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FOREWORD

. - This research program is being carried out in the research

laboratcries of Union Carbide Corporation located at Tarryto.n, Ncw York

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

Research Projects Agency under Contract No. D-30-069-ORD-2787 with the

U. S. Army Missile ComimAnd, Redstone Arsenal, Alabama. The report period

is from October 1, 3.96 to December 31, 1964.

The program at Union Carbide Research Institute is supervised byI
Dr. Richard Kebler with Dr. S. R. Aspinall serving as general projelct co-

ordinator and Manager of the Institute.

The scope of the program as stated in the contract is "to obtain

a better understanding of the mechanisms which govern the behavior of

materials in high-temperature environments, to learn how to make the most

effective 'se of available materials, and to obtain a better knowledge of

optimum properties desired for new materials for particular use. The work

is expected to provide guiaance for those concerned with the developmnent of

rmaterials and the use of materials in solid-propellant enginee."
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I SUMMARY

An extensive series of measurements of the rate of oxidation of

tungsten by CO2 in the presence of CO was run to explore the validity of the

back reaction term in the rate equation

AP CO 2 e (/TPR O PW3( 1/9

1 + BP(CO2 e K PC

The values of the constants A, (L, B, ard 0 are still provisional.

Experimental rates are compared with thDse calculated from the above

equation and its auxiliary diffusion equations. It is clear that ouw. model

predicts the effect of CO very well over the range of 2ondltions studied.

Further studies with higher CO/CO2 ratios are indicated because the reduction

in reaction rate found is relatively small.

Samples of Linde swaged, bCCP plated, UCRI 4_rc-melted and General

Electric swaged tungsten, the last cut both perpendtzular anel parallel to the

cylinder axis, were oxidized in 100 torr CO2 flovirg at 9000 cm/sec. All re-

acted at rates that fell on a single log rate vr., I/T curve. The small degree

of scatter in these data reflects the improved control of conditions that has

been achieved by modifications of the arc-itwag,, apparatus. Since the General

Electric tungsten wes cut from one of the dil]ets procured for construction of

the nozzle inserts to be used in the forthcoming rocket tests the kinetic pars-

nmters already derived should be applicabIe in interpreting these t ests.

Enough progress has bPwn made with the tungsten-HF reaction for us to

be confident thk . using the arc-iage reactor, we can investigate the kinetics

of this reaction over a useful rang7e of temperatures and HF prer:sures. Much of

the equiprent needed has already leen 1uilt and tested. Both the rate of cor-

rosion and the apparent activation enert-y are much lower for 'ungsrten In HF than

for tunrsten in CO2 under our "onditions cf prers,,re, temperature, and flow.

Work onr the analysis o'f stagzo'lon-floi reacto-s has eontinued. The

jioceure chosen fcr t!e nuru-rcaI lU~ cn 'f the stap.nation-ine equations

co, nsistr of reducoion of t,.heze eqlt'n: 'o a re( of o'Irs'-;-der e i::atcfs,

- I



forward integ;ration from estimated initial (surface) conditions, and refinement

of the initial conditions to yield desired end-point val.ces. We are now able to

integrate stat.nation-line equations for constant comp- _it, vi.;cosity, thermal

conductivity and heat capa'city. The restriction of constant composition wilL

next le removed by introducing the equations of continuity of species and the

diffusion equations.

A test motor (Ii'PNA-!TqIH) for nozzle-insert corrosion testing, is leini,

designed by the Army Missile Coimnand to operate '4u1th constant fuel and oxidizer

feed rates at hehamber pressures up to 1000 psi. Ectimstes of the nozzle-insert

heating show that to reach the desired operating temperatures the tungster In-

sert must be thermally insulated from tts holder. A proposed noz.zle-insert and

holder de3ign was submitted to the Propulsion loboratory for mating with *he

motor aft closure. The measurements and associated calculations to be made are

discussed.

A plausible kinetic model for the oxidation of tungsten has been deducoe

from our earlier mass--pectrometric measurements. The varicus rate cornstants so

established may te used to estimate the rate of the oxygen-tungsten reaction at

t-mperatures and pressures such that the surface conditions are similar to thcse

that prevailed during +he experiments. The present method of prediction yields

agrees with thp experimental results of Perkins et. al. to ca. 50% at 2',YOOK Ln!

0.1 to 3 torr 02; at higher and lower temperatures the agreement is not as r-o'i,

but still cormmndable.

Vapor species fornme ly the reaction of molecular or,;gen with mol•vl-

denum urre identified and the - intensitie S measured ar a function of s,: r'aýc

temperatune and nx•yern presý;urk over th,. ran,-es _'420 -o 2, 1437K and 10- C

2 X 10 torr 02. The prin,[.al proiucts are MoO "'I) MCO 0g), MoO(g), ani i, "
2 2'

Tne hiý-h-tenycraturre furnace for the Slemýns diff'ractcmeter, orvr-a'

. th a helurm atm-:;phere to m.rimLze s,,.rf~cI• ron Ions, -mts used to !1c)7

x-rk; diffraction. data fo~r NIP 2up ~ ron6-,c,'a- tic ,.) .n-f2 C1. L from %•c Lattice •onstants:"-.[

tentat ive ) we r- -alinted c, 1eas1 -s-$•.aea. K-A,; -- pe o rcm- er std#es u h d h

the -nne: f I ,oren exjerl-,--,1 l • ,0DkC In vrcuur, "n,

of rcac' n " ' a"l •, ..-A, or 1)0 1 Alan-.o

panr'.rn :t• ai'e! fc'r u . ,f T > " 2O•.l . ,,-' ..r.f... ...I

"ho 1 ia . 1 ."n ,, .i ,Sr '.,.• t'r-.,.. • " -• ,' " m '" :v a :• e • - '' ' i ",



agreement betwen lattice constants before and after the 2041 0 C run indicates

that little boron was lost.

Measurements of -he elastic moduli (Cll, C1 2 , and C44) of single-

crystal tungsten as functions of temperature to 18000 C have been completed.

A report on this work iG being prepared. No further work on dynamic elastic

properties is planned except as needed for studies of composite materials.

High-temperature creep has been followed as a function of stress at

constant temperatures for tnree nore large-grained polycrystalline TiC

specimens. Two of these wre prz!swuably much purer than previous specimens

and their creep rates -were much larger. The less pure specimen showed a high

stress dependence (--C 0) comparable to the stress dependence repcrted for an

earlier specimen of equivalent purity. The two purer specimens showed the6.0 6.2
snmller stress dependencies o and u . The plastic deformation of TiC is

a very sensitive function of structure and impurities, which suggests that the

high-temperature mechanical properAes of TiC specimens in general will also

be highly dependent on their thermal and mechanical history.

Satisfactory zone nelting of 1/h-inch tungsten rod is nnticipated with

equipment on order for the automatic control of bombardment current in the

electron beam zone refiner. Since single-crystal specimens of tungsten cannot

yet le made here, initial measurtiments of steady-state creep are to be made on

singLc-crystaL specimens of 7ý, ottained from Union C-riide European Research
A.sociAtes.

Very rood results have leen achieved .n the electrolyti- machining of

I/4-Knc> toýnistcn rod. A tensile specimen 4-inches long with a central 5/8-inch

_-_j,12 setion and I/h-Inch Iog cylindrical knobs on each end has been produ-edi.

The pyrohydrolytic de eriri:ation of boron in 71rcomiuam dib'orlie and

titanium diiorile was successfuinl applied to the dilorld,-s of tantalum and

rno}l Liure, a-I wit!. mcý.. o iifica- ions, Io hafnium dl oridr, as ýiel . 7.o .ros

n r! - ,ri 4nr er.n " with t*e resul P . olta ne i ,tyw, , f ti, rmf, j- ,

C > a ,' rt Je cpy i 'e. tre A;i'm I(•, f "'r r



desirable high-temperature properties even though the metal may melt or

vaporize. Such behavior, as measured by transverse rupture strength, has now

been found for TaC-Ag composites. One check on the probable behavior of an

infiltrated composite at elevated temperatures is to determine the properties

of the skeleton after complete vaporization of the infiltrant. Silver-

infiltrated TaC specimens so treated had substantially the same strength,

density", and resistivity as the original hot-pressed TaC. The attractive

feature of the Ag-TaC composite is that it is generally stronger than the

original TaC from room temperature to about lI4OOC and comparably strong at

1800°C. The infiltration ard the subsequent vaporization of the silver

apparently do not disrupt the T&C grain-to-grain bonds.

The trar:Everse rupture strength of the TaC-NI composites is high at

room temperature but drops draEtically at 1400C. Furthermore, when the TaC-Ni

composite is heated to high temperatures (over 2COOC) to drive off the nickel,

the carbide skeleton remaining is porous and friable and easily brcken by hand.

The carbide-carbide bonds are evidently disrupted 'y ',he nickel at temperatures

at and above its melting point. Methods that may minimize tht3 disruption are

being studied.

Hot-pressed ZrC bars (80-9", of theoretical density) made from

purified ZrC powders have been infiltrated with nickel or with silver, but with

irregular results. Scmetimes the rpecimen infiltrated completely, but some me

only a shali-w surface layer seemed to te affected. Further v.ork cn ZrC-'ased

composites is desirable because they may well have be~ter resistance to hi-h-

tempecrature corrosian than TaC and ?RC composites have.

An additional means o!" achievinj skeletal strength at very higlh

temperatures, ani also of m...ný, u-;e of 9.y possible advantage derive6d _rm r he

Gro.p •i-s the ise -,f car1'Azle solid - "•ches of

i-aC/20 }ifC, 1,' VCit-C, ýO TCi 2) ZrC, and 0 '•t/,., ZrC tave been vre-

-ar,!i a! ,:-d c .,th ransverse ruptu.e strength sjx-cilmns and Ini I'ra-

in p r,! r-. infiltration experimcnt5> th,.,;e cc.position-

.huve4 ,•i:' T C, *!,.a 5[•" '. .sse4 rla , .... ides.
•?a . .', • 'hi:%e i ," -'• ... •... •'•; st i4 .•' . . ...... : ..... . r.on car", es



1I INTRODUCTION

This program is concerned with ..h-' principles governing high-

temperature chemicel. and physical behavior, especially inl the respects that

may contribute impcrtantly to the.. succes~f~ul performance of materials as

rocket comp~onents operating at hnigh temperatures.

The materials being studied here are tungsten, graphite, and the re-

t'ract~ory carbides and t~orides of the transition metals. These carbides and

loricles are U:fficult to handle because of their high melting points, brittle-

ness and higli hardness at room temperature, and susceptibility to contair'natlon

at high temperatures. Thus, a considerable effort is devoted to their puri-

f'ication and fatrication. 1:oposite bodies consisting of Interpenetrating

carbide and metal skeletons are being prepared and evaluated. These appear

to hfld proriise for high-temperature service, especially in rocket nozzles.

Because corrc~sion of roc~eft nozzles by the exhaust gases is a serious

problem, reaction rates I ýtween various gases or combinations of gases and pos-

.-!ble nozzle inaterials are lcini., studied as functions of temperature and pressure

in. this progr'am. howevtýr, at :.cltemperatures for rocket operation these

gas-solid reactions nw.* Le czjntrolled ro)t bry the Surface reaction rate but partly

or entirely 1%y the rat~es -)f diffus'cn ,* reactants to the surface or of products

away, from >., Special eff:or*'.v ar*- 'tein, made Lo neav 're truly surface-controlle,!

react~on rnf_-: for t-.e vaý -,us refracto)ry materials a'- all temperatures of in.-

ttret .:,sinz perorva4conýtins "IhaL afford very* hLzi mass -transfer

ra tcs. wi 'Io tar I perm-'t .,a! -ulat-ion -11f -'orro:s1on rates ",'r

conitins .4'ere 'tolt- suofalct i-oacr-ior'. rate andi Aiff~ior Fire Important.

A.- struc-tral Part::. rocc':-'ozz_- are sul ,jecte(I to :OSu't sant ial

.te r .n I ; r fec'trs onr 71~: '. ' e d(ý*er rtln" creer strer.';t ir.~i

-7 ' nn ?i : ri m r .r~g::- *~J n'-

.. e -i '*.,) r -nn .

V' ;r :' - , .

d-*-ý-4~~** ~ .*.*- *

*3 .. Vi.. .~ .'&- ' -* -. n* -T r' f. g



III. TECHNICAL RESULTS AND PLANS

A. Gas-Solid Reactions

Introduction

In the September 1963 Quarterly Progress Report (QPR) the

relationship between gas-phase diffusion and surface kinetics of gas-solid

reactions wns discussed in some detail. There and in the following QJR

(December 1963), it was pointed oat that mny important corrosive reactions

are sometimes controlled by gas diffusion and sometimes by surface kineticF

depending on the conditions of temperature, pressure, and flow. If the e'fect

of a corrosive environment on a refractory imterial is to be predicted, there-

fore, rate expressions for the potential reactions must be available 4'.om

laboratory studies approaching as closely as possible the conditions of tempera-

ture and pressure of that environment. However, slowness of gas--,huA diffusion

can interfere with laboratory measurements Just as it affects the practical

situat.ons. Each experiment intended to provide surface-kinetic data must

therefore. be carefullý analy:ed with respect to gas diffusion and designed to

minimize its effects.

Our first objective is the determination of thL. surface-controlled

rates of reactions between gaseous rocket exhaust compono.rits 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 dif-

fusion control. To weigh the extent of rontrol by gaseous diffusion all the

date obtained in this pr-oggram axe beiing analyzed +o determine .here diffusional

effects are Im.portnnt.

We have derit•-e. ana ,uilt a numler of experimental reactors in •.icV.

~h m rcas-transfer rates are Echleved thro-ugh use of high veoc.ity gas streams

imp.ininp: in staAnatton ptterns on hot samples; the effect for a given

react;on Is to raise very.- conslderabi.'; the temperatures at which gaseous

d !ffuson ,eiz::es .mportin. :n determining o-server(i rýýectlon rates, thus

the meansreryrent of pur.-• surface-ccntrc'-lel reaction rates to le n• .



at higher temperatures than otherwise possible. Section A-3 continues

"the development of the theory of mass tranrfer in such systems.

A study of the effect of CO on the kinetics of the oxidation of

tungsten by CO02 in our sub-atmospheric stagnation-flow reactor is described

in Section A-1. Further investigations of the effect of tungsten preparation

on the kinetics of this same reaction are reported in this section also.

Progress in our 3tudy of the kinetics of the HF-W reaction is described in

Sce-tion A-2.

The experimental arrangements described above, though capable of

yleldiTng rate exprcssions at temperatures and pressures of direct interest in

rocket propulsion, all operate under conditions that preclude observation

of the detai2:ý ol the gas-surface reaction mechanisms. To obtain this type

of information mass-spectrometrJ±c studies of reactions at very low pressures

are beiiig cunducted; the results obtained by this technique for the 0 2-W and

0 -Mo reactions are discussed in Section A-5.

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-4.

III - 2



1. Kinetics of the Oxidation of W by CO2  R. A. Graff, I. R. Ladd,

J. M. Quets, P. N. Walsh

The induction-heated stagnation-flow reactor being used to measure

rates of corrosion of tungsten by carbon dioxide at pressures below one atmosphere

has been described (QPR March, June 1964). Briefly, the experiments

involve flowing a metered mixture of Ar and CO2 at room temperature in a stream

perpendicular to one face of a cylindrical tungsten sample heated by a current

concentrator. The total pressure of the reacting mixture is the stagnation

pressure over the tungsten surface and the temperature of the reacting surface

is measured by an optical pyrometer during uhe course of the experiment. The

rate of surface recession at the stagnation point is the desired reaction rate;

it is ordinarily multiplied by the ratio of the density of tungsten to its

atomic weighG to chtain the rate in moles/cm2 sec.

In the September 1964 QPR, details of the analysis of ou;r data on

the 'A r of the oxidation of W by CO2 were presented; the choice of rate

AP 2e -a/RT ( P 1/9ACO2  PCOW30

r = e- 1 - - (])
1 + BPco2 

K PCO2

and the determination of the constants A, a2, B, and 0 in this equation by a

least-squares technique were discussed. At that time, the iterative least-

squares calculation had not converged though a reasonable fit to the data had

been obtained. The calculation has now been carried to convergence; the

agreement between observed and calculated rates can be seen in Figure A-1,

which includes all the points involved in the calculation. This figure can be

compared vith Figures A-8, 9, and 10 of the September 1964 QPR, which show the

previous fit. The values of the constants at convergence are

A = 15,648 moles/cm2 sec. atm

S= 90,891 cal/mole

B = 1.657 x 10 5 /atm

= -55,234 cal/mole.

* The fifth parameter, Nu', which is involved in the diffusion equat.ins that
are solved simultaneously with the rate equation (cf. QPR S~ptember 1964)
now has the value 237.0.

TII - 3



These constants are still to be regaraed ac provigional, because (v.i.)

the temperature ncerta~rtler, discusced in tho September 19(; QP2 have not

been entirely cleared up.

ExtensLve measurements of the rate of oxidation of tungsten by CO2

in the presence of CO were made to explore the validity of the back reaction

term in the rate equation (1). In one set of runs, the CO/CO2 ratio was

varied while the flow of Ar was kept constant at 54 S14 and the total flow of

CO2 + CO at 30 SLM. In the two other sets, the CO2 and CO pressures were

varied, while the CO/CO2 rat.o was held constant. The experimental rates are

compared in Figures A-2, A-3, and A-4 with those calculated from our model

(Equation (1) and its auxiliary diffusion equations) with the parameter values

listed above. It i- cl±ar that the model, which was deduced ir the absence of

any experimental data from CO runs, katisfactorily predicts the effect of CO

observed so far. However, further studies with higher CO/CO2 ratios seem -n-

dicated because the reductipn in reaction rate found is relatively small - its

maximum extent is shown in Figure A-5 where the observed rates at 20 torr CO2

and 101 torr CO (in 219 torr Ar) are compared with those calculated from the

model. for these conditions and for 20 torr CO2 in 320 torr Ar. In this case,

L. the CO effect is seen to be somewhat over-predicted. It can be concluded,

however, that the form of back-reaction term employed is reasonable and that CO

has no appreciable effect on the f-rward rate.

In the arc-image reactor, samples of Linde swaged, UCCP plated,

UCRI arc-melted, and General Electric swaged tungsten, the last cut both per-

pendicular and parallel to the cylinder axis, were oxidized In 108 torr CO2

flowing at 9700 cm/sec. All reacted at rates that fell on a single log-rate

vs. l/T curve (Figure A-f ). The notably small scatter reflects improved

experimental control, achieved by modifications of the arc-image apparatus, as

described below and in previous reports. Also shown in Fig. A-.6 are the rates

predicted by our model, using again the parameter values derived solely from

data obtained in the inouction-heated reactor on Fansteel tungsten. The curves

differ by roughly a factor of two ir rate or 80c in temperature; this is not bad

Ln view of the differences in experimental techniques, but the dijerepancy is

large enough to have prompted us to undertake a thorough recalibration of our

Some of the data in Figure A-2 were presented Tn Figure A-l.] of' the
September 19(4 OPR.

IiL -



methods of measuring temperature and flow. Since the General Electric

tungsten was cut from one of the billets procured for construction of the

nozzle inserts to be used in the forthcoming rocket tests (cf Sec. A-h) it

seems that the kinetic parameters already derived should be adequate for in-

terpreting these tests.

The copper inlet tube (Figure A-7) with improved purge-gas exit

tube that was developed for HF work differs from its predecessor in that the

protective sheath of argon does not dissipate Its momentum as rapidly as before;

consequently, the reaction products are swept away more efficiently and the

reactor walls stay clean longer. This tube has performed very well for the

Co 2-W reaction, also.

A larger and optically better external mirror has been installed

in the arc-image furnace. It is now possible to heat samples to at least 29000 K

in a glass reactor and to melt thoria (3350.K) in the open.

Temperature Corrections - In the June and September 196h QPR's it

was reported that samples used in the stagnation-flow reactors show different

degrees of gross surface roughness after reaction, this being greater when the

reaction occurs ur.der conditions approximating surface-rate control than when

gaseous diffusion is important. Such differences in sample surface conditions

can cause the emittance, and hence the correction from brightness temperature

to true temperature, to be different for different samples.

An unsuccessful attempt was made to determine the reflectivities,

and hence the emittances, of a representative group of reacted samples from the

induction-heated stagnation-flow reactor by directing a beam of 0.654 light

nearly normal to the surface and focusing the light reflected in all directions

onto a photocell. A sample of powdered MgO (reflectivity assumed unity) was

used as a reference. No way was found to ensure that only the reacted part of

the sample was illuminated, and the measurements scattered excessively. Since

the more direct emissivity measurements described below and in Section A-3 of

the September 1964 QPR indicate that the room-temperature and high-temperature

emissivities may not be the same for these samples, high-temperature measurements

will be carried out on samples from the induction-heated reactor.



Half of the oxidized surface of each of four Linde samples and

six G. E. samples studied in the arc-image reactor was carefully repolished

after reaction, then reheated in pure argon to 2600°K to 27000K. In none

of the ten samples was there any discernable difference in brightness tempera-

ture between the polished half and the oxidized half. Since there is no

reason to suppose that the two sides of the sample were at appreciably

different temperatures and since a test with a piece uith half the face sand-

blasted indicated that brightness temperature differences of ten degrees

between adjacent surfaces are very easIly discerned, it is concluded that the

oxidized surfaces differed by no more than 0.01 in emittance from the polished

surfaces, even though to the unaided eye the reflectivity and consequently the

emittance seemed to have changed considerably. Microscopic examination

(Figure A-8) of the oxidized samples showed that each surface was made up of

small, highly reflective, non-parallel areas of transverse dimensions generally

much larger than 0. 6 5u, the wavelength of light utilized by the pyrometer. On

the other hand, the reflecting areas of the san ibiasted sample (Figures A-8ac)

and the oxidized low-density Rembar tungsten (reported on last quarter) were

very small, probably approaching O.65i. Thus far, only the low-density Rembar

material has required emittance corrections other than standard literature values.

Hyper-Baric Stagnation-Flow Reactor - During this quarter,

several measurements of the rate of reaction of tungsten with CO at a

velocity of 1.34 x 104 cm/sec were made; these showed a very poor reproduci-

bility because the experimental difficulties with temperature control could rot

be overcome. As explained in the September 1,)64 QPR, when CO2 impinges on the

tungsten surface the temperature is substantially lowered and this lowering

continues during the course of the experiment. The solution now under study Is

to increase the power input fast enough to keep the temperature constant; !f

thir method gives good resuLts, an automatic temperature control will be in-

stalled.

Water-Vapor Studies - Equipment for using uater vapor as the

reactive component In the was i:. being assembled and tested. Experiment 1

difficulties st;ll exist. A critical-flow nozzle for metei•ng the water

vapor is now Ueinr; calil,rated.

III - (.



2. The W-HF 2eaction R. A. Graff, I. R. Ladd, P. N. Walsh

Enough progress has been made with the tungsten-HF reaction for us

to be confident that we can investigate the kinetics of this reaction over a

useful range of temperatures and HF pressures. Already built and tested are

(1) a leak-free system for handling gaseous hydrogen fluoride impinging upon

the sample face at velocities up to 9000 cm/sec, (2) cam-operated HF valves

with relatively large orifices, and (3) a nozzle system (also used for the

tungsten-CO2 reaction, see Figure A-7) providing a flow pattern such that a

glass reactor can be used without becoming fogged during a run.

Mhe significant data obtainad thus far are r-own in Fig,,re A-9

and compared to corrosion by an equivalent partial pressure of CO2 in Figure A-(.

In three other runs the temperature varied by 100 to 200 degrees for reasons not

yet understood. Twice, however, it has been possible to hold the temperature

within a range of ten degrees for periods of five minutes.

Both the rate of corrosion and the apparent activation energy are

lower for tungsten in HF than for tungsten in CO2 under our conditions of

pressure, temperature, and flow.

We hope next quarter to accomplish a fairly extensive study of the

tungsten-HF reaction.

3. Analysis of Stagnation-Flow Reactors R. A. Graff, P. N. WalEh

The procedure chosen for the numerical solution of the stagnation-

line equations (QYR June 1964, p. III-30ff) consists of reduction of these

equations to a set of first-order equations, forward integration from estimated

initial (surface) conditions, and refinement of the initial conditions to yield

desired erd-point values. This procedure was chosen because ccMputer li)rary

routines were available for the forward integration and the refinement of

initial conditions.

Instabilities in the forward integration were noted in the Septemter

1)1_4 Q(4M. Because of the complexity of the problem, It was not possible to

d`.ccovar the cause of the instab'lity by working with the Pull t-et of equations.

Consequently, we have taken The approach of starting with a simple version of

the p:-ol lem ',flow at constant pressure, temperature, and composition) and addir,-

complexitio, one at a time. In this way we have progressively removed the res-

trictions of constant pressure and of constant temperature.
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Several points have so far emerged. First, successful forward in-

C, tegration requires careful selection of initial conditions. Poor initial con-

ditions have been found to result in a divergence of the integration. Proper

values have been found by trial. Second, the integration must be carried to

more than one-third the distance to the nozzle before velocity and tempera-

ture (composition has not yet been explored) reach values appropriate to the

external solutior. With proper initial conditions, integration to the nozzle

exit is performed without difficulty and with little additional computation

time. We now do this and so avoid the complexities associated with the use of

the external solution.

It has been found necessary to modify the z-momentum equation (QUR

June 1964, p. 111-39, Fl. 4). The case of constant temperature and composition

may be used to illustrate the difficulty. For this case, with the use of the

continuity equation, the z-rnomentum equation becomes

cPv Z v z p 6w, 4 3 1zn
S• + 4 12S-1 + (] W1pv•v -• • (Vz

Since 1 is directly prop-rtional to pressure under the conditions assumed, this

is a second order equation in pressure,

I n 1nP 1 w _ z

r, 7 2 v 4 (2))z.- v . U, --7 Z 7z c 7z' " ( )

which has a singularity when v is zero. Hovever, v is zero at the origin

when there is no reaction and is zero tit some interior point when corrosion

occurs. To remove this singularity ue have assumed that compressibility has a

n-gliglble effect on the shear rate (i.e. the density term on the right side of

Eq. (1) has been dropped) and obtalned the first order pressure equation
)w pV z

if rip c (3)
OvZ

9c

No dificulty has been encountered In the integration with t1is modification.
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With the modified z-momentum equation we are able to integrate

stagnation-line equations for constant composition, viscosity, thermal con-

ductivity and heat capacity. The restriction of constant composition will

next be removed by introducing the equations of continuity of species and

the diffusion equations.

A test of tne nonlinear estimation library routine (NIE) that is

used for adjusting of initial conditions t yield the proper final (nozzle exit)

values of the variables has been made for the case of constant temperature,

pressure, and composition. With initial guesses for the parameters good enough

to yield a successful forward vntegration, convergence on desired end-point

values was obtained without difficulty. NLE -ill now be used on the more

complex problems.

4. Rocket-Nozzle-insert Test and Analysis Program D. Pugh, P. N. Walsh

A visit was made on November 30, 1964 to the Propulsiorn Laboratory,

Directorate of Research and Development, Army Missile Command to discuss liquid

motor firings for corrosion studies on tungsten nozzle inserts. The procedure

for calculating the expected corrosion and the experimental information we need

from the firings were discussed.

The scheme devised for calculating the rate of corrosion of a test

nozzle-insert reqt'res that the mass-flow rate be constant and that the surface

temperature be independently known from experimental =esurements, as a function

of time. A standard flame-temperature and composition calculation for the

chosen fuel-oxidizer mixture at the given initial throat pressure will then le

used to compute the initial free-stream gas composition. Next, the in~tial ratt

of removal of tungsten will be obtained by an iterative solution of the surfaý',

rate equations coupled with the film-model diffusion equations (cf. Septemler

li': QUR, p', IV-6,7) For this part of the calculation, the state of our

knorwledge requires that we aszjme as corrosive only those gases for whichi the

rate -ýf remova. of tungsten is known as a funct4 on of temperature and part) .

pr-rsure. A1ý others will initially be considered inert; relaxation of tLi

restrict~on to permit some gas-phase reaction near the surface will be con-

nidered later. The mass-tranafer coefficient needed In the diffusion e:unt',,nr

will le der!ved from a modified Bartz correlation using an average of t.e

DI. . R. Bartz, Jet. PropIs'on, p. t4 (1951).
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free-stream and surface temperatures. The calculated corrosion rate will be

C considered to be constant for such a length of time as the experimental

surface temperature is known to be constant within some preset number of

degrees or until the throat cross-sectional area has been calculated to in-

crease by a preset percentage. From the calculated throat area at the end of

this period, the new throat pressure will be determined, i new free-stream

temperature and composition calculated, and the corrosion calculation recycled.

This procedure Involves a stepwise summation of the total corrosion, but may be

made close to e true integration by choosing small increments of time.

Preliminary calculations show that to reach the desired operating

temperatures the tungsten nozzle Insert must be thermally insulated from its

holder. A proposed Insert and holder design has been submitted to

Mr. Donald Dahlene of the Propulsion Laboratory.

The test motor (IFRNA-UDtM ) is to operate with constant known fuel

and oxidizer feed rates at chamber pressures up to 1000 psi. Pressures as a

ftnction of time can :e determined to ± 1/2% at 1000 psi. Running times up tc

60 seconds are possible, and steady combustion conditions in the chamber should

"be reached in about 100 milliseconds after start.

IDet'rmination of the insert interior surface temperature is the

principal experimental problem. Present plans are to do this with multiple

thermocouple probes in the nozzle insert and also by designing the insert and

holder so that a narrow-angle recordin6 pyrometer can 1,e sighted on the insert

throat. Because of our uncertalu knowledge of emittances the last method will

be uncertain; still, It will serve as a che,k on the thermocouples.



5. Mass-Spctrometric Studies 0. Conrad Trulson, Paul Schissel

a. Tungsten-Oxygen System

The measurements of the pressure and temperature dependence of the

oxidation of tungsten have been completed and reported in detail in Technical

Report C-26. 1 A plausible kinetic model was deduced and the various rate con-

stants evaluated. The model and rate constants may be used to estimate the

kinetics of the oxygen-tungsten reaction under conditions not directly amenable

to mass-spectrometric measurement, provided the temperature and pressure arei such

that the s'rface conditions are similar to those that prevailed during the

experiments. In terms of the model, the procedure for determining whether the

surface conditions are similar rests merely on determining the amount of oxygen

adsorbed on the surface. The oxygen is adsorbed on two kinds of sites and the

fractional coverage of these sites may be computed as follows. Given the

tungsten surface temperature (T,*K) and the oxygen pressure (P, torr), parareter

values - and 0 are computed from

1 107.845-3.147(1)

ci=lO T(.

108.146-1.94((104)
ST (2)

and these values are used with Figure A-10 to determine e1(0() and 2I (0). The

loss R of tungsten (as WO2 and WOJ) is then determined from2D

R = k (3-2)2 moles/cm2 -sec. (3)
61 1n4

with k=0- (=)

1. P. 0. Schisse! & 0. C. Trulson Technical Report No. C-26 Mass-Spectrometric
Study of the Oxidation of Tungsten. Union Carbide Research Institute,
October, l¶YXh.

This specifically 'xcludei conditions where polymeric species (i.e. W 0O
and larrer molecu'les) are important products, because definitive data 2 6

on these species wre not ok-tained experimentally, or where geeous dif-
fuoion rather than surface kinetics is r-.te-contrcoling.
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There is a paucity of data on the oxidation of tungsten in oxygen at

higher pressures under flow conditions :here diffusion is not rate limiting. The

present method of prediction agrees with the experimental results of Perkins et.

al.l to ca. 50% at 2900 0Y. and 0.1 to 3 torr 02; at higher and lower temperatures

the agreement is somewhat poorer, but still commendable, since the comparison

represents ep extrapoletion of the mass-spectrometric results by four orders of'

magnitude in pressure with no adjustable parameters.

b. Molybdenum-Oxygen Reaction

Vapor species formed by the reaction of molecular oxygen rith molyb-

denum have been identified and their intensities measured as a function o: Q"-r-

face temperature and oxygen pressure over the range 1472"K to 2437°K and 10-6 to

x 10 torr 02. The principal products are MoO3 (g), MoO2 (g'), MoO(g), and 0(g);

*he temperature dependences are shcwti in Figure A-1l where log (vaporization rate)

vs. reciprocaJ1. temperature is plotted for each of the species at an incident oxygen

flux of 4.7 x 10 molecules/cmra sec. The most striking feature of these data is

the MoO(g) intensity, which is linear on this plot over a 900 0 C temperature range.

(Quantitative measurements on the analogous species WO(g) could not be made for the

tungsten-oxygen reaction because the isotopes of the Large mercury background

occur at the same mass positions as WO.) The species 0, MO 2, and MoO exhibit

tempcrature dependences similar to those cxhibited by 0, WO 2, and WO3 in the
tungsten-oxygen reaction.

Pressure dependences were measured for each of the species at various

temperatures. For MoO(g) and 0(g), the order maries from 0.5 to 1, increasing

with increasing temperature. For MoO,(g) the order vqries from near 1.0 at

IS,`°K to near 1. 4 at 2120°K; only one run was taken with MoO_ , Lhis giving

nearly first-order dependence at its temperature maximum.

Various kinetic models are being consil.ered for this system. In view

<f it.; similarity in bchavior to th.- tuns•ten-oxyý7en system, a "twl-layer" model

wva: corý:idercd first. Although the data have not been fitted nurnerically to -he

•,otel, the. ),• M. >, and MoO result.; protably can be exlainei on "his basis.

T.e MoO data are more .iffl0Ct to explain; since temperature-saturatloc. of thin

:i - Ics i- not obtervtei., it, te..erattrc treni need not be interIpretei on the

t:l• -of -e,~a••n;::urfa,-e c-.vera.,e.

R. A. Perk~nz, W. L. Price, O. D. Croaks, Lockheed Misile: sn Sra;-e Co.

W ive-nao" I IC - .n



c. %uture Work

Measurements currently underway with beams of oxjgen atoms (formed

by cracking C02) indicate that these react with molybdenum to form MoO3 (g)

-about 100 times as efficiently as does 002 (g); the rate of production of

other molybdenum species is less affected. It is planned to continue these

measurements and extend them to the C02 -W system.

!ii - I
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B. Physical and Mechanical Prope-ties

!. High-Te erature X-ray Studies Fred G. Keihn

As reported in the September 1964 QPR, boron is lost from the surface

of NbB2 and TaB2 when they are heated in the x-ray vacuum furnace. To reduce

this loss the high-temperature furnace for the Siemens diffractometer was filled

with helium at higher than atmospheric pressure. This system was used to collect

x-ray diffraction data on obB2 up to 1514*C from which lattice constants (Table

s-I, still considered preliminary) were calculated by the least-squares program

described in prevrious quarterly reports. -Pecause of heat losses with the present

furnace (designed for vacuum operation), higher temperature can only be obtained

by reducing the helium pressure. Measurementg at higher temperatures will be

made by successively reducing the helium pressure until the surface of the sample

is observed to lose boron.

Since the loss of boron from NbB2 at 10C0C was not expected, an

experiment was conducted by C. Trulson in which a sample of NbB2 was heateA on

a tungsten strip in a mass spectrometer (10'6-10"7 torr). A large signal at 84

mass units, believed to be (HB0) 3, was obtained from the cau-ple at temperaturee

around lOOO°C. Traces of water in the ..- ray furnace and even smaller a•ourt2 of

weter in the spectrometer source furnace could explain the respective loc- of

3urface boron in the x-ray sample and presence of (HBE). in the ms spectrometer.

Table B-II gives la.tice constant and thermal expansion data for -IB

up to 2041 0C and compares these data vith previous work by a Gomewhat differ-nt

metVod on another sample. Ine agreement is excellent. Also, the agreement

between lattice constants before and after the 204l'C run in:cates that little

boron was lost.

The the:mal expansion of NIbB- will be measured to the up,-v tempera-

ture limits of the present furnace, and the thermal expan;ion of TaB, will be

determined usine a helium atmosphere. Previonsly detrmir."d th*ermal expansion

dnta for ZrB. will be rechecked to insure that loss of boron at high tezp'raturve:-

Iii not affect the results. A mass-spectrometri: check -f the species vapolizlnc

fron TIB, at 1C0,'•C will bc. made.
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Table B-I

PrelimInary Lattice Parameters for NbB2 As

a Function of Temperature

Run Temp. 0C a (A) c (A)

1 25 3.o866 3.3o84

2 1012 3.1055 3.3401

3 25 3.0874 3.3082
)4 753 3.0996 3.3312

5 1210 3.1lo 3.3482

6 25 3.0870 3.3074

7 1514 3.1173 3.3574

8 25 3.0832 3.3107

9 1210 3.1102 3,3476

10 1514 3.1176 3.3579

11 25 3.0868 3.3090

12 '(53 3.0996 3.3300

13 1007 3.1055 3.34o4

14 25 3.0870 3.3089

One semple
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Table B-II

Lattice Parameters and Thermal Expansion

For TIB2 Ao a Function of Temperature

Relative expansion x 1)
004" 14- Aa Z1c

Run Temp.°C a(A) a x 10 -(A) C x 10 a a

1 25t 3.0291 2.1 3.2280 1.5

(3.0286)t (3.2282)t-

2 1514 3.0630 8.1 3.2761 9.8 11.3

(3.0629) (3.2-r74) (1.3)t

3 1767 3.0684 19.5 3.2865 23.6 13.1 19.1

(3.0694) (3.2868) (13.4)

4 2041 3.0767 3.9 3.2968 4.3 15.8 2.

(3,0771) (3.29691 (16.0) k 21_3)

5 25 3.0284 1.3 3.2283 1.6

a-Standard deviation from the least-squares program.

SRun before heating, the runs are in sequence.

The values in parentheses were obtained by C. Houska
(QPR September 1964) by a somewhat different method.
Houska gave no a's.

a and c measured at 250C.
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2. Elastic Properties Robert Lowrie

Measurements of C have been successfully made on tungsten crystal

L-2 from room temperature to 1800*C. These results together with the values
previously measured (QMP June 1964) for C44 and CN =(1/2 C + 1/2 C12 + C44),

yield the individual values of "ii' C1 2 , and C44 as functions of temperature

to 18000C. A report covering this work is being prepared.

A report has been prepared and will be issued shortly on the dynamic

elastic properties of polycrystalline tungsten from 240 to 1800 0C. Least-

square equations have been calculated for the various elastic constants of

our sample (99.4% dense) versus temperature and also for the constants of fully

dense tungsten vs. T(*C), which are as follows:

G = 1.5893 x 1012 114733 x 108T -2.448 x I0"%

L = 5.2415 x 1012 3.7399 x 108T -1.598 x l04T

K = 3.1224 x 1012 -1.7755 x 108T -1.333 x iO4T2

E = 4.0761 x 102 -3.5521 x 10 8T -5.871 x 10 4T2

0.28247 +6.1902 x 10-6T +3.162 x 10-9T2

Attempts have been made to measure the elastic constants of poly-

crys3alline tantalum and niobium, but the transmission of ultrasonic pulses has

been too poor in the specimens obtained from a conmercial source to make mean-

ingful measurements. The velocity of compressional waves in polycrystalline

molybdenum has been measured from room temperature to 1760 0 C. However,

difficulties have been encountered in making shear measurements over the same

range, apparently as a result of the presence of small interfering echoes.

No further work on dynamic elastic properties is planned except as

needed for studies of composite materials.

3. High--Temperature Creep of Refractory Carbides Frederick G. Keihn

High-temperature creep has been followed as a function of stress at

constant temperatures for three more large-grained polycrystalline TiC specimens.

The starting materials for two of these, TiC-41 and TiC-43, were much purer than

for previous specimens, but chemical. analyses of the arc-fused boules are not yet
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available. The other specimen, TiC-33, was made from the same materials as

specimens TiC-32 and TiC-34, which are known (QPR September 1964) to contain

fractional percentages of Zr and V. The creep rates were much larger for

TiC-41 (Figure B-1) and TiC-43 (Figure B-2) than for TiC-33 (Figure B-3).

The creep rates are plotted in log-log form in Figure B-4, the

stress having been calculated in each case from the applied tctal load and the

changing cross section of the specimen as it deformed. Specimen TiC-33 showed
10

a high stress dependence (•i) comparable to the stress dependence reported

in QPR September 1964 for a specimen, TiC-37, of equivalent purity. Specimens

TiC-41 and TiC-43 showed the smaller stress dependencies a6.0o and r6.2

respectively.

Our extensive creep data on many TiC specimens are now being

su~marizel and analyzed. One observation is that the plastic deformation

of TiC is a very sensitive function of structure and impurities. This would

suggest that the high-temperature mechanical properties of TiC specimens in

general will also be highly dependent on their thermal and mechanical history.

Next quarter, the stress dependence for more TiC specimens of high

purity will be determined, and a few creep tests will be made on TaC-HfC and

TaC-ZrC solid solutions.

4. Steady-State Creep in Body-Centered Cubic Metals Robert L. Cuommerow

A set of six single-crystal Nb tensile specimens was received from

Dr. E. Votava of Union Carbide European Research Associates. There are two

specimens each for the principal crystallographic directions, ([00], [110],

and (11]. Since single-crystal specimens of tungsten are not yet ready,

it was decided to make measurements on the niobium samples first and the

tungsten second. In addition, Dr. Votava has made a careful study of the yield

characteristics of niobium single-crystals at room temperature so that a correla-

tion with Dr. Votava's work will be sought for high temperature, steady-state

creep as a function of orientation.

Thi.s change of plans will necessitate consideration of the slip

systems 110 1 <111> rather than the systems ll2j <111> reported for tungsten

in the QPR for September 1964. A modification of the tensile furnace is also
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(P being made in order to accommodate Dr. Votava's samples, which were fabricated

entirely by zone melting. In addition to the tensile creep experiments on

these samples, resistance ratio measurements, x-ray orientation measurements

before and after deformation, and metallographic tests to aid in slip plane

determination will be made.

Apparatus - Satisfactory zone melting of 1/4-inch tungsten rod has

not yet beon achieved because the equipment for the automatic control of bomb-

asrdment current in the electron beam zone refiner is not yet here. (It is on

order and is expected to arrive momentarily.) If satisfactory samples cannot

be refined from the 1/4-inch rod using this automatic control, the initial rod

diameter will be reduced to 1/8 or 3/16 inch.

Very good results have been achieved in the electrolytic machining

of 1/4-inch tungsten rod. A tensile specimen 4 inches long with a 5/8-inch

gauge section In the middle and 1/4-inch long cylindrical knobs on each end has

been produced. The surface is highly polished and regular. The sample was

mounted horizontally in a small lathe and immersed in an aqueous solution of

about 6% NaOH. A long, flat cathode of stainless steel was placed parallel to

Sthe cylindrical sample and the current density was maintained high enough to

guarantee polishing action as determined visually. The sample was rotated at

about 4 r.p.m. Stop-off lacquer was used to delimit the regions to be machined.

The various components of the tensile creep measurement system were

tested together in a preliminary run. This test included the heater and heater

power supply; a photo-tube temperature sensor, which controlled the sample

temperature through an L and N recorder, magnetic amplifier and saturable core

reactor; and a pumping system made up of one each of Varian sublimation and vac-

ion pumps with a Linde liquid nitrop-.n cryosorption fore pump. Temperature cali-

bration was afforded by an optical pyrometer sighting on a black-body hole in

the sample. At 18650C there was a variation of about 350C along the 1/2-.inch

gauge section. This difference will be reduced. The temperature range covered

was 1000 to 20000 C. Diffusion-limited creep in Nb will occur throughout this

temperature range. The pressure in the cold chamber was 2 x 109 torr; at the

highest temperature, 5 x l10 torr. The differential transformer, control unit,

and recorder for measuring sample deformation were checked out separately. The

equipment all functioned satisfactorily and a complete set of experiments on

the niobLum samples will be attempted during the next quarter.
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C. Specimen Preparation and Characterization

1. iPurification and Sample Preparation I. Binder

Powders of TaC, ZrC, and TaC-ZrC and TaC-HfC solid soluitions have

been prepared and purified for work on skeletal carbides. The pcwders are

being used to prepare skeletal carbide composites as reported in Section D-1

and for preparing arc-fused specimens for wetting studies relating to the in-

filtration process.

Polycrystalline molybdenum and niobium rods, 18" long and 3/4" in

diameter, for the attempted acoustical measurements of elastic properties were

annealed in the equipment usually used for zone sintering.

2. Analytical Research G. J. McKinley, H. F. Wendt

a. Determination of Boron - The pyrohydrolytic determination of boron

in zirconium diboride and titanium diboride has been described (QWR September

1964). During this quarter the technique has also been successfulJ3 applied to

the diborides of tantalum and niobium, and, with some modifications, to hafnium

diboride as well.

Samples -f the diborides of niobium, tantalum, and hafnium were ob-

tained and reduced to -200 mesh. The niobium and tantalum diborides were

analyzed for boron by pyrohydrolysis and by the routine peroxide fusion rethod.

"the results (Table C-I) indicate greater boron recovery by pyrohydrolysis than

by the peroxide fusion. Moreover, the low total analyses shown in Table C-II

suggest that the fusion in fact does give incomplete boron recovery.

Several modifications in procedure were necessary for complete boron

recovery from hafnium dibor'de: (1) The furnace temperature was increased to

1400IC (pyronydrolysis at 1200oC and 1300C gave improved but incomplete re-

coveries); (2) a zircon boat (taco No. 528-57) wac substituted for the

platinum boat, since the latter deteriorated badly at temperatures greater than

100*C; (3) oxyVen was introduced into the steam generator at a rate of

approximately 5 ml per minute In r to maintain a steady flow of steam through

the combustton tule; f(4) the time of distillation was Increased to two hours;

(5) the potentiometric end poin-.s werz. calculated by use of the second derivative



( method, since the volume of solution, mannitol concentration, and ionic con-

centration differed from thr, fixed conditions which had been established for

routine determination.

The results (Table C-III) are in good agreement with the results

obtained by use of the routine peroxide fusion method. Quantitative spectro-

graphic analysis of the residues from the pyrohydrolysis of the hafnium diboride

indicated less than two parts of boron per thousand parts of the boron present

in the original sample.

Although only hafnium diboride was run using the several modified

conditions described above, these conditions would appear to be desirable for

routine use with all samples. It vas found that contInuous operation of the

furnace at 1400*C shortens the life of the quartz combustion tube considerably

(after ten runs at this temperature it had deteriorated badly), but the zircon

boat performed satisfactorily.

A rasearch report entitled "The Determination of Boron in Re-

fractory Borides by Pyrohydrolysis" has been written and approval for publication

C requested.

Table C-I

Cc rison of Pyrohydrolysis and Fusion Methods for Boron

Determination on Diborides of Niobium and Tantalum

(in weight percent Boron)

PyrohydrolYsis Method Routine N.roxide Fusion Method

NbB.2  TaB b,2 ,b 2 .06

19.66 11.42 19.42 11.o6

19.65 u.4•2 19.22 1i.06
19.67 11.42 19.31 11.20
19.58 11.42 19,3o 11.05
19.T0 11.43 12.4 LIS

Wean 19.64 li.42 19.28 i.09
Std.
Dev. C.0o 0.006 0.10 C.07



Table C-11
C_____________ion of Metal B_____s

(in eig;t percent)
Total Total

" ; Me BO (a) Carbon Nitrog I itie () Analysi

NbB 2  78.87 19.28 C.23 < 0.01 O.41 0.50 99.29

TaB2 88.1o 11.09 0.05 < 0.0 0.15 o.1I4 99.53

(a)Boron determinied by rout4  peroxide fusion procedure.

(b)Total impurities determined by quantitative spectrographic

analysis.

Table C-III

Co_ prison of PyMohydrolysis and Fusion Methods for Boron

IDtermination in Hafnium- Mlboride

(in .ight percent Boron)

Run Py-ohydrolysis Routine Peroxide
No. at i•00C" Fusion Procedure

1 10.32 10.22

2 10.28 10.18

3 10.31t 10.20

SiO.1 31 10.20

5 10.3.U0.1
Hear, 10.31 10.19

Std. Dev. 0.02 0.02

b. lete~rmmtl of Zree Carbcn - Sow additional vor'r on the

determination of free carbon In re-ractrry WtAL carbide haes been ccmpIeted.

These determinations are maie here by & wodified Kriege procedure (QM June

1963) 4esij•7nted In this ar7.- ýwxvious m-portG as the UC(ND method, The

method require., discoiution of the carbide by first addinr 15 ml of concen-

trated nitric acid and then cmcentrated hydrofluoric acid dropvIse until re-

Ji: - ,



action ceases. The insoluble free carbon is removed by filtration and

determinad a: carbon dioxide by conbustion.

hecently a method for the determination of free carbon in hafnium

carbide was published which differs basically from the UCCND method in two

ways - (1) The amounts and ýhe order cf addition of acids are changed, i.e.

the carbide sample is treated with 20 mi of '4ydrofluoric acid (rather than

nitric), after which nitric acid (rather than hydrofluoric) is added dropwise

until reaction ceases; (21 the residue is washed with a hot 10% sodium kydrox-

ide solution beforn combusting the separated free carbon. The second change

was made in the effort to eliminate "high and erratic results" obtailed when

the Kriege method was applied to hafnium carbide of very low free carbon con-

tent. The irregular results were attributed to the presence in the residue

of dark red, translucent particles, which cc Id be dissolved in the 10% sodium

hydroxide solution.

Feick and Giustetti suggested that the red residue represented

combined carbon which is incco.pletely oxidized during acid treatment, and

that the amount of such residue depends on the particle size of the carbide

and on the de oails of the acid treatment.

However, our experience with the UCCND method is that using a large

amount of hydrofluoric acid initial1y and then adding nitric acid dropwise in

a lesser amount promotes the formation of a reddish material. which, if carried

through subseor t steps of the analysis, causes high and erroneous results.

Experiments desir7e- to confirm this conclusion in detail were per-

fcrmed. Samples of zirconium ca-'bide and hafnium carbide (-2O0 mesh) were

analyzed for free o'arbon by three procedures - (1) the UCCND method; (2) the UCCND

method with reversed acid addition; (3) the Feick-Giustetti method, In -ro-

cedure No. 2 only the amounts and order of addition of acids were changed, i.e.

the iample was dissolved by treatment with 15 ml of hydrofluoric acid and drop-

wise addition of nitric acid until reaction ceased. The Feick-Giustetti method

was followed faithfully except for the carbon dioxide measurement, which was

gravimetric instead of conductometric.

(1) Feick, G., Giustetti, W., Anal. Chem. 36, 2198 (1964).

S ..... ...... .• • , • .. .... " r• ' .•.Z' _ .. , • :•'a : - ,, I i.i -- r,:



The redults (columns 1 and 2 of Table C-IV) indicate that the nitric

acid must be added first to avoid incomplete oxidation of the combined carbon

and consequent formation of organic intermediates.. Although these organic

products may be removed by washing the filtered residue with sodium hydroxide

solution, (column 3), our method (UCCND) of dissolution apparently prevents

their formation. It has also been noted that a sufficient excess of nitric

acid is capable of destroying any organic intermediates formed by reversing the

preferred order of acid addition.

Table C-ITV

Effect of Reversing the Acid Additions in UCCND Method and

Counterbalancing Effect of the Feick-Giustettl Caustic Wash

(Results in percent free carbon)

UCCMD Method
UCCND With Reversed Feick-Giustetti

Sample Method Acid Addition Method

ZrC 0.08 3.39 0.09

0.11 4.12 0.05

0.o0 3.82 0.08

Mean 0.09 3.78 0.07

Range 0.4 0.73 0.04

HfC O.C7 3.07 0.12

0.07 2.49 0.09

0.11 2.74 0.08

Mean 0.08 2.77 0.10

Range 0.04 0.58 0.0m4

A manual of our procedures for analysis of the refractory carbides

and borides is being prepared.
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5D. Coumposites

The materials under consideration here - skeletal carbide com-

posites - consist of two interlocking continuous phases, one a refractory

carbide and the other a metal, and are designed to be superior in low-

temperature properties to the refractory carbide itself, while maintaining

its desirable high-temperature properties even thougn the metal may melt or

vaporize. Such behavior, as measured by transverse rupture strength, has no.

been found for TaC-Ag composites.

1. Preparation Ira Binder

The preparation of skeletal carbide composites was continued, with

TaC, ZrC, and carbide solid solutions based upon TaC as the primary hardmetal

skeletons. Work was concentrated on silver and silver alloys as infiltrants,

since the carbide skeleton is not disrupted when the infiltrated silver is

vaporized, whereas nickel-infiltrated TaC loses practically all its strength

in the neighborhood of 1400°C. This problem with the original nickel in-

filtrant was investigated, and a study of the infiltration of TaC with "TaC-

saturated" nickel was begun.

TiC-Ag Skeletal Carbides - Changes in the heating time and tempera-

ture have led to large improvements in the infiltration of TaC with silver.

Several minutes at temperatures of 14O0-1420°C was best. The occurrence of

irregularly inf!itrated regions, which may be partially due to non-uniformity of

the hot-pressed TaC skeletons, can be reduced considerably by adding a small

amount of nickel (less than 2 wt.% of the silver) to enhance wetting. Nickel

by itself reacts, causing disruption of the carbide-carbide bonds at temperatures

in the range of 14000C, but a small amount in solution in the silver appears to

assist the wetting process and to aid infiltration without damaging the TaC

skeleton. Silver-infiltrated TaC specimens, when diamond-ground, show many

small silvery spots and short lines, uniformly distributed over the surface.

This indicates that the silver is filling the fine continuous porosity in the

original skeleton without disrupting it or closing off its pores.

One meLhod of determining the utility of an infiltrated composite at

elevated temperatures is to check both the appearance and the properties of the

skeleton after complete vaporization of the infiltrant at or above the projected

T.11- ..



service temperatures. For our first trials the infiltrated bars were heated

rapidly in the hot press, in a graphite die without pressure, to temperatures

above 20000C. After cooling to room temperature, silver-infiltrated TaC

specimens so treated to evaporate the silver had substantially the same

strength, density, and resistivity as the original hot-pressed TaC. There was

no measurable change in any dimension, further indicating no real solution of

TaC in the silver during infiltration or infiltrant removal, since any such

solution and reprecipitation would have led to shrinkage and consequent

densification. The transverse rupture strength of the TaC skeleton (Ag

vaporized) is reported in greater detail below, in Section D-2.

TaC-Ni Skeletal Carbides - The transverse rupture strength of the

TaC-Ni composites is high at room temperature but drops drastically at 1400C.

Furthermore, when the TaC-Ni composite is heated to high temperatures (over

20000C) to drive off the nickel, the carbide skeleton remaining is porous and

friable and easily broken by hand. The carbide-carbide bonds are evidently

disrupted by the nickel at temperatures at and above its melting point.

This disruption should be minimized by pre-saturating the nickel in-

filtrant with TaC and using the "TaC-saturated" nickel to infiltrate the carbide
*

skeleton. The solubility of TaC in molten nickel has been studied by reacting

varying amounts of TaC with Ni at 14750C. TaC powder (+ 200 mesh) was placed

on top of lightly compressed nickel powder in a recrystallized alumina boat and

then heated in a ceramic tube furnace, in a purified flowing argon atmosphere.

One run was made in a graphite crucible, with a Ni + 20 wt.% TaC (i.e., 20 wt.%

of the amount of nickel) composition.

The photomicrographs of Ni + 1% TaC (Figure D-]A) show only a porous

single phase with no structure that could be related to TaC. The Ni + 10% TaC

(Figure D-1B) shows many clear areas, some small inclusions which may be alumina

entrapped in pores during grinding, and several areas with a Wjicjn8,nstatten t, of

* According to R.P.H. Fleming [Powder Metalultra, 12, 179 (1962)] the solubility
of tantalum carbide in nickel has beer. determined by R. W. K. Honeyzcmbe
[Proc. Aus. Inst. Min. Met., 128 22T (1942)] and R. Edwards and T. Raine
[Plansee Proc., p. -.2 3 i7)5tt We have not yet received the last two
references but Fieming claims less than 5 wt.% solubillty of TaC in Ni for
a compact 5intered at 13500C.

I[ - ,



C phase. A similar phase is visible throughout the Ni + 20% TaC (Figure D-2A).

With Ni + 50% TaC (Figure D-2B), there is no longer a Widmanstatten phase, but

instead many sharp-edged, rectangular prisms of TaC. Similar structures,

with larger fractions of TaC, are seen in Ni + 75% TaC (Figure D-3A) and

Ni + 100% TaC (Figure D-3B).

A photomicrograph (Figure D-4) of the specimen of Ni + 20% TaC

heated in a graphite crucible shows a considerable quantity of platelike graphite

inclusions. The long Continuous lines are polishing scratches, rather than

the structure visible In the Ni + 20% TaC melted in alumina.

Further Ni + TaC compositions between 20 and 50 added wt.% TaC will

be made and studied to determine the composition at which discrete TaC particles

begin to be seen. It should be noted that all the Ni-TaC compositions melted

in this series retained a considerable ductility, despite the presence of

hard second phases. All of the above compositions were cut by hand with a

hacksaw before metallographic examination and could be deformed at room

temperature by hammering.

C The Ni + 20% TaC mixture (previously melted) is being used to in-

filtrate TaC skeletons. Th? mixture infiltrates readily, and rupture strength

measurements are being made.

Cther Skeletal Car's'des - Hot-pressed ZrC bars (80-90% of theo-

retical density) made from purified ZrC powders have been infiltrated with

nickel or with silver, but with irregular success. Sometimes the specimen in-

filtrated completely, but sometimes only a shallow surface layer seemed to be

affected. Perhaps the pores in this material are often not continuous, despite

the use of powders coarser than those used tc produce TaC skeletons. In

addition, deLpite purification, the ZrC is less pure than the TaC, which may

lead to reactions causing a sealing off of interconnected pores. More re-

producible porous skeletons will be sought by adding coarser particles to

control the powder particle sizing. Further work on ZrC-based composites is

desirable because they may well have better resistance to high-temperatare

corrosion than TaC and NbC composites have.

An additional means f achieving skeletal strength at very high

temperatures, and also of making use of any possible advantage derived from

( the Group TV carbides, ir the use of carbide solid :•olut'ons. It has long
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been known that the TaC-HfC and TaC-ZrC systems show melting poin-, maxima

at ratios of approximately 4/1. Hardness and strength properties may also

maximize at the same compositions. Batches of 80 TaC/20 HfC, 90 TaC/lO HfC,

80 TaC/20 ZrC, and 90 TaC/lO ZrC have been prepared and used to make both

transverse rupture strength specimens and infiltration blanks. The first

infiltration experiments with these composicions show behavior similar to

that of TaC, indicating that essentially continuous fine porosity can be

achieved reproducibly for these solid solution carbides.

Specimen Pressing - Isostatically pressed cylinders of TaC, ZrC,

and NbC have been infiltrated successfully with 20 percent of nickel. In

each case, the pressed and pre-sintered cylinder was of lower density than

the skeletons prepared by hot pressing. Some shrinkage occurred during the

infiltrations, indicating liquid phase sintering at the infiltration tempera-

ture of approximately 1475 0C. To provide a denser and stronger hardmetal

skeleton without recourse to excessively high processing temperatures, iso-

static pressing of TaC mixed with a small amount (1 percent by weight) of

nickel was studied. Furnace heating of one such specimen produced a body with

a density T6 percent of the theoretical density for TaC. This cylinder was

then infiltrated with 10 percent nickel, indicating that the pores of the

partly sintered body were still essentially continuous. This procedure will

be continued using metals such as silver both as sintering aids and as

infiltrants.

It has been found that hot-pressed specimens will not infiltrate

properly if they have been overheated enough to react with the graphite hot-

pressing die. This is apparently caused by graphite platelets introduced

into the carbide skeletons and by the disruption of the continuous network of

fine pores. While this effect can best be seen with such a combination as

TaC + Ag, it apparently can happen with any carbide + metal infiltration

system. On this basis, the good purity of the TaC being used in this work can

be a considerable advantage, since there is little free carbon in the original

carbide powders.

Future Work - Work during the next quarter will be concentrated on

infiltration of TaC with "TaC-saturated" nickel, the use of silver alloys as

infiltrants, the preparation and infiltration of ZrC specimens with ccntinuouz

InI - ,



C+ porosity, the use of TaC/HfC and TaC/ZrC solid solutions for the carbide

skeletons, and isostatic pressing of larger composite bodies.

2. Mechanical Properties Frederick G. Kethn

The transverse rupture strength of silver-infiltrated TaC has

been measured up to 18000C using the argon-atmosphere carbon tube furnace and

loading system described in the September 1964 QnR. In addition to TaC-Ag

specimens, strength measurements were also made on infiltrated specimens from

which the silver had been evaporated leaving only the TaC skeleton. TaC-Ag

composites and TaC itself (QMR September 1964) are compared in Figure D-5.

The attractive feature for the composite is that it is generally stronger than

the original TaC from room temperature to about 14000 C and comparably strong

at 18000 C, only the 16000 point being unfavorable. The skeletons from which

the Ag has been evaporated are comparable in strength to the original TaC.

The infiltration and the subsequent vaporization of the silver apparently do

not disrupt the TaC grain-to-grain bonds. This is vhat we hoped for. The need

now is to further improve the room temperature strength - as is probably pos-r sible, for example, by replacing silver with silver alloys.

Specimens of nickel-infiltrated TaC from which the Ni had been

vaporized were too weak even to be measured in the transverse rupture machine.

The nickel-infiltrated TaC composites also do not have the desired strength at

high temperatures (above 14000 C), and no further work will be done on them.

We hope the mechanical properties of TaC infiltrated with "TaC-sat-arated"

nickel will be good, however, but they still have to be investigated.

TIL - 44.



A. Ni +1% ToC 300X

B. Ni + 10%ToC 30OX

FIGURE D. 1 SOLUTION OF ToC IN MICKEL
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A. Ni +20% TaC 300X

B. Ni + 50% TaC 13OX

FIGURE D - 2 SOLUTION OF ToC IN NICKEL
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A. Ni + 75% ToC 300X

B. Ni *100% ToC 60OX

FIGURE D -3 SOLUTION OFT@C IN ICKEL



Ni +20% ToC (melted in graphite crucible) 300X

FIGURE D - 4 SOLUTION OF ToC IN NICKEL
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