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PREFACE

This report was prepared by Hamilton Standard, Division of United Aircraft Cor-
poration, under Contract NAS8-20089 (Development of Alkali Metal Peroxide and
Superoxide Blown Ceramic Foams) for the George C. Marshall Space Flight Center

of the National Aeronautics and Space Administration. The work was administrated
under the technical direction of the Propulsion and Vehicle Engineering Labora-
tory, Materials Division of the George C. Marshall Space Flight Center with Mr.
Vaughn F. Seitzinger (R-P&VE-MNC) acting as project manager.
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ABSTRACT

A program has been conducted to develop a foam ceramic body for use as a thermal
insulation. ©Specific areas investigated included the formulation of foam ceramic
bodies, utilizing Lis0p as the blowing agent, that achieve useful strength by a
chemical bonding mechanism. The foam body was evaluated for physical/mechanical,
thermal and optical properties.

A foam-in-place ceramic composed of zirconium phosphate bonded zirconia has been

prepared and evaluated. The foam bodies exhibited good thermal and mechanical
properties when tested in accord with accepted testing procedures.

ii
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DEVELOPMENT OF ALKALI METAL
PEROXIDE AND SUPEROXIDE BLOWN
CERAMIC FOAMS

I. INTRODUCTION

This is the final report under NASA contract NAS8-20089, for the develop-
ment of alkali metal peroxide and superoxide blown ceramic foams.

The tremendous advances made in the entire area of aerospace propulsion
systems have created urgent requirements for inorganic insulation materials with
the inherent capability of insulating at temperatures of plus 3000°F. The pre-
sent generation of high specific impulse engines generates severe radiative and
convective heating envelopes as well as high vibratory stresses. These condi-
tions dictate the use of inorgenic insulators that must fulfill specific re-
quirements such as, high melting temperatures, insulating efficiency, oxidation
resistance, and high mechanical strength. These general requirements may be
used to define the properties of an ideal insulating material for aerospace
vehicles. The insulating medis must display low density and thermal conducti-
vity, good thermal shock resistance, high melting point and mechanical strength.

A specific objective of this program was the development of improved in-
sulating, i.e., lowered thermal conductivity, materials. It was proposed that
a foam ceramic body, blown by oxygen gas, could be formulated to produce oxygen
filled, closed pores within the ceramic matrix. The resultant foam body is ex-
pected to provide lowered thermal conductivity as compared to current gaseous
blowing agents (hydrogen). The values below confirm this assumption.

oxygen @ (100°C) 7.6 X 10~ cal/cm?-sec/°C-cm
hydrogen @ (100°C) 54,7 X 10-5 cal/cmP-sec/°C-cm

Cast ceramic bodies, composed of chemically-blown and chemically-bonded zirconia
foams, were formulated and evaluated for their physical and mechanical, thermsl,
and optical properties.
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IT. FOAM CERAMIC DEVELOPMENT

A. Materials Selection

The concept of a chemically-foamed and bonded ceramic body was not
unique with this facility. However, preliminary efforts were conduct-
ed prior to the contract award and certain conclusions were apparent.
This background information was utilized in the selection of materials
for investigation and enables the investigator to categorize the
materials as:

foaming agents
refractory media
binders
modifiers

These four material categories are essential to the development of a
foam ceramic body and must be capable of forming a homogeneous mixture.

1. Foaming Agent

The use of alkali metal peroxides or superoxides as foaming agents
was specified in the contract.

The primary use of these materials has been for air revitalization
and self contained breathing equipment (References 1 and 2). The
usefulness of peroxides and superoxides in the above applications
is dependent upon the release of Op. The reaction of two materials
is shown below.

2 Lig0p + 2Hp0 —= 4 LiOH + Oof (Eq 1)
b KOp  + 2Hp0 —=Uk k0H + 305}  (Eq 2)

Lithium peroxide and potassium superoxide both readily liberate
oxygen, are compatible with ceramic materials, and may readily
be reduced to the stable oxide.

2. Refractory Media

The useful temperature capability specified for the foam ceramic
is 3000 + °F. Accordingly it is very desirable to utilize in-
organic materials with inherently high melting points (= 4000°F)
to minimize any eutectic or degrading effect produced in the
composite body.

Ceramic materials are often classified in the following groupings.

Carbides Borides
Graphite Oxides
Nitrides Sulfides
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Carbides, graphite, and nitrides all share a common limitation;
poor oxidation resistance. Borides are currently being investi-
gated for various usages but comparatively little experience is
available. Sulfides are seriously limited by chemical instability.
This leaves the various oxide or mixed oxide materials for consi-
deration. The following series of oxides all melt above 4500°F,
are oxidation resistant, and chemically stable.

Beryllia (BeO) Hafnia (HfOp)
Calcia (Ca0) Magnesia (MgO)
Zirconia (Zr02) Thoria (ThOp)

Zirconia has been utilized in the preparation of refractory cera-
mic coatings in which the useful strength and temperature resis-
tance were achieved by chemical bonding (Reference 3, 4, & 5).
The primary refractory media was zirconia.

Binder

Normal techniques of fabricating ceramic bodies utilize a vitreous
or sintered bond. High temperature chemical bonds are in limited
use, This program is dependent upon the use of low temperature
chemical bonds. A listing of the chemical bonding systems used
in conjunction with zirconia is given in Reference 6. The most
promising material was a modified phosphoric acid (monofluophos=
phoric, HoPO3F). Edlin, in his work on the bonding reaction
mechanism of ZrOE/H2P03F, has developed reaction equations (Ref.
5). The final equation is shown below.

2 HpPOF + 2rOp —w ZrPp0; + 2 HF §  + Hx0 (Eq 3)

Zirconium phosphate, ZrPo0-, dissociates to the zirconyl compound,
(zro)o P207, at 2822°F with loss of P205 as a vapor (Reference 7).

The dissociation reaction does not cause degradation of the bonded

materials, as shown by the use of bonded zirconia coatings that
exhibit capabilities in excess of LOOO°F (Reference 8).

Modifiers

The production of chemically-bonded ceramics requires additives
to assist in the reaction process. Likewise, foam bodies of all
categories utilize foam stabilizers. Therefore, modification
agents will undoubtedly be required but the selection was depen-
dent upon laboratory work.

Coating Study

The foaming agents must be dispersed uniformly in the ceramic slurry
to achieve maximum blowing effect and uniform pore structure. The
achievement of a uniform dispersion is contingent upon the use of
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finely divided powders (-35 mesh size). The reaction rate of powdered
alkali metal peroxides and superoxides is reported to be rapid, and
initial experiments during this program confirms this. A rapid reac-
tion rate will result in poor blowing efficiency and non uniform pore
structure.

Attempts were made to apply s degradable coating to the powdered foam-
ing agent. This consisted initially of spraying a thin aqueous slurry
of ZrOe upon the blowing agent. A charge of KOp was placed in a
rotating cylinder. The rotational speed was adjusted to provide a
tumbling action for the KO»>. The spray was directed to impinge a
semi-dry spray pattern of the slurry, upon the KO» grains.

In all instances reaction and liberation of Op was noted when the
slurry impinged on the KOp. A heat lamp was positioned to warm
slightly the surfaces of the KO, (=100-110°F) and thereby promote

a slight interaction or adhesion of the coating. This did not elimi-
nate the reaction.

Composite powders have been produced by intimate mixing of two mater-
ials. KOp and dry ZrOp powders were ball milled together. The resul-
tant mixture was very viscous and appeared to have liberated the avail-
able oxygen.

Communication with the supplier of KO, (Reference 9) indicated that
coating of peroxides or superoxides, while feasible, was a difficult
problem. During this coating study, the development effort was con-
ducted concurrently. Results of the development and formulation of
foam ceramic bodies show that a coating was not essential, therefore,
this effort was aborted.

Formulation and Development

1. General

The objective of this program was the development of chemically-
foamed and chemically-bonded foam ceramic bodies. A supplemental
requirement was the development of optimum properties and low
temperature (. 5S00°F) curing characteristics. The scope of this
program was restricted to material development and there was no
effort directed toward the establishment of an application system,
i.e., foaming material upon substrates, adhesion, etc.

The materials selected for investigation will result in a foam
ceramic body that may be described as a zirconium phosphate bonds«
ed zirconium oxide porous body with trace quantities of modifiers.
The mechanics of producing this body are summarized, in a general
fashion, below.

The dry ingredients are blended intimately and subsequently mixed
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thoroughly with the liquid materials. The resulting slurry is
agitated for a sufficient time to allow the evolution of the HF
reaction product shown in Equation 3. The foaming agent and
modifiers are added and thoroughly mixed. The slurry is cast
immediately into molds and cured.

The molds are rigid enclosures with a tightly fitting cover. The
use of a fully restrained blowing techniques enhances the uniform-
ity of the foam structure. Mold materials used include aluminum,
stainless steel, wood and plastic. A fluorocarbon, resin based
mold release agent permits easy release of the cast body and in-
hibits attack upon the mold case.

Drying and curing the foam is related closely to the foam proper-
ties. The cast slurry was maintained at room temperature for
sufficient time to complete the foaming action. Curing was ac-
complished using a conventional laboratory oven. The cure cycle
could also be done by infra red lamps or other heat sources. Cur-
ing at 250-300°F produced a strong rigid body. However, it was
necessary to post cure the body at 500°F to produce the final
conversion to ZrP207. The post cured body was insoluble in water.

Zirconia - HoPO3F System

The zirconia powder utilized in this series was calcium oxide
stabilized and procured in -325 mesh fractions. Prior experience
has shown that a blending of mesh sizes is beneficial to property
values. For the purpose of this study it was decided to use one
mesh fraction to minimize the quantity of formulations required
to develop a uniform foam ceramic body. Original plans called
for subsequent development effort utilizing various mesh size
blends but lack of time prohibited this work.

The formulation of zirconia - HoPO:F foam ceramic bodies is shown
in Table I. The basic reaction, sﬁown in Equation 3, does not
indicate the action of the NH)H,PO) additive. While the chemistry
is not understood fully, it has been shown that ammonium dihydro-
gen phosphate serves as a retardant to prevent early setup of the
slurry. Stolchiometric ratio is achieved with 2 mols of H2PO3F
for each mol of ZrO,. An excess of ZrOs was utilized in formu-
lations Z1 through Z18, to develop the ZrP207 bonded ZrO, matrix.
This series of formulations was used to evaluate the effect of
type and quantity of foaming agent, the ratio of acid to water,
and the ratio of liquid to dry phases.

The majority of this series exhibited foaming of some degree.

Z13 setup and hardened during mixing; 718 did not setup after
curing and 716 released large quantities of steam during the cure
cycle. The steam forced uncured material from the mold. 2716
was formulated with an excess of water that accounts for steam
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generation. The compositional variations in Z13 and Z18& do not
explain their failure, this is attributed to variation in mixing.
The remainder of the series exhibited non uniform pore sizes and
contained large voids. The foam structure indicated that the
foam agent was not dispersed thoroughly and the reaction was too
rapid.

Stoichiometric ratios of HoPOLF and Zr02 were used in Z19 through
223 to develop a ZrPo0, body.” The variables were those noted for
the previous series. %he cured bodies exhibited some degree of
foaming. although the pore uniformity was poor.

The series Z2la, Z21b and Z2lc were formulated in the same ratio
of Z21. 2Z2la as a control, Z21b and Z2lc were used to evaulate
mixing modifications. The mixing sequence was altered for Z21b,
and Z2lc was mixed in a Waring blender. No significant advantage
was realized.

During the previous mixing operations an exothermic reaction was
observed. This was considered as a factor in the poor foaming
characteristics. A cooling water bath was used to either inhibit
the exotherm or minimize the heat retention in the slurry. Series
Z9a through Z9e (ZrPQO ) were prepared to investigate this theory.
The resultant slurries were more stable and had longer pot life.
The cured foam structure appeared somewhat better.

Micron sized Si0O, was used in Formulations 76 through 723 as a
foam stabilizer. The results did not appear promising and the
next series eliminated Si0Op. 225 through 733 were ZrPo0O- bonded
ZrOe. Foam stabilizer was not included in Z25 through 727 and
Z31 through 733, corn starch was added to Z29 and Z30, while 728
had Si0Op, as a control. The series was mixed in a cooling bath

and the mixing sequence was modified. A slurry consisting of

all materials except the foam agent and stabilizer was prepared
and aged for time periods of 15 to 30 minutes. The remainder of
materials were added mixed and the slurry cast. The pore struc-
ture of the cured bodies was greatly improved although the pores
were interconnected. The open pores in Z25 was approximately 65%
of the body volume. Microscopic examination revealed hemispheri-
cal depressions that appeared to be isolated pore sites. A slurry
with low viscosity could develop closed pores and the oxygen pres-
sure inside the pore may rupture the pore wall; thus creating in=
terconnected pores.

A series was formulated with a higher viscosity td evaluate this
theory. 234 through Z39 can be described as a silicate bonded
zirconia. The cured bodies appeared to possess closed pore
structure although it was non-uniform. The apparent strength of
the silicate bond did not compare with that obtained from the
HpPO3F developed phosphate bond.
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The results of this series of evaluations indicate that viscosity

of the slurry is a major criteria for optimum foam ceramic formu-

lations. It was assumed that thixatropic mesterials would possibly
be of benefit.

Phosphate Bonded Bodies

The series Pl through P6 consisted of a cursory evaluation of
phosphate binders based upon a patent granted to Vukasovich,
Wickliffe and Johns (Reference 10). The formulations are shown
in Table II. ZU42 and Z43 are included in this series as they are
modifications of the phosphate bond system. The results of this
series were disappointing in that the pore structure and strength
characteristics were poor.

TABLE TI

FORMULAE OF ZrOs - P205 BODIES

Formulation (parts by weight)
PL

Materials PT P2 P3 P5 Po
Alkeaphos CE 25 60 —_ -— —_ —
Zr0p+2P205" X Hy0 * — — 18.2 125 - —_
Al503 T61 — — — - 2Lu8 —
ZrOp Zircoa B - -_ — -_ —_ L5
Ca0-Si0o 25 25 3.7 — —_ —
Wollastanite — — - 25.h — —
CaCO3 2. 2.5 - — - —_
AL - - - — 0.2 0.1
L1ip0, — — 0.5 3.5 — —
Starch — - - - L.8 2.4
H3POy, - — - - 92 46
Ho0 65 L6 —_ —_ 5.8 27.4
*Prepared in laboratory

ZrOo Lo g
Po0sg 92 g
Ho0 60 g
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Modified Zirconia - HpPO3F System

The previous work with the ZrP207 bonded matrix material has
shown erratic results for pre size, uniformity, and foam reaction
rates. However, this bonding technique produces hard, strong
bodies when cured at low temperatures. This system has been de-
signed to use the HpPOF - Zr0, reaction, with an excess of ZrO,,
to evaluate the foam réaction. Specific areas to be investigated
involve a more viscous slurry and/or thixatropic phenomena. The
formulation of this foam ceramic system is shown in Table III.

Zhk through Z47 were used to evaluate bentonite and Baymal as a
means of achieving viscosity. A wetting agent was incorporated
in Zhl4 and Z45. 2Z46 and Z4T7 did not contain the acid binder,

this allowed evaluation of the Baymal - ZrOp interaction. These
four slurries were prepared primarily to enable observation of the
slurry characteristics and wvaluable information was obtained. The
use of both bentonite and Baymal produced a thicker slurry that
appeared to provide efficient entrainment of the Op blowing media.
Baymal is a colloidal aluminum oxide material with the nominal
composition A1OOH.

The L1202 reaction rates produce the best results with respect
t0 controlled foaming action. The majority of succeeding formu-
lations contain L1502 as the foam agent. It is desirable to
work with controllable foam reactions, however, it is also desir-
able to maintain high foaming efficlency. Equations 1 and 2
readily show KOp as the more efficient blowing agent (2 mols
LipOp —s 1 mol Op; 2 mols KOp —— 1.5 mol Op). Therefore, KOo
has been included in the present series formulation. Z48 through
762 used Baymal (ALQOH) as a thickening agent in the ZrPo07/ZrOo
slurry. Water additions were eliminated to reduce the rapidity
of the Lip02 reaction. This decision was based upon the availabil-
ity of sufficient water from the acid-zirconia reaction, as indi-
cated below.

2 (100) 123 265 2(20) 18
2 HoPOsF + ZrOp —= ZrPo0; + 2 HF + Ho0
120 3 73.8 07 T X

120 grams of HoPO3F reacted stoichiometrically with 73.8 grams of
ZrO, yields 10.8 grams of water.

Lé 18 2(2k)  .5(32)
Lino0O2 + HoO —m 2 LiOH + .5 0o
27.6 10.8

The available HoO (10.8 g) would theoretically react with 27.6
grams of LipOp; considerably more Lip0O, than required. One gram
of LioOp releases 0.35 gram of Op, or 240 cubic centimeters of

10
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02 at standard temperature and pressure.

The mixing technique was modified during this series to provide

a more thorough release of HF gas from the slurry. Stoichiometric
ratios of HoPO3F and zirconia were mixed for periods of time
varying from l%-MS minutes. Gas evolution was observed and when
the bubble formation ceased, an excess of ZrOp was added to the
slurry. The thickening agent was added and blended thoroughly.
LipOp added, dispersed and the slurry cast into molds for subse-
quent curing. Z53 deviated slightly from this sequence. The
slurry was placed in a Waring blender and the LiyO, dispersed at
high speed mixing. The formulation was cured as before. The
resultant foam ceramic bodies were very promising; the pore struc-
ture was somewhat uniform and evidence of closed cells was apparent.
The apparent bulk density of Z53 and Z54 was 0.90 and 0.96 g/cc,
respectively. Z59 was checked for density properties using the
ASTM standard C20-46. The calculated density was 1.5 g/cc with
59.3% open pores. The boiling action specified in ASTM was be-
lieved to force water through microscopic openings into otherwise
closed pores. To evaluate this theory, the Z59 block was dried
and static soaked in water. Table IV shows the weight change
observed.

TABLE IV

OBSERVED WEIGHT CHANGE OF 7259 FOAM
STATIC WATER SOAK

Cumulative Cumulative

Time (hrs) Time (hrs) Av (g) AV (g)
ok ol +1.58 1.58

2k L8 + 0.20 1.78

oh T2 no change 1.78

2k 96 no change 1.78

72 168 + 0.h2 2.20

168 336 + 0.40 2.60

96 432 no change 2.60

The total weight change was 2.60 g compared to 3.5 g in boiling
water. This shows an apparent increase in closed pores.

The series 763 through Z76 were very similar to the preceeding
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series and was designed to provide additional information on mix-

ing procedures, additives, and foam characteristics. This series

represented an improvement in the foam ceramic body, with both

772 and 276 exhibiting very good pore structure. The bulk density
of z72 was 1.3 g/cc.

Investigation of Additional Modifiers

The ZrP207 bonded Zr0, foam ceramic, as characterized by 772 and
776, appeared to offer the best opportunity to fullfill the con-
tractual objective. Various slight modifications were advanced
and to evaluate these, series Z77 through Z84 was formulated.
This series is shown in Table V. Bulk densities obtained range
from 0.48 to 1.12 g/cc depending upon the fomulation. The bodies
were very weak and friable. This effort was discontinued.

TABLE V

FORMULAE OF BODIES WITH UNCLASSIFIED ADDITIVES

Formulation (parts by weight)

Material  Z77 278 279 7280 781 782  782a U826 783 78k
% ZrOo 65 147.6 147.6 147.6 147.6 1h7.6 147.6 147.6 14T7.6 147.6
NH), HoPOy 5 5 5 5 5 5 5 5 5 5
Lis0p 1 2 2 1 2 2 2 2 2 2
KO, - 1 - cem mem aes .- -—- -—- —-
CaC03 ——— —e- --- S 5 ——- -
Bentonite 1 1 1 1 1 1 1 1 1 1
A100H - 4.8 5 5 5 > p) p 5 p)
Ca0-510p ===  -a- e mee cee s - 9.2 -a- -
KMnOy, 1 - ——— -—- -— - -—- - - -
Alkaphos CE ===  =u- - .- .- - 31.8 31.8 --- _—
HyPOSF 30 17.8 €0 60 45 55 55 55 50 55
H3POy, —_— —a- --- e -—- ——- .- 30
Hy0p ——— .- --- -—- --- --- --- -—-- 10 -—
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TABLE V (CONT)

FORMULAE OF BODIES WITH UNCLASSIFIED ADDITIVES

Formulation (parts by weight)

Material Z{] Z7° 2’[9 Z30 781 762 z82a 7820 783 z8h
H2O 12.5 70 80 50 70 100 100 130.8 70 TO
Density -—- -—- 1.19 --- 1.05 0.48 0.87 --- 0.98 1.12

(g/ce)

6. Discussion

The development effort described in the foregoing sections has shown
the feasibility of utilizing a ZrPo0-, bonded ZrO, as the matrix
material for a foam ceramic blown wizh Lio0p. The most promising
formulations exhibit good strength properties, appear to possess
comparatively uniform pore structure and a fair volume of closed
pores. The reproducibility of the foam is poor and the desired
properties are not fully developed. Z72 and Z76 were selected
for optimization.

Optimization of Foam Ceramic

Foam ceramic formulations Z72 and Z76 have demonstrated significant
value, although the properties are not consistantly uniform. These
two formulations were selected for an optimization study. Both formu-
lations are defined as, "zirconium phosphate bonded zirconia bodies
utilizing lithium peroxide as the source of gaseous oxygen for develop-
ment of a foam structure".

The initiation of this study coincided with a series of foam body
failures. The slurry did not react in the previously observed manner,
a completely random pattern emerged. Slurries set up during initial
mixing stages, slurries did not set up, and foam bodies exhibited
large blow holes. After a revaluation of the entire concept, it was
theorized that the acid was at fault. The acid is anhydrous but not
100 per cent HoPO3F. An equilibrium exists between H3PO) (or HPO3)
HP02F and H2PO F, where HPOF is present to the extent of approxi-
mately 80 welgh% per cent. % was established (Reference 11) that the
present lot was low in fluoride concentration. The cumulative fluo-
ride level is maintained in the 18.5-19 weight per cent range. The
determination of fluoride content normally is accomplished by means of
the Willard and Winter distillation technique and a control check
method is not available. The manufacturer's informstion enabled cor-
rection of the fluoride deficiency by an addition of hydrofluoric acid.
This action produced acceptable foam ceramic bodies. The difficulties

j—
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encountered confirm Edlins work (Ref. 5) in which he concluded tha+*
the presence of fluoride radicals was essential to the bonding mechan-
ism. A program delay resulted from this difficulty and it was decided
to limit future work to the 276 formulation.

A review of the developmental and initial optimizing work indicated
that the primary critical area of the process was the mixing of the
slurry. This assumes that all reactants are within specification. A
process chart was prepared that shows twenty-one plateaus, during
mixing, that can affect the foam ceramic body.

Experimental work has shown that the initial mixing of acid and zirconia
primarily controls the slurry preparation. Equation 3 shows that the
formation of ZrPgoZ is accompanied by the release of HF. Exploratory
work has demonstrated that incomplete evolution of the HF results in

a secondary reaction (not defined) that is detrimental to the formula-
tion. Periods of mixing were varied from five minutes to greater than
one hour. Short mixing times resulted in uncontrolled foam reaction.
Figure 1 shows a comparison of foam Z76 bodies formulated by various
mixing times.

The formation of ZrP, OZ was accompanied by an exothermic heat of reac-
tion. Small slurry volumes (=150 cc) were relatively unaffected.
Sufficient heat was developed in large slurry volumes to cause degrad-
ation of the slurry and premature setup of the slurry. The use of a
cooling water jacket during mixing minimized the heat build up and
resulted in lower viscosity and smoother slurries. The water jacket
also appeared beneficial in producing slurries that temporarily
inhibited the subsequent Lis0o - Ho0 reaction.

The secondary, or excess, ZrOp addition was not a source of trouble.
The final additives, Lip0, and bentonite, were a critical factor.
Intimate, yet rapid, dispersion of the peroxide was shown to be essen-

tial. A mixing period of 60 seconds in an intensive mixer (Warlng
blender) produced the optimum result.

Initial curing of the cast slurry was also a potential source of foam
structure failure.

Dense blue-grey, pungent fumes were observed with the cast slurry
when the initial curing was too soon or the rates were too rapid. The
fumes persist for approximately three minutes and are accompanied by
a high exotherm. After the fumes subside the foam ceramic is hard
and appears cured. This action frequently ruptures or produces blow
holes in the body and is undesirable. The following postulate is
advanced for this behavior. The slurry is metastable at room tempera-
ture and the Li O, is known to react with heat. The curing cycle
accelerates the L1202-water reaction rate and the additional tempera-
ture or a pressure build up is sufficient to bring about an irrever-
sible reaction, establishing a stable phase.
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To evaluate the exothermic heat and the pressure buildup a simple
experiment was devised. A mold was modified to provide temperature
and pressure take offs. Temperature was measured by a thermocouple
immersed in the slurry and the pressure was read from a U tube mano-
meter. The cast slurry and mold were placed on a hot plate to provide
the heat required to initiate the exothermic reaction.

A slurry volume of 75-80 em3 generated an exothermic reaction tempera-
ture in the range of 365-385°F. The measured vapor pressure developed
over this slurry volume was 380 g/cmg. The heat developed during the
exothermic reaction was sufficient to set up the slurry into a hard
body that can be removed from the mold case and further cured to

500°F to render insolubility. This reaction mechanism is believed to
have merit for certain applications in which an external heat source
is required to initiate the reaction.

This study has been successful in producing foam ceramic bodies that
possess uniform pore structure and good pore distribution in the direc-
tion of foam rise and in a plane normal to the foam rise. Figure 2
shows a Z76 foam ceramic cut to exhibit intermal structure. Figure 3
and 4 are photomicrographs of Z76 foam. Several foam ceramic shapes
are shown in Figure 5.

Density Study

An important facet of the concept of alkali metal peroxide ceramic
foam was the inclusion of closed pores in the foam matrix. The ASTM
standard C20-46 is useful in determining the volume of the open pores
and the volume of the impervious portion. Additional techniques are
also available for determination of these properties. However, there
is no provision for the determination of the closed pore volume. A
technique was developed that utilizes the standard density-porosity
test and a pycnometer density test.

The volume and bulk density of the impervious portion is determined
after a soak period in water. The body is then dried to constant
weight, crushed and sized. The powder density is obtained through the
pycnometer test method (ASTM C-128). Assuming there are no voids
within the impervious portion of the foam body, the density of this
phase should approximate that of the crushed powder. If the powder
density is greater than that of the impervious material, it is reason-

- able to assume that volds are included in the impervious portion as

closed pores. The void volume, or per cent closed cells, can be cal-
culated for the foam ceramic body. Table VI shows a calculation for
a 7276 foam body.
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TABLE VI

CALCULATION OF CLOSED PORE VOLUME
TYPICAL 776 FOAM

Property Method Value
Dry Weight D ASTM C20-46 9.0 g
Saturated Weight W ASTM C20-L46 10.6 g
Suspended Weight S ASTM C20-46 k.5 ¢g
Volume - Exterior A W-S 6.1 cc
Volume - Apparent Impervious Vi D-S 4.5 ce
Volume - Open Pore Ve W-D 1.6 cc
Bulk Density B D/V 1.47 g/cc
Density - Impervious Bl D/v1 2.00 g/cc
Powder Density B2 ASTM C-128 2.98 g/cc
Volume - True Impervious V3 D/B2 3.02 cc
Volume - Closed Pores vh V1-V3 1.48 ce
Open Pore Percentage (v2/v) 100 26.2%
Closed Pore Percentage (vh/¥) 100 24.3%
Matrix Percentage V- (V2 + V4) k9. 5%
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EVALUATION

The objective of this program was the development of a foam ceramic body
suitable for use as a thermal insulation material for radiative and convec-
tive temperature extremes. A foam ceramic body was developed and optimized
for use in the stated objective. The body has been characterized as to
materials, processing history, and chemical composition. The efficiency

of the foam reaction was studied and a visual examination established the
pore uniformity and distribution. The optimized material must be evaluated
to allow determination of qualitative values for physical/mechanical,
thermal, and optical properties. The optimized foam body is designated Z76.

A. Physical and Mechanical Properties

1. Density

The density of the foam body can be controlled by using predeter-
mined amounts of the slurry in a specific volume mold. Experience
has demonstrated this technique, however, there was not sufficient
data developed to permit establishing a schedule of volume to den-
sity. Table VII provides observed density values correlated with
open and closed pore volume for several bodies cast from the Z76
formulation.

TABLE VII

EXPERIMENTAL DENSITY VALUES FOR Z76 FOAM

Bulk Density Powder % Open % Closed % Matrix Mold Fill

g/cc Density Pores Pores Volume
g/cc % Application
1.82 3.hk2 33.3 14 52.7 60 Compressive
Strength
1.80 3.30 34,6 10.9 5k.5 70 Thermal
Conductivity
1.48 3.23 33 21.4 45.6 70 Thermal
Conductivity
1.48 3.43 27.5 30.3 ko 2 70 Thermal
Conductivity
1.06 3.10 37.8 28 3.2 70 Experimental
1.17 3.03 26.8 344 38.8 60 Experimental
1.16 3.02 26.5 35 38.5 60 Experimental
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TABLE VII (CONT)

EXPERIMENTAL DENSITY VALUES FOR Z76 FOAM

Bulk Density

Powder % Open % Closed % Matrix Mold Fill

g/cc Density Pores Pores Volume
g/cc % Application
1.25 3.05 15.5 L34 hi.a 50 Experimental
0.97 3.06 37.6 30.7 31.7 60 Flexural
Strength
0.96 3.05 43 25.4 31.6 60 Flexural
Strength

Flexural Strength

The flexural strength was evaluated at room temperature, using a
four point loading modulus of rupture technique. The support pins
were spaced 2.50 inches apart. The loading pins were spaced 1.25
inch apart. The loadlng rate was 0.05 inch per minute, applied

through a cone-pointed disc. Figure 6 shows the fixture and the
broken specimens.

The test specimens were cut from two separate castings into a

nominal size of 0.5 X 0.5 X 3.0 inches. Modulus of Rupture was
calculated using the equation.

_3 W (L1 - 1)

SR = 55T , where (Equation 4)
SR = Modulus of Rupture in psi

W = Load in pounds at failure

Ly = Length of lower span in inches

L2 = Length of upper span in inches

B = Breadth of specimen in inches at fracture

D = Depth of specimen in inches at fracture

The constant values of Ly and L, (2.50 and 1.25 respectively) per-
mit the reduction of Equation U4 to:

_1.875 W

5
R™=3p

(Equation 5)

Results of modulus of rupture tests are shown in Tables VIII and
IX. OScatter can be expected in modulus of rupture data for brittle
ceramic materials, and the range of wvalues does not appear exces=-
sive for the high porosity material. The extent of scatter pro-
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vides an indication of the general quality of the material, such
as uniformity of pore size.

TABLE VIII

MODULUS OF RUPT (z76 FOAM)
APPARENT DENSITY 0.97 g/cm® APPARENT POROSITY 37.6%

Specimen Breadth (in.) Depth (in.) Load (1b) Rggiﬁiﬁs(gﬁi)

1-1 456 .505 12.85 207
1-2 453 .501 1k.25 235
1-3 ko8 .510 13.50 195
1-4 ko7 .522 20.00% 277

Average 228.5

* Load beyond scale Maximum deviation + 21%

from average - 15%

TABLE IX

MODULUS OF RUPTURE (Z76 FOAM)
APPARENT DENSITY 0.96 g/cc APPARENT POROSITY 43%

Modulus of
Specimen Breadth (in.) Depth (in.) Load (1b) Rupture (psi)

2-8 ol .503 18.60 279
2-9 483 .50k 15.65 239
2-10 .45 .520 17.%0 2hy
2-11 k59 .528 15.20 223

Average 246.3

Maximum Deviation + 13%

from Average - 9%
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Compressive Strength

The compressive strength was evaluated at room temperature using

a Tinius Olsen Universal Testing Machine. The load was applied
through a cone pointed disc. The test specimens were cut from

one Z76 casting into a nominal size of 1 X 1 X 2 inches. Particu-
lar care was taken to keep the 1 X 1 inch faces parallel. Compres-
sive stress was calculated using the equation.

o % , where (Equation 6)

Stress in psi
Total load in 1bs
Cross sectional area in in2

> Q
non

1]

TABLE X

COMPRESSIVE STRENGTH (Z76 FOAM)
APPARENT DENSITY 1.82 g/cc APPARENT POROSITY 33.3%

Specimen  Width (in) Depth (in) Area (in2) ngga%lb) Sﬁ?ﬁiis?ili)
1 .998 972 970 732 755
2 -999 972 971 750 12
3 -999 -Ohk 943 790 838
4 .999 1.018 1.017 572 562
Average 731.75
Maximum Deviation + 15%
from Average - 23%
4. Thermal Shock Resistance

Blocks of Z76 foam ceramic, one inch thick, were used to evaluate
the thermal shock resistance. The nominal block size was 2 X 4
inches. The evaluation procedure consisted of heating the block
to a speclfic temperature in an electric reistance furnace
operated in air; soaking at temperature for 20 minutes, removal
from furnace and immediate shocking with a cold air blast. The
test is considered severe; the cold air blast impinged upon one
surface is effectively limited to a very small penetration into
the body by low thermal conductivity. The back surface can only
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be cooled by radiation and convection, thereby remaining very

near the furnace temperature. The disparity in surface tempera-
tures induces severe cooling stresses that were evidenced by bowing
of the foam body. The bowing was accompanied by cracking and, in
some instances, splitting of the body. Thermal shock tests were
run at 1000, 1200, 1500, 2000 and 2500°F with similar results.
Cracking was somewhat more severe with increasing temperature but
even at 2500°F catastrophic failure did not occur. The thermal
shock resistance of Z76, based upon this method of testing, must

be evaluated as fair to poor.

It is believed that the thermal shock resistance can be improved
by modification of the zirconia refractory grain. The zirconia
phase consisted entirely of -325 mesh stabilized ZrO,, partially
fused. The use of fully fused grain in a suitable blend of mesh
sizes is expected to yield better thermal shock resistance.

During the thermal shock evaluation light grey fumes were observed
at temperatures up to 1500°F. This concured with observations
made during the thermal conductivity and melting point tests.
Specimens of Z76 foam, previously cured at 500°F for one hour,
were subjected to annealing cycles to determine an optimum cure.

An additional cure period of 5 hours at 500°F practically elimin-
ated the fumes.

Thermal Properties

The thermal property evaluation was conducted by the United Aircraft
Research Leboratories, a division of the United Aircraft Corporation.
The results of the evaluation are sumrmarized in the following para-
graphs and the complete report is included as Appendix C.

1.

Thermal Stability

Weight loss as a function of temperature was determined by heating
a finely ground portion of Z76 in an electric resistance furnace
with an air atmosphere. The cumulative weight loss, to approximate-
ly 2900°F, was 5.55%. The weight loss curve is shown in Figure 7.

The work is not a complete thermogravimetric analysis since the
weight change rate between 80°F and 2156°F was not determined.
The observed weight loss in this range is attributed to complete
drying of the powder and volatilization of the HF gas. The abrupt
change of slope at 2550°F is analagous to the literature report
(Ref. 7) of dissociation of ZrPa0¢ to (2r0)oPp0- with a release
of P05 as a vapor. The reported dissociation Zemperature is
2822°F compared to the observed temperature of 2552°F. This ap-
parent discrepancy is attributed to the composite nature of the
material. While this 2552°F point is considered the thermal
stability point, experimental evidence indicates the foam body
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can be used up to the melting point without catastrophic degrada-
tion. If the evolution of P205 fumes is objectionable, the foam
body can be fired above the dissociation temperature prior to use.

2. Melting Point
The determination of the melting point of Z76 was conducted in an
argon atmosphere within a tungsten resistance furnace. The speci-
mens were supplied in an as-cast condition and were 0.5 inches in
diameter and approximately 1.5 inches long. The melting tempera-
ture was determined by the temperature observed at the first
formation of liquid. The melting point of Z76 was determined as
1835°C + 10°C (3335°F) in an argon atmosphere 4.5 psi above
atmospheric pressure. 276 test specimens, after the melting point
determination, are shown in Figure 8.
3. Thermal Conductivity
A radial heat flow stacked-disc technique was utilized in the
thermal conductivity determination. The test specimens and guard
specimens were 776 foam ceramic foamed in place to the required
dimensions. Figure O shows the mold details and a typical test
specimen.
The measured values of thermal conductivity for Z76 foam ceramic
are shown in Table XI.
TABLE XT
APPARENT THERMAL CONDUCTIVITY (Z76 FOAM)
AVE DENSITY 1.59 g/cc
Mean Temperature Thermal Conductivity
°F °C Btu/hr °F-in/ft2 Cal/sec °C-cm/cm?
578.7 303.7 3.25 0.00112
871.9 L66.6 3.37 0.00116

1068.1 575.6 3.77 0.00130

1244 .3 673.5 k.06 0.00140

140k .0 762.2 L. 2L 0.001k6

1524.7 829.3 L.27 0.001k7

1553.5 845.3 L.5 0.00155
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The preparation of thermal conductivity specimens was conducted
during the time that difficulty was encountered in producing
acceptable foam bodies. The foam ceramic structure used in the
above tests was not the optimum that was developed later. A
comparison of bulk density and pore volume shows that the conduc-
tivity specimens were nearly double the density of flexural samples
with a decrease in porosity. It is proposed that the conductivity
values would be enhanced if the optimum foam body had been develop-
ed prior to this evaluation.

Optical Properties

The evaluation of optical properties that characterize Z76 foam cera-
mics, was conducted by Pratt and Whitney Aircraft, a division of the
United Aircraft Corporation. The evaluation included total hemispheri-
cal emittance at elevated temperatures. The Pratt and Whitney Aircraft
report is included as Appendix D.

It was unfortunate that the preparation of test items, for optical
property evaluation, coincided with the period in which difficulty
in preparing acceptable foam bodies was experienced. Test items
could not be fabricated to the desired configurations and alternate
configurations had to be substituted.

1. Emittance

The total hemispherical emittance was measured at temperatures

of 151°F and 317°F. The alternate specimen configuration severely
limited the measurement technique and lack of time precluded
further work. The measured values are shown below.

Emittance Temperature
0.75 151°F
0.78 317°F

2. Discussion

The test equipment restrictions dictated the use of thin panels

( € 1/4 inch) of the foam ceramic body. To achieve thicknesses
of this order, it was necessary to cut panels from foam ceramic
blocks. The resulting surfaces exhibited roughness and a large
proportion of void spaces. This surface condition is considered
as optically poor. It is postulated that the optical properties
would be enhanced using as-cast surfaces, or a coating of unfoamed
Z2rP207 bonded Zr0p.
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SUMMARY

This program was directed toward the development of a chemically-foamed,
chemically-bonded refractory body designed for use as a thermally insula-
tive media in convective and radiative heat enviromments. Basically the
work has been limited to ZrOp grain bonded with HpPO3F; a minor effort
utilized phosphates and silicates as a binder.

An optimized foam ceramic body, designated Z76, has been developed and
evaluated. The body is described as a stoichiometric ratio of ZrOp and
HpPO3F that produces ZrPpO7; the use of excess ZrOp provides a ZrP50
bonded Zr02 structure. Study of the gross properties show a uniform pore
distribution and a narrow range of pore sizes. The as-cast surface of the
body exhibited a smooth (matte) skin that was hard, and penetrated by smal
diameter holes connected to internal pores. Cut surfaces of the body show
hemispherical depressions that appear as closed cells. An interesting
phenomenon was the arrangement of internal pores into a repeating hexagona

pattern. This has not been explained. The foam ceramic body is white with

a tendency toward the typical zirconia buff color when heated to high

temperature in air. Heating in argon exerts a reducing influence as in-

dicated by the grey color developed.

The 776 properties that have been evaluated are tabulated in Table XII.
TABLE XIT

PROPERTY DATA FOR Z76 FOAM CERAMIC

1

1

Property Category Value

1)
2)
3)
L)
5)
6)
7)

Density Range 0.96 - 1.80 g/cc

Flexural Strength (Modulus of Rupture) 237 psi

Compressive Strength 731 psi

Thermal Shock Resistance fair to poor

Melting Point 3335°F

Thermal Conductivity 4.5 Btu/hr °F in/ft2 at 1550°F

Emittance (Hemispherical) 0.78 at 317°F

N
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Conclusions

It is possible to utilize alkali metal peroxides and a chemical
reaction bonding system to produce foam ceramic bodies for use as
insulating media.

The foam agent (LisOp) must possess a controllable reaction rate
for maximum foaming efficiency.

The 776 foam ceramic body developed under this program shows pro-
mise for use as a thermal insulation material.

Recommendations

1.

The Z76 foam ceramic body should be further developed in the
following areas:

a. establish a range of refractory grain mesh sizes to minimize
shrinkage, thermal shock damage and provide better strength.

b. evaluate fully fused refractory grain to minimize shrinkage
and thermal shock damage.

¢. evaluate zirconia grain stabilized with other materials
(Y203, Ti, ete.).

Study additions of fiber or whisker materials to the basic slurry
as a means of enhancing the mechanical properties of the foam cer-
amic.

Further evaluation of the optical properties is essential to the
use of 776 material. Concurrent with this evaluation, surface
modifiers should be studied to enable production of foam ceramics
with the desired optical properties.

The use of a foam ceramic as a thermal insulation for aerospace

vehicles, is contingent upon the mating of the foam to substrate
materials. Accordingly, the adhesive properties and/or methods

of anchoring the ceramic should be investigated.
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Pore structure at 0. 25 inch rise

Pore structure at 0.50 inch rise

Pore structure at 0. 75 inch rise

Figure 3. Photomicrograph of 776 at Various Levels of Foam Rise
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APPENDIX A

TYPICAL, PREPARATION OF 776 FOAM BODY

The slurry preparation is accomplished by a stepwise addition of materials and
mixing technique. The development of stoichiometric ratios can best be shown
by a rearrangement of the Z76 formulae.

z76
1) ZrO0o 73.8 g.
2) NH,HZPO), 5.1 g.
3) A10CH 4.0 g.
4) HpPO3F 120.0 g.
5) Zr0o 73.8 g.
6) NH,HoPO), 5.1 g.
7) Li0, 2.0 g.
8) Bentonite 2.0 g.

Item 1, 2, and 3 were blended intimately and charged into a polyethylene beaker
immersed in a cold (45-60°F) water jacket. Acid (item 4) was added and mixed
mechanically at a relatively slow speed. The mixing paddle was traversed per-
iodically from the bottom to the top of the slurry volume. The mixing period
has been established at 60-90 minutes. During this operation HF is liberated
by chemical reaction and the evolution is manifested by the appearance of many
small bubbles that burst at the slurry surface. This is characterized by the
pungent odor of HF fumes. Completion of this mixing phase is indicated by the
cessation of gas bubbles. The mixing action is never vigorous enough to eéntrain
air in the slurry. The slurry at this point is a thin creamy fluid without
entrained bubbles.

Items 5 and 6 are mixed intimately and added slowly to the slurry with constant
mixing. This step provides excess ZrO, to assure reaction of all the H2PO3F,
and develops the refractory characteristic of the foam body. A mixing time of

5-10 minutes is sufficient. The slurry is a heavy creamy fluid that appears
bubble free.

The mixer speed is faster but does not whip the slurry during the addition of
items 7 and 8. The Lis0p is added and dispersed thoroughly during & 30«60
second mix. Bentonite is added immediately and the slurry is mixed for 60-120
seconds to effect dispersement. At this point, bubble formation resulting from
the Lis0p reaction can be observed.

Al
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APPENDIX A (CONTINUED)

The slurry is charged into a suitable mold container and allowed to stand for
periods of 10-30 minutes. Initiation of the foam rise is evident during this
time. The mold is tightly capped and allowed to stand at room temperature for
an additional time period. Experimental evidence indicates that a "rise" time

of twelve hours is required to provide a fully blown ceramic foam that has devel-
oped into a plastic state. The mold and slurry are charged into a cold oven and
brought to 300°F in a stepwise curing aycle. The absence of added water and the
small volume of water released during reaction allowed the curing process to pass
through the "water smoking" period rapidly. The prime consideration was the
avoidance of the exothermic LipOp-water reaction. The long time room temperature
cure minimizes this danger.

After a two hour cure at 300°F, the foam ceramic has developed a hard body and
may be handled. In the event water solubility is not a problem the foam body
is now ready for use. To insolubilize the foam ceramic body, a further cure
of four hours at 500°F is required.
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APPENDIX B

GLOSSARY OF MATERTALS

Material

Source

Data
Screen Analysis

10

11.

12.

13.

Alkaphos CE
A1503°3P505°X H2O

Alumina T61
A1203 tabular

Aluminum
#101 Aluminum metal
powder

Ammonium dihydrogen
phosphate

NH,H,PO),

Bentonite

Baymal
colloidal alumina
A100H

Calcium carbonate
CaCO3

Calcium silicate
CaO'SiO2

Fluophosphoric acid,
mono

H2P03F

Hydrogen peroxide
HoO2

Kasil #6
Potassium silicate

Lithium peroxide
Lip0p

Phosphoric acid
H3POy

Monsanto Chemical Co.
Aluminum Co.

of America

Aluminum Co. of America

Matheson Coleman & Bell

Chicago Vitreous Corpora-
tion

E.I. DuPont de Nemours &
Co.
Fisher Scientific Co.

Hampden Color & Chemical

Ozark Mahoning

Fisher Scientific Co.

Philadelphia Quartz Co.

Foote Mineral Company

Mallinckrodt Chemical
Co.

Viscosity at 25°C 500-
2000 centipoise

-325 mesh 100%

-100 mesh 100%
-325 mesh 80%

ave, dia. 19-20 microns

Specific surface area

274 me/g

Micron sized powder

Anhydrous
80% HgPOSF

K50:5i0p ratio 1:2.10
40.3° Be

Ground to 100%-35 mesh

85%
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Material

Source

Data
Screen Analysis

1k,

15.

16.

17.

18.
19.

21.

Phosphorus pentoxide
Po0sg

Potassium super oxide

KOp

Potassium permanga-
nate

Silica Cab-0O-sil
810, micron size

Corn Starch

Zirconia Zircoa B
Zr0s

Wetting Agent
Triton X100

Wollastonite
Ce.o * SiOQ

Matheson, Coleman & Bell

MSA Research Corp.

Fisher Scientific Co.

The Cabot Corporation

Zirconium Corp. of

America

Rohm and Haas

The Cabot Corporation

16-20 mesh 100%
0o content 223 ce/g

Ca0 stabilized;, partially

fused, 100%=325 mesh

C101 granular
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APPENDIX C

THERMAL PROPERTIES OF ATKALI METAL PEROXIDE AND
SUPEROXIDE BLOWN CERAMIC FOAM Z76
(UNITED AIRCRAFT RESEARCH LABORATORIES)

In accordance with purchase order HSD-574363, July 19, 1965, the experimental
and analytical work necessary to establish the thermal conductivity, the thermal
gravimetric, and the melting point properties of zirconia foam Z76 have been
carried out and are here reported.

The weight loss of this material as a function of temperature was determined

by heating a finely ground portion of sample Z76 in a beryllia crucible by means
of a high-temperature ceramic kiln operated in air. The sample was heated to
the temperature specified in the table below and then held at that temperature
for 10 minutes, removed from the kiln and allowed to cool and then weighed on a
Mettler single-pan balance with the results shown.

Temperature Sample Weight
°c °F (grame)

27 80 3.66222
1180 2156 3.53130
1300 2372 3.52668
1400 2552 3.5258k
1500 2732 3.47330
1600 2912 3.45920
1650 3002 3.36922%

* BeO crucible collapsed. This value may, therefore, be too low.

When examined at the final temperature obtainable in this kiln, 1650 C or 3002 F,
the sample had not melted but had sintered to a solid mass.

To determine the metling point of the material, Z76, a rod of the sample 1 1/2
in. long and 1/2 in. In diameter was first drilled transversely near one end,
preheated to 1000 C for two hours in air, then cooled and hung by means of a
tantalum wire in the tungsten resistance furnace of Figure 1. This furnace was
then pumped down, flushed with argon, and finally filled with argon at a pressure
of 4 1/2 psi over atmospheric. The sample was then heated until melted, the
temperature being determined by reading with a "Pyro" micro-optical pyrometer

the temperature of the inside of a tungsten crucible in which the specimen is
hung. The sample melted at an observed optical temperature, 1762 C, which through
the use of the calibration curve shown in Figure 2 may be converted to a true
temperature of 1835 C + 10 C (i.e. approximately 3335 F). The melting point at

zirconia foam 776 is therefore 1835 C in an argon atmosphere 4.5 psi above atmos-
rheric pressure.

The thermal conductivity of the zirconia foam material was measured by a method

vielding a relatively close approach to the idealized concept of radial heat
flow without an appreciable longitudinal heat flow component and which consists

C1



Hamilton

S04 NE NITED AIBCRAST CORPORATION

Standard A

of approximating the "infinite" length through the use of a stack of thin discs,
all of the same material. The longitudinal heat flow i1s limited by the poor
thermal contact between adjacent discs so that essentially true radial flow
exists over a finite length near the longitudinal center of the stack. An indi-
cation of the magnitude of the longitudinal heat flow can be obtained in the
test by measurin g the longitudinal temperature profile with a thermocouple
placed at a given radial position and then moved through the range in height of
interest.

This technique has been used by several investigators. Fieldhouse, et al (Ref.
1) used a stack of discs with a height to diameter ratio of 2.0 to 1, end-guard
heaters with approximately the same temperature profile as the specimen to

limit longitudinal heat flow, a central heater to provide the thermal gradient,
and an external heater to raise the temperature of the system. Feith (Refs. 2,
3) in measuring the thermal conductivity of beryllia foam specimens dispensed
with the end-guard heaters by using a stack of discs having a height to diameter
ratio of a little greater than two (2.25 to 2.75), placing the stack in a refrac-
tory metal crucible in an attempt to further equalize temperature differences,
and placing a stack of radiation heat shields on top of the stack of discs to
further reduce axial heat flow. Like Fieldhouse (Ref. 1), Feither (Refs. 2, 3)
used a central heater to create the desired thermal gradient and an external
heater to raise the temperature of the system.

The UACRL stacked-disc radial heat flow apparatus is based on Felth's work

(Refs. 2, 3) with a few simple improvements as shown schematically in Figure 3.
The UACRL tungsten resistance furnace, which provides the long isothermal heat
zone essential for thermal conductivity measurements, has been used to house

the experiment. In the furnace, a vertical stack of seven discs of the material,
whose thermal conductivity is to be studied, is placed in a deep thin-walled
tungsten crucible and a thin disc of tungsten is placed on top of the stack of
discs in an attempt to form an isothermal shell. An additional source of heat,
which is constructed from 20 mil wall tantalum tubing, is inserted on the axis
of the tungsten crucible, tungsten lid, a stack of discs and is mechanically
supported by a dead-end hole in a boron nitride plug inserted in the lower water-
cooled copper electrode and aligned by a centering hole in a massive boron
nitride disc placed in the upper water-cooled copper electrode of UACRL tungsten
furnace. The tungsten furnace is then used to heat the sample to the temperature
at which the thermal conductivity measurement is made and the inner tantalum
tube is used to produce a radial temperature gradient across the stack of discs
at this temperature. Temperatures are read exclusively with platinum-platinum,
10% rhodium thermocouples. The furnace elements, specimen and crucible, and
tantalum heater tube are protected by evacuating the furnace to 1 x 10-° mm of
Hg and then flowing purified argon through the furnace at a controlled rate such
that a constant positive pressure of 4.5 lbs/in.2 is maintained.

The UACRL tungsten furnace shown schematically in Figure 3 has been described

in detail in earlier publications (Ref. 4). Very briefly, the furnace uses flat
sheets of either 5 mil tungsten or 7 mil tantalum arranged to form a rectangular
box 10 in. long x 3 1/2 in. x 3 1/2 in. and so offers an unusually long and large
isothermal central section approximately 3 1/2 in. long and 2 1/2 in. in diameter.
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The heating elements are surrounded on all sides by & sets of tantalum radiation
shields, a mirror finish stainless steel reflecting shell and a water-cooled
jacket to further assure constant temperature. The vacuum system comprises a

6 in. diffusion pump, 6 in. valve with water-cooled baffle, and a liguid nitrogen
trap and is capable of achieving a vacuum of 1 x 10-7 mm Hg with cold furnace,
and typically a vacuum of 3 x 1072 mm Hg at a temperature of 2500 C. The furnace
temperature range is 100 C to 2800 C and constant temperatures of 2500 C may be
achieved in four minutes (without sample) since there are no ceramic materials

in the furnace.

The insert tantalum tube heater consists of a 20 mil, l/h in. diameter eleven-
inch long tantalum tube with that two-inch portion of the tube centrally located
in the specimen stack reduced to 15 mil thickness to minimize end effects. The
heating current is introduced in the tantalum tube by pressed molybdenum sheet
contacts which are joined to solid 1/8 in. molybdenum rod electrodes. The
molybdenum rods leave the furnace through Conax fittings as vacuum seals. Two
voltage leads are attached to the tantalum heater tube at the ends of the central-
ly thinned section. The current supplied to the insert tantalum tube heater is
measured by means of a thermocouple ammeter and a calibrated current transformer,
while the voltage drop across that portion of the tantalum tube heater reduced

in thickness from 20 to 15 mils is measured by a true r.m.s. electronic voltmeter
attached to the 20 mil diameter molybdenum voltage leads. The product of the
current and voltage readings divided by the distance between the voltage leads

is used to calculate that heat flow in watts/cm which causes the desired radial
temperature differential. In the actual experiment, the current input to the
tantalum insert heater is held at 100 amperes much of the time and typical
potential differences of 0.100 to 0.700 volts result when an effort is made to
maintain a radial temperature difference of approximately 100 C across the speci-
men. A 100 C or greater radial temperature differential serves to minimize any
errors resulting from the longitudinal (axial) temperature differences present

in the experiment.

As indicated schematically in Figure 3, temperature are read by means of thermo-
couples at six positions in the stacked-disc sample. The details of the speci-
men construction are shown in Figure 4, where it can be seen that two temperatures
are read at radial distances of 0.686 in. and 1.686 in. on a given radius in the
third disc of the specimen, at the same radial distances but on a radius rotated
120 in the fourth disc of the specimen, and again at the same radial distances
but on a radius 240° away in the fifth disc. The top and bottom pairs of discs
in the seven-disc stack serve only as guard specimens and are not instrumented.
Because of the high target temperature of the experiment (2200 C), all thermo-
couples used are platinum vs platinum 10% rhodium and are protected both by using
double-bore beryllia thermocouple tubing and by flame-spraying the thermocouple
bead with zirconia.
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TEST PROCEDURE FOR RADTAL HEAT FLOW STACKED-DISC METHOD

In general, the procedure consisted of setting the power level of the tungsten
furnace at a given level and then taking continuous temperature readings on all
six thermocouples until the temperature readings at the lower four locations
agreed within + 2 C and did not change more than 1 C in a five-minute period.
The center heater was then turned on and the power adjusted to obtain a thermal
gradient of approximately 100 C. The system was assumed to be in a steady-state
condition when the temperature gradients in the two planes agreed within + 2 C
and did not change more than 0.1 C in a five-minute period. After completing
observations at one temperature, the external system temperature was raised
approximately 100 C and the procedures outlined above were then repeated at this
new temperature. The temperature measurements from room temperature to approxi-
mately 1500 C were made with platinum-platinum, 10% rhodium thermocouples.

The measured values of the thermal conductivity for zirconia foam Z76 are shown
in tabular form below and graphically in Figure 5. The reproducibility of such
measurements have been shown to be very high in this laboratory (Ref. 5), but
the absolute value is dependent on the machining characteristics of the material
tested, i.e. on the accuracy of the spacing of the thermocouple wells. Typical-
ly, measurements are expected to be reproducible to within + 1/2 of 1% and cor-
rect to within + 10%. -

TABLE T

APPARENT THERMAL CONDUCTIVITY, ZIRCONIA FOAM Z76

Mean Temperature Thermal Conductivity
°c °F (calories/sec °C-cm/cm®)

303.7 578.7 0.00112

L66.6 871.9 0.00116

575.6 1068.1 0.00130

673.5 124k .3 0.00140

762.2 1kok.o 0.00146

829.3 152h4.7 0.001k47

8k5.3 1553.5 0.00155

The graph of the thermal conductivity of zirconia foam, 7Z76, shown in Figure 5
shows a lower or improved value of thermal conductivity when compared to the four
commercially available zirconia foams previously tested in this laboratory (Ref.

5).
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ARRANGEMENT OF APPARATUS I[N
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DESIGN OF THERMAL CONDUCTIVITY SPECIMENS

ALL DIMENSIONS
IN [INCHES

0.125 DIA.

1.686 % 0.010 DIA. 0.686 * 0.010 DIA.

UPPER GUARD SPECIMEN

0.375 + 0.005 DIA.

1.985 £ 0.015 DIA.

0.065 + 0.005 DIA.
0.38 DEEP

LOWER GUARD
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APPENDIX D

OPTICAL PROPERTIES OF ALKALI METAL PEROXIDE
AND SUPEROXIDE BLOWN CERAMIC FOAM Z(6
(PRATT & WHITNEY AIRCRAFT)

Introduction

A purchase order was received from Hamilton Standard Division requesting the
measurement of total hemispherical emittance at temperatures above 500°F for foam
ceramic samples. The samples were provided by Hamilton Standard Division.

The total hemispherical emittance of two samples was measured, but at tempera-
tures below 500°F. The emittance values measured were 0.75 at 151°F and 0.78
at 317°F for two different specimens respectively.

Total Hemispherical Emjttance Measurements

Test Procedure and Results

The total hemispherical emittance of two samples was measured in the total hemis-
pherical emittance rig shown in Figure 1. The emittance was determined by elec-
trically heating the specimens in vacuum and establishing a steady-state heat
balance. A vacuum of 10-5 mm Hg or better was maintained to ensure that the
effects of residual gas conduction and convection would be negligible. Hence,
except for heat lost through thermocouple and power leads, all heat lost through
thermocouple and power leads, all heat supplied to the specimen is lost by radia-
tion. The inside wall of the vacuum chamber simulates a black body and is main-
tained at a constant, uniform temperature. This permits the Stefan-Boltzmann
law to be used to calculate total hemispherical emittance from the measured
quantities of the power supplied to the specimen, specimen surface temperature,
and chamber wall temperature.

With this method of measuring total hemispherical emittance it was expected that
best results would be obtained with tubular specimens. The proposed specimen
configuration for total hemispherical emittance measurement is shown in Figure

2. Unfortunately, it was not possible to fabricate specimens to the desired con-
figuration. Consequently, an attempt was made to obtain the required data with
flat specimens. Two different specimens of this type were used. However, the
use of these specimens limited both the accuracy of the results and the tempera-
ture range over which measurements could be made.

The first specimen consisted of a thin-film heating element sandwiched between
two pieces of the foam cersmic material (see Figure 3). Ren epoxy was used to
bond the layers together and to provide a uniform hcat conduction path between
the heater and the ceramic. The heating element consisted of a l-mil thick
Mylar film coated with a 0.002-mil thick layer of gold. The ceramic pieces
measured 2 inches by 2 inches by 1/8 inch.
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Power was supplied to the specimen by two 8.3-mil diameter copper leads soldered
to the gold coating. These leads also supported the specimen in the vacuum
chamber. The use of a single pair of leads, to supply both power and support
the specimen, minimized thermal conduction losses.

The specimen was instrumented with two 0.003-inch diameter Chromel-Alumel thermo-
couples located at the center of each of the specimen faces. The thermocouples
were attached to the surfaces with Sauereisen cement in a manner producing a
minimum disturbance to the surface characteristics.

The specimen was heated in vacuum until thermal equilibrium was obtained at a
temperature of 151°F. The data obtained at these conditions indicated an
emittance of 0.75. The power to the specimen was then increased to provide

data at a higher temperature, but the heating element failed, and the test was
terminated.

To obtain data at a higher temperature, a second specimen was prepared to the
configuration shown in Figure 4. This specimen incorporated a stainless steel
heater to provide a higher temperature capability and dummy ceramic blocks at
both ends of the test section to provide more uniform temperatures in the test
section. In addition, the sample was bonded together with Sauereisen cement,
which was better high-temperature characteristics than epoxy. Because of the
high current required by the stainless steel heater, small diameter heater leads
were not suitable. Water-cooled coper leads were therefore used. Heat conduc-
tion losses from the specimen through the leads were determined by measuring

the temperature gradient along the leads with five thermocouples. Other instru-
mentation is shown on Figure 4.

The specimen was heated until equilibrium was established at a temperature of
317°F. The data was corrected for thermal conduction losses, and the resulting
emittance value was 0.78. An attempt was made to obtain data at 390°F. At this
temperature, however, the specimen surface temperatures were far from uniform,
indicating partial separation of the ceramic from the heater. It was not posgs
sible to calculate an emittance value from the available data, N6 edditional
testing was attempted.

Discussion of Results

The error analysis indicates that lead losses and errors in thermocouple output;
power, and specimen radiating area measurements contribute a tétal error of + b
per cent rms for the first specimen and + 6 per cent rms for the second specimen:
However, the total hemispherical emittance values presented are based on the as=
sumption that the surface temperature measured represents the effective tempera-
ture of all areas of the specimen surface. Because of the specimen configurations
used, and non-uniform porous surface structure, the surface temperature probably
was not uniform, hence additional errors are probably present in the results,

The magnitude of these errors cannot be determined accurately, but i1s belleved

to be significant. Emittance is also a function of the surface roughness and
this factor varied considerably on the samples tested. It is recommended, there=
fore that the data presented herein be applied with discretion.
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Figure 1. Total Hemispherical Emittance Rig
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0.250 O D x9-INCH STAINLESS STEEL TUBE

0.5 0D x0.26 1D x 8-INCH FOAMED CERAMIC TUBE

THERMOCOUPLES ATTACHED TO HEATER TO OBTAIN
RADIENT FOR CONDUCTION LOSS CALCULATIONS

THERMOCOUPLE ON UPPER EDGE OF TEST SECTION

O~ —f———————
'.‘\‘ “\\‘ S S S S S S N S S S S SNSRI

THERMOCOUPLE ON CENTER OF TEST SECTION

THERMOCOUPLE ON BOTTOM EDGE OF TEST SECTION

ARGMilTTILT T Tl ittt th Tt ashnhanhaaay

™

VOLTAGE LEADS INSIDE HEATER ATTACHED
AT EDGES OF TEST SECTION

Figure 2. Ideal Specimen Configuration for Total Hemispherical

~ Emittance Measurements
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8.3 MIL POWER LEADS

TEST SECTION GOLD-PLATED HEATER

| THERMOCOUPLE

—

TEST SECTION
THERMOCOUPLE

FOAMED CERAMIC TEST PIECES
3-MIL VOLTAGE LEADS MOLDED FACES EXPOSED

Figure 3. Configuration of First Total Hemispherical Emittance Specimen
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SURFACE THERMOCOUPLES ' STAINLESS STEEL
. SHOWN BY O HEATER
| HEATER THERMOCOUPLES
: NOT SHOWN

AN

FOAMED CERAMIC
DUMMY BLOCKS

> 0 O FOAMED CERAMIC

TEST SECTION
VOLTAGE LEADS O

N o
FOAMED CERAMIC

DUMMY BLOCKS
Lo

Figure 4, Configuration of Second Total Hemispherical Emittance Specimen
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