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FOREWORD

This research program is being carried out in the research

laboratories of Union Carbide Corporation located at Tarrytown, New York

(Union Carbide Research Institute). The work is supported by the Army

Missile Command, Redstone Arsenal, Alabama under Contract No. DA-Ol-O21-

AMC-11926(Z). The report period is from March 8, 1965 to June 30, 1965.

The program at Union Carbide Research Institute is supervised

by Dr. Richard Kebler with Dr. S. R. Aspinall serving as general project

coordinator and Manager of the Institute.

The scope of the program is directed toward understanding the

behavior of materials in severe high temperatures characteristic of rocket

nozzle environments, learning how to make the most effective use off available materials, and obtaining a better knowledge of optimum pro-

perties desired for specific utilization of new materials.
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N. IM4ARY

The reaction between high-density tungsten and H20 vapor has

been studied from 1900 to 2800°K in the induction-heated stagnation-flow

reactor at H 20 partial pressures from 25 to 155 torr. The reaction is

linear with time a' all pressures and temperatures studied. All isobars

show apparent activation energies that decrease with temperat-n.e, indicating

that gas-phase diffusion limits the reaction rates at the higher tempera-

ture. Furthermore, the rates are dependent on the gas flow rate at the

higher temperatures, consistent with this interpretation.

Rate data previously obtained for the W-CO reaction are being
2

analyzed in terms of a model including diffusion effects, reaction of the

oxygen formed by cracking of C02 , and activated sticking of CO2 on the

tungsten surface; this model employs certain results of the mass-spectro-

metric studies being conducted here.

Difficulties traceable to the slow reaction of W with HF were

encountered in the study of the W-HF reaction in the arc-image stagnation-

Ic •flow reactor. Reactions due to impurities in the HF and small amounts of

air introduced through leaks in the system tend to obscure the desired

reaction.

The relative rates of production of gaseous 0, WO, and WO2 by

the W-02 and W-C02 reactions have been studied mass-spectrometrically.

Qualitatively, the results are in accord with the assumption that the

cracking of CO2 to give Ca(g) and adsorbed oxygen atoms is the rate-

controlling step in the W-Ca reaction and that, once the oxygen is
2

adsorbed, the reaction proceeds by the mechanism previously deduced for

the W-0 reaction.
2

Two tungsten nozzle inserts and holders instrumented with thermo-

couples were completed. Three ATJ graphite nozzle inserts and holders were

sent to the Army Missile Command for initial trials of our holder design

and their new test motor.

Further transverse rupture strength (TRS) data confirm the

desired behavior of the TaC-Ag skeletal composites. Their room-temperature

strength is nearly double that of the self-bonded carbide and TRS compar-
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able to that for the self-bonded carbides is maintained at high tempera-V c tures. Improved composite strengths were sought by alloying the silver

with copper. The high-temperature strengths are maintained but the mechan-

ical properties are no better than those found for silver alone.

Vaporization of silver from and chemical corrosion of TaC-Ag

compositeL. and commercial W-Ag composites were studied in the arc-image

reactor. Similar self-cooling by vaporization of silver was found for both

composites. The corrosion rate of the TaC-Ag composite in CO is comparable
2

to that of dense tungsten and less than that of a commercial W-Ag composite.

Skeletal carbides using Ni as an infiltrant do not maintain their

strength at temperatures approaching the melting point of nickel because

the bonding between the carbide grains is disrupted by the infiltrated

molten nickel. Attempts to "presaturate" the nickel by melting in contact

with TaC before infiltration were unsuccessful.

Self-bonded 80 TaC/20 HfC and 80 TaC/20 ZrC alloys were prepared

for composite fabrication and their transverse rupture strengths measured;

these are high and relatively constant from room temperature to 20000C.

10
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I; II INTRODUCTION

This program is concerned with the principles governing high-

temperature chemical and physical behavior of refractory materials especially

in the respects that may contribute importantly to the successful performance

of these materials as rocket nozzle components operating at high temperatures.

In this program emphasis will be placed on chemical corrosion since under-

standing and the ability to predict operational performance are of great

importance in making effective use of available materials. Further,

guidance can be provided for the selection of the most likely material

combinations for new propellant systems.

Recent studies have shown that chemical corrosion is a major cause

of nozzle enlargement during firing and that the kinetics of reactions of the

corrosive gas species with the insert surface must be known and taken into

account in predicting the chemical corrosion of nozzle inserts. Reaction

rates between various gases or combinations of gases and possible nozzle

materials Ere being studied as functions of temperature and pressure in this

program. However, at typical temperatures for rocket operation these gas-

solid reactions may be controlled not by the surface reaction rate but partly

or entirely by the rates of diffusion of reactants to the surface or of pro-

ducts away from it. Special efforts are being made to measure truly surface-

controlled reaction rates for the various refractory materials at all tempera-

tures of interest by using experimental conditions that afford very high

mass-transfer rates. Specialized computer programs for analyzing the ex-

perimental data and calculating the corrosion rates in the diffusion-limited

and transition regimes are being evolved.

The rate equations developed and our techniques for predicting

chemical corrosion behavior of rocket nozzle inserts will be put to the test

of predicting the results of actual small test motor firings. The small motor

firings are to be carried on at the Army Missile Command, Huntsville, Alabama.

The refractory carbides, which have high melting points and good

strength and creep resistance at high temperatures, are potentially important

materials for rocket-nozzle construction. Their brittleness and low resistance

114N



to thermal shock, however, have provided strong argument against their

development for this purpose. Previous research in this laboratory has

indicated skeletal carbide composites, consisting of refractory carbide

bodies with continuous fine porosity infiltrated with ductile metals,

offer promise of overcoming these limitations. Further improvement of

their physical and mechanical properties, as well as resistance to chemical

corrosion, is being sought. New compositions and fabrication techniques

are being developed. Their strength, ductility, and other properties im-

portant for resistance to thermal shock are being measured, along with

their resistance to oxidation.

II - 2
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III. TECHNICAL RESULTS AND PLANS

A. Gas-Solid Reactions

Introduction

If the effect of a corrosive environment on a refractory material

is to be predicted, rate expressions for the possible chemical reactions

must be available from laboratory studies approaching as closely as pos-

sible the conditions of temperature and pressure of that environment. How-

ever, slowness of gas-phase diffusion can interfere with laboratory measure-

ments, obscuring the surface kinetics, just as it affects the practical

situations. Experiments intended to provide surface-kinetic data must

therefore be carefully analyzed with respect to gas diffusion and designed

to minimize its effects.

Our first objective is the determination of the surface-con-

trolled rates of reactions between gaseous rocket exhaust components and

actual or potential rocket nozzle materials in the range of temperatures

and pressures characteristic of rocket operations. Our second objective

is the development of methods of applying such rate data, in conjunction

with aerodynamic analyses, to predict corrosion rates in the transition

region between surface and diffusion control. To weigh the extent of control

by gaseous diffusion all the data obtained in this program are analyzed to

determine where diffusional effects are important.

We have designed and built a number of experimental reactors in

which high mass-transfer rates are achieved through use of high velocity

gas streams impinging in stagnation patterns on hot samples; the effect for

a given reaction is to raise very considerably the temperatures at which

gaseous diffusion becomes important in determining observed reaction rates,

thus allowing the measuren.nt of purely surface-controlled reaction rates

to be made at higher temperatures than otherwise possible. Results ob-

tained in such reactors for the reactions of tungsten with gaseous H20, C02 ,

and HF are discussed in Sections A-l, 2, and 3, respectively.

0
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The experimental arrangements described above, though capable

of yielding rate expressions at temperatures and pressures of direct in-

terest in rocket propulsion, all operate under conditions that preclude

observation of the details of the gas-surface reaction mechanisms. To

obtain this type of information mass-spectrometric studies of reactions
at very low pressures are being conducted; the results obtained by this
technique for the CO--W reaction are discussed in Section A-4.

We plan to test the applicability of our models for predicting

corrosion rates by comparing predicted with actual nozzle insert corrosion

rates. The status of this program is discussed in Section A-5.

%i
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1. Kinetics of the Tungsten-H2 0 Reaction J. M. Quets, P. N. Walsh

This reaction is being studied at temperatures above 2000 0K in

the induction-heated stagnation-flow reactor shown schematically in Fig. A-1,

which was previously used in the study of the CO2-tungsten reaction (cf.

Section A-2). The sample is a tungsten cylinder, 3/4" in diameter by 1/2"

in height, mounted by a slip-fit onto a 1/8" diameter tungsten rod supported

from the bottom of the reactor. The sample is heated inductively; coupling

to the induction coil mounted outside the Pyrex glass envelope is achieved

through use of the 1" i.d. water-cooled-copper current concentrator. Tem-

peratures in excess of 3000 0K have been obtained. The reactive gas is

brought in through the 1/4" i.d. water-cooled copper tube, the outlet of

which is mounted 1/4" from the sample surface. The reactive gas impinges

normally on the sample surface forming a stagnation pattern in which the

highest gas-solid mass transfer rate occurs at the stagnation point. The

recession of the sample surface is measured at this point. The reaction

rate is given directly by depth of removal of tungsten divided by the re-
-2 -1

action time; this rate is ordinarily converted to moles cm sec by

multiplying by the ratio of the density of tungsten to its atomic weight.

The sample is preheated and cooled in argon to eliminate any pos-

sible "edge effects" that might be occasioned by reaction during heating up

and cooling down. The reaction mixture is admitted only after the tempera-

ture has been stabilized; solenoid valves and an associated timer limit

this flow to the desired time. The gases are continuously pumped out through

the bottom of the concentrator: constant pressure at any level below at-

mospheric is obtained by controlling the rates of input and removal of the

gases. The pressure of interest is the stagnation pressure at the stag-

nation point which can be calculated assuming a compressible isentropic

flow of perfect gas. Pressure probes, operated both at room temperature

and in excess of 20000 K, placed at the sample position have verified the

validity of this assumption. 1

The temperature at the stagnation point is measured during the

reaction by an optical pyrometer sighted down the gas inlet tube through

a totally-internal-reflecting prism. Corrections for the absorptivity of

the window and prism and for the emissivity of the tungsten surface are

I A
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made to obtain sample surface temperatures. At the temperatures of this

C study all the reaction products are volatile and are continuously removed

from the tungsten surface. These products condense to a fog a short

distance from the surface, but the gas flow sweeps them out of the line

of sight of the pyrometer. It has been shown previously that under these

conditions the emissivity of the tungsten surface during reaction does not

differ significantly from that of smooth polished tungsten.

Water vapor is provided by a steam generator fed by deoxygenated

distilled water. After passing through a calibrated critical flow orifice
meter it is mixed with a measured flow of argon, which has been preheated

to about 800C, and the mixture is then introduced into the gas inlet tube.

With a total flow of 100 standard liters/minute (SIM) of water vapor-argon

mixture through the 1/4" nozzle, the gas velocity is approximately 1.3 x 10
cm/sec. With a total static pressure of 300 torr in the reaction chamber,

the stagnation total pressure at the tungsten surface is approximately
340 torr. The partial pressures of water vapor reported here were calculated
from the stagnation pressure and the fraction of water vapor in the re-

acting mixture.

Recession rates have been obtained at six water vapor partial

pressures. The recession of the tungsten surface at the stagnation point
was found to increase linearly with time at every temperature and partial

pressure investigated; typical data are shown in Figs. A-2 and A-3. All

the recession rates are plotted in Fig. A-4 to A-9 as log of recession rate-2 -1)
(in moles cm sec ) vs. inverse absolute temperature and summarized in

Fig. A-10. For each partial pressure the data shows the same characteristic:

The apparent activation energy is approximately 60 kcal/mole at low tempera-

ture, and decreases as the temperature increases.

No attempt to fit the data to a model has been made, but it seems

likely that diffusion through the boundary layer becoming increasingly im-

portant at higher temperature is largely responsible for the curvature in

the log rate vs. 1/T plots. To check on this, data were taken with a total

flow of reacting gas mixture of 10 SLM (Fig. A-9). The reaction rates

scattered widely because of difficulty in controlling low steam flows

through the critical flow orifice. Nevertheless, it is clear that a con-

stant oxidation rate is approached at the highest temperature as expected

if the reaction rate becomes completely determined by gaseous diffusion rates.

III - A-4
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Plots of log rate vs. log PH20 (Fig. A-li) indicate that
the apparent order in free-stream H 0 pressure decreases from about 0.9

2
near 2000 0 K to about 0.7 near 28000 K. These plots suggest that the data

obtained with 93 torr H 20 are systematically in error. There is also a sug-

gestion that the apparent order may be pressure dependent at the lower tem-

peratures.

Difficulties in maintaining constant higher temperatures, caused

partly ly the deposition of reaction products between the concentrator wall

and the sample, have effectively limited the temperature range to an upper

value of approximately 28000 K.

Future Work

During the next quarter, hydrogen will be added to the reacting

gas mixture in increasing amounts. Also, additional data will be taken

using a low flow of reactive gases.

Ways will be sought to overcome the difficulties encountered in

maintaining constant higher temperatures in order to increase the useful

temperature range.

References

!. "Kinetics of the Tungsten-CO 2 Reaction above 2000°K",

P. N. Walsh, J. M. Quets, R. A. Graff and I. R. Ladd, Appendix to Final

Report on Contract DA-30-O69-ORD-2787, ARPA Order No. 34-63, Task 4.
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S2. Kinetics of the W-C0 2 Reaction J. M. Quets, P. N. Walsh, and

R. A. Graff

This reaction was extensively studied, in the stagnation-flow

reactor described in Section A-l, under Contract DA-.30-O69-ORD-2787. The

rates and temperature dependences obtained for C02 /Ar and C02 /CO/Ar gas

mixtures are summarized in Figs. A-12 and A-13, respectively. The data may

be found in previous reports.l' No completely successful interpretation

of the kinetics was developed under the previous contract, so analysis of

the data has been continued.

Any model for the mechanism of the W-CO2 reaction must include

the following points.

1. The dependence of the higher-temperature reaction rates (Fig. A-12)

on the rate of flow of the incoming gas shows that diffusion of rea~ctants

and products in the gas phase becomes important in determining the reaction

rates at these temperatures. The model therefore must account for dif-

fusion effects. Since complete diffusion control: corresponding to gas-

S~solid thermochemical equilibrium, is apparently achieved under some con-

ditions, e.g., curve 1, Fig. A-12, the model must include equilibrium as

a lim• t.

2. The reaction is inhibited, but only slightly so, by CO;

compare curves 1 and 2 or curves 4, 5, and 6 in Fig. A-l3.

3. Mass-spectrometric studies (Section •.-4) have shown that CO2 is

cracked by hot W to produce gaseous 0 and 02 and suggest that the sticking

of CO2 on W is activated. At pressures near one-half atmosphere, the 0

and 02 cannot rapidly escape the vicinity of the reacting surface, so

their return to the surface must be considered.

4. The reaction is nearly first-order in free-stream CO2 pressure

even at the lowest temperatures.

These conditions and the reported mechanism of the W-O2 reaction, 3

suggest that, as a mini~mum, the following reactions be included:

III - A-IT
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(V
S02 (g) + n S CO(g) + 0 + (n-l)S (1)

W* 2
k

2 0 2- 0(g)+ 2 S (2)
5 v
5 5

k
_L-- O(g) +S (3)

k

m• +M WOx(g)+m'S + (4)xI
In reactions 1-4, S signifies a site taken to be a "second layer" site

in terms of the model of reference 3; in the same terms, 0 is a second

layer adsorbed oxygen atom and M, the entity that combines with 0 to give

(reaction 4) tungsten oxide, would be a complex of a first layer adatom and

a tungsten atom. For convenience in the computer calculations associated

with this problem, the gases have been numbered: CO is 1; WO , 2;
2 X

CO, 3; 0, 4; 02 , 5; and Ar, used in the experiments, 6. This numbering
PO has carried over into the rate constants in reactions 1-4: a. and v. are

respectively the (possibly temperature-dependent) sticking coefficients

and the kinetic-theory impingement rate of species i. The rate constants

involving adatoms, kl_4, follow to an extent the numbering of reference (3),

where values for k2 and k3 are given; k4 would be, in the present less-

detailed model, the sum of the rate constants k4 and k of reference (3)

for the formation of WO2 (g) and WO3 (g).

The rate constants are related thermodynamically:

K1 = (alV1 )2 k2 /kl a5 v 5  (5)

K 2 = lVlk 3 /k!1a4v4 (6)

K3 = (alV)x k4/0 2 V2 klx (7)

Here K1 , K2 , and K3 are respectively the equilibrium constants for reactions

8, 9, and 10.

2 CO2 (g) 2 CO(g) + 0(g) (8)

2C0(g) - co(g) + o(g) (9)

III- A-18



x CO (g) + W(c) x CO(g) + WO(g) (10)

The number of sites involved in reaction 1 is not known. We

have so far considered only cases involving n = 1 or n = 2. Gaseous CO

is presumed to be in equilibrium with the surface layer, as is the

gaseous product WO . The product leaving the surface is probably either
xWO3 (g) or WO2 (g), but gas-phase polymerization to the thermodynamically

favored W309(g) is a possible complication; at the diffusion limit, W3 09 (g)
should be the primary W-O species.

The diffusion of reactant and product gases to and away from

the surface is being treated by use of a film model for mass transfer

similar to that previously employed for the analysis of diffusion-con-

trolled reactions. In this model the rate of transfer r. of the jth speciesJ
across the boundary layer is given by

rj=k (P - Pjw.(l

Here, k is a mass transfer coefficient, calculated from the hydrodynamic

conditions of the experiment and the properties of the gaseous molecules,4

P. is the free-stream (input) parti.al pressure of j and P. its partial

pressure at the reacting surface. The reaction rate at the surface depends

on the surface partial pressures, and the r. are fixed by the rate of
3

týungsten consumption and the requirements of mass-balance. Hence the

partial pressures that appear in the expression describing the surface

kinetics must also satisfy Eq. 11.

No completely successful model has been developed as yet. The
*

approximation that a steady-state concentration of 0 , governed by reactions

1-4, is established appears useful but difficulty has been encountered in

finding an appropriate set of constants to explain all the observations.

The mass-spectrometric results (reference 3 and Section A-4 of this report)

are being used as guides to the proper values of k2 , k3 , and a1; values

finally chosen will be subject to the test of being compatible with the

mass-spectrometric data. Explanation of the extreme sharpness of the

transition to diffusion control in curves 1, 3, 5, and 7 of Fig. A-12 has

P been a major stumbling block.

III - A-19
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Future Work

The analysis of the C02 -W reaction kinetics will be pushed to

completion. The results should be pertinent to the understanding of the

kinetics of oxidation of tungsten by any oxidizing gas.

To aid in the analysis, data on the 0 -W reaction over a limited
2

range of conditions will be taken in the stagnation-flow reactor.
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3. Kinetics of the HF-W Reaction I. R. Ladd, P. N. Walsh

IM This reaction has been studied in the arc-image stagnation-flow

reactor (Fig. A-14) which is csmilar in principle to the induction-heated

reactor described in Section A-1 in that a controlled flow of reactant gas

impinges normal to a preheated solid surface. A technical report describing

the reactor is to be issued soon.

The HF gas (99.9% pure, max. 0.04% H20) was obtained from a

supply cylinder which was immersed to its neck in a 500C constant tempera-

ture water bath in order to maintain cylinder pressure above 20 psig and

had its diaphragm valve preheated to prevent irregular surging of HF through

the system. The gaseous HF was transported via heated lines to a calibrated

critical-orifice meter, then to the reactor nozzle, where it mixed with

argon, passed through the nozzle, and struck the sample surface. The HF,

Ar and reaction products were mechanically pumped out of the reactor bulb,

through a sodium fluoride trap, into a hood. Except for the reactor bulb,

all-metal construction was used because the products of the HF-glass re-

action caused the oil pump to seize.

it. reducing the transmission of radiation from the arc so that the spec.-men

temp.-rature cp',)t be c.--zrolled. To prevent this, the injector nozzle used

with ý,Y produces a hig?, ,elocity argon sheath around the hF-Ar flow. This

sheath flow was adjusc.d to minimize attack on the bulb t., the radiation-
transmission area; as a result, per.i a.'tu.re constancy was not a problem.

The data obtained -i A-15) were !-.o-, consistent. Dicy do, how-

ever, clearly show HF to be much less corrosive toward W th.an ert-"he.' CO2 or

H20, (cf. Sec. A-1 and A-2) particula-!.,y at tP- higher temc,:,EurPs studied.

In fact, curve C, Fig. A-15, corresponds roughly to what is ýr*-!1cted f.or"

the H 20-W reaction alone on extrapolating data of Section %--. to the H20

partial pressure in our HF. The five-fold difference between cur-ves ' and

C, which should be identical, may have been oc'used by a small air leak 74

the argon purge line during run B. Such air leaks are especially seriý ).r

because of the low reactivity of HF with ,.angsten, and further co< ..rration

of the rates is needed. The difference between curves D and C may in-
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dicate a dependence on gas velocity (diffusion-limited reaction), but in1 0 {view of the difficulties cited this is far from certain. Microscopic

examination of the tungsten samples (v.i.) after reaction strongly sug-

gests a surface controlled reaction. The available thermodynamic data on

W-F compounds is insufficient to permit an analytical prediction of the

diffusion linit for this reaction.

The low reactivity of W with HF constitutes a serious handicap

to the development of good kinetic data in other ways as well. The con-

stant uncertainty in the micrometer measurements of recession, 0.002 rm,

corresponds to an uncertainty in reaction rate varyir_ from more than 100%

in curve C to 3% in curve A (Fig. A-15). Furthermo e, *Acroscopic examina-

tion of the reacted surfaces shows that individua?. j. .tal grains react at

different rates. In several cases the difference in height of nearby grains

was one-third as great as the macroscopically measured recession.

Future Work

Further attempts to measure W-HF reaction rates will be made

next quarter. Study of the Ta-HF reaction will be initiated as a preliminary

to a TaC-HF reaction investigation. The comparative inertness of the

graphite holders in the work already done clearly demonstrates that, as

expected, the rate of HF attack on graphite will be too small to measure

accurately. The arc-image reactor will also be used for further studies of

the C02 -ZrC and C02-TaC reactions.

References

1. Quarterly Progress Report, Research on Physical and Chemical

Principles Affecting High-Temperature Materials for Rocket Nozzles, June

1964, Contract No. DA-30-O69-ORD-2787.

2. Ibid, December 1964.

ZK-

III- A-24

IV,

° _ .. . . . . . . . . . . . . . . - = . . . . - . ... . .. . . .. . . . . . ."3" i i , • • • m m re • .. . . -" • '- -- " m e n J t • . . . . - -, - - t • J • em a -i • ; e t



ICI

Shutter Chopper

To Pressure Gage
Photocell Hfi rrSample

4 Arinb r

Optical Gas Inlet..
~ 4Pyrometer Tube

v 24" Ellipsoidal Mirror -
hTo Pump Aluminized Front Surface

FIGURE A - 14 ARC-IMAGE STAGNATION-FLOW REACTOR

III -A-25

..- .M



II

tt

PHF Ptotal GAS VELOCITY
CURVE (torr) (torr) (cm/sec)-5.0

A 350 560 1900
-b.2 B 140 250 4200

C 140 250 4200
-5.4 D 130 200 13,000

- 5.6
u

CN
E -5.8

E -6.0

C ~-6.2
.0D

0 -6.4

0 -
-6.6

-6.8

-7.0

C
-7.2

-7.4

I ,, II I I I I I I -

3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0

F1 P10 4/T (OK REF
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*4. Mass-Spectrometric Studies of Gas-Solid Reactions P. 0. Schissel

and 0. C. Trulson

The objectives of the mass-spectrometric studies of gas-solid re-

actions are to identify reaction products and, from measurements of the

temperature and pressure dependences of their rates of formation, to deduce

the reaction mechanisms; these results are intended to be useful in analyses

of kinetic data taken at higher pressures. As shown in Fig. A-16, the

samples are resistively-neated ribbon filaments contained in a water-cooled

chamber connected to the source chamber of a 60 0 -sector, Inghram-type mass

spectrometer. Reactant gas at low pressure completely surrounds the sample.

The reaction chamber is separated from the source chamber by an externally-

operated shutter so that condensible product species emanating from the

filament can be distinguished from background species of the same integral

mass which normally occur in the vacuum syst!m. Product species are ionized

in the source by an electron beam; the ions are accelerated through an

electrostatic lens, mass selected in the magnetic field, and preamplified by

an electron multiplier detector, the output of which is displayed continuously

C. on a strip-chart recorder. The output current is directly proportional to

the rate of desorption of product species from the filament. Because of the

high sensitivity of the detection system and the mass discrimination feature

of the magnetic analyzer (resolution near 1/1000), desorption rates near 1012

molecules/cm2 z.ec can be detected easily with this system.

SThe first experimental results were obtained for the oxygen-
1tungsten reaction, where the products are condensible and reasonably

abundant, and the solid surface remains free of oxide scale at the high

tempe:rature and low pressure conditions of the study. From the pressure

and temperature dependences of the vaeious species a kinetic model was pro-

posed to explain the rates of formation of species in terms of the surface

coverage of tungsten with oxygen. As a natural extension to this w.,ork, re-

actions of other oxidizing gases with tungsten are being studied. It seems

reasonable to assume that once the oxyeen is abstracted from such gases

and adsorbed the various kinetic steps will proceed according to the model

k proposed for the oxygen-tungsten reaction; comparison experiments are in-

dicated. During this report period the reactivity of tungsten with 0, and

CO2 ias compared.
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j The C02-W reaction is more complex than the 02 -W reaction since,
in addition to 0 and the tungsten-oxygen products, C0(g) is produced at a

2
high rate at high temperatures. Furthermore, the rates of product forma-

tion are much lower with CO than with 0 ; this increases the experimental
22

difficulty, particularly under low-pressure conditions.

Analysis of the mechanism for the 02 -W reaction was possible

because the most important kinetic steps were the adsorption and desorption

of oxygen, with the formation of product species only slightly perturbing a

steady-state surface coverage by oxygen. The C02 -W reaction appears to be-

have similarly. The rate of production of oxygen atoms from CO is com-
2

pared to that from 02 in Fig. A-17 with the pressures of CO and 0 adjusted
22 d 2ajse

such that the molecular fluxes of CO and 0 striking the filament were
2 2

approximately 2/1. At h-gh temperatures the curves reach the same plateau,

where earlier it was demonstrated that the platnau for oxygen corresponds

to complete dissociation of the oxygen. Consequently it is assumed that

at high temperatures the chief reaction between CO2 and tungsten is merely

C dissociation of CO2 to gire CO and O(g). At lower temperatures the rate of

22i-formation of O(g) fails more rapidly when CO 2 is the source of oxygen, sug-

gesting that the adsorption of oxygen from CO2 is activated and becomes a

rate-limiting step in the oxidation reactions.

Below 2500'K, 02 is much more effective than CO2 in producing

W02 (g) (Fig. A-18) while WO3 (g), an important product of the 0 -W reaction,

is barely detectable with CO At approximatel3 27000 K the rates of
2*

Sformation of WO2 become asymptotically equal for the two oxidizers, while at

higher temperatures the rate from 02 begins to increase again while WO2 fror-

SCO2 continues to decrease. At present there *.s no conclusive explanation

for the upturn in the WO2 rate with 02 as oxidizer.

In the earlier study of the tungsten-oxygen reaction WO(g) was

only qualitatively measured since the high mercury background from the dif-

fusion pumps overlapped WO in the mass spectrum, making a shutterable WO
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signal extremely difficult to obtain. The proposed kinetic model therefore

did not account for WO. During this . '• period, the system was baked and

pumped for several days to reduce the ackground until the WO could be ob-

served. The rates of production of WO(g) using 0 and CO (Fig. A-19) are

similar to those for O(g)(Fig. A-] 7); when CO2 is substituted for 02' the

rate of formation of WO(g) at low temperatures is decreased, the fractional

decrease being about the same as for O(g), while at high temperatures the

rates with both gases are equal.

The results for 0(g), W02 (g), and WO(g) show that a new rate-

limiting process is operafive when CO2 is the oxidizer. Two possibilities

are immediately suggested: (1) CO(g), which is inevitably present, adsorbs

on the surface and inhibits the oxidation; (2) the adsorption of oxygen onto

tungsten from CO is activated. The first possibility is unlikely because2
when the rate of formation of tungsten oxides was observed first with only

02 present, then with approximately ten times as much CO as 02, no change in

the rate of oxidation was observed. The simplest way to approach the second

possibility is to assume that CO2 as an oxidizer merely has extra difficulty

in delivering oxygen to the surface but that once this is accomplished all

the surface and desorption reactions are the same as with 02 as oxidizer. A

consequence of this assumption is that, when C02 is substituted for 02, the

fractional decrease -n WO2 (g) production at low temperatures should be the

square of that in O(g) production, since the latter is proportional to the

first power of the fractional surface coverage by adsorbed oxygen and the

former to its square. For example, the rate of formation of O(g) at -20000 K

is given by

k 1/2
r3 = 3e2 (v /

where s, the sticking coefficient, has been taken as 1 for oxygen. At 2000°K

with CO2 as oxidizer near 10- torr pressure, r 3 is approximately 1/6 that

when 0 is used; therefore, s C 1/36 at this temperature and pressure so that
2

the ratio of WO2 intensities with CO2 and 02 should be near 1:36. The data

That WO(g) decreases similarly to 0(g) would be expected if only one sur-

face oxygen atom were involved in both cases. The significance of this can-

not be assessed until the place of WO(g) in the model is better understood.
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4

in Fig. A-18 correspond very nearly to this ratio. However, the model would

also predict that WO2 and WO production rates would decrease by the same

fraction, seemingly in contradiction to the WO results obtained with C02 ,
32

though these are not conclusive.

The relative reactivities of O(g) and C02 (g) were studied using

the two filament system shown in Fig. A-20. The reaction of CO with
2

tungsten to form WO was observed directly from the first (sample) filament
2

at several temperatures. At each temperature the second (source) filament

was turned on momentarily to a temperature sufficient to crack every CO2

striking the tungsten to CO + O(g); a fraction of this O(g) then struck the

sample filament and reacted to form additional WO . On turning on the
2*

source filament, the rate of formation of WO2 increased much more at low

sample filament temperatures than at high (Fig. A-21). These results are
in accord with the results of the W-02 and W-CO reaction comparison and

in~~~ ~ 2 incmaio n
emphasize the comparable reactivity of tungsten with atomic and molecular

oxygen.

SC Future Work

V It is planned to continue the oxygen 3tudies with the substrates

Ir, C, and carbides and to initiate neasurements using H 20 as oxidizer with

a tungsten substrate.
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5. Rocket-Nozzle-Insert Test and Analysis Program

An essential phase of this program is to put our derived rate

equations to the test of predicting corrosion rates in small liquid motor

firings. The firings are to be carried out in such a way that the partial

pressures of the species in the exhaust and the temperature of the insert

(as a function of time) can be determined or reliably calculated. Using

this information and reaction rate data developed in the laboratory the

nozzle-insert corrosion will be predicted and compared with experimentally

measured corrosion. Computer programs for this purpose are partially com-

pleted but await final clarification of the kinetics of the important re-

actions.

The firings, to be carried out by the Propulsion Laboratory,

Directorate of Research and Development, Army Missile Command, Redstone

Arsenal, are to be done with a liquid fuel motor since it operates reprodu-

cibly and the concentrations of exhaust species can be varied within limits

by changing the propellant mixture. The test motor (UDNH-IFmii) is to op-

erate with constant fuel and oxidizer feed rates at chamber pressures up to

ci• 1000 psi. Pressure as a function of time is to be determined to ± 1/2% at

1000 psi.

The nozzle inserts are to be furnished by UCRI mounted in stain-

less steel aft closures designed to bolt on the AMC motor. Determination

of insert interior surface temperature is a major experimental problem.

The initial inserts vill be furnished with thermocouples for temperature

measurement.

Two 0.5 inch i.d. tungsten inserts, thermally insulated from their

stainless steel holders by PC-60 graphite and pyrolytic graphite have been

completed; the one shown in Fig. A-22 is instrumented with three probe type

thermocouples located at varying radial depths, the other with one tungsten

Nanmac surface-type thermocouple. In addition, three ATJ graphite inserts
and holders were constructed and sent to the Propulsion Laboratory. These
are to be used for checking our nozzle design and for initial trials of the

test motor.

The new test motor procured by the Propulsion Laboratory malfunc-

tioned during initial firings and has to be rebuilt, so tests of holder

design and thermocouple instrumentation could not be made this quarter.
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B. Skeletal Carbide Composites

1. Introduction

The need for high temperature nozzle inserts compatible with the

propellant exhausts has focused interest on the very high melting point

materials: refractory metals and their alloys, oxides, carbides, borides,

nitrides, zirconates, silicates, silicides, and mixed ceramic bodies. As

a group. *.he refractory carbides, NbC (6330 0 F),TaC (7010 0F), ZrC (6107 0F),

and HfC (7030 0 F) have the highest known melting points and have good strength

and creep resistance at high temperatures. However, when compared to metals,

they are more brittle at low temperatures and are more susceptible to

thermal shock failure. Composites containing both refractory carbides and

metal phases are therefore required -to exploit the desirable properties of

the refractory carbides.

The distribution of the metal phase is an important factor

affecting the performance of the composite. The possible distributions

f of the phases are: continuous metal, discontinuous non-metal phases; two

interlocking continuous phases; continuous non-metal, discontinuous metal

phases. Studies on contiruous metal - discontinuous non-metal phase systems

have led to a number of useful composite materials. Excellent practical

examples are the cobalt-bonded refractory carbides, SAP (sintered aluminum

powder), and TD (thoria dispersed) nickel. However, the melting points of

the metals limit the maximum temperature at which these can be used. Com-

posites with two interlocking continuous phases avoid this limitation and

the configuration is promising for materials with good room-temperature

strength, acceptable thermal and mechanical shock resistance, and good high-

temperature strength and creep behavior. In many cases the lifetime required

of such material is of the order of minutes and there is no thermal cycling,

i.e., there is only a heating cycle. A successful example has been the two-

phase composite of silver and tungsten that is being used in some uncooled

solid-fuel rocket-nozzle throats. This material is impressive, since it is

one of the few composites which manages to combine most of the desirable

properties of both component phases while minimizing the undesirable qual-

ities of each. Other work on silver-infiltrated porous alumina bodies has
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A

not been as successful because of bonding problems and interior cracking of

the non-metal skeleton, probably because of thermal-expansion mismatch
1

between the two phases.

The refractory-metal carbides are attractive as one component of

a system consisting of two interlocking continuous phases because of their

high melting points, strength at high temperatures, and the ease with which

they are wetted or bonded by many molten metals. The introduction of a

continuous metal phase into a carbide material can increase the thermal

conductivity and the tensile and impact strengths of the material. Thus,

when the material is being subjected to thermal shock, higher conductivity

would mean lower temperature gradients, hence lower thermal stresses, and

the higher tensile strengths would provide greater resistance to these

stresses. By properly selecting the composite structure it should be pos-

sible to greatly improve the room-temperature impact strengths of metal-
ceramics while retaining their desired high-temperature strengths.

In our studies, emphasis is placed on interlocking systems of

two continuous phases where one phase is a refractory-metal carbide and

the other a metal or alloy.

2. Preparation I. Binder

The skeletal carbide composites for our studies were made by

reacting carbon or metal powders to refractory carbide powders, consolidating

these powders to form strong self-bonded porous bodies and then infiltrating
with metal.

Powders - The powders for making the self-bonded bodies were pre-

pared by direct reaction of high purity metal hydride or metal powders and

spectroscopic grade carbon. The powders were intimately mixed and lightly

pressed into blocks (using a small amount of camphor as a fugitive binder

and lubricant). These were then placed on a refractory carbide platform

in a graphite crucible and heated in a flowing H2 atmosphere. The reacted

blocks, which were quite friable, were broken into powders in a crushing

mortar. The powders were then screened and the minus 270 mesh fraction used

for preparing the carbide bodies. The particle size of the fraction used,

as measured with a Fisher Sub-Sieve Sizer, is usually about seven microns.
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In some cases the powders were further purified by heating in a vacuum furnace

for extended periods of time. TaC powders prepared in this way were nearly

stoichiometric in composition and of excellent purity as shown by chemical

analysis.

TABLE B-I - ANALYSES OF UCRI TaC*

Atom
Ratio

Lot Ta CTotal CFree Ccombined Ta + CC Cc/Ta

C-242B 93.82 6.19 0.07 6.12 99.94 0.985
C-227B 93.81 - 6.18 0.06 6.12 99.93 0.985
C-252B 93.b7 6.27 0.03 6.24 100.11 1.00

Spectrcchem.
Trace Anal. Total Total
Total N 0 Impur. Anal.

C-242B 0.0055 0.01 76 ppm 0.09 100.03
C-227B 0.0057 0.01 90 ppm 0.135 100.065
C-252B 0.0051 < 0.01 94 ppm 0.04 100.15" C

* Analysis in weight percent except as noted.

I
High purity powder batches of TaC, ZrC, 90 TaC/IO ZrC, 80 TaC/20 ZrC,

90 TaC/IO HfC, and 80 TaC/20 HfC were produced. The principal effort was on

preparing twenty-five pounds of TaC to be used for isostatic pressing

studies.

Consolidation of Refractory Carbides - The powders, loaded and
leveled into closed graphite dies, were hot pressed to forin strong self-

bonded bodies. The dies were heated in air to a maximum external tempera-

ture of 5200°F and pressures of 5000-7000 psi applied. The entire pressing

cycle required about five minutes. No significant reaction of the pressed

carbide bar with the die occurred. The density of the self-bonded piece

depends upon particle size and upon the pressure, temperature and time at

temperature during the heating cycle.
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The refractory carbide skeletons used were usually pressed to a

density of 80%-85% of the theoretical densLty of the carbide. Electrical

resistivity measurements, used for quality control, detect the presence

of internal cracks or other irregularities. The self-bonded carbide bodies

produced in this manner were used either to study the behavior of self-

bonded material or for infiltration by a continuous metal phase.

Isostatic pressing with subsequent sintering was used to prcduce

larger specimens than are possible with our hot-pressing equipment. Our

isostatic press has a working chamber of 3 in. i.d. by 18 in. long and

working pressures up to 60,000 psi. Room temperature isostatic pressing

produces uniform, comparatively low density (55-60% theoretical density)

TaC bodies requiring further sintering to produce a strong carbide skeleton

for infiltration. With such low initial densities it has not been possible

to sinter the pressed material to a sufficiently strong body. With I wt %

cobalt added to the starting TaC powder as a sintering aid - and sub-

sequently vaporized - a strong carbide body (0.7 in. diameter and about

70% theoretical density) was produced and successfully infiltrated with

90 Ag/lO Cu alloy. Properties of this material are not yet available. All

materials reported were proýduced by hot-pressing techniques.

Infiltration - The metal infiltrant must: (1) form a strong bond

with the carbide grains, (2) largely fill the pores of the TaC skeleton, and I
(3) not cause a disruption or weakening of the bonds between the carbide

grains, either during infiltration or during vaporization at operating

temperatures. For the composites reported here, the metal or metal alloy

was infiltrated by placing it on top of the self-bonded carbide piece and

heating in an argen atmosphere. Upon melting, the metal infiltrates the

carbide body. After infiltration, the density of the piece is determined

and its soundness checked by resistivity measurements. From measurements

of the densities of the composites so far prepared, we have found that
more than 2/3 of the porosity of the self-bonded carbide body is filled

with metal.

Silver, copper, and silver-copper alloys are successful in-

filtrants while nickel, cobalt, nichrome, and platinum infiltrate satis-
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factorily but disrupt the carbide grain-to-grain bonds either while they

are being introduced or upon being heated to temperatures above the melting

point of the metal. A rapid test to determine whether the infiltration of

the metallic phase has damaged the continuous carbide skeleton is to evap-

orate the metal phase from the infiltrated piece in a vacuum or non-

oxidizing atmosphere. If the materials chosen and the fabrication tech-

niques are suitable the carbide skeleton remaining will be essentially un-

changed from the initial self-bonded skeleton. Our TaC-Ag composites

subjected to this test do not show changes in density, electrical resis-

tivity, or transverse rupture strength of the carbide skeletons.

3. Physical and Mechanical Properties I. Binder, R. W. Kebler

Nickel-Infiltrated Carbides - The room-temperature transverse

rupture strength of the TaC-Ni composite was nearly four times that of self-

bonded TaC but its strength was not maintained at temperatures approaching

the melting point of nickel (Fig. B-1). Evidently the nickel partially

dissolved and partially destroyed the •arbide-to-carbide grains. Attempts

were made to "presaturate" the nickel by heating it in contact with TaC to

S14750C before infiltration. This did not work as TaC infiltrated with "pre-

saturated" nickel also did not maintain its strength at temperatures above
13000C. Similar behavior was observed for cobalt-infiltrated TaC and nickel-

infiltrated ZrC.

No further work is to be done with nickel or cobalt as an in-

filtrant for skeletal carbides.

Silver and Silver Alloy Infiltrated Carbides - Further transverse

rupture strength data confirmed the desired behavior of the TaC-Ag composite

(Fig. B-l) reported in the December, 1964, Quarterly Progress Report,

Contract DA-30-069-ORD-2787. The room-temperature strength (78,000 psi) is

nearly double that of the self-bonded carbide and the TRS is comparable to

that on the self-bonded carbides at high temperatures.

Improved lower temperature strengths were sought by alloying the

silver to obtain improved wetting of the TaC and/or strengthening of the

metal phase. Two silver-copper alloys were used to infiltrate TaC bodies.

III - B-5

-----



In both cases the TRS (Tables B-II and B-III) was comparable at room tem-

TABLE B-II TRANSVERSE RUPTURE STRENGTH

TaC - 9 wt.% (90 Ag/lO Cu)

2
Temperature (0C) TRS (lbs/in )

RT 74,000

1100 20,000

1320 21,000

1485 22,000

1700 23,000

1940 59,000

TABLE B-Ill TRANSVERSE RTURE STRENGTH

TaC - 9.8 wt.% (50 Ag/50 Cu)
2Temperature ("C) TRS (ibs/in )

RT 81,700

0 940 15,200

1070 15,800

1470 15,650

1815 16,100

perature to that found for TaC-9 wt % Ag and was consistently lower in the

temperature range 900-18000C. In the simple copper-silver alloys the high-

temperature strength is maintained, but as infiltrant metal for skeletal

j, carbide composites they do not lead to better mechanical properties than
i
Y• found for silver alone.

The addition of small amounts of nickel or cobalt to silver

should give an infiltrant with better wetting properties. This alloy

IK infiltrates TaC readily and gives higher room-temperature TRS. However,

even this small amount of nickel apparently leads to disruption of the
carbide-to-carbide grain boundaries and so to loss of strength as the

melting point of the metal alloy is approached, (Table B-IV).

Z-
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TABLE B-IV TRANSVERSE RUFTURE STRENGTH

TaC + 10 wt % (98 Ag/2 NM)

Temperature (OC) TPS (psi)

RT 94,000

84o 34,00o

945 20,000
1080 4,000

Similar behavior was found for both a TaC-l% (98 Ag/2 Co) composite and

a ZrC-l% (98 Ag/2 Ni) composite.

80 TaC/20 ZrC and 80 TaC/20 HfC Bodies - Certain alloys of IV

and V group metal carbides have melting points as high or higher than TaC.

In addition the products formed upon oxidation are higher melting than those

from TaC and so may lead to improved resistance to corrosion. The transverse

rupture strength of hot-pressed bars of 80 TaC/20 ZrC and 80 TaC/20 HfC

was determined (Tables B-V and B-VI).

TABLE B-V TRANSVERSE RUPTURE STRENGTH

80 TaG/20 ZrC

Temperature (oC) TRS (psi) % Theoretical Density

RT 45,000 79

i104 23,800 74

1394 21,200 71

1630 22,700 72

1820 16,500 70

1995 32,400 74

I
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TABLE B-VI TRANSVERSE RUPIURE STRENGTH

80 TaC/20 HfC

Temperature (°C) TRS (psi) % Theoretical Density

RT 27,600 72

870 19,200 71

1150 20,200 71

1380 20,700 71

1635 23,000 -

1905 28,6oo 73

1970 24,600 75

The strengths are less than found for TaC but the porosity of the

carbide alloys is significantly higher. An interesting feature is the small
variation in strength with temperature (for equal density specimens). The
results are encouraging and further studies, especially of oxidization

resistance, will be made.

4. Vaporization and Corrosion I. Ladd, R. W. Kebler

Rates of heating, vaporization of silrer, and chemical corrosion

of a TaC-Ag and a commercial W-Ag composite were studied using an are-image

heated stagnation-point-flow reactor.

Melting and vaporization of Ag should reduce the rate of tempera-

ture rise, at constant heat input, for a small composite body as compared

to the non-vaporizing part alone (TaC or W). Small specimens (1/4" x 1/4" x

0.1") were heated with constant :radiant energy input and the temperature

rise monitored. The temperatures given are brightness temperatures with

constant emittance corrections of 0.5 for the porous TaC and TaC-Ag com-

posites and 0.6 for the low density porous tungsten and W-Ag composites.

Both the TaC-Ag and W-Ag composites definitely have lower rates of tempera-

ture rise than the uninfiltrated base materials (Figs. B-2 and B-3), For

the sample sizes used here the cooling effect of the melting and vaporizing

of the silver was not appreciable after about thirty seconds. This is con-

sistent with measurements by weight loss of the rate of silver evaporated

from TaC-Ag (Fig. B-4) showing that 90% of the silver is evaporated in abou

thirty seconds.
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The decreased rate of temperature rise for a given input of energy

for the infiltrated TaC composite, as has been found for infiltrated tungsten
2,3

composites, is of major importance in increasing thermal shock resistance.

This is a significant advantage of self-cooling composites of this type.

The relative thermal shock behavior of self-bonded TaC and the TaC-Ag com-

posite were compared using the arc-image source to rapidly 1eat one side of

small rectangular bars. For the same radiation input the self-bonded TaC

bar cracked in the first five seconds of heating while the TaC-8% Ag bars

could not be cracked. Larger pieces of the composites are needed before

complete thermal shock measurements can be made.

The chemical corrosion rates (Figs. B-5 and B-6) for the composites

were obtained by heating them for specified periods in an argon-CO- gas

stream. The temperatures (an emittance correction has been applied to the

brightness temperature) given are the highest the specimens reached. Emit-

tance for the TaC was taken to be 0.5, for the dense tungsten 0.42 to 0.43,

and for the tungsten-silver composite 0.6. The linear recession rate, which

is averaged over the heating period, was measured for two different time in-

tervals. Within experimental error, the average linear corrosion rate was

found to be the same for both time periods. The linear corrosion rate of

the TaC-8% Ag composite as a function of temperature was found to be the

same as for the TaC (83% dense) base material (Fig. B-5). These linear cor-

rosion rates are comparable to those found in our earlier work for fully

dense tungsten.

Similarly, linear corrosion rates of the W-9.5% Ag composite and

the porous tungsten base material, prepared by vaporizing the silver from

the composite in an inert atmosphere, were compared. The corrosion rates

as a function of temperature, for both this low density, desilvered tungsten

and the W-9.5% Ag composite, were the same within experimental error, but

were several times greater than for fully dense tungsten (Fig. B-6).

Although it is not clear wby the W-Ag composite has such high linear cor-

rosion rates compared to those of dense tungsten, it is obvious that the

porous structure remaining after evaporation of the silver has a much in-

creased surface area available for reaction. Furthermore, this large sur-

face area is retained during reaction due to the immediate vaporization of

tungsten oxide as it forms.

II



C 5. Future Program

Emphasis is to be placed on producing, using isostatic pressing,

1-1/2 inch diameter TaC-Ag specimens from which nozzle inserts can be made.

These inserts will be tested for thermal shock and corrosion, relative to

tungsten, in the AMC test motor.

Further studies on silver and copper as infiltrants are to be

made. The influence on infiltration behavior and strength of small amounts

of additives, such as molybdenum, to the copper and silver alloys are to be

determined. The oxidation behavior of the TaC/ZrC and TaC/HfC alloys rela-

tive to that of TaC is to be evaluated.
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FIGURE B - 2 TIME-TEMPERATURE DEPENDENCE OF INFILTRATED AND NON-INFILTRATED TaC

jO The surface temperatures of the samples are plotted as functions
of the time of exposure in an arc-image furnace.
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10 FIGURE B - 3 TIME-TEMPERATURE DEPENDENCE OF INFILTRATED AND DE-INFILTRATED TUNGSTEN

The surface temperatures of the samples are plotted as functions
of the time of exposure in an arc-image furnace.
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TaC AND TaC/Ag IN CO2
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