 D595K was also evaluated under steady

state conditions in a helium atmosphere. In this evaluation, the same procedure

was used as for sample V07 DO586K except that the incremental heat flux increases
. were made every minute. One other difference in this experiment was the use of
samnles V37 DOSRAK and V0?7 DOBA2K for guard rings instead of graphite, Since
graphite has somewhat different heat transfer characteristics, this difference is
! . probably significant. This sample failed when the material factor was increased

o from 11.1 to 12.8 cal/cm sec after a 2 minute hold at 11.1 cal/cm sec. Figure 124

: shows this sample after catastrophic thermal stress failure and before removal
from the test apparatus. Note the relative displacement of the pieces of the sample.
The fractured specimen is shown in Figure 125. 8Since this failure occurred at
about 1.5 times the heat flux where failure would be expected bascd on available
property data and elastic theory, significant plastic strain probably took place
before failure. However, the creep rate was too slow to prevent the build up of a
critical fracture stress for the heating (strain) rate employed.

: ; 5. Conclusions and Future Plans

Analysis of KT-8iC confirmed that steady state thermal stress
failure occurs at a material factor near that calculated from property data providing
the material behaves elastically while under test. However, preliminary evalua-
tions of several diboride materials having several different shape factors revealed
that significant plastic strain occurred at temperatures as low as 1275°C for heating
(strain) rates normally used in the steady state technique, which prevented fracture
due to thermal stress. ‘This ability to relieve thermal stress by plastic rather than
elastic strain is quite significant for these materials, as evidenced by the fact that
some samples have withstood twice the heat flux calculated to cause failure in
steady state (slow heating rate) evaluations,

In order to obtain thermal stress failure, lower sample tempera-
tures or faster heating rates will be required to cause fracture of simple shapes of
the materials to be evaluated. Of these alternatives, lower temperature tests
where plastic strain is negligible for the times involved in making a run under essen-
tially steady state conditione is more desirable for making quantitative evaluations
of thermal stress resistance. The technique to be used for making lower tempera-
ture evaluations is as follows. A thin walled, tight fitting, rubber tube will be placed
around the sample and guard rings. The rubber tube will be connected to a con-
centric brass cylinder and water will be passed between the brass and rubber cylinders
to remove the heat conducted through the sample and guard ringe. By this technique,
outer wall temperatures below 200°C could be attained for the steady state heat lux
required to cause failure due to thermal stress. Thus, the probability of brittle
failure would be maximized. Aside from a minor change in the attachment of the
voltage leads, the only eitperimental difficulty will be in detecting fracture, which
should be detectable with an audio pick up placed on the guard ring below the water
cooling jacket.
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4139C

As-polished 500X

Figure 1. Seconad Phase Size and Distribution in Hot Pressed Material
I. DBillet 103A DO0308,
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Figure 4. Distribution of SiC Phase in Diboride Matrix of Material V.
Billet VO2A D0370,

4235F

Etched 500X

Figure 5. Location of 8iC Relative to ZrB) Grain Boundaries in Mz*zsrial V.
Billet VO2ZA D0370.
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Figure 7.

1000X

Avco Plate No.
4235E

Morphology of Remaining Impurity Phases in Material VO2A
Demonstrating the Contact Angles Relative to the Other Phases, :
Billet V0ZA D0370

500K

Avco Plate No.
4371C

Morphology of Remaining impurity Phases in Material VO3A.,

Billet VO3A D0473,
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Avco Plate No.
45558

As~polished 500X

Figure 9. Distribution of Phases in Special Material Hot Pressed with
Starting Powders of ZrO, and 5iC. Billet D0624.
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Figure 10.

Avco Plate No.
4555D

Unetched 500X

Distribution of Phases in Special Material Hot Pressed Wita
Starting Powders of ZrB,, ZrO, and SiC.Billet D0626.
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Avco Plate No.
4539Q

Etchad

500X
Figure 11. Microstructure of Material VII Containing Poco Graphite ,
Billet VIIIO2A D592,

Avco Plate No.
4584Y

As-polished 500X

Figure 12. Microstructure of Material VIII Couotaining Regal Carbon,
Billet VIII{17){1%)07 D0620

68

f



Avco Plate No.
4539T

Asw~polished 500X

Figure 13. Microstructure of Material X Hot Pressed at 1900°C,
Billet X07 D0596.

Avco Plate No.
4539V

As.polished 500X

Figure 14. Microstructure of Material X Hot Pressed at 1800°C.
Billet X07 D0597.
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Avco Plate No.
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Etched 500X

Figure 15. Microstructure of Material XII Containing Regal Carbon,
Billet XII{20)07 D0608, ’

Aveo Plate No.
4584D

Etched 500X )

Figure 16. Microstructure of Material XII Containing Poco Graphite.
Billet XXI(15)07 DO6D3.
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Figure 17. Microstructure of Material II. Billet IJ05 D0316., . &
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Etched (b 500X
Figure 18. Microstructure of Material IIl. Billet III05 D0377,
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Etched ] 500X
Figure 19. Microstructure of Material IV, Billet IV05 D0405,
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Figure 22. Material Showin
Around Oxide
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Figure 27. Material I Plasma Sprayed on Stainless Steel.
Billet 102A POl62F',
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Avco Plate No,
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Eitched 500X

Figure 28. Microstructure of Denge Area In Sintered Specimen
103A 80005,
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As Polished

100X
Figure 29, Representative Microstructure of ZrB

Reinforced
with Thornel 25 Carbon Fiber, Billet £f(5) D06 44,
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Figure 30. Photomicrographs of Material 107 D0589, As Polished, 500X:
(a) Original Structure-Ares !, (b) Original Structure-Area 2,
{c) Annealed at 2200°C (Optical] for 15 Minutes.
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Figure 3l. Photomicrographs of Material 107 D0589, Etched, 150X: (a) After
Anneal No, 12, (b) After Anneal No. 14, Area I, (c} After Anneal
No. 14, Area 2 and (dj After Anneal No, 14, Area 3,
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Figure 32.

Photomicrographs of Material VIII, D0498,
(Color Temperature) for 15 Minutes.
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Figure 33. Photomicrogra

pha of Material VIII, D0592, Annealed at 2300°
{Color Temperature) for 15 Minutes,
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Near Surface Center

Figure 34. Photographs of Material X, D0596, Aunealed at
2200°C {Color Temperature) for 15 Minutes.
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Figure 35, Schematic of High Temperature Lever Arm Bend Test Apparatus,

89

|

i NG okl B N 52 BMIAT i LI ST BTG Ay g




SRS

msﬁwﬂ“ﬂ“ gest

60~

50 -

40

L
v

99-100 % Dense

Bend Strength, 03 psi
|

95~97 % Dense

89-90 % Dense

102A,6u
1 }

Figure 36,
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9% Nanea

105, 344 l

=

—
O

!

O-

q -

106, Sp nos, 5u

L
v
i
i
s .
3
N
s
L
;"."F/-é‘"'
i
.ﬁ i
A
£
R4
i

S
T

97 % Dense . il

Bend Strength, 107 psi

R

R !
L 9 |
% N 0% Dense - ‘
" O :
5 i ] i i :

RT 800 1400 1800 i
Test Temperature, °C

Figure 38 -Bend Strength of Material Il as a Function of Test Temperature. .

92




100 % dense,9u

¢
Q

95% dense, Yu

S

40}~

f

92% dense, 6

\

gy W S g RSAT SA T . . . )

84% dense, 6
20} * K -

Bend Strength, 103"psa

. 10p~ ﬂ

o ] 1 i 1
800 1400 1800

Test Temperaiure, °C

P )
—

Figure 39, Bend Strength of Material III05 As A Function of Test Temperature,
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Avco
Plate No,
66715
1500X
Figure 43. Electron Micrograph of Surface Structure

from 200 Grit Finish on V07 D0576. Note

Possgible Surface Cracks.
Avco
Plate No.
67713

1500X
Figure 44, Electron Micrograph of Surface Structure
from 400 Grit Finish on Y067 D0576.
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Figure 46. Schematic of High Temperature Apparatus Used for Modulus
Measurements .,
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5 Figure 48. Electron Fractograph of Material V Tested
at 23°C with Bend Strengths of 50,500 psi.
. Billet VO2A D0371.
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Avco
Plate No.
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 “ ' Figure 49. Electron Fractograph of Material V Tested
. at 800°C with Bend Strength of 52,700 psi.
. Billet VO2A D0371.
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Figure 50. Electroa: Fractograph of Material V Tesied
at 1400 C with Bend Streagth o. 43,000 pasi.

Billet V02A D0371,

Figure 51, Electron Fractograph of Material V Tested
at 1800°C with Ben!' Srength of 44,5060 poi.
* Billet VO2ZA D0371,
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1000X

Figure 52. Edge of Specimen 10ZA D0338 After
Testing at 1800°C in Argon,
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Fig ive 54,.Dependency of Air Flow Rate for Hypothetical Oxidation
Experiment at Constant Temperatuie,

1G5

B P AU NRTY - [ PO P R

™




g '
- 20 |- o
g 7 M3 (3) i .
e / -
i 'g 5+ / -
; S (3) '
c £
© € o} -
~Q
S5
L
fx of -
s € (2) |
: Y 1 | 1 L | l l |
| 0 02 04 O06 08 0 12 14 16
T' 1 T .| ~T -7 i
120} o o |
‘e =100} O e Q- ———-——————- -
o o3 ’8_ O 8 {
| 5‘ 80 . ?
A 5 X o 601 |
o r SR !
S “ o= -
i t0E 0 l’ ]
' S 20}~ -
> e, old
B § 3
X - § £ 16 7
. 2 @ )
4 S&E |2 °4
i PG =
Q .E 4"' , -J N
: O"é ] 1 1 | S~ i i
C 05 .0 .S 20 30 35
““;ﬂ Aiy Flow Rate fi/sec(STP)
. Figure 55. Air Flow Rate Dependence for Material 1 (1800°C, 15 Minutes and
: Matecrial III (21200C, 60 Minutes).
106

e o s M AL A WA )

. o e emppaeies e e . ™ '
\



200

100

30
20}

Boride Recession, mils for one hour

Filled data point values
SR extrapolated from 30 minutes
assuming parabolic dependence.

1 l 1 1 | A

-

| |
1600 1700 1800 I1S00

TemperGiure “C

Figure 56, Oxidation Screening: Material I (ZrBZ).
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Figure 57, Oxidation Comparison: Commercially Hot Pressed ZrB,
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Figure 59, Oxidation Comparison: Boride Z vs, Maicrial I (zrB,).
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Figure 66. Oxidation Screening, Material I02A: Macrophotographs,
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Figure 67. Oxidation Screening, Material 103A: Macrophotographs.
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. Figure 68, Oxidation Screening, Material 105A: Macrophotographas.,
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Figure 69, Oxidation Screening, Material 107: Macrophotographs.
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Figure 70. Oxidation Screening, Material 102A: Oxide-Matrix Interinces, 250X,
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Figure 71. Oxidation Screening, Material 103A: Oxide-Matrix Interfaces,

250X,
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Figure 72. Oxidation Screening, Materialal05A and]07: Oxide-Matrix

Interfaces, 250X,

T

R B L APRC PRv Sy omg

1-5730 105A-D0590
0X897-1850°C (30 min.)

1-5724 ° 107-D0589
0X896-1850"C (30 min,)

123

e i e s e e ¢




, . '

= E

s i
1

i

|

‘ !
) . i
* |

|

!

:
i
{
|
B
J
- 1
‘ B
| a
|
: i
! X
| if
“ :
Transverse ) :
Figure 73. Oxidation Screening, Material I02A: Reticule .
_ Photographs (1 div. = 4,86 mils), D0345, 1700°C,
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Figure 74. Oxidation Screening, Material I03A: Reticule
Photographs {1 div, = 4,86 mils), D0309, 1700°C,
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Figure 75+ Oxddation Screening, Material I: Representative
Matrix Photographs, 1700°C, 500X.
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. Figurce 76. Oxidation Screening; Material I: Representative
Mstrix Photographs, 1850°C (30 min.}, 500X.
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j Figure 77.0xidation Comparison, Carborundum ZrBz: Macrophotographs. |
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Figure 78, Oxidation Comparison, Norton ZrBz: Macrophotographs.
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Figure 81. Oxidation Screening, Material VO2A: Macrophotographs.
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Figure 86. Oxidation Screening, Boride Z: Macrophotographs,
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Figure 87. Oxidation Screening, Boride Z: Oxide~Matrix Interfaces, 250X,
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Figure B8. Oxidation Screening, Boride Z: Reticule Photographs
(1 div. = 4,86 mils), 1810°C.
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Figure 89, Oxidation Screening, Boride Z: Representative
Matrix Photographs, 1810°C, :
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1-3840

QX627-1980°C

1-.5782 ° D0592 1-5776 °
0X916-1800"C 0X915-1970"C

Figure 90, Oxidation Screening, Material VII: Macropbotographs.
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OX627-1980°C
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Do592

1-5779

1-5778
Figure 91.0Oxidation Screening, Material VIII: Depleted Matrix-Oxide
Interfaces (Left) and Matrix-Depleted Matrix Interfaces (Right),

250X,
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OX915-1970°C

Figure 92. Oxidation Screening, Material VIII: Representative
Matrix Photographs, 500X,
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0X844-1800°C
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0X950- 1860°C(30 min.) 0X947-1810°C
Figure 93. Oxidation Screening, Material XII: Macrophotographs
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Figure 94. Oxidation Screesning, Material XII: Matrix-Oxide Interfaces, 250X,
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1-5879 (1.97 mils/div.) X1102A D0561
OX844-~1800°C

£5953 (4,86 mila/div.) X11(20)07 DO585
0X946-1810°C
Figure 95. Oxidation Screening, Material XII: Reticule Photographs.
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Figure 96. Oxidation Screening, Material XIiI: Representative
: Matrix Photographs, 500X,
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| Figure 97. Oxidation Screening, Material X: Typical Microstructures,
Pressing D0596, OX925 -1700°C.
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0X366-1810°C

Figure 98.

1-2468 D0352
0X375-1900°C

Oxidation Screening, Material I105: Macrophotographs,
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i Figure 99- Oxidation Screening, Material 1105: Oxide-Matrix Interfaces, 250X.
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Transverse

Figurel00. Oxidation Screening, Material 1I05: Reticule Photographs
(1 div. = 4.86 mils), D0352, 1810°C.
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1-2256 QX327
1106-D0383

Figure 101, Oxidation Screening, Material Il: Representative
Matrix Photographs, 1800°C, 500X.
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1-22587 250X
Oxide-~Matrix Interface

Figure 102, Oxidation Screening, Material II06: OX327, D0383,

1800°C.
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Transverse
Figure 103.0Oxidation Screening, Material 1106: Reticule .
Photographs (1 div. = 4,86 mils), D0383,
1800°C.
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. 1-2511 o D0408 ;
* 0X384-2050"C |

Figure 104. Oxidation Screening, Material III: Macrophotographs. ‘
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1-2514
OX384-2050°C .

Figure 105. Oxidation Screening, Material IIl: Oxide- Matrix Interfaces, 250X,
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. 1-2283 | OX345
. Transverss

; Figure 106. Ouidation Screening, Material IIl: Reticule Photographs
(1 div. = 4.86 mils), D0O408, 1980°C.
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Figure 107. Oxidation Screemng., Material [1I: D0408, .

0X 345, 1980°C.
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OX385-2100°C

Figure 108. Oxidation Screening, Material IV: Macrophotographs.
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e ' 1-2520 . D0410
0X385-2100°C _

o Figure 109. Oxidation Screening, Material 1V: Oxide-Matrix Interfaces, 250X,
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1-2510 OX383
Transverse

Figure 110. Oxidation Screening, Material 1V: Reticule Photographs
(1 div. = 4.86 mils), D0410, 1960°C.
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1-2509 500X .
Matrix .
Yigure 111, Oxidation Screening, Material IV: D0410, OX383, 1960°C. K
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Figure 112, Oxidation Screening, Material VI: Macrophotographs,
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1-4294 Do462 1-4224 D0462

0X434-1760°C 0:422-1875°C (150X)

1-2496 o D0462
0X376-1960"C

Figure 113. Oxidatior. dcreening, Material VI: Oxide-Matrix Interfaces,
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Transverse

. Figure 114, Oxidation Screening, Material VI: Reticule Photo-
graphs (1 div. = 4,86 mils), D0462, 1760°C.
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Figure 115, Oxidation Screening, Material VI: Representative
Matrix Photographs, D0462, OX434, 1760°C.
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Figure 119. Thermal Stress Apparatus.
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Figure 120,
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Cross Secticnal Schematic of Sample Placement in Thermal
Stress Testing Apparatus,
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i\l Stre ¢ Specimen after

KT SiC Sample Thern.

Failure.

Figu. e 121.
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* Figure 122, Material I (I03A D0539) Thermal Stress Specimen Failed

in Cooling after Test.
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Figure 123,

Material I (I03A D0548K) ‘fhermal Stress Specimen
Failed Under Transient Heating Conditions.
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Figure 124,

Material II (1105 D0595K) Failed Thermal Siress Specimen
Before Removal from Test Apparatus.
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Figure 125, Material II (II05 D0595K) Thermal Stress Specimen
after Failure,
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TABLE 1

e . e 8 A

ORGANIZATIONAL PESPONSIBILITIES BREAKDOWN

Technical Management

Materials Procurement
Materials Characterization

Fabrication:
Hot Pressing
Characterization
Exploratory
Characterization
Pyrolytic Depositions
Characterization
Thermal and Oxidation Evaluations
Mechanical Properties
Thermal Expansion
Thermal Diffusivity
Emittance
Steady State Thermal Stress Resistance
Simulated Leading Edge Evaluatio.

Arc Plasma Evaluations

Nondestructive Testing

ManLabs

ManLabs
Manl.abs

Aveo/S8SD ?
Avco/SSD ‘
Avco/SSD

Avco/8SD .

Raytheon Research Division

ManLabs

Manl.abs

Avco/SSD

ManLabs

North American/Atomics International
Avco/S8SD

Battelle Memorial Institute

Bell Aerosystems

ManlLabs « AF33(615)~3859

Avco/SSD « AF33(615)43942
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DIBORIDE MATERIAL IDENTIFICATION: PHASE CONSTITUTION

AND BASE COMPFOSITION

Material
Diboride Designation Remarks and Rationale for Specific Additives

1 ZrB, Zirconium diboride, no additive.

n HfBz Hafnium diboride, no additive,

m HEB, + SiC Hafanium diboride with twenty volume per cent
silicon carbide to enhance oxidation resistance.

v HfB, + SiC Hafnium diboride with thirty volume per cent
silicon carbide to enhance oxidation resistance.

\4 ZrB, + SiC Zirconium diboride with twenty volume per cent
silicon carbide to enhance oxidation resistance,

Vi HiB, + Hf~-Ta Hafnium diboride with four volume per cent hafnium
tantalum alloy to provide an oxidation resistant
metallic binder phase and enhance strength proper~
ties,

Vil HIB, + SiC Boron rich hafnium diboride with silicon carbide
additive to enhance oxidation resistance.

VII ZrB,+SiC+C Zirconium diboride with fourteen volume per cent
silicon carbide, thirty volume per cent carbon to
enhance thermal stress resistance and maintain
improved oxidation resistance relative to ZrBj.

IX HfB, + HfSi Hafnium diboride with twenty volume per cent
hafnium silicide to enhance oxidation resistance.

X ZrB2 + SiB 6 Zirconium diboride with twenty volume pex cent
silicon hexaboride to enhance oxidation resistance.

XI ZrB, +Cr Zirconium diboride with eight volume per cent
chromium to enhance mechanical strength properties.

Xii ZrB, + C Zirconium diboride with fifty volume per cent carbon
to enhance thermal etress resistance,

X1t ZrB, + W Zirconium diboride with tungsten to enhance

mechanical properties,
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TABLE 3

TENTATIVE POWDER SPECIFICATION FOR HOT PRESSING

GRADES OF ZrB, AND HIBZ

Limitations of present powder production technology for ZrB, and HfB.,
and cost considerations in quantities of the order of 100 pounds forzh.ot pressing
purposes will of necessity contain oxygen and carbon impurities., Materials
found most suitable for hot pressing without additives or with carbon or SiC
additive are characterized by over-all composition such that oxygen and carbon
impurities are present as metal oxide, metal carbide or a mixed metal oxy-
carbide,

Limitations imposed by present powder production technology of ZrB, and
HfB, for hot pressing purposes in quantities of the order of 100 pounds lead to
the presence of 0.5 to 1.5 per cent nonmetallic impurities principally oxygen
and carbon. The over-all chemical composition has to be gpecified to insure that
these impurities are present as metal oxide, metal carbide or as metal oxy-
carbide, The thermodynamic stability of zirconium and hafnium oxides overrides
compositional effects, but over-all metal rich compositions have to be specified
to avoid the stabilization of carbon as B4C. The presence of the latter lowers the
temperature required for liquid phase formation relative to that observed for the
oxide impurity phases, All metallic impurities have to be kept below 0.1 per
cent to maintain basic properties of ZrB) and HfB. Of the metallic impurities,
1iron and titanium are more commonly encountered and both should be kept below
the 0.l per cent level. Powder particle size should be specified as -325 mesh
or finer; fluid energy milling can be further specified or performed after delivery
of powder to break up particulate aggregates. Chemistry specification are as
follows:

Z.rB2 Hf}?:2
Weight Per Cent Weight Per Cent

Hf 1.0 - 3.0 88.0 - 89,5 (Hf+Zr)
Zr 79.5 - 80.5 (Hf+Zr) 1.0 - 3.0
B 18.0 - 19,0 10.0 - 10.5
C <0.50 <0.50

o : <0.50 <0.50
Ti <0.10 <0.10
Fe <0.05 <0.05
Other Metals <0.10 <0,10

N <0.05 <0.05

H <9.05 <0.05
Atomic Ratio: B/Hf+Zy <2.0 <2.0
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DIBORIDE POWDER PROCUREMENT SCHEDULE

L%
Material

102

10ZA

103

103A

105

105A (Reprocessed)
107

1105

11054

1106

1106A (Reprocessed)
1109

II10

Supplier

U. S. Borax
U. §. Borax
U. 5. Borax
U. S. Borax
Shicldalloy

Shieldalioy

U. §. Borax

Wah Chang
Wah Chang
Shieldalloy
Shieldalloy
Wah Chang

Carborundurm

Cluantity

pounds

93

100

95
400

20
80

45
300
100

(100)**

Purchase Schedule

Ordered Received
3/16/66 3/28/66
4/11/66 4/14/66
4/11/66 4/13/66
6/24/66 7/14/66
6/24/66 10/03/66
3/01/67 4/13/67
2/27/67 4/11/67
3/18/66 7/20/66
3/18/66 9/20/66
5/13/66 8/29/66
1/01/67 10/01/67 (anticip)
3/15/67 10/01/67 (anticip)
9/11/67 10/01/67 (anticip)

*
The roman numerals I and II identify the material as zirconium diboride and
hafniumn diboride, respectively; the designations 02 and 02A refer to different
shipments of the same powder lot except where reprocessing is indicated.

ek
Original order of 200 pounds changed to 100 pounds.
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TABLE 5

CHARAUTERIZATIUN UF ZIRCONIUM DIBORIDE POWDER, 102

X.ray Phase Identification
ZrB2
ZrO2 (impurity)

ZrC (impurity)

Powder Density
6.03 g/cc

Particl: Size Distribution

Supplier: U, 8. Beorax Research Corporation
Quantity: 102 (1 pound sample) - 102A (94 pound lot)
1, Qualitative Analysis 4,
(weight per cent, w/o)
Ti, Cr, Fe ¢.1 -1.0
v 0.01 -0,1
2. Quantitative Analysis (w/o)
Zr 79.6 5.
B 18.3
C 0“ 38
O (AA) 1.05
Ti 0.02 6
Cr 0. 10 y
Fe 0.08
Total 99.53
3. Atomic Ratio

Over-all B/Zr*
Corrected B/Zr

unn

7. Phase Assay (volume per cent)

Calculated from Composition

Range (W w/o
0‘5 4'.0
5-10 23.4
10-20 64,5
20-40 7.6
>40 0.5
ZrB2 Z.rO2 ZrC
93.6 4.4 2.0

% . P
Atomic ratio corrected for metal assumed to be present as metal dioxide and
metal monocarbide.
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Supplier: U. S. Borax Research Corporation
Quantity: 103 (1 pound sample) - 103A (100 pound lot)
1. Qualitative Analysis 4. X-ray Phase Identification
(weight per cent, w/o) z
rBz
Cﬂ, Fe 0¢ 01 - 0.1 zroz (impurity)
2. Quantitative Analysis (w/o) 5. Powder Denasity
Zr 79.8 6.04 g/cc
B 17.7
C 0,03 e P
O (AA) 1, 49 6, Particle Siz= Distribution
§ Total 99. 02 Range (4 w/o
] 0-5 7.5
. . 5-10 37.9
3. Atomic Ratio 10-20 48.9
. Over-all B/Zr* = 1,87 20-40 5,5
j Corrected B/2r" = 1.98 >40 0.2
i
A 7. Phase Asgay (volume per cent) ZrB2 2.’.1-02
Calculated from Composition 93.% 6.3

)
| *

| Atomic ratio corrected fo.
| and metal monocarbide.

TABLE 6

CHARACTERIZATION OF ZIRCONIUM DIBORIDE POWDER, 103

182
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CHARACTERIZATION OF ZIRCONIUM DIPORIDE POWDER, 107 i

Supplier: U. S. Borax Resecrch Corporation

Quantity: 400 pounds’

FEE

o L. Qualitative Analysis 4. X-ray Phase Identification
" (weight per cent, w/o) Z:rB, -
Fe, Ca, Ti 0.01-0,1 ZrO2 (impurity) 5
2, Quantitative Analysis (w/o) 5, Powder Density ‘ :

V A B C Ave. 5.96 g/cc '

H ]

‘ Zr 78.5 78.6 78.4 78.5 .
" B 19.1 18.4 18.2 18.6 !
b c 0.22 0.31  0.25  0.26 l

O(AA) 1.30 1.31 1.31 1.31 ;

O(VF) - ( 1.15) - - i

p Total 99.12 98,62 98,16 98. 67 %
3. Atomic Ratio 6, Particle Size Distribution % :
Over-all B/Zx, = 1,99 Range {}) w/o L]

Corrected B/Zr = 2.14 |

0"5 7. 9 i

N 5-10 33.8 !

‘;E 10-20 52,1 .
- 20-40 5.0

} >40 1.2

)y i ’

: 7. Phase Assay (volume per cent) Zr:Bz ZrO2 2rC .
Calculated from Compusition 93.2 5.4 1.4

1 The four hundred pound lot waa blended then shipped in three separated

&/ containers designated A, B and C.

i *Atomic ratio corrected for metal assumed to be present as metal dioxide é
ﬁb and metal monocarbide, s
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ﬁ TABLE 8
i CHARACTERIZATIUN O 4IRCUNIUM DIBpOKIDE FOWUDER, 105A

b

{ .
!‘ Supplier: Shieldalloy Corporation (H, C. Starck Berlin) .
| Quantity: 100 pou.mds1 |

1. Qualitative Analysis 4, X-~ray Phase Identification
(weight per cent, w/o) ZeB

Ti, Fe, Co 0,01 - 0,1 2

2.  Quantitative Analysis (w/o) 5. Powder Density

Zr 79.3 5.97 g/cc

B 18.65

C 0.02

O(AA) 0,42 6. Particle Size Distribution

Total 98. 39 Range (1 w/o
! 0-5 7.2
i . . 5.10 26,
: 3. Atomic Ratio 10-20 44.7 _
! Over-all B/2x, = 1,97 20-40 17.8 :
| Corrected B/Zr = 2,02 >40 1.1
i
% 7. Phase Assay (volume per cent) Z:t-B2 Zr0, ZrC
l Calculated from Composition 98,1 1.8 0.1

e,

]
} 1 The original five pound sample designated 105 was found unsatisfactory for
this program as it contained significant amounte of ZrO, and ZrC, The
; 105A. was obtained by reprocessing the 105.

i * Atomic ratio corrected for metal assumed to be present a3 metal dioxide

'} and metal monocarbide. -
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o; TABLE 9

Lj’ CHARACTERIZATION OF HATNITIM NIBCONIDE POWIDER, 105 AND 11054

B i
‘\

.

R Supplier: Wah Chang Corporation

| ‘

% é Quantity: II05 (20 pound sample) - II05A (80 pound lot) ;
I i
- :
é | 1. Qualitative Analysis 4, X~=ray Phase Identification ;
;& (weight per cent, w/o) HEB t
£ Zr 1 -10 2. . '
: si 0.1 - 1.0 HfC (impurity)

i Al 0.01-0.1 |
! 2. Quantitative Analysis (w/0) 5. Powder Density

1105 LI05A 10.69 g/cc

| Hf+Zr 89.7 89.4

| Zr 1,15 -

! ! B 10.4 10.5

o C 0.21 0,12 - 6. Particle Size Distribution

: o 0.07 _ 0.11

h Total  100.38 100,13 Range (W w/o

t«; 0-5 7.7

. . , 5-10 29.7

i 3. Atomic Ratio 10-20 32.2

! Over-all B/Hf, = 1.96 20-40 30.1

i Corrected B/Hf = 2.03 >40 0.3

I

i 7. Phase Asgsay (volume per cent) HiB
Calculated from Composition 97.6 1.8 1.9

* Atomic ratio corrected for metal assumed to be present as metal dioxide
and metal monocarbide.




TABLE 10
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Purchase Schedule

Material Supplier Quantity Ordered Received
pounds
Silicon Carbide:
: Powder Carborundum 30 3/18/66 5/10/66
Fiber Carborundum 1 3/21/67 3/31/67 :
Silicides: !
B.Si Cerac 1 3/9/67 3/14/67 :
nisi Wah Chang 1 3/18/66 6/10/66 <
Metals: i, ‘
H . Wah Chang 5 3/18/66 4/ 5/66 :
H{-27Ta (01) Wah Chang 0.9 5/16/66 5/20/66 !
Hf-27Ta (02)* Wah Chang 6 3/15/617 7/15/67 L
W (Filament) General Electric |} 4/13/67 5/ 5/67 b
Cr J. Hardy 5 MANLABS STOCK .
Graphites: :
Poco {Powder) AFML 5.0 2/11/67 i
Thornel 25 (Fiber) AFML 0.5 4/ /61 ¥

l.“I‘he designations of (01), (02) refer to different orders of a given material,
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TABLE 1}l
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CHARACTERIZATIUIN UF S11iGUIN GARDIUE ADLITIY EO

Silicon Carbide Powder, SiC (04)

Qualitative Spectroscopic Analysis:

Si, > 10%; Ti, 0.1-1%; V, 0,01-0, 1%; all other
metallic impurities leas than 0,01%

Puantitative Chemical Analysis:
5i, 69.8%; C, 29.5%
X-ray Phase Identification:

S8iC

Silicon Carbide Fibers

Qualitative Spectroscopic Analysis:

Si > 10%; B, 0.1-1,0%; Mg, Ca, Fe, 0.01-0,1%;
all other metallic impurities less than 0,01%

Suppliers Specifications:
0.5 - 3,0p - Diameter
100 - 750 - Long

Composition Si + C 2 95%
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TABLE 12

CHARACTERIZATICN OF METALS AND ALLOYS

Hafnium Metal Powder, Hf{04)

Qualitative Spectroscopic Analysis:
Hf, > 10%; Zr, 0, 1-1%; all other metallic impurities less than 100 ppm.

Qualitative Spectroscopic Analysis (by Supplier):
Zr, 2.50%; all other metallic impurities less than 200 ppm.

Quantitative Chemical Analysis (by Supplier):
0, 790 ppm; C, < 30 ppm,

X-ray Pbase ldentification:
Hf

Hafnium-Tantalum Alloy Powder, kHf-27Ta(01)

Qualitative Spectroscopic Analysis:
Hf, Ta, > 10%; Zr, 1-10%; all other metallic impurities lees than 0.01%.

) T

Quantitative Spectruscopic Analysis {by Supplier):

Zr, 1,9%; W, 0.11%; Mo, 0,06%; all other metallic impurities less than
125 ppm.

Quantitative Chemical Analysis (by Supplier):
Ta, 23.7%; O, 0, 15%; C, 50 ppm.

X-ray Phase ldentification:
o Hf, BTa Consistent with phase diagram for this composition,

Tungsten Filament

Qualitative Spectroscopic Analysis:
Th, B, 0.1-1.0%; all other metallic impurities less than 0.01%.

Dimensions:
0.001 inch diameter, 1/8 inch + 1/64 inch long.
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CHARACTERIZATION OF SILICIDE ADDITIVES

- Hafnium Silicide Powder, HESi(01)

. Qualitative Spectroscopic Analysis:
Hi, Si, > 10%; Zr, 1-10%; all other metallic impurities less than 0,0 1%.
Quantitative Chormicai Analysis (by Supplier):
Atomic Ratio Si/Hf = 1, 35,
X-ray Phase Identification:
HiSi, HiSi,
Boron Silicide Powder, BgSi(01)

Qualitative Spectroscopic Analysis:

B, Si, > 10%; Mg, 0.1-1,0%; Ca, Mn, Fe, Sn, 0,01-0, 1%; all other
metallic impurities less than 0.01%.

. Quantitative Chemical Analyasis:
Si, 31.0
Atomic Ratio:
B/Si = 5.7 (calculated for 68.0% B determined by difference).
X-ray Phasge Identification:
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TABL 7 14
CHARACTERIZATION OF GRAPHITE AND CARBON ADDITIVES

Poco Graphite Powder

Qualitative Spectroscopic Analysis:

B, > 1%; Cr, Mn, Fe, Co, Pb, 0.01-0.1%; all other metz\lic impurities
less than 0,01%,

Particle Size:
-400 mesh.

Thornel 25 Graphite Fibers

Qualitative Spectroscopic Analysis:
All metallic impurities leas than 0,01%.

Dimensions:

Regal 330 Carbon Powder

Suppliers (Cabot Corp.) Specification:

Per cent C, 99; per cent volatiles, 1; physical state, amorphorous;
particle size, 200
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TABLE 15

FABRICATION CONDITIONS AND BILLET CHARACTERISTICS FOR
RESULTING DENSITIES FOR CUSTOM PRESSINGS
PERFORMED BY CARBORUNDIM

Diliet
Ident, No. Temp. °c Press. Hold Time Dengity Characteriatics

(optical) (psi) (min) (g/cc)
Carborundum Powder Lot: Carbo 166

Triplicate Pressing No. 1

1A 2150 3000 45 5.81 Crack free
1B 5.79 Crack free
1C 5.75 Crack free

Triplicate Pressing No. 2

ZA 2000 2000 45 5.70 Crack free

2B 5.60 Circumferential
cracks

2C 5.60 Circumferential
cracks

ManLabas Powder Lot I02A

Single Pressings

3 1900 4000 50 4.78 Crack free

4 2160 4000 90 6,01 Crack free

7 2160 4000 50 6.04 Crack free

Triplicate Pressing No. 9

94 2160 4000 50 5.97 1/2 inch Radial
edge crack

98 6.00 Extensive crack-
ing

9C 6.02 1/2 inch Radial

edge crack

ManLabs Powder Lot I03A

5 2000 4000 60 5.52 Crack free
6 1900 4000 100 4.88 Crack free
] 2200 4000 50 5.96 Crack free

Triplicate Pressing No, 10

10A 2200 4000 50 6.00 Extensive crack-
ing

10B 6.03 Extensive crack-
ing

10C 6.00 1/2 inch Radial

edge crack
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TABLE 16

POWDER DENSITIES AND MAXIMUM BILLET DENSITIES

Material

De ligmtion

102A

103A

104

105

106

107

1105

1106

1107

1108

11105

1vVos

V02A

VO3A

voT7

V105
ViI10ZA Regal
VII07 Regal
VII07 Poco
Xa7

X102

XII0?7 Poco
X007 Regal

FOR MATERIALS 1 7O Rl

Air Pycnometric Powder Maximum
Density or Calculated Density BasedOn
Density (c) A Fabrication
gm/cc gm/cc
6.03 + .02 *
6.04 + ,01 *
6.00 + .02 *
6.33 + .02 *
5.96 + .02 6.03
5,96 + .02 *
10.69 + .04 "
11.15 + .04 11,17
10,25 + . ok
9.57+ .03 10.21
9.20 (c) 9.50
8.45 (c) 8.62
5.47 (¢} 5,54
5.47 (c) ¥
5.42 (c) 5.56
10.89 + .02 10.97
4.37 (c) 4.50
4.33 (c) 4.66
4.44 (c) *
5.24 (c}) 5.53
4. 11 {c}
4.32 (c)
3.88 ()

*All bhot pressed billets were equal to or less than powder density.
Powder reacted with die.
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, TABLE 17 v

MATERIAL Il " OT PRESSING CONDITIONS AND RESULTS

Matarial Grain Furnace
Designation ~ Temp., Pressure Time Density Intercept No,

°c psi min gm/cc i

’ 102A D0282 2100 6000 120 5.91 32
i g 102A D0283 2050 6000 60 5.87 24
i3 102A D0289 2050 6000 30 5.80 22
: 102A DG290 2050 8000 30 5.85 26
102A D0291 2200 6000 30 5,78 27

102A D0304* 2070 6000 60 5,83 35

Bl 102A DO305F! 2075 6000 60 5.99 35
i 1Stark D0306 2070 6000 60 6.08 10
il 102A DO307F 2000 6000 60 5.95 30
i 103A D0308 2070 6000 60 6.05 25
; 103A D0309 1980 6000 60 6.04 20

i;? 103A D0310 1900 6000 90 5.97 13
103A D031l 1800 6000 120 5,54 9
, 103A D0312 1800  6-8000 60 5.66 7
103A DO313 1900 4000 60 5.99 10

I03A DO0314F 1800 6000 120 6.00 8

. 102A D0318%* 2080 6000 60 ++ -

’ 103A D0320%* 1900 6000 60 5.81 10

. 102A D0322 2200 4000 90 ++ -

. 103A D0323 1800 6000 60 5.19 -

{ 103A D0324 1800 6000 30 5.56 7
; 103A D0325 1800 6000 15 5.18 -
( 102A D0326 2100 6000 240 6.02 40
b § 102A D0327 1900 6000 60 5.68 7
103A D0328 1800 6000 25 5,37 6
i 103A D0329 1900 4000 60 6.00 -
Al 103A D0330 1900 4000 90 5,98 -
3 103A D033l .- ———— reacted -
103A D0332 1900 4000 120 5.39 .-

103A D0333 1900 4000 30 4.89 .-

103A D0334 1900 4000 180 5.94 .-

! 103A D0335 2000 4000 60 5,93 --
102A D0336 2000 4000 35 5.65 ..

102A D0337 1900 4000 90 5,62 9

102A D0338 1960 4000 50 5.32 30

103A D0339 1900 4000 100 5.52 9

103A D9340 1900 4000 145 5,82 11

*Ball milled with WG balls.
. **Sample size 1 inch diameter by 1 inch high.
1 The letter "F'" identifies fluid energy milled powder.




TABLE 17(CONT}
MATERIAL I HUL FPRESSLNG CONDLITIONS AND RESULTS
Maierial Grain Furnace
Desigoation Temp. Pressure Time Density Intercept No.
°c pei min gm/cc 1)
102A D034} 21060 6000 90 5,89 31
102A D0342 2200 4000 40 4,88 --
I0ZA DO343 2000 4000 60 5.43 6
102A D0344 2100 4000 25 5,40 -
102A DO345F 1950 6000 225 5.97 21
T02A D347 2100 4000 40 5.6 -
I03A D035¢9 2000 4000 75 5.9 --
103A D0360 2000 4000 15 5,77 -
102A Do361 2160 4000 50 5.70
102A D03b2 2160 4000 35 5.76
I02A D033F 2100 4000 80 3,87 24
102A D0364 2160 4000 90 5.91
162A D0365S Reacted
103A DO0366 2000 4000 75 5,92
103A D0367 2000 4000 75 5,85
1034 DO368 2000 4000 75 5.68
103A DO0369 2000 4000 75 6,00 ¢
1034 DO414 2000 4000 120 5,88 15 )
I03A DO415 2000 4000 73 5,78 12 .
103A D0416 €000 4000 110 3.95 .
, J03A DO417 1900 6000 105 Reacted
; 102A D0O418 2100 60090 163 5.88
; 102A DO419F 1900 6000 102 5,80 13
; I03A DO420F 1800 6000 220 5.81
t 102A DO421F 2000 6000 115 5.93 30
| 103A DO422 1900 6000 120 6.00
| 105 D455 1900 4000 110 4,95 1B
105 DO0446 2000 2500 31 3.94 2B
104 DO447 2000 6000 80 5.64 10 3B
| 105 DO0450 2100 6000 130 6.11 8 1B
! 105 DO0451 2000 6000 80 4.76 2B
| 104 DO452 2160 6000 150 5.81 19 k):)
104 DO453 2000 6000 70 4,35 2B
iI05 DO0454 2100 4000 80 5.08 1B
105 D0A455 2200 4000 75 . 6,22 3B
102A DO481 2150 5000 33 k1o
103A D0483 2080 4000 1000 5,87 2C
103A D0484 2080 4000 90 5,91 13 2C
I0ZA D0485 2100 6000 270 5.02 1C i
106 DO486 2100 6000 180 Reacted ac
06 DO0489 20060 6000 160 6,03 3C .
194




&
o

TABLE 17(CONT)

MATERIAL 1 HOT PRESSING CONDITIONS AND RESULTS

Material Grain Furnace
Degignation Temp, IiEsguie Tiiae Deubiiy Inlcrcepi N,
o N N
C psi min gm/cc 1
103A DO475K" 2100 2500 120 5.99 23 2B
103A D0459K 2000 2500 55 5,5 3c
105 D0463 2220 6000 180 5.63 7 3C
103A D0466 2220 8000 90 6.03 29 ic
102A D0481 2150 5000 33 C
I03A D0483 2080 4000 100 5,87 33 2C
I03A D0484 2080 4000 90 5.91 13 2C
102A D0485 2100 6000 270 5,02 1C
106 D0486 2100 6000 240 3C
106 D0489 2000 6000 160 6,03 7 3C
103A VBOl 1500- 4000 400 4,01 3l
1600 {vacuum)
103A DO539K 2100 2500 120 6.06 1E
J103A DO542K 2000 2500 75
I03A DOC545K 2000 2500 110 2E
103A DOS48K 2000 4000 60 5,17 97 2E
107 DO0555 2000 4000 &0 5,75 22 iE
107 DO0558 2000 4000 150 5,81 1E
107 DO0560 1950 3000 60 5,69 1B
103A DO563K 2050 2500 105 5.94 56 3E
107 DO574 2050 4000 80 5,83 35 3E
107 DO575 2100 4000 75 5.75 34 1E
105A DO587 2100 4000 65 5,90 69 3E
107 DO0589 2150 4000 120 5.90 38 1E
I05A D0590 2050 4000 80 5.93 15 iE
102A DO61G 2100 4000 60 5,81 2
102A D0O6213 2060 4000 60 §,45 18 2
103 DO0619 2000 2500 140 6.02 2
107 DO0628F 2060 4000 55 5,98 2
105A D0650K 2080 2500 120 5,92
103A D0656 19060 4000 58 3
103A D0657 2100 4000 60 2

* Letter "K" designated billets 3 inch diameter by 1 inch high, all other billets

2 inch diameter by 0.7 inch high,
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TABLLE 18

QUANTITATIVE METALLOGRAPHIC PHASE ANALYSIS

FOR HOT PRLISEED Z+R

Volume Percentag_g*

Phase 103A D0308

ZrBz 87.85 81.7
Orange Phase 2,33 1.1
2rQ, {Gray Phase) 9.82 8.5

Pores by Density 2.7

»
Data obtained irom twelve lineal analysis traces of
approximately 500 microns each.
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TABLE 19

MATERIAL I WITH INTENTIONAL IMPURITY PHASE ADDITIONS,
FABRICATION CONDITIONS AND RESULTS

Material
Designation Temp., Pressure Time Density
°c psi min gm/cc

102A D0302 2070 6000 30 6.03 "

(+5 w/o ZrOj)

102A DO0303 2070 6000 30 6.04 ;

(+5w/o0 ZrC) i

102A D0504 1950 4000 60 4,99

Zx0p)

102A D0505 1950 4000 70 ‘

(+10 w/o Zr0,) |

oo
|
]
{
!
i
C
|
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TABLE 20 ;
MATERIAL V FABRICATION CONDITIONS AND RESULTS 4
Material Grain Furnace :
Designation Temp. Pressure Time Density Intercept No,
. °c psi min gm/cc "
VO2A D0370 2160 4000 50 5,49 9 3
o VO2A DO0371 216G 6000 58 5,49 8 2
v VO2A D0372 2100 4000 67 5,47 8 1 ‘
L VO2A D0378 2160 6000 120 5,55 il 2 .
i VO3A DO0381 2000 4000 60 5.83 1 -?
P VO2A D0282 2100 4000 60 5.51 2A |
VO3A D0384 2000 4000 70 5,54 1A |
V02A D0387 2100 4000 20 5,45 7 1A s
W V02A D0388 1900 4000 30 4.79 5 2A :
“:. VO3A D0389 _ 1900 4000 40 5.30 3A i
2 VO02A D0390F* 2000 4000 25 5.11 7 3A .
VO02A D039 1F 2000 4000 15 5.02 7 1B i
VO02A D0392F 2000 4000 45 5,21 7 1E !
VO02A D0393F 2000 4000 35 5.40 6 2B :
VO02A D0394F 2009 4000 50 5,47 6 3B :
V02A D0395 1900 4000 115 5.22 7 3B A !
VO02A D0396 1900 4000 125 5,49 7 2B |
VOZA D0397 1900 4000 110 5.28 8 1B
o V02A D0398 1800 6000 120 5.23 6 2B R
R VO03A D0473 2000 4000 40 5.24 7 IC A
V03A D0474 2000 4009 40 5.29 2C {4
; V03A D0477 2100 4000 45 5.33 3¢ P
c VO03A D0478 2000 2500 50 5,02 7 1C ;
L VO03A D0479 2000 2500 20 4.50 2C !
S VO03A D0480 ., 2000 6000 90 5.54, 7 1C y
S VO02A Q2206L 2000 2500 90 5.40 4A ‘
S VO02A Q2221L 2000 1000 75 5.12 4A :
S VO02A Q2225L 2050 1000 60 :
¥ 2000 60 5.31 4A
5o V(5}02 D0531 2050 4000 60 5.84 11 1D
i v(10}02 D0532 2050 4000 60 5.80 10 1D
;o V(15)02 DO533 2050 4000 60 5.66 6 1D |
R V(35)02 D0541 2050 4000 50 5.04 6
o b V(50)02 D0557 2000 4000 105 3.57 5 3E
YRS VOZA D0570 . 2100 4000 85 5,44 2E
L voz Do5718%2000 2500 50 5.20 1E
S
o ™
f g F Fluid Energy nilled.
; '“L designates billet size 5- 3/4 inch x 5-3/4 inch x 1 inch. ’
i:g’ ¢ +Cracked during extraction from the die.
o Hx designates billet size 3 inch diameter x 1 inch high.
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TABLE 20 (CONT)

e

MATERIAL V FABRICATION CONDITIONS AND RESULTS

{
_ Material Grain Furnace !
) Designation Temp. Pressure Time Density Intercept No. '
°c psi min gm/cc "
V07 DOS576K 2100 2500 90 5.39 2E
V07 DGS578K 2100 2500 40 5.59 2E
Vo7 DO0580CK 2100 2500 55 5.56 7 2E
B V7 DO582ZK 2100 2500 50 5.53 3E
L § V07 DO586K 2100 4000 37 5,55 1E
V07 DO0594 2100 4000 160 5.54 1E
VO02ZA D0612 2060 4000 60 5.44 1
VO02A D0614 13500 4000 60 4,93 1
V0?7 Doéblé 2060 4000 40 5.39 2
V05 D0617 2060 4000 45 5.71 1
VO05A D0618 2060 4000 80 5.54 9 1
: VG7Q 2295L 2000 2500 132 5,53
& VOSA D0622 2100 4000 125 3.76 1
I.4 Vo7Q 2297L 2000 2500 80 £.50 2
i VO03A D0658 19060 4000 60 4,95 3
V03A D0659 2100 4000 60 5.49 3
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FABRICATION CONDITIONS FOR SPECIAL MATERIALS USED
FOR MATERIAL V PHASE ANALYSIS

Componiﬁon

Billet

20 v/o 2xC
80 v/o 8iC

20 v/o Zx-o2
80 v/o 8iC

20 v/o 10%A
20 v/o 2:C
60 v/o 8iC

20 v/o J03A
20 v/o 2ro,
60 v/o 8iC

20 v/e 22C
206 v/o zro,
60 v/o BiC

D0623

D0624

D625
D626
)

D0627

Temp. Pressure Time
°c nsi min
2100 4000 160
2050 4000 120
2050 4000 1i0
2050 4000 100
2050 4000 155

200
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No.
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TABLE 23

MATERIAL VII FABRICATION CONDITIONS AND RESULTS

Grain
Material Graphite Inter- Furnace
Designation Source Temp., Pressure Time Dengity cept - No.
°c psi  min gmfcc 4
VILI0Z D0497 Regal 2200 4000 90 Reacted
VILI02 D0498 Regal 2100 4000 90 4.53 5 3C
VILIOZA D0592 Poco 2050 4000 100 4.50 5 3E
VILIO7 D0605SK  Regal 2109 2500 48 Reacted 2
VIIIO? DO606K  Regal 2050 2500 i90 4,55 3
VILIO7 D06G7 Poco 2050 4000 82 4.42 4 3
VILIO7 D0609 Aquadag 2050 4000 70 4,57 4 2
VII{17)(15}07 Regal 2050 4000 120 5.04 4 2
D0620
VIIIO7 D0621K  Regal 2060 2500 155 4,47 1
VIIO?7 Q2301L  Regal 2000 2500 140 4.27
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TABLE 24
MATERIAL X FABRICATION CONDITIONS AND RESULTS

Material Grain Furnace
Designation Temp, Presgure Time Density Intercept No.

°c pei min gm/cc i1

X07 D0596 1900 4000 40 5.53 12 1
X07 D0597 1800 4000 50 5.28 4 1
X07 D0634 1700 4000 195 5,28 5 1
X07 D0635 2000 4000 140 5.81 15 3
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TABLE 25

MATERIAL XII FABRICATION CONDITIONS AND RESULTS

i

i

|

i

Y
|
|
Material Graphite Grain Furnace : :
Derigoation Source Temp. Pregsure Time Density Intercept No. . !
°c psi min gm/ cc v I
X102 DO%44 Poco 2200 4000 60  Reacted 2E |
XJ102 DO546 Poco 2100 4000 120 3.64 2E i '
Xix07 D0O579 Poco 2100 4000 80 4,06 4 3E 4
Xii(20)07 D0585 Poco 2100 4000 50 5,30 5 I1E i
XIX{5)07 DO500 Poco 2100 4000 80 Reacted LE :
X11(10)07 D060 Poco 2100 4000 Reacted 2E ;
; X11(5)07 DO6O2 Poco 2050 4000 145 5,89 2 '
1 XIx{15)07 00603 Poco 2050 4000 105 5.42 6 3
X11{35)07 D0604 Poco 2050 4000 190 4.61 4 2 ‘:
X11(20}07 D0608 Regal 2050 4000 80 5,23 5 2 ?
X1X(5}07 DO61S Thornel 2060 4000 103 5.89 1 i
XI107 DO629K Regal 2060 2500 113 3.88 2 {
XIX07 DO630K Regal 2060 2500 69 Porous 1 :
XiI{5)07 DO63u Regal 2080 4000 73 5.89 3 | I
: XIL(10)07 D0634  Regal 2080 4000 80 5.61 1 ,
‘ XIX(15)07 D0641  Regal 2080 4000 85 5.5l 1 |
X11(20)07 DO0642 Regal 2080 4000 80 5,19 3 o B
; XIL(8)07 DO6SS Poco 1900 4000 120 3 B
: X3£(10)07 DO&67  Poco 2050 4000 202 3 o8
i HKIA{5307 DOSSS Poco 2050 4000 200 1 . ;

S e i e

| i

204




TABLE 26
MATERIAL Il HOT PRESSING CONDITIONS AND RESULTS
. Material Grain Furnace
. ] Designation Temp. Preasure Time Density Intercept No.,
p E °c psi min gm/cc M
~ 1
AR 1105 D0315 2000 6000 150 9.23 9
b 1105 D03 16 2200 6000 120 10.62 40
' 1105 D0346 2100 6000 60 9.52 12
1105 D0248 2200 6000 200 10. 58 34
1105 D0349 2150 6000 30 9.53 1l
1105 D0351 2200 4000 200 10. 53 31
1105 D0352 2100 4000 150 10. 25 15
1105 N353 2200 4000 140 10,52 37
] 110" D0354A. 2165 4000 120 10. 32
: 1105 D0354B 2165 4000 120 10.53
ol 1105 D0355A 2200 4000 120 10.50 42
1105 D03558 2200 4000 120 10. 46 41
1} 1105 D0356A 2170 4000 120 10.07
4 1105 D0356 B 2170 4000 120 10. 19 19
| 1105 D0357  2150-2200 4000 120 9.93 14
‘ﬁ 1106 D0373 2200 4000 55 11,10 ZA
1106 D0374 2100 4000 42 11,17 3A
1106 D0375 2000 4000 68 11.15 1A
. 10é D376 1900 4000 145 11, 14 7 3A
‘ 1i06 D0379 1800 4000 130 10.84 5 3A
106 50383 2000 4000 40 11,17 3A
1105 D0399 1900 4000 100 9. 10 3B
1105 D0409 2000 6000 180 9.80 8 3B
: 1105 D04 13 2100 2500 124 9.54 3B
A 1105 D0423 1900 6000 180 9.26 9 2B
1105 D0425 2000 4000 153 9.45 9 \B
1105 D0427 2100 4000 108 9.57 15 2B
1105 D0429 2100 6000 137 lu, 13 iB
1105 D0430 2200 2500 60  Reacted 3B
1105 D0435 2100 6040 95 9.84 3B
} 1105 D0437 2200 2500 110 9.93 2B
¥ 1107 DO458 2200 4000 53  Reacted 22 1B
| 1105 D047} 2000 8000 30 9.36 3¢ .
1 105 D0482F 2100 6000 40 10. 24 3C 3
f 1105 D0482A 1980 6000 60 10.21 2C
ke 1108 D0487 2200 4000 120 9.95 46 2¢C ¢
L) 1108 D490 2100 4000 160 10.21 23 2C
e 1105 DO0595K 2100 2500 20 9.51 3E :
J 1 - 1106 D0672 1900 4000 165 10. 67 :
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o TABLE 27
" PHASE DISTRIBUTIONS FOR HOT PRESSED BILLETS
5 OF MATERIALS 1I, III AND 1V
A
'#: Vo . -~ Per Cent :
) Major Grain .
[ Maoterial Impurity Bourdary
L Designation HfBz SiC Phase Phase Pores

Nos Do316 91.4 ] 7.8 0.1 0.7

105 DO377 71.8 24.8 3.4 0 0

1V05 D0405 69.2 29.5 1.3 0 0
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TABLE 28

MATERIAL III HOT PRESSING CONDITIONS AND RESULTS

S R L G BT T

L
! . Material Grain Furnace 1
h Designaticn Temp. Preggure Time Density Intercept No,
°c psi min gm/cc mn E
j 11105 DO377 2200 4000 90 9.50 16 2A ) i
11105 DO380 2150 4000 90 9.4l 12 1A .
i 11105 DO385 2050 4000 75 9.25 9 2A
1. 1X105 DO386 2050 4000 60 9.26 9 3A
| 1105 D0400 2000 4000 110 8.86 9 1B
11105 D040 1900 4000 100 8.19 5 2B 4
% 11105 DO402 1900 6000 160 7.84 6 1B
; 11105 D403 2100 4000 90 9.28 8 2B §
{ II105 D0404 1800 5000 120 7.34 3B i
11105 DO408 2000 6000 160 9.03 5 1B t
i 1IX05 DG412 2100 2500 132 9.12 10 1B
B 11105 DO426 2000 4000 128 9.06 7 3B H
g 11105 DO431 2200 2500 80 8.61 3B :
.' 105 DO433 2200 4000 39 9.33 11 1B .
° 11105 D0438 2100 2500 100 9.04 1B 7
1105 D0440 2000 2500 128 7.82 1B 1
g . 1105 DO444 2000 4000 100 8.52 6 1B -
; . I{5) 05 DO496 2200 4000 90 10, 16 63 2C ;
g 1x(10j05 DOSB3 2150 4000 90 10.00 3C [
| LI(10)05 D0538 2030 4000 70 9.81 9 iD :
; 1X{10)05 D0O559 1950 3000 60 7.35 3E R
11105 D0573 2100 4000 80 9.18 2E P
IG5 DO583K 2100 4000 80 9.30 2E
i I1{50)05 D0593 2050 4000 120 6.79 3E
( 11105 DO599K 2100 2500 40 9.23 1E

*Tbe basic composition of Materizl III contains 20 vol, % SiC. Composition
variations from this base are denoted by placing the vol. % of SiC in paren-
thesis following the roman numeral 111,
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TABLE 29

F PAPBRICATION CONDITIONS AND RESULTS

Material Grain Furnace
Designation Temp. Pressure Time Density Intercept No,
°c psi min gm/cc »
ivVo5 D0405 2200 4000 103 8.62 13 18
1IV05 D0406 2100 4000 70 B.60 8 2B
IV05 D0407 2000 4000 110 7.92 8 2B
IV05 D0410 2000 6C00 191 8.57 6 ZB
IV05 D041} 2100 2500 160 7.91 7 1B
IV05 DO424 1900 6000 122 7.78 7 1B
IV05 D0428 1900 4000 127 6,98 2B
IV05 D0432 2200 2500 60 Reacted 18
ivos DO434 2000 4000 80 8.45 8 2B
1V05 D0436 2100 2500 120 7.97 3B
IVO5 D0439 2100 4000 68 8,57 8 2B
1VQ5 D441 2000 2500 80 €.88 3B
IV05 D0442 1900 4000 141 6.97 2B
IV05 D0443 2000 4000 90 7.99 3B
IVOS D0448 2150 2500 50 8.59 10 3B
IV0S DO0449 2050 4000 140 7.78 7 b
IV05 D0476 2000 5000 95 7.94 6 2C
IVo5 DO547 2000 4000 80 Cracked 2E
IV05 D0549 2000 4000 140 8.53 3E

The basic composition of Material IV contains 30 vol, % SiC.
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TABLE 30
MATEDIAY VT PADRICATION CUNULTIONS AND RESULTS
_8 Material Grain Furnace
Designation Terap., Pressure Time Density Intercept No,
°c psi min gm/ cc n
5k VIOS D0460 2000 6000 120 9.01 2¢C
ok VI05 D041 2100 6000 160 10,03 8 1C
VIO5 D0462 2200 4000 190 10.97 14 1€
o
¢
g %
A
i
( :
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INCIDENCE OF BILLET CRACKING FOR

Designation Powder

I 02A
0ZA
0ZA

03A
03A
03A

du*®

all
all

I 05
05
05

06
06
06

TABLE 32

MATERIALS 1 AND II

"
severe cracks /total examined
sdge cracks/total examined
total cracked/total examined

weveracracks /totnl examined
edge cracks/total examined
total cracked/total examined

severe cracku/ total examined
edge cracks/total examined
total cracked/ total examined

severe cracks/total examined
edge cracks/total examined
total cracked/ total examined

severe cracks/total examined
edge cracks/total examined
total cracks/total exarined

*Severe cracks, indicates billet scraped.
*¥ncludes 1024, 1034, 104, 105 and 106 powders.
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Numbex'/
Total

0/13
4/:3
4/13

4/19
6/19
10/19

6/38
12/38
18/38

3/24
4/24
7/24

4/5

0/5
4/5
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Material
De sigmtiox_x_

102A POO9F
o5 PO07
102A PO156BF

10ZA POLS9F
102A POL6OF
102A PO161
102A PO162F
102A POL75
102A PO176
102A POLT7

PLASMA SPRAYING OF MATERIALS I AND II

Substrate

Silica Phenolic
Silica Phenolic
Stainless Steel

Stainless Steel
Stainless Steel
Stainless Steel
Stainless Steel
Sta,iulesﬁ Steel
Copper
Aluminum

TABLE 34

Gun to Work
Distance Current

inches amps

5 700

5 700

5 700

2-3 750

2-3 750

2-3 750

2-3 750

2-3 750

2-3 750

- 2-3 750
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12 mil coating,
poor self bonding

12 mil coating,
poor self bonding

3 mil coating,
poor self bonding

5 mil coating
7 mil coating
5 mil coating
Poor adherence
12 mil coating
11 mil coating
8 mil coating
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TABLE 36

REINFORCED COMPOSITES FABRICATION CONDITIONS
AND RESULTS

Rein-
Material forcing Prea-
Designation Agent Temp sure Time Denasity Remarks
°c psi rmn gm/ cc

Vi{5)02A D0566 SiC 2050 4000 50 5.78 Whigkers descroyed
Whiskers redistributed

Vi(2002A D0O567 SiC 2050 4000 115 3.05 Whiskers destroyed
Whiskers

X1I£(5)C3A D0572 ‘Thornel 2100 4000 80 5.94 Reaction of Fibers
25

XIf(5)03A D065 Thornel 2060 4000 103 5.89 Fibers completely
25 disappeared

X{1£(5)07 D0644 Thornel 2060 4000 102 5,83 Continuousa filaments
25 satisfactory dis-

tribution

XUI{(5)02A D0564 W 2050 4000 185 5.76 Filament cluster

Filament and slight reaction

-
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TABLE 37

PUSSIBLE DIBORIDE MATRIX FIBER COMBINA rIONS*

Material

w‘erz

W-HfBz

Mo-ZrB Mo-H.fBz

zl

Ta-2 mz

Ti-HfBz
B-ZrBz

B“HIB"

C-HIB,
8iC-2rB,, SiC-HIB,

B 4C- Zrﬂz

Azzo3~}im2

Expected
Stability Limit Remarks

2250°C Probable cracking due to differences
in coefficients of thermal expansion
(CTE) but otherwise mechanically
and thermally stabls.

2345°C Same as W-2rB,.

<1400°C Possible ternary reaction phase

leading to dissappearance of fibers.

2160°¢C Liquid formation and possible ternary
reaction phase at much lower temp-
erature leading to dissappearance
of Ta.

2220°C Same as Ta-ZrBz.

2000°¢C Eutectic melting, moreover B fila-
ments degrade severely and perma-
nently around 800°C.

2065°C Same as B-ZrB,.

2390°C Pseudo binary eutectic melting, also
probably cracking due to CTE
difference.

2515°C Same as C-ZrB,.

2200°.2300°C Excellent thermochemical compati-

bility and increased oxidation resist-
ance of diborides, Cracking found in
particulate composites,

2220°¢C Pseudo binary eutectic melting, also
probable cracking due to CTE diff-
eérence,

2330°C Same a8 B C-HfB,.

2049°C Melting of alumina. Possible lung

term lower temperature utilization if
fabrication can be performed below
melting point of oxide.
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TABLE 38

SUMMARY OF THERMAL SCREENING

* o .
Run No, Temp € Time-min Atm Specimen
{optical)

1830 60 Argon Carb ZrB,
1830 60 Argon Carb ZrB,

1830 60 Argon Norton ZrB
102A D0283

1830 60 Argon I02A D029]

1830 60 Argon Carb ZrB,
102A D0303
103A D0340

1830 60 Argon 102A D0291
102A D0326
102A D0338
102A D0345
103A D0309
103A D0314
103A Do0328
103A D0360

1830 60 10" V02 D0372
Torr

1800 120 Argon 11105 D0386

2100 60 10"° 1024 D0326
Torr  103A D0314

1i05 D348

11105 D386

IVU5 D0410
VO2A D0371
V034 D0480

VI05 D0462

Furnace failure at 2270°C {optical} in vacuum

2

Furnace failure at 2160°C (optical) in vacuum
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Remarks

Thin oxide skin

Thin oxide skin
Thin oxide skin
Thin oxide skin

« 1 mil $iC "recession"

~ 1 mil SiC "racespion"
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TABLE 38 {(CONT)

SUMMARY OF THERMAL SCREENING

* o
Run No. Temp C Time-min Atm Specimen Remarks
{opHcal)

12 2300 15 Argon I02A D0289
(color) 103A D0324

105A. D0590
107 D0589 Very large ZrBp grains
1¥05 D0352
05 D0538
iV05 D0410
VOZA D0372
VO03A D0480
V07 DOS8OK
VIIIO7 D592  Pheripheral change
XII02A DO561

13 2200 15 Argon VIIIOZ2A D0498 Peripheral change
(color) X07 D0596é Second phase melting
4 2200 15 Argon 107 D0589 Orange phase

‘Runn No. 13 and 14 were carried out in the oxidation furnaces in flowing argon.
! Temperatures were determined by a two-color pyrometer,
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TARLE 20

MELTING POINTS OF HOT PRESSED STRUCTURES

Melting Temperature - °

Material Incipient
102A 0289 2630
103A 0324 2568
Norton ZrB, 2945
Carborundum ZrB2 2600
1105 0315 3235
1106 0383 2697

l.'!-Ieavy outgaswing at 2540°C.
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Comglete

3095
3075
3017
3085
3344
3085
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BEND STRENGTH AS A FUNCTION OF TEMPYERATURE

*Material Relative Density
Designation Grain Intercept
M
102A DO0305 99.3
35 FEM
102A D0326 99.9
' 40
102A D0345 99.2
2l FEM
103A DO0314 99.6
8
102A DO338 97.6
33
102A DG291 95.9
27
103A DO360 95.6
11
103A DO328 82. 1
102A DO343 92.0
105A D0590 97
36

TABLE 40

23°%¢

cnr——

[0
= NN

* @& o

w

8

o Vwoew

& &&

L]

34,9
47, 7%%

46. 2
42, 3"
48,1

49,0
47,8%"
40.7*

44, 2%
50, 0%
58,6

59,7
39,0
51,7%*%

30.8
*0.4
46'2

40,3
25,3
28.2

38, 2"

39,2
3z, 9"
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Bend Strength, 103 psi, at

800°C

12.0*
64. 2
68.6

56,6"*
56,9
47.8

49,4*
52,4%*
65. 3

77.8
59.7
57.8

54,3
58,7
46.1

54,2%*
49,2
40.9

36.5
56,4
70.2

67.8
55, 3**
58, 0%

42.8%
49.01
42.6

1400°C 1800°C
R
o .2
27, 3¥* 29.1 N, B,
27.5 21,1 N. B,
25.4 20,8 N. B.
29.9 20.2 S, B,
30,8 27.4 N
32, 0% 24,0 N, B,
33,3 29, 9*N. B,
39, 7* 25.5%s. B.
39,5 26,88
29.2*B
26.8 24.2 S.B.
26,6 28.3 S.B.
23.0 37.2
17. 8 13,6 N.B,
17.6 13, &N, B,
17.5 S. Bi
35,8 29.8¥s, B,
'34.9 32, S, B.
18,78
33,2 33,3 B
26.3 28. {*s. B,
31.5'B
26,9
28.0.5.B.
28.2'B
18. 4 15,0 N. B,
16.1 16,8 N. B,
15,3 17.2 N. B,




BEND STRENGTH AS A FUNCTION OF TEMPERATURE
Bend Strength, 10> psi, at

Material Relative Density = K
Designation Grain Intercept  23°C 800°C 1400°C 1800°C i
¥ #
l‘.
1105 D0348 99. 4 a1, 4 9.8,5.B. v
34 36,7 10.2*8
4569 9.0 N.B. g
it . b
il 1105 D0352 96.7 55, 7%%  65,9** 169, 21,3 5.8, i
15 FEM 63,8 58,4 14,5 29,07S, B, A
i 52,0 53,2 14, 2% 28,3"M. B, %
! 1105 D0349 90 47,5%* 21,3 N, B, -
1% 11 44, 7%* 25,8"S,B,
i 50, 5** 23,0 N.B. §
! 1106 D0379 96,7 56, 9** 15, 1 23,3 B 1
| 5 44,8% 25,8.S, B, .
! 50,3 27.4' B i
f | I11(10)05 D0538 98.9 68, 7*¥ 26.8%B
i 9 gg . z: 28.1.B
g‘ ; 24.8™B
| - " . :
11105 D0386 99.7 54, 9% 38,6 35,7 S.B. |
‘ 9 56,9 39,0 41,975.B,
59,2 38, 0% 42.4%s.B. ,
! 11108 D0400 95,3 44,3, 45,6, 420 42.0%s,B. :
9 41, 4* 46,1 46,7 53,7 S.B, i
, 55,3** 55 9% 45,0% 48,1 S.B, !
5 :
{ 11105 D0444 91,6 41,7 39, 5% 26,8%B :
:; 6 37, 3% 56,6 32,2 S.B,
39.9 28,9 37,3 S.B, :
| -
11105 D0402 84.3 29,9* 25,8 27.9%B 1
;& 6 22,2, 22,7 30,078 i
| 29,9 23,1 28.0%p
g 1V05 D0410 99.4 50.4. . 50.9 61.7" 44.9%s.B.
5 48.6 54.9, 61.9, 58.93S. B.
; 49.0 61.3 56. 4 59.6 N.B.
: 221




TABLE 40 (CONT)

BEND STRENGTH AS A FUNCTION OF TEMPERATURE ‘
3. ‘
Material Ralativa Dansity Bend Strength, 10~ pei at '
Designation Grain Intercept 23°C 800°C 1400°C 1800°C P
H - 3
- ‘}
IVOS D0449 90.2 41, 1% 43,0} 20, 5:13
7 38.1 34.1 30.9%S,B. h
34,5% 40,3%s, B, ,
V024 D0371 100 50,5 52,7 43,0 38, 2*B T
8 50,0 50,6 42,0 44,9 B I
50,0 55,0 39,2 41,0 B i
V02A D0395 95,5 51.2%% 51,5 51,4 23,3 34,7*B H
7 52,2 46,8 51,2  24,3* 32,0 B i
48.2 55,6 45,5 19,3* 39.3 B B
V02A D0391 90, 1 39, 7* 25,5%B J
7 FEM 48.2:: 34,9 B ‘f
69.2 30,4 B h
V03A D0480 100 39,3%* 46,3 41,3* 43.8%B !
7 38, 1* 48,4 48,1 35,0*S,. B, :
36,4 34,9 48,2% 40.5%B e
.
V(10)02 D0532 100 68,7%* 42.5 B :
(10 11 60,9* 38.6 B .
63, 5" 42,5 B oo
V(35)02 D0541 100 71, 8%* 44,9°B ;
6 62, 7" 43,3 5.B, !
71.1 43,8 B !
VI05 D0461 91,2 55, 1* 42.2%%s,B,
- 8 38, 2%* 34,3% N,B,
38,5 34.8* N.B,
vIL02 D0498 41.2 47.8 B
43, 3% 48,1 B
37.8 45,5%%g
X11(20)07 DO585 100 69.4 18. 1: B
4.8 63.4 219 B
25.5" B

#Single fracture at one knife edge.
##Primary fracture within gage length and secondary fracture at one knife edge
reculting in three sections,
NB = no bending.
SB = slight plastic bending ¢((1%.
B = plastic bending of <1%.
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TABLE 41

PHASE II BEND STRENGTH AS A FUNCTION
. OF TEMPERATURE

Bend Streagth, 103 psi at

Material Relative Density o o
Designation Graii} Intercept 23°C 1800°C
(O

103A D0619K 100 52.0"F 20.8%s.m.

18.4 36. 1 22.8" s.B.
49.3 25.5% 5.B.

| V07 D0580K 100 57.6°  37.1% B

3; 7.0 48.2  36.3 B
35.2" B

% Single fracture at one lmife edge.

|- e Prim Weeivns YARIDAANe loagth and secondary fracture at one kaife edge
i S.B.5light plastic bending ¢&1%.
! B pPlastic bending ¢1%.

}
3
i
!
t
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TABLE 42

BEND STRENGTH' VERSUS TEST TEMPERATURE FOR
TWO COMMERCIAL LOTS OF HOT PRESSED
ZIRCONIUM DIBORIDE

Loadin _ Norton ZrB * Carborundum ZrBz**
Test Temperature System Bend Stre_g‘!i_x' Bend Strength
% 10 psi 10°psi
- 196 3.point 35.8 48.5
&3 3«-point 33.0 43.3
700 3-point 27.7
1060 3-point 25.0 38.2
1200 3«point 21.8 35.0
1400 3-point 22.3 17.0
4-point 16.2 17.2
1800 4-point | 4.7 15.6

*Reported strengths are averages of from 3 to 11 tests per temperature.
+¥3_point tests performed at ManLebs, 4-point tests performed at Avco.
¥Norton ZxB2, 89% dense, 18 grain interceyt, ZrC X-ray second phase
(calc. to be 9.0 w/o from chemical analysis), 3.0 w/o metallic impuri-
tios (principally Cr, Fe, Al).
*¥Carborundum ZrBj, 95% dense, 16u grain intercept, ZrOz X-ray phase
{calc. to be 3.8 w/o from chemical analysis), low in metallic impurities.
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TABLE 43

BEND STRENGTHS CF PREOXIDIZED COMMERCIAL
HOT PRESSED ZIRCONIUM DIBORIDE

Test Unoxidized Pre«oxidized Matrix

Material Temperature Matrix Matrix + Oxide

°c 10”psi 10°psi 10”psi
Norton ZrBj 23 27«49 40.7 24.6
1000 19=31 28.0 14,4
Carborundum ZrB, 23 30=-55 38.0 23.4
1000 25455 62 6 38.6
1000 25«55 55.3 36.1
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TABLE 44

=t

SR IR SRR KPR

EFFECT OF SURFACE FINISH ON BEND STRENGTH OF
BILLET V07 D0576K AT 23°C

e
R

Surface Preparation
Grit Sixe 220 400 500 L/4y diamond

v Surface Finiah Center
if Line Average Deviation,

R TS

Microinches 13 7.5 10 0.3

Strength Values, 107 pai 64.7**  68.3*  62.0"™ 9.9

76.5%% 43,0 62.6,, 72. 7"

58.7,4 11632  69.2 47.8

¥ 51,37 67.9 66.8 60.3,

:; 45,1, 64.5 66, 4** 73.8

‘_ 69. 4 64.1 68. 1 76.4

Moan Strength, 10° pai 60.9  63.2  65.9 $6.8
Standard Deviation, 107 psi 1.6 10.3 2.9 10.8

‘&ngh fracture at one knife edge.

“Primary fracture within gage longth and secondary fracture at one
kuife edge resulting in thres sections.
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TARIE 458

DYNAMIC ELASTIC MODULUS MEASUKEMENTS

Compreas- Transverse
sional Pulsge Pulse 1
: . Young®'s
Material Velt:;:zty Velc:c,cny Poisson Modulus
Designation ___ Density 1L T Ratio E
gm/cc % 10° cem/sec loycm/uec 10° psi
I03A DO313 5.99 99.4 9.30 5.85 0.17 70.5
1105D0353 10.52 99.2 6.93 4.58 0.l12 71.0
05003558 10. 46 98.6 7.02 4,35 0.19 68.5
1IX05 D0 385 9.25 100 7.47 4.79 0.15 70.5
1105 D0426 9.06 98 7.25 4.78 0.12 67.2
IV05 D0405 9.45 100 7.35 5.03 0.06 73.0
VO2A D0387 5.45 100 9.90 5.15 0.24 66.0
227
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TABLE 47

STATIC AND DYNAMIC MODULUS VALUES FOR

Material

(13)
Norton

(13)
Carborundum

(13)

Relative
Denuig

%

87
89
95
95
98

HO'T PRESSED ZrB

Method

dynainic
static
dynarmic
static

dynamic
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2

Young®s

Modulug gE!

10°psi

51.9
54.5
63.8
65.4
73.5



TABLE 48
COMPARISON OF FOST - 1800°C - THST FRACTURE CRAmN 128 :
. WITH AS-HOT PRESSED GRAIN SIZE
Material As-Hot Pressed Post - 1800°C - Test g
Designation Grain Intercept Grain Intercept L
u H ! 3
il
102A D0291 27 36
102A D0338 30 27 N
1105 D0348 34 36 § L |
1105 D349 1 14 "
1105 DO400 9 7 {
105 DO402 6 9 ;
| _ L1105 D0386 9 12 % :
| 1IV05 D0410 6 9 §
- IV05 D0449 7 7 Py
VO2A DO371 8 8 !
V02 D0391 7 7
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Material Original Billet

Deaignation Density
gm/cm,3

102A. D0305 5.99

102A DO345 5.97

I03A DO314 6.00

105 DO348 10, 48

05 D386 9.26

IV0S DO410 8.57

V02ZA D0371 5.49

TABLE 49

232

DENSITY MEASUREMENTS ON BEND SPECIMENS
TESTED AT 23°C

Specimen Density

Displacement
Mathod

gm/cm®

5.94
6,04
6.06
10.68
9. 17
8.60
5.59

Specimen Density
Geometrical
Method

gm/ cm®

5.94
5.93
5.96
10.53
3.08
8.43
5.48
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OX No.,

TABLE 50

AR FLUW KATEL DEPENDENCE FUR MATERLAL 111

(HB, - 20 v/o SiC at 2120°C, 60 Minutes)

(Billet iI105D0573, 0,35 in. diameter by 0.35 in. high)

Boride Recession

718
802
814
803
812
806
815
721
722

725

Air Height/
Flow Rate Diameter Ave'rzg&ge_

£t/sec mile/mils mils
0.1 0/0 0
0.3 9.0/ 9.4 9,2
0.3 8.1/ 9.1 9,2
0.5 8.3/ 8,7 8.5
0.5 7.3/ 9.7 8.5
0.7 8.7/10,0 9.4
0.7 6.1/ 7.2 6.7
0.9 6.1/10.0 8.1
0.9 7.3/11.1 9,2
1.8 9.4/11,1 10.3
3.6 13.3/12.4 12.9

233

SiC Recession

Height/
Diameter Ave rage
mils / mils mils
3.2/ 4.2 3.7
103.7/107.2 105.5
94.5/108.5 101.5
99.5/ 99.2 99, 4
118.2/103,0 110.6
108.6/101.5 105, 1
101.8/ 94,1 98.0
87.0/ 94,0 90.5
98.4/ 91.9 95,2
100.1/ 96.6 98, 4
119,1/100.0 109.6
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TABLE 5}
OXIDATION SCREENING: MATERIAL I (ZrB,)
(152 Torr O, in Air 2t 0.9 ft/sec - STP)

e 3T i aaBe T

Heiﬁht/Diameter
Pressing * Boride Average One Hour
Exp, No, No. Temp Time Initial Recession Boride Recession

°c min mils/mils mils/mils mils
440 102AD0338 1550 60  300/350 12.1/14,2 13,2
559 102AD0326 1550 60  290/350 8.0/ 8.3 8.2
560 103AD0309 1600 60  300/350 9.9/10.6 10. 3
561 103AD0309 1660 560  300/350 10.3/11.3 10.8
796 102AD0343 1690 60  250/350 13,5/13.7 13.6
212 102AD0281 1700 60  290/350 11,9/16.5 14.2
229 103AD0340 1700 60  300/350 11.9/13.9 12.9
230 103AD0340 1700 60  300/350 13.7/13,4 13.6
23, I03AD0340 1700 60  300/350 13.2/15,2 14,2
255 I03AD0309 1700 606  300/350 11.4/10.9 11,2
263 102AD0291 1700 60  280/350 11.7/15.0 13,4
265 102AD0326 1700 60  290/350 12.4/14.4 13.4
214 103AD0328 1700 60  285/350 ——ea/11.6 11.6
285 102AD0338 1700 60  300/350 13.6,/14.4 14,0
286 103ADO0314 1700 60  300/350 11.6/14.4 13.0
287 103ADO0360 1700 60  270/350 13,7/17.8 15.8
295 102AD0345 1700 60  300/350 12.1/13.9 13.0
304 103ADO0328 1700 60  265/350 ---a/12,2 12.2
894 107D0589 1700 60  300/350 12.6/13,1 12.9
899 105AD0590 1700 60  300/350 12.5/12.9 12.7
1016 105AD0590 1740 60  300/350 13.6/14.3 14.0
1018 103AD0457 1740 60  420/350 13.3/14.6 14,0
1014 103AD0457 1770 60  420/350 17.5/17.4 17.4
1017 107D0589 1770 60  360/350 15.4/16.4 15.9
1019 102AD0305 1770 60  290/350 14.9/16.1 15,5
1020 I05AD0590 1770 60  300/350 17.1/17. 4 17.3
308 103AD0360 1800 60  270/350 23,4/22.4 22.9

z11 103ADO0314 1800 60  300/350 21.6/20.6 21,
312 102AD0338 1800 60  300/350 27.8/21.4 24.6
787 102AD9343 1800 60  290/350 28.0/32.3 30,2
309 I03AD0309 1816 60  300/350 25.0/27.1 26,1
314 102AD0326 1810 60  285/355 16.3/22.2 19,3
31% I03ADO0328 1810 60 270/350 17.7/17.4 17.6
318 102AD0291 1810 60  300/350 21,3/22.3 21,8
335 102AD0345 1810 60  390/350 19.4/20.7 20.0
895 107D0589 1810 60  300/350 33,8/36.4 35,1
901 105AD0590 1810 60  300/350 31.5/36.5 34,0
955 J02AD0343 1820 60  290/350 34.9/43,7 39,3
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TABLE 51 (CONT)

OXIDATION SCREENIMG: MATERTAT. T (7.»-1%,‘)

{152 Torr O2 in Air at 0.9 ft/sec - STP)

Height/ Diameter
Pressing " Boride Average One Hour
Exp. No, No. Temp Time Initial Recession Boride Recession
°%¢ min mils/mils mils/mils mils
253 103AD0340 1850 60  300/350 28.1/38.1 33,1
288 103AD0328 1850 30  300/350 Severe Oxidation
332 103AD0309 1850 36 300/350 31,8/44,1 (52. 9)+
333 I102AD0326 1850 30  290/350 24.7/31,7 (40.0)%
497 102AD0345 1850 30 290/350 23.2/31.8 (38, 8)"’
504 102AD0338 1850 30 300/350 41.0/52.8 (67. 0)
513 103AD0360 1850 30 270/350 16.4/22.0 (25.8)*
864 I103AD0457 1850 60  420/350 41.5/48.2 4.9
786 102AD0343 1850 36 290/350  34.5/42.5 (54. 9)
897 I05AD0590 1850 30  300/350 29. 8/39.8 (49. z)
896 107D0589 1860 30  300/350 29.6/37.6 (47. 5)
473 102AD0291 1860 30 2890/350 29.5/46.6 (54. 0)
503 103AD0360 1860 26  270/350 15,2/16.7 (24, 3)+
419 103AD0360 1870 30 270/350 43,6/50,2 (66. 4)
420 I03AD0314 1870 30 300/350 29.5/46.6 (54, 03*
512 102AD0338 1890 30  300/350 37.3/-w-- (s2.7)*

* , , .
Nominal dimensions.

*Assumes parabolic oxidation kinetics,

235

R NI SN O




EROETADR B

TABLE 52

MYTITA MTAORT M /AARAMLDTI AT AT TX/A T3 TR AN TS
R TR R T L B e Tl N Vi e Wil Bl SV Nt G ot & AN L & SIS A AS

ZIRCONIUM DIBORIDE
{i5¢ Torr 02 in Air at 6,9 ft/uec - STP)

Height/Diameter
* Boride Average One Hour
Exp,No. Temp Time Initial Recession Boride Recession
°c min mils/mils mils/mils mils
Carborundum Hot Pressed
558 1540 60 400/375 11.6/15.5 13.6
638 1580 60 400/375 10.0/10.8 10,4
88 1610 60 400/375 14,7/21.0 17.9
155 1630 60 400/350 10.4/15,8 13,1
129 1690 60 400/350 13.0/13.5 13,3
266 1700 60 400/350 12.1/12.3 12.2
89 1730 60 400/375 16.3/26.5 21.4
130 1780 60 400/350 14,4/14, 3 14. 4
156 1810 60 400/350 21.4/20.9 21.2
317 1810 60 400/350 21.3/22.3 21.8
90 1820 60 400/375 23,0/30.5 26.8
131 1850 30 400/350 27.4/30.0 (40, 2)t
474 1860 60 400/350 36.4/50.5 43,5
486 1860 30 400/350 16.5/26.5 (30.5)%
107 1870 30 400/375 38.6/47.5 (74.6)F
187 1900 30 400/350 36.6/D {51.8)*
120 1920 60 400/375 Complete Oxidation
124 1940 30 400/375 47.9/D (67. )%
121 1970 60 400/375 Complete Oxidation
93 1980 30 400/375 Complete Oxidation
92 1990 30 400/375 Complete Oxidation
Norton Hot Pressed
639 1580 60 400/390 17.5/13.8 15.5
113 1620 60 410/390 15.1/13, 1 14. 1
128 1620 60 400/350 13.4/15.3 14.4
267 1700 60 400/400 32.0/44.2 38.1
272 1700 60 400/400 21.5/21,8 21.7
415 1700 60 400/400 26.6/24.5 25,6
114 1710 60 390/340 26.3/24.3 25.3
105 1820 60 400/350 30.8/31.1 31,0
132 1820 60 400/350 43.1/41.8 42,5
421 1840 69 400/400 27.6/43.0 35,3
487 1860 30 400/400 30.9/32.7 (45.0)*
123 1870 60 400/350 50.2/D .
159 1900 30 400/350 Complete Oxidation
112 1920 60 400/340 Complete Oxidation
115 1960 30 400/350 Complete Oxidation
106 2040 60 400/340 Complete Oxidation

l“Nominll dimensgions.

+Alnumel parabolic oxidation kinetics.
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TABLE 53

OXIDATION SCRERNING: MATRERIAT. V l_zppd 2 20 wf/n giC)
(152 Torr O, in Air at 0.9 ft/sec - STP)

. Hei ht/ Diameter Average
. B One ngr
‘ Boride Boride

Pressing * Recession Recession
Exp. No, No, Termp Time Initial (SiC Recession) (SiCRecesaion)
°c min mils/mils mils/mils mils
‘ 388 VO02AD0395 1800 60 300/350 1.1/ 0.6 0.9
, (29.2/ 9.6) (19.4)
- 44l V02AD0371 1800 60 300/350 4.2’// z.a) 3.5)
(emme/ 7.2 ( 7.2
330 V02D0372 1800 60 295/350 1.2/ 1.3 1.2
( 500/""') ( 5“0)
389 VOG2ADO0391 1810 60 300/350 1.8/ 1.5 1%
(14.8/11,7) {15.5)
918 VO7D0580K 1810 60 330/350 4,3/ 3.3 3.8
(16,6/14,3) (15.5)
631 VO03AD0480 1840 60 350/350 1.7/ 2.5 2.1
( 7.3/ 9.3) ( 8.3)
433 V02AD0371 1900 60 300/350 7.0/ 6.2 6.7
“ (19,0/25,2) (22.1)
) 432 VO2AD0395 1900 60 300/350 4.2/ 6.7 5.5
) (32.3/61.9) (47.1)
430 VO2AD0391 1910 60 300/350 8.4/ 4.6 6.5
(67.6/34.8) {51, 1)
391 V02AD0391 1950 60 300/350 6.4/ 6.5 6.4
(67.1/31.9) (49.5)
437 VO02AD0371 1950 60 300/350 9.7/11.6 10.
{30.3/41,7) (36.0)
343 V02D0572 1960 60 295/350 13.4/18.3 15.9
(35.8/31.9) {33.9)
393 VO2ZAD0395 1960 60 300/350 4.5/ 5.2 4.9
(76.6/94.8) (86. zl
435 V0zD0372 1960 120 300/350 16.1/15,7 11, 2%t
(39.3/44.7) (29.7)tt
436 VO2D0372 1960 30 300/350 10.1/ 9,2 13,7
(18,6/30.8) (34, 9)+
438 V02D0372 1960 60 300/350 9.9/12,7 14,3 ,
(22.0/34,9) {28, 5) »
903 VO7D0580K 1970 60 330/350 16.8/ 9.0 12.9
{34.3/23.3) (28.8)
634 VO03AD0480 2000 60 350/350 3.4/ 2.1 3.
. (111,9/93,5) (102.7)
237 e
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TABLE 53 (CONT)

OXIDATION SCREENING: MATERIAL V (2rB, ¢+ 20 v/o SiC)

2

++

% . ,
Nominal dimensions,

238

+C designates complete oxidation of the SiC phase,

Assumes parabolic oxidation kinetics for the diboride and SiC phases.

(152 Torr O, in Air at 0.9 ft/sec - STP)
Height/ Diameter Average
One Hour
Boride Boride
Pressing * Recession + Recession
Exp.No. No. Temp Time Initial (SiC Recession) {5iC Recession)
°c min mils/mils mils/mils mils
470 VO2AD0371 2010 60  300/350 20.6/---- 20.6
(73.6/---<) (73.6)
471 V02ADO0391 2016 60  300/350 21.67---- 21.6
( Cfew--) ({C )
472 VO2AD0395 2010 60  300/350 7.3,;---- 20.6
{ C/----) (C )
398 VO2AD0391 2050 60  300/350 56.2/474.5 65.4
c/c ({C )
399 V02ADO0395 2060 60  300/350 75.5;65.8) 70.7)
( cC/C (C
352 V02D0372 2060 60  295/350 22.8;26.4) 24.6
( C/C (C )
467 V02AD0371 2110 60  300/350 28.2/-w-- 28,2
» (127.7/----) (127.7)
913 VO7DOS80K 2130 60  330/350 ss.o;m.o 102.0)
c/c (C
635 VO3AD0480 2170 60  350/350 24.3547.5 35.9
( ¢c/c ) (C)
906 VO7DO580K 2220 60  330/350 Complete Oxidation
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TABLE 54

OXIDATION OF COMMERCIAL HOT PRESSED BORIDE &
(152 Torr O, in Air at 0.9 ft/sec - STP)

Height/Diameter

i * Material Average One Hour ‘
- Exp, No, Temp Time Initial Recession Material Recession :
»’ °c mils/mils mils/mils mils

636 1570 60 300/350 3.6/ 2.8 3.2

I 444 1710 60 300/350 6.3/ 6.1 6.5

445 1810 60 300/350 12.6/12.3 12,5

& 508 1850 60 300/350 15.9/15.8 17.5

i 530 1910 60 300/350 16.4/16.8 16.6

531 1950 60 300/350 30.3/39.8 35.1 .‘

* . . . :
. Nominal dimensions. '
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TABLE 55

(152 Torr O, in Air at 0.9 ft/sec - STP)

Pressing
Exp, No. No.
1021 VIII0ZA D0592
1022 VIIIOZA D0592
9216 VIII02A D0592
623 VIIIOZA D0498
915 VIIQ2A 20592
627 VIIO0ZA D0498
912 VILIOZA D0592
624 VIIIOZA 10498

I"Nc:minal dimensions.

L OXIDATION SCREENING: MATERIAL VIII (2rB, + 30 v/o Graphite + 14 v/o SiC)

S e — - - e

Hei&ht/ Diameter Average
One Hour
Boride Boride
" Recession Recession
Temp Time Initial (S5iC Recession) (SiC Recession)
°c min  mils/mils mila/mils mils
1610 60 290/350 8.3/ 9.5 8.9
1770 60 290/350 15.6/ 19.2 17.4
(20.2/ 22.4) (21.3)
1800 60 290/350 21.0/ 33.3 27.2
(28.3/ 39.1) (33.7)
1820 60 300/350 3.8/ 11,5) 7.7
(15.1/ 29.0) (22.1)
1970 60 290/350 64.8/ 85.0 74.9
(75.3/102.2}) (88, 8)
1980 60 300/350 20.8/ 6.2 13,5
(34.1/ 48.5) (41.3)
2000 60 290/350 Complete Oxidation
2180 60  300/350 Complete Oxidation

240
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TABLE 54

AAWVITVA TTIAR SrD DEVRT AN VY {7 PRV N SRy = DU Wi |
NS AN A S R A AN AT e Wt At A & YA D Y P e

2 V=W v w waawwprsanvwy

(152 Torr O, in Air at 0.9 ft/sec - STP)

Height/ Diameter
- Boride Average One Hour
Exp.No., Pressing No, Temp Time Initial Recespion Boride Recession
°¢c min mils/mils mils/mils mils
953 XUO02AD0561 1600 60 290/350 41,9/ 70,3 56.1
954 X1102AD0561 1710 60 290/250 Complete Oxidation
844 XI102AD0561 1800 60 300/350 99,3/122.3 110.8
946 X11(20)07D0585 1810 60 340/350 29.0/ 29.6 29.3
947 X1(5)03AD0572 1810 60 330/350 33.6/ 39.8 36,7
843 XI1I02AD0561 1850 60 300/350 109.8/125,2 117.5
951 XI1I(5)03AD0572 1860 30 330/350 35.0/ 37.4 51,2+
950 X1I{20)07D0585 1860 30 340/350 26.2/ 30.7 40,27
949 XI(5)03AD0572 1910 60 330/350 Complete Oxidation
948 X11(20)07D0585 1910 60 340/350 79.0/ 6.8 17.9
845 XI02ADO561 1980 60 300/350 110.1/132.3 121.2

*
Nominal dimensions.
YAssumes parabolic oxidation kinetics.
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TABLE 57

OXIDATION SCREENING: MATERIAL X (2rb, +20 v/o SiBg)

(182 Torr O, in Air at 0.9 ft/sec - STP)

Heiﬁht/ Diameter

Exp.No. Pressing No, Temp Tirmue I.nitial‘

Material AverageOne Hour
Recegsion Material Recession

°c min mils/rails mils/mils mils
925 X07D0596 1700 60 300/350 17.2/14,2 15.7
923 X07D0596 1800 60 300/350 21.6/29.6 25.6
922 X07D0596 1910 60 300/350 Complete Oxidation
® .
Nominal dimensgions,
242
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TABLE 58

OXIDATION: HIGH PRESSURE HOT PRESSED MATERIALS
in Air at 0.9 ft/sec - STP)

(152 Torr O

2
Hei&ht/Diameter
Average One Hour
Preseging * Material Material
Exp.No. No. Temp Time Initial Recegsion Recession
°¢c min mils/mils mils/mils mils
Material VI (H{B, + 4 v/o Hi-27Ta)
599 VIO5H0585 1820 60 380/310 17.8/23.4 20.6
606 VIOSHO586 1920 60 380/330 28.9/45.8 37.3
608 V105H0585 2060 60 360/310 85.9/81.8 83.9
Material X (ZrB, + 20 v/o SiB, )
733 X02AH0649 1810 60 330/330 12,1/17.9 15,0
( 33.6/33.5) ( 33,65
738 X02AH0648 1910 60 350/330 51,7/50,9 51,3
(112.9/95.9) (104, 4)*
Material XI (Z2rB, + 8 v/o Cr)
727 XI0ZAH0645 1700 60 350/350 18.4/34.3 26.4
598 XI102AHO0583 1710 60 260/340 25.1/---- 25.1
731 XI02AH0645 1810 60 350/330 38.8/43.6 4.2
729 XI02AH0645 1870 30 360/310 82,2/61.4 101.5

*Nominal dimensions,
+SiB6 recession.
Asgsumes parabolic oxidation kinetics.
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TABLE 59

OXIDATION SCREENING: MATERIAL II (HfB,)
PT1ED Mame M 2o Ade wa A & £afo . _ ot
fewe & Wwaa vz ALs smis VAL W J AYy A" .I’,
Height/ Diameter
Pressing - Boride Average One Hour
Exp, No, No,. Temp Time Initial Recession Boride Recession
°c min mils/mils mils/mils mils

382 0500352 1600 60-60 260/350 7.6/ 6.8 5, 1)*
401 0500352 1600 120 2607350 4.9/ 5,1 ( 3.5)*
349 1105D0352 1700 60 260/350 5.2/ 4.7 5.0
351 1105D0348 1700 60 265/350 4,0/ 5.5 4,8
348 1I05D0349 1700 35 280/356 3.7/ 4.5 5,4)t
360 1H05D0349 1710 60 280/350 6.4/ 5.7 6.1
327 1106D0383 1800 60 300/350 --=/10.9 16.9
363 1105D0349 1800 60 280/350 10.2/12.7 11.5
329 1105D0315 1810 60 300/350 10.7/11.0 10.9
366 1105D0352 1810 60 260/350 11.7/12.2 12.0
321 [07D0458 1810 60 300/350 11.6/11.5 11,6
361 [05D0348 1810 60 2657350 18.9/19.3 19,1
350 1H05D031% 1880 48 300/350 54.9/57.5 (63.0)*
367 1105D0348 1900 60 265/350 44,1/45.4 44,8
369 1105D0349 1900 60 280/350 40.4/36.6 38.5
375 1I05D0352 1900 45 260/350 33.1/33.9 (38.7)*
455 110600383 1900 60 300/350 28.9/35,2 32,0
456 105D0315 1900 60 300/350 17.5/26.3 21.9
465 07D0458 1910 60 300/350 23.2/26.4 24.8
4290 110500348 1990 60 265/350 31.4/29.8 30.6
428 HO05D0349 2020 60 280/350 62.4/81.3 71.9
807 1106D0383 2020 60 300/350 74.6/86.6 80,6
338 Ie5D0315 2030 60 300/350 67.2/85,8 76.5
386°° Do5D0348 2030 60 265/350 30.0/24.9 27.5
510 1107D0458 2060 60 300/350 54,4/71.6 63.0

‘Nominal dimensions.
+A¢lumn parabolic oxidation kinstics,
®Air flow 0.5 ft/sec.
%Air flow 0.2 ft/sec.
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TABLE 60

OXIDATION SCREENING: MATERIAL Il (HfB, + 20 v/o SiC)

2

(152 Torr Oz in Air at 0.9 ft/sec - STP)
Height/Diameter Average '
One Hour
Boride Boride
Pressing % Receasion Recession
Exp.No, No, Temp Time Initial (SiC Recess.Hn} ({SiC Recession)
°c min mils/mils mils/mils mils
496 11105D0386 1790 60 260/350 1.1/ 0.7 0.9
( 3.9/ 4.1) ( 4.0)
492 11105D0444 1800 60 300/350 0.6/ 0,6 0.6
( 3.9/ 4.5) { 4.2)
493 11105D0400 1800 60 200/350 0.7/ 0.4 0.6
{ 3.2/ 3.8) { 3.5)
494 II105D0402 1800 60 350/350 1.5/ 1.0 1.3
{ 4.2/ 5.0) ( 4.6)
340 II05D0408 1800 60  300/350 0.95 1.0 1.0 |
( 3.7/----) ( 3.7
426 11105D0408 1910 120 300/350 2.3/ 8.8 4.o}f+
(12.1/19. 1) (11,0t
498 1110500402 1950 60 350/350 6.4/ 4.2 5.3
(68.9/44. 6) (56. 8)
387 11I05D0400 1960 60 300/350 2.3/ 4.7 3.8
(34.8/34,0) (44.2)
396 1II05D0386 1960 60 260/350 3.6/ 3.5 3.6
(32.0/27.0) (29.5;r
425 HI05D0408 1960 30 300/350 4.7/ 5.1 7.4%
{29.5/30,9) (42.7)**
427 1II05D0408 1970 60 300/350 2.0/ 6.0 4,0
(17.3/23,5) (20. 4)
442 11105D0444 1980 60 300/350 2.7/ 3.1 2.9
(27.5/39.6) (33.6)
464 1L05D0408 2020 60 300/350 4.7/ 1.7 6.2
(24,6/31, 3) (28, 0}
384 105D0408 2050 60 300/350 2.7/ 3.5 3.1 .
{ _c/c ) (C)
500 LI05D0402 2060 60 350/350 2.3/ 5.8 4.1 ,-.‘
(12.8/28, 2} (20.5) g
525 1105D0400 2100 60 300/350 10.3/13,8 12.1 .
( c/lc ) (C ) ©
524 1105150444 2110 60 300/350 15.8/26.6 21.2
( c/c ) {c) LB
-
&* % .
Nominal dimensions. PN
+C designates complete oxidation of the SiC phase. ¥
* Assumes parabolic oxidation kinetics for the diboride and SiC phases. ¥
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TABLE «}

OXIDATION SCREENING: MATERIAL LY (Hil!z « 3 v %)

.- -

Res.hi'l)llmw Average

One Howur

Boride Boride

Pressing . Recesmion Recesiron

Enp. No. Mo . Temp Time TR IvY {8:C ut‘tddilﬂj {$1C Recess.on)
o ’
C s wale/wuls mule/mile mals
e 1VOSDO4i0 1800 o 300/350 .8/ 1.4 1.4
(===~ 7.9 (7.3
@4 IV0s D044 180¢ ] 3G/ 3% .9 &.e i
R 0.6/ 6.0} { &.8)
383 IVOSDOS i 190G 60 300/ 350 .8/ 0.8 3.8
(34.7/48. 3 (41.8)
443 1V oS DOS4Y 1960 0 300/ 3%0 1.9/ 0.8 1.0
(17.0773. 1) {75.0)
499 1VO5D04 10 10 ot 300/3%0 3.8/ L.é 3.7
53.8/60. %} (57, 1)
w0 IVOSDDes 2020 0 360/ 3%0 ---f 06.% 0.9
(5%. L73%.8) (49, ) .

LYY iVOsSDoedy 2670 &0 30C/ 350 2.4/ 2.9 2.7
(10.3/C ) {C )
WS IVOsDG4i0 lioc 60 300/ 3%¢ 2.6/ 2.0 2.4
¢ c/¢ ) ( C )
431 1IVOSDO410 219 ol 390/ 3% 8.3/12.8 i0.e
{ c/c ) {C )

.Nou.-nl dirmensions .
*c designites complete omdation 31 the SC phise.

24k
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TABLE &2

lf OXiD TION SCREENING: MATERIAL Vi (Hﬂ!z e § v ¢ H1-27Ts)

T 1ISd 0.7 Uy wm Air At v vinec - diwEd

‘ &gh\/[hummor

/

/l . Materiai  Aversge One Hour
Lup. No, Pressing No.  Temp Time Laatiai Recestion Materisl Recysiéion
{

°c maa mule mile muis/muls mals
: 434 VIS DU 1760 (3] 300,/ Y50 10.%/10. 9 | T
; » & VIoS D eb 2 ]2V 0 . 0 7 35 31.86.17.¢ 24."7
i @ VicsDoes2 I87% 1 11) M0/ 350 23.7/21.% 2%.¢
! 3Te VIOSDoas Z 1960 .0 300/ 350 50.9/64.3 1.9
|

‘, . .

\’ NanSrinisl dmeasions .

4

4
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TABLE e}

EFFECT OF Ss. CONTEMNT ON THE OCMIDATION BEHAVICE
OF MATermanes Il AND V
(152 Torr O, tm Air wt 0.9 fr. /e $1F. au Munuse L-?u-uy-u_t'i‘

wv/o

OX No. Preusing aC
785 NIOSDHL 38 10
807  IUGSDOS3E 10
T4 osDos 38 i
183 LSS 39 10
T4 VEZADGS 3! $
%3 VORADDS L 4
Teé VOIADOLSL )
767 VOLADOS 32 111
Toa VOLADUS 32 H{}}
%% VORADOS A2 10
e VOZADOS 3e 18
%9 vazaTQe s i%
Tl VOoZADGS 34 15
7y YVOLALOS 34 %
T VOZADOH4 L 35
772 YORADUSE ) 35
™ VOZADGS4 L ¥
184 VOEADUSST ]
78 VOGEALVSAY "]
Y4 YOo2ZADDS 47 50
31} VOLADOSS? %

Onp-nl SPECLIAN GAEGBSIONs dre 0. 3% ix, Rameler by C. 29 0 §. 33 . bergik.

Temp

1300
1798
117
2524

lovs
1945
*iad

1810
980
21e%

isoY
1955
Zil5
Zils

DS
1953
1105

180%
1954
2108
2129

Boride Kecession

S C l!euuson’

Height/ Heaght/
Dearnieter Awrm Dia meter Awg‘n.
smie/vuls maie miis/ouls  mile

1.5/ 1.3 2

LT VA D ®

7.2/ 6.8 v
15.7/23.3 19
2

W2.3/12.¢ ¢
33,2/47.% &b,
Compicte Omudauon

Y 3/ 9.6 9.6
2¢.2/2%.3  25.3
7¢.2/9%.% 9.3

Lo/ t.1 1.4
1.3/, ¢ 12,8
Complete Ouadation
Compiete Omdation

3.0/ 1.7 2
5.8/ 1.8 3
37.1/29.2 9%,
3
s

“.2) 1.0

$. 9/
compiets Qudstion
Complets Omdation

1.0/ ¢ 0
4.0/10.0
is.7/19, )
0. 4/80.5

VB W
O D -

wf

C/C
c/C

2k s!

c/C
Cc/C
C/C

2.6/ 3. 8
ere-/25.8

AN

[
w
S -

%2/ 9,
&x’ls
c/C

(]
Qe
e o

.1/ 7.1
“.‘/ ’ -

[ ]
'} 4

C 18 wied 1o M@Cate complety omdation of the S shase.

©2% monute SEPDISIe, Average recedsions calculated for 60 nunstes sssisniog

parabolic omididiion Wmetace.
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TAR{E *»

SUMMARY C:F AVERALE OXIDE RE. ESSBNOYMS DF ONINA TION S RE s NI,
MATERIALS AMND OF SELECTED - OMMEBCIAY MATEIRIALS
AS A FUNCTION OF TEMPERATURE

i
i
Averase Oor Hour Onide Roc ccbions Iblsa 1
Bésterin Te 1600°C 1700°C 1800°C 1900°C 2009°C 2100°C
HZrB,) 0 %) 22 . 100
Noitca ZrB, 1 3 2s }
Carborundwr .8, 14 18 26 - i08g !
viZ 751020 vie S} 2 [ 2 &0
i N (20) {70} (™%
Bornde T 4 L] 12 2% 45
VI(Zr8,¢ 30 v/o Graghite} .
221 310 S C) i
8) Wegal Graphite i iv 1% :
(29} 1%Q) (%)
o} Poco Grapuite s 4 2% 4 [
(10} 20} 13%) 80} (110}
mlrbzmuwm)
. .0
a} % v/o PocoGraphite 55 &0 110 120 120
b) 20 v/o Peco Graginse 2% 70
c} % v/o Yhormsi Graphute 3%
X(lr‘dz"& vio S«B‘I H %
Xulrﬁzi € vio Cr) 2% 4% 19
mwl, - 5 (¥ &w -
WD, +20 v/o $C) t 2 ¢ is
{4 tish (93} (>i%0}
LVikeB, ¢35 v/o 54C) 2 ] 2 3
{ &) (20} e0} & 1%9)
\mmnzu w/o Wi-31Ta) 11 3% L)

sFiremthotics! nunbere Arv avernge additive fibase recessions, s valls.
= Probsbly onidation 18 Kir supply or dilivsian hmirmd,

4N

[ . " _ . —_— ey -



TABLE &

%

‘S

‘Z * ‘ml
o pre Iﬁuv&_&l Mo. of Specimens
Circie l\lz()'3 LG
&C s
Sxoare NZO! 9
. {9 Y
299

w

e x

{warte, cm)

3.8
152.0

8.7
<37}

§*

{s

14

i»

&

EXPERIMENTAL VERIFICATION OF PRODUCT RELATION,

Rauo

‘&C/AIZOS),'

4.%4

(K3
[«
-
.

494 ¢

*
[ -]
-
C

476 ¢+ 0.07

4.76 A o7
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CHARACTERIZATION OF DROR T E BOW e B

SHiFmMENT S

In adsmt. . to the Mrge puowder procurements of the Riberides, whach
have been described 1n Jwctaon L, severa: svmall quantity shipments have
brdn recwived for cvaluation. These powdrre were characterized by chemical
and X-ray analysis and by powder density megsuremants. Tre charactenzanor
resulls are presonied in Tables 1-! vo {-0.

The ZrﬂZ powdery 104 and [0 represent small quantity iots.  Thesr
chemustiries dre Sppromnsttly the same av the [02A powders. Anaiysis of the
0% poedir siowed large quasiities of matal carde and oxide 1mpurites. The
materit] was reprocesscd with 3 subdtantisl reducior ol phase impurities. The
charecterissiaoe dute jo- the reprocessed powder, 1Gemtified as 0%, 14 pre-
semted 10 Table §.

The H-(Uz powders L07 cand UDE represent enperimenttsl processing ots
chttinad irom the U. 5. Borax Resesrch Corporiuna. Very migh hatmiam onde
and halnuwns carbuie conjents rejecied these mate rials for furiher considersion
The 1106 wepterial, which slac has a ugh level of phaee 1mpurities, ¢ beag

reproxesasd.
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TABLYE lei

CHARACTERIZATION OF IRCONIUM OIBORIDE FOYWDLR, B4

rappiiey: U. 3, Borax Revsarcd Corgoration

Cuotminy: #.9 puund lot

i Quslitktive Anslysis
fweigit pot cont, w/a}

t‘ 0.0‘ .obl

1. Jukmistative Ansiysie {(v/iof

3 [ T ]

B 18.%%
C Gl
O Q.76

Toani 9, &8
| 8 Alemnic Natio

Ower-all Bl wi 9
Correclod B/Zr% .03

..

X-ray Phase ldestudic ation
lr!z

i1r0, {ampursiyi

Powder Duasuy

.00 g/cc

Pasee Assay (volume pes cont)
Cak slnted irom Comporitaon

lrﬁ‘ 1102

.13 3,8 0.7

Z¢C

'Ahnu; ratio corrected for metal seswned W be procent av metil dwaids and

metsl meondx s rivide,

g e ee AR el . L L e LY e




TABLE Ll

CHARACTERIZAYION OF ZEACONIUM DIBORIDE POWDLER, W4

Supplhiar: Shgidalioy Corporetion (M, C, Maich, Beriiny

Cuanttiy: % pound evalmition enigunent

1. CGualitatave Asalyeis 4. Keray Passe ldentilication
(Weight per comt, w/ah
2!32
w °-l hd '.o - .
Mo 0.0i - 0.1 ZeC (impurity)

Iroz {wnpuz iky)
L Poewder Density

&. Quantitative Anslysis (w/a}

s $0,8%

B 15,9 .33 glec

< 0,43

Q 1,37 1Y Posse Asciy (volume per conid)

YTotal 96, 40 Caicuiatod tyom Compusition
3. Atamic Ratio z'“z thOz ZeC

Ovwervail Bflc »i. &

Cerrected B/2r% 1 .82 *".? 5.0 i3

.Aumu ratio correcled (or metil sssumasd o be presast as metal dionsde saad
maotal moao arbide,

A 2 . e 4 A ———— e e [




I B A

TABLE L.}

CMAR . CYENIZATION OF ZMCONIUM CBORIDE POWDEK. W4

L B LT o o, o - ams o oo forll
¥ pres mescrw

3] - - - -
LY We We POPYEE TV ST

Quastay: I pound svelustion shipimest

—
TR W

I, Qulslve Aaalysis q.
(weight par coat, » o)
r‘ v.oﬂ - 0-3

3. CGesmtitetive Analysis (w/ o) 5
=: w7
B 18,73
C e, &}
o 1,10 .
YTotml 106, 9%

3. Assmic Ralio

Ovesenli  B/Zy i,
Corvwisud B/Erwid.lé

Luray Phase ldoatification
ed,

Zr0, (impurity

Peodsr Density

3.9 g/cc

Phise Assay (veimme por conti
Calculased frem Compooitaos
lrﬂt

“o‘ “‘ a.o

® Adsnic ratis corrected for metal sniwned 10 be presost 60 methl diexide and

metal mobose rdide.

1-4
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TABLE -4

CHARACTARIZATION OF HAFNIUM DBBORIDE POWDER, Libe

Supplier: Sairldalloy Corpovatica {H. C. Starck, Berlasy

Quantity: 5 pownd ¢valoslion snipment

Qualualive Asslysis 4.
fwsight per cant w/o)
T 0.1 = 1.6
Cv, Co G6.01 -0,
Quanilative Asaiyets {w/ o)
5'&
Hi o Ly 8%.G
T, Cr,Co C.8i
] B.6b
C . 0 ..
o ERT]
¥ ol 9. 65

Ao Retio

Over-all B/t wi, %
Correcind B/ ii% 1,88

K-ray Passe dentifscation
HiB,

FisC (umpuruy)

O, {irapar sy

Fowder Density

~13.2 giec

Poase »\su{ (voleme pas comi)
Calcvinied lrvem Commpweition

a..lﬂ.., mz i

gé. i 7.8 6. 1

* Atomax TV corrected for metal ssdumned o be pressel as welal divuids and
meltal movocarbdde,

i-9
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TABLE 1.8

G CHARAC TERIZA TION OF HAFMIUM DIBOKIDE POWDER, 1107
_i

Smppher: V. S, Bemk Nesand Corporation

|
l

;; Compmtsby ! Pound Eveloston Sl prnent ;
‘ $
’ I Quelsstiw Aasiynie <. X.ray Phase ldentiiscation
i twuigic por coms, w/o}
e mz
Ca, T g.1 - 30
' Cr 9.9 . 9.2 moz rmpurity)
3. LYmshwuse Aualyess tw/o) S. Powder Danarty
lzﬂ tir W.¥S 19.25 g/cc
r L XX X T
B 1.8
C 9. 12
[ o] 1. 1% »
Tobxi "«

Over-all WWHI = 4, 14

AR R b g e
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TABLE 1-¢

&

LTy

CHARACTERITZATION OF HAFNIUM DIBORIDE POR DER, LOS

Sugpher: U, §. Borax Kesenrch Corpuration

Quamtaty 4 Powad Kwviivetaon Shi senewt

. Gubatve Asslysse .. R-vay Phsoe ldemtihicanon
twerghs pov comt, w/a}
Q. “' c'f @.‘ - l.o WC M“w‘
d. Quashistave Anslysrs (/o) $. Powidoer Donety
m L4 t' “u“ ‘us’ ‘f‘(
z* -0 e
» 11,38
C 1.68
o] 8; 30
Tomil ”%. 13
3. Aseownc Raue
Over-all B/Ki = 2,81
-
— , - I
Y
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AFPPENDIX [

PRO CLCUSRING VARIADLES FOR HOT PRESHNG OF DMBORIDES

" » A Iy - R
~n rk Frwvesimg Telimty

Fabrication studies were conducted on 2 inch diameter & %/16 aach Sugh
milets. These procsings were conduc ted 1a 3 Zunvwanons | induction bosied
Jraphite mold eystem wiick is shown scbhematically 8 Nigure -1 Otber Wlists
of 3 inch daameter were alsv made i the same presd, bet with urger furnices.

| ] lission Barviers

Chesnic sl redcticas betwearn tive grapkite farnsie and Ko dboride pewrdar
have kovn (requontily chesrved. The fellowing G# Laers werv testod &g reaction
hmmiting ditlunion Darmrere. (S} Woros miride wadusd on grojheie sistve. (b tungsien
Sasi, (<) pyrolyur grophite papur, (di cilicon carkude wash and (o} pysalyinc graph-
ite puper with aa wner BN wask coating. The vedgites for each Wmrrier systom wnil
ot be dascusicd '\ datarl; if w4 suilscient to repurt ther thie pyrolytic geaplace pipe v
walk Ga vedr o ron uir“v wask conting 14 the mest sliective & tempe rilures wp
w G0°C. Abeve 21007 C, vosction so8es 412 YWy ipps rent dnd approsch the width
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APPENDEIX

Lo OMINA TINM CLUARACTENIEYICE A VIS DN AN MAFNETM TR R I0K §
CONTAIDNING SLLE-TED RAKE LARTH AND ALKALINE LARTH

o RAXABUMLIDE ALMK FIVRS

The thermal enpsnsion coetiicients of viecuwn bot pressed ZrB; and HIB
were éotermingd as part of 4 conting study for graphiie (llel), to kf-rmm ‘
euiont of botide conliag compatibility, Thermsl sapsssion dais were aise obdsimod
for Z:B; and HIB; doped with 20 male per comd of various slhaling or 16re varth
Reaaboridas, theey sdbditives were {owmd to altor  the mpansien cosfitcicats of the
diboridne and increcss the adiusvont ¢ of Lhe coaling.

Sevoeral of the prepared matariale were sulniited tv Maalabs, iuc. {or dmter-
misclion of thuit high tenpersiure air onidailon Bebavior. These materials are
dootilied in Tabie -1, Omidittion cxperisnsnts weve carried ol ae detc ribed in i
Sectxom VIiL. Briedly, cylindors baviag nomissl dimensicas of 0. 35 inch diameter i
by 0. 30 inch loag were Supportied oa ZrO; pada and healod 1o the 190t tamparature |
in (lowimg sogon, When the dasired temperature was reschod, air wus sdinitted at '
& flow rete of 0.9 ft/sex (ST P} (or ons hour, then srgon was resdmitltod to displace
the aie and {inally the specimen wad cosled W roan tenpersture. The Lril; based
spac imens wore sasdized al 1 700°C; the KB, amd HUE 7 bavted specicnins wese 1= .

ined at 18009C. Alver anidetion, the q\nnlinn\m metaliographic procedurs was ;
smpleyed to medsure the exlgst of conversioa to enide. 2

& swnunary of Uhe onide Coiworeion meddurenmaenis is given wn Table (led.

Rapresentative photoniic rag raphs of the assreceived and casdised specimons are

- presented in Figuree (il shrough L=, s all cuses, the hobaboride atlntives
ware abeerved o axmiise preferdatasiiy compured W thie diboride phases.

&:rﬁa@m of the uﬂhﬂrwm are precestied ta Figuree i~

cod [KX-10, ZeB jebare spicimans have rouglk, puchered Guler omides,

whireas the Hb ,-base spacimens are groasly disiorted o additica to havieg puchered,
poTens oudur « Imcomparison, Trl; and Mill; yieid omosth, adburest sind
donss cwler onidoes aliar snd hour SRpocures Al equivalent tempersivres, the appesre
ance of the Hill; spacimaon ia Figerw Lil=10 is chorectetiviic of the diberides,

The fsliswing losiures were soiad:

111 prederomtal sgidetion of yns Ranuboride phirvde, as evideaced by a Guad be -
o ews thie vkt v ond onide, this bind consiste 8 tee buv e dnbe ride asd vouds ,

&y grose phose diatyr ulion (Figure We12);

» faeideuce of cricking (Figures le® and lilelu;

L] groso spocimen dinertion {(Figures lil«¥, Wi-14 and Wil-18),

The nabrin phclures aabibit comparaiie aix resiructyres buiors sud alter the oais
dition eupoture. The solable sncepiivas are the revult of en. vosive socond phas~

v lout during metaliographic propsrelios (Figeures lielb end Wi-4b, mw-ﬂ-&um
{Figu. o LI-00 sad Lli-1%) and lach of & repressututive wiital sttucture {7 igure flle

(Oi-t) Criscivwe, J. M.. etaul., "High Tomperiture Protoctive Cuitings of Graphise'',
Mi.-TODR«8d2-173, Purt IV, Novernber {1Voa}.
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taining selected banaboride additives, il is comcluded thak the Tesistanc e to omida~
i u alr at tomperatures of 1700%C (ZrB ~batedi and 1SUTC [MINJ D4 o 19
ol by 1.9 to ¢ tiunuss compared o the vallered diboride Hructures.
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