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FOREWORD

This research program is being carried out in the research
laboratcries of Union Carbide Corporation located at Tarrytown, New York
(Union Carbide Research Institute). The work is supported Ly the Advanced
Kesearch Projects Agency vnder Contract No. DA-30-069-ORD-2787 with the
U. S. Army Missile Command, Redstone Arsenal, Alabama. The report period
is from October 1, 1964 to December 31, 19€L.

The program at Union Carbide Research Institute is supervised by
Dr. Richard Kzbler with Dr. S. R. Aspinall serving as general projzct 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 w+hich govern the behavior cof
materials in high-temperature enviromments, to learn how to make the most
effective 'se of available materials, and to obtein a better knowledge of
optimum properties desired for new materials for particular use. The work
is expected to provide ruinance for those concerned with the development of

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

An extensive serles of measurements cf the rate of oxidation of
tungsten by 002 in the presence of CO was run to explore the validity of the

back reaction term in the rate equation

)
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The values of the constants A, a, B, ard B are still provisional.

Experimental rates are compared with those calculsted from the above
equation and its auxiliary diffusion equations. It is clear that our model
predicts the effect of CO very well over the range of -onditions studied.
Further studies with higher CO/002 ratios are indicated Cecause the reduction

in reaction rate found is relatively small.

Samples of Linde swaged, ULCCP plated, UCRJ] arc-melted and General
Electric swaged tungsten, tha last cut both perpend!:ular and parallel to the
cylinder axis, were cxidized in 100 torr CO, flowirg at 9000 cm/sec. All re-
acted at rates that fell on a single log rate vs. 1/T curve. The small degree
of scatter in these data reflects the improved control of conditions that has
teen achieved bty modifications of the arc-immge apparatus. Since the General
Electric tunysten was cut from one of the tlliets procured for construction of
the nczzle inserts to be used in the fortheoning rocket tests the kinetic para-

neters already derived should be applicatle in interpreting these *tests.

Enough progress has teen made w'th ‘he tungsten-HF reaction for us to
be confident ths . using the arc-i:age reactor, we can investigate the kinetics
of this reaction over a useful range of temperatures and HF precsures. Much of
the equipment needed has slready teen tuilt and tested. Both the rate of cor-
rosion and the apparent activation energy are much lower for ‘ungsten In NF than

for tunasten {n CO2 under our ¢onditions ¢f presscure, temperature, and flow.

Work on the analysis of stapnation-flow reacto-s has continued. The
procedure chosen fur tte numerical solution »f the stasnation-line equations

consistrs of reducticon of these equations to a se' of flrst-order ejuations,




forward inteprration from estimated initial (surface) conditions, and refinement
of the initial conditions to yleld desired end-point valiwes. We sare now able tc
integrate stagnation-line equations for constant comp. .. .n, viscosity, thermal
conductivity and heat capanity. The restriction of constant composition wili
next be renoved by introducing the equations of continuity of species and the

diffusion equations.

A test motor (1I'BNA-UTMH) for nozzle-insert corrosion testing is teins
desigred by the Army Missile Command to operate with constant fuel and oxidizer
feed rates at chamber pressures up to 1000 psi. FEstimetes of the nozzle-insert
heating show that to reach the desired operating temperatures the tungster in-
sert must ve thermally insulated from its holder. A proposed nouzle-insert and
holder design was submitted to the Propulsion Laboratory for mating with *he
motor aft closure. The measurements snd assocliated calculations to be made are

discussed.

A plausitle kinetic model for the oxidation of tungsten has heen deduced
from our earlier mass--vectrcmetric measurements. The varicus rate constants sc
established may te used to estimate the rate of the oxygen-tungsten reaction at
temperatures and pressures such that the surface conditions are similar to thcse
that prevailed during the experiments. The present method of prediction yields
agrees witl the experimental results of Perkins et. al. to ca. SO% at 2200°K &n

0.1 to 3 torr O.; at higher and lower tempera‘tures the agreement is not as joold,

2;
tut still commendatle.

Vapor specles Tormed ty the reaction of mclecular oxypen with mol.t-

denum were identified and the * intensities measured sz a funct'on of surface
-t
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temperature and oxysen pressure over the ranses 1472° 0 2L37°K and 10
L .
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agreement between lattice constants before and after the 2041°C run indicates

that little boron was lost.

Measurements of the elastic moduli (Cll’ 012’ and Chh) of single-
crystal tungsten as functions of temperature to 1800°C have been completed.
A report on this work is being prepared. No further work on dynamic elastic

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

High-temperature creep has been followed as a function of stress at
constant temperatures for tnree .ore large-grained polycrystalline TiC
specimens. Two cof these were prz2sumably much purer than previous specimens
and their creep rates were much larger. The less pure specimen showed a high
stress dependence (~olo) comparable to the stress dependence repcrted for an
earlier specimen of equivalent purity. The two purer specimens showed the
smaller siress dependencies 36'0 and 06'2. The plastic deformation of TiC is
a very sensitive furnction of structure and impurities, which suggests ‘hat the
high-temperature mechanical proper.ies of TiC specimens in gen=ral will alsc

te highly dependent on their thermal and mechanical history.

Satisfactory zone rmelting of l/h-inch tungsten rod is enticipeated with
equipment on order for the automatic control of tombardment current in the
electron beam zZone refiner. Since single-crystal specimens of tungsten cannot
yet te made here, initial measurciients of steady-state creep are to be mude on

-~

c-crystal specimens of M obtained from Union Carhide European Researcn
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Assoctatas,

Very »ood results have teen achieved in the electrolyti: machining of
1/4-inc. tunrsten rod. A tensile specimen L-inches long with a central 7/8-inch

smape section and 1/b-inch long cylindrical knots on each end has teen produced.

The pyrohydrolytic determiration of toron i{n ~irconium ditoride and

titanium ditori{de was successfuily applied to the ditorides of tantalum and
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riot ium, and, with rome moiifica’tions, to hafnlum ditoridr as well.

are in senerai agsreenent with the results obtained Yy use of the reouticie peroxide
Cunion method Yur dndicate teirer Toron recovery 1y pyrobydrolysis than Ty he
prorox! ie 7ol

Geeletal cartije comprsiter are desigmed *n te guperior in Dow-
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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 15 to determine the properties
of the skeleton after complete vaporizatior. of the infiltrant. Silver-
infiltrated TaC specimens so treated had substantially the same strength,
densit;, ana resistivity as tne 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 1400°C and comparably strong at
1809°C. The infiltration ard the subsequent vaporization of the silver
apparently do not disrupt the TeC grain-to-grain honds.

The trareverse rupture strengih or the TaC-N! compoeites is high at
room temperature but drops drastically at 1400°C. Furthermore, when the Tal-Ni
composite is heated to high temperatures {over 2000°C) to drive off the nickel,
the carbide skeieton remaining is porous and frisble and easily brc“en by hand.
The carblide-carbide btonds are avidently disrupted “y the nickel at tempcratures
at and above its melting point. Methods thet may minimize this disruption ere
being studied.

Hot-pressed Zrl tars (80-90% of theoretical density) made from
purified Zr{ powders have teen infilirated with nicxel or with silver, but with
irregular results. Scmetimes the cpecimen infiltratea completely, but scretimes
only a shali~w surface layer seemed to te affected. Further work cn Z2rC-tssed
composites is desirable because they may well have better resistance to hish-

temperature corrosion than TaC and NvC composites have,

An additional means of achieving ckele'al strength at very high
temperstures, and also of makings use of sny possitle advantage derived from ‘o

Group IV cactides, is the use 2f cartide solid scluticons. Meiches of

& s

SO TaC/20 HEC, 0 TaC/ 10 HiC, =0 Ta(C,22 Zr(, &nd X Ta(/10 ZrC have teen rre-

sared and used o maike toth ‘ransverse rupture strength specimens and {nfilira-
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tiop tlanks. In preliminury infillisration experiments these compositions
N 3 H H H . . " P SR PN ~ - ~ e i -~
“ehgved similariy 0 @, indicaling that esgentlally continuonus Tine porocnie
carn te ogeokieved voprotucit 1y T these goild solation cart ldes.




II INTRODUCTION

This program is concerned with Lhe principles governing high-
temperature chemicel and physical behavior, especially in the respects that
may contribute impcrtantly to the successful performance of materials as

rocket components operating at nigh temperatures,

The materiale being studied here sre tungsten, graphite, and the re-
fractory cerbides sand borides of the cransition metals. These carbides and
borides are Cifficult to handle because of their hich melting points, btrittle-
ness and high hardness at room temperature, and susceptibility to contarination
at high temperatures. Thus, a consideratle effort is devoted to their puri-
fication and fatrication. “omposite todies consisting of Interpenetrating
cartide 2nd metal skeletons are being prepared and evaluated. These appear

to hold promise for high-temperature service, especlally in rocket nozzles.

Berause corrcsion of rocret nozzles ty the exhaust gases is a serious
frorlem, reaction rates i :tween various gases or combinations of gases and pos-
zitle nozzle materials are teing studied as functions of temperature and pressure
ir this program. However, at troica. temperatures for rocket operation these
gas-sclid reactions me; te countrolled rot ty the surface reaction rate tut partly
or entirely 'y the rates »f diffusicn o reactants to the surface or of products
away from I+, OCpecial efforus are tein: made LO meac 're truly surface-controlled
reaction rates for the various refractory materials atl all temperatures of in-

N

terest wsime experimental conditions that afford very hich mass-transfer

-~ +

rates. e valucs ~o Ottained Wwill permit celculation ~f ~orrosion rates for

conditions where tothk surface reaction rate anti Jdiffusion are important.

As structural parts, rocrst neciles are ot Jected to sutstantial

stregsses Juring operation. Tame of Slese stresses chanre relatively slowly with

time, ral thelr affects on *he nosslie will te Jetermined 'y creep strengtn and
Aueriiies s Trore are o alas papl V1Y Clancing stresoen, resulting fromooadden
Reatiny o oonaling, welcr o~An o ecaune eformetion cr fraccire. The CherTtRT otreny
devel ned oo siyer temperatire Chnrge Inoiwases with Increanitg cefllclenst
ovpan: (on r o cant Do omoedylagr, o ani decressens G0 Irerens inge thermal o condues v
rorpen OO0 e opnd e Tlkel i ol 0 TrRcTure Tt there sirenges furtner
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III. TECHNICAL RESULTS AND PLANS

A. Gas-So01iid Reactions

Introduction

In the September 19€3 Quarterly Progress Report (QPR) the
relationship between gas-phase diffusion and surface kinetics of gas-solid
reactions was discussed in some cetail. There and in the following QFR
(December 19€3), it was pointed out that many imporiant corrosive reactiocns
are sometimes controlled by gas diffusion and sometimes by surface kinetics.
depending on the conditions of temperature, pressure, and flow. If the e‘fect
of a corrosive environment on a refractory material is to be predicted, there-
fore, rate expressions for the potential reactions must be available ¢r-om
laboratory studies approaching as closely as possible the conditions cf i{enmpera-
ture and pressure of that environment. However, slowness of gas-Thu. . diffusion
can interfere with laboratory measurements Just &s it affects the practical
sitvattions. Each experiment intended to provide surface-kinetic data must
therefore be carefully analyed with respect to gas diffusion and designed to
minimize its effects.

Our first objective is the determinatiorn of thz surface-contrclled
rates of reactions tetween gaseous rocket exhaust compov..nts and actual or
potential rocket nozzle materials in the range of temperstures and pressures
characteristic of rocket operations. Our second otlective i{s the development
of methods of applying such rate data, in conjunction with aercdynamic anslyses,
to predict corrosion rates in the transition region tetween surface and dif-
fusion contreol. To weigh the extent of control by gaseous diffusion all the
data ottained in thic pirogram are being analyzed *to determine vhere diffusicnal

effects are .mportant.

w2 have decigned anu tuilt a numier of experimental reactors in which
hizh mags-irans’er rates are schieved through use of high valocity gas streams
impinging in slagnaticon putterns on hot samples; the effect for a given
reaction s tc raise very ccnsideratly the temperetures at which gaseous
diffusion reccues {mporzan. in determining otserved raacticn rates, thus

a.loving the measurement of pur='y surtface-controlled reaction rates 2o le mein
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at higher lemperatures than otherwise possible. Section A-3 continues

the development ¢f the theory of mass trancfer in such systems.

A study of the effect of CO on the kinetics of the oxidation of
tungsten by 002 in our sub-atmospheric stagnation-flow reactor is described
in Section A-1l. Further investigations of the effect of tungsten preparation
on the kinetics of this same reaction are reported in this section also.
Prcgress in our study of the kinetics of the HF-W reaction is described in
Scotion A-c.

The experimental arrangements described above, though capable of
yielning rate exprcesions at temperatures and pressures of direct interest in
rocket propulesion, &ll operate under conditions that preclude observation
of the details of the gas-surface reaction mechanisms. To obtain this type
of informatinn mess-spectrometric studies of reactions at very low pressures
are bcing counducted; the results obtained by this technique for the 02-W and
OE-MO reactions are discussed in Section A-5.

We plan to test the applicability of our models for predicting
corrogion rates by comparing predicted with actual nozzle insert corrosion

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

Ir - 2
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1. Kinetics of the Oxidation of W by CO R. A. Graff, I. R. ladd,

J. M. Quets, P. N. Walsh

2

The induction-heated stagnation-flow reactor being used to measure
rates of corrosion of tungsten by carbon dioxide at pressures helow one atmosphere
has been described (QPR March, June 19¢4), Briefly, the experiments
involve flowing a metered mixture of Ar and CO2 at room temperature in a strecam
perpendicular to one face of a cylindrical tungsten sample heated by a current
concentrator. The total pressure of the reacting mixture 1s the stagnation
pressure over the tungsten surface and the temperature of the reacting surface
is measured by an optical pyrometer during cihe 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 weighc to chtain the rate in moles/cm2 sec.

In the September 1964 QPR, details of the analysis of our data on

the “ins'i.  of the oxidation of W by CO2 were presented; the choice of rate
acvatior 1)
-a/RT 1/9
APro, 8 Poo Bwoo
- 2 - 39
T s -B/RT 1 (1)
1+ BPCOEe K P002

and the determination of the constants A, a, B, and B in this equation by a
leacst-squares technique were discussed. At that time, the lterative 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 te
compared with Figures A-8, 9, and 10 of the September 1964 QPR, which show the

*
previous fit. The valuecs of the constants at convergence are

15,648 moles/cm2 sec. atm
= 90,891 cal/mole

1.657 x lO-S/atm

-55,234 cal/mole.

© W™ & P
{

* The fifth parameter, Nu', which is involved in the diffusion equa:.ons that
are solved simultaneously with the rate equation (cf. QPR Sptember 1964)
now has the value 237.0.

11T - 3
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These constants are still o be regarded ac provisional, tecause (v.i.)
the temperature uncertainties discussed in the Septembor 19¢) QPR have not

been entirely cleared up.

Extensive measurements of the rate of oxidation of tungsten by C02
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 5S4 SIM and the total flow of
CO2 + CO at 30 SIM. In the two other sets, the CO2 and CO pressures were
varied, while the CO/CO2 ratio was heid 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~ c¢’:2ar that the model, which was deduced ir the absence of
any expermental data from CO runs, satisfactorily predicts the effect of CO
observed so far. However, further studies with higher CO/CO2 ratios seem in-
dicated tecause 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 002
and 101 torr CO (in 219 torr Ar) are compared with those calculated from the

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

2
the CO effect is seen to be somewhat over-predicted. It can be concluded,
however, that the form of back-reaction term employed is reaconable and that CO

has no appreciable effect on the frrward 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. 1/T curve (Figure A-:). The notably small scatter reflects improved
experimental control, ach.eved by modifications of the arc-image apparatus, as
described below and in previous reports. Also shown in Fig. A-C are the rates
predicted by our model, using arain the parameter values derived solelvy from
data obtained in the inauction~neated reactor on Fansteel tungsten. The curves
differ by roushly a factor of two in rate or 80° in temperature; this is not bad
in view of the differences in experimental techniques, but the discrepancy is

large enough to have prompied us to undertake a thorough recalibration of cur

¥ Some of the data in Fipure A-2 were presented 'n Figure A-11 of the
September 19€L QPR,
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methods of measuring temperature and flow. Since the Generual Electric
tungsten was cut from one of the billets procured for construction of the
nozzle inserts to be used in the forthcoming rocket tests (ef Sec. A-L) it
seems that the kinetic parameters already derived should be adequate for in-

terprcting 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 sheeth of argon does not dissipate its momentum as rapidly as bafore;
consequently, the reaction products are swept away more efficiently and the
reactor walls stay clean longer. This tube has performed very well for the
C02-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 2900°K
in a glass reactor and to melt thoria (3350°K) in the open.

Temperature Corrections - In the June and September 19€L QPR's it

was reported that samples used in the stagnation-flow reactors show diffurent
degrees of gross surface roughness af'ter reaction, this being greater when the
reaction occurs urder 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.€5u light
nearly normal to the surface and focusing the light reflected in all directions
ontuv 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.

[1I - %




Half of the oxidized surface of each of four Linde samples and
eix G. E. samples studied ir the arc-image reactor was carefully repolished
after reaction, then reheated in pure argon to 2600°K to 2700°K. In none
of the ten samples was there any discernable difference in brjightness 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 with hLalf the face sand-
blasted indicated that brightness temperature differences of ten degrees
between adjacent surfaces are very easily discerned, it i8 concluded that the
oxidized surfaces differed by no more than 0.0l in emittance from the polished
surfaces, evern 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
smali, highly reflective, non-parallel areas of transverse dimensions generally
ruch larger than 0.65u, the wavelength of lignt utilized by the pyrometer. On
the other hand, the reflecting areas of the sanibluasted sample (Figures A-8a,c)
and the oxidized low-density Rembar tungsten (reported on last quarter) were
very small, probebly approaching 0.65up. Thus far, only the low-density Rembar

mater!al has required emittance corrections other than standard literature values.

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

several mezsurements of the rate of reaction of tungsten with 002 at &

velocity of 1.3k x lOu 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 19€L QPR, when CO, impinges on the
tungster 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 jnput fast enough to keep the temperature constant; :f
thic methed gives good results, an automatic temperature control will be in-

stalled.

wWater-Vapor Studies - Equipment for using water vapor as the

reactive component in the pas is being assembled and tested. Experiment: 1
difficulties still axist. A critical-flow nozzle for metering the water

vapor is now teing calibrated,

v g e o—— S e e
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2. The W-HF Peaction R. A. Graff, 1. 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-CO, reaction, see Figure A-T) providing a flow pattern such that a

2
glass reactor can be used without becoming fogged during a run.

The significant data obtained thus far are r-own in Figrre A-9
and compered to corrcsion by an equivalent partial pressurs of CO, in Figure A-f.
In three other runs the temperature varied ty 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 COQ under our conditions of
pressure, temperature, and flow.

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

turgsten-HF reaction.

3. Analysic of Stagnation-Flow Reactors R. A, Graff, P. N. Walch

Tra procedure chosen for the numerical solution of the stagnation-
line equations (QPR 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 refincment of the initial conditions to yield
desired erd-point values. This procedure was chosen tecause ccuputer livrary
routines were available for the forward integration and the refinement of

initial conditions.

Instarilities in the forward intagration were noted in *the Septemier
19k QPR. Because of the complexity of the protlem, it was not possitle to
discovar the cuuse of the instability bty working with the full ret of equations.
Consecuently, we have taken *he apprcach of starting with a simple version of
the protlem 'flow at constant pressure, temperature, and compositicn) and addin.-
complexitincs one at a time. In this way we have prorressively 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-
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 (QER
June 1964, p. 1II-39, Fq. 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-momentum equation becomes

V. ow

z . oP d n
g:- SStS c M [253 A vy (vZ -522)] (1)

wiF

Since o is directly prop-:rtional *o pressure under the conditions assumed, this

is a second order equation in pressure,

32‘._____-_]_._[6 g‘ BVZ] 5lnP __31_3\!_ Z (2)
122 ' TR T 3z 2 v, 3z ug, 3z °

which has a singularity wvhen v, is zero. However, v, is zero at the origin
when there is no reaction and is zero ut some interior point when corrosion
occurs. To remove this singularity we have assumed that compressibility has a
n~gligible effect on the shear rate (i.e. the density term on the right side of
Eq. {1) has bteen dropped) and ottained the first order pressure equation

3 oy
-2u v}l’ + 2w —=
SnP < e
= (3)
3z 2 ) -
wVZ
P-—
g(‘.

No difficuliy has been encountered in the integration with this modification.
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With the modified z-momentum equation we are able to integrate
stagnation-line equations for constant camposition, 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 diffusicn equations.

A test of tie nonlinear estimation library routine (NLE) 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 perameters good enough
to yield a successful forward integration, convergence on desired end-point
values was ottained without difficulty. NLE will now be used on the more

complex problems.

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

A visit was made on November 30, 1964 to the Propulsion Lsboratory,
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 reqiires that the mass-flow rate bte constant and that the surface
temperature be independently known from experimental mcasurements, as a function
of time. A standard flame-temperature and composition calculation for the
chosen fuel-oxidizer mixture at the given initial throast pressure will then te
used to compute the initial free-stream gas composition. Next, the initial rate
of removal of tungsten will be obtained by an iterative solution of the surface
rate equations coupled with the film-model diffusion equations (cf. Septemter

4 QPR, p» IV-€,7) For this part of the calculation, the state of our
kFriowledge requires that we ascume as corrosive only those gases for which the
rate »f remova. of tungsten is known as a function of temperature and part.a!
precsure.  All others will initislly be considered inert; relaxation of this
restriction to permit some gas-phase reaction near the surface will be con-
sidered later. The mass-trancfer coefficient needed in the diffusion e ;uat onn

will te derived from a modified Bartzl correlation using an average of t:e

'. D. R. Rartz, Jet. Propulsion, p. 49 (19s7).
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free-stream and surface temperatures. The calculated corrosion rate will be
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
degreas 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, 1 new free-stream
temperaiure 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 oI time.

Preliminary calculations show that to reach the desired operating
temperatures the tungsten nozzle insert must be thermally insulated from ite
holder. A proposed insert and holder design has teen submitted to
Mr. Donald Dahlene of the Propulsion Laboratory.

The test motor (IFRNA-UDMH) is to operate with constant known fuel
and oxidizer feed rates at chamber pressures up to 1000 psi. Pressures as a
functicn of time can : e determined to *+ 1/2% at 1000 psi. Running times up tc
€C seconds are possible, and steady combustion conditions in the chamber should

be reached in about 100 milliseconds after start.

Determination of the insert interior surface temperature is the
principal experimertal problem. Present plans are to do this with multiple
thermocouple protes in the nozzle insert and also by designing the insert and
holder so that a narrov-angle recording pyrometer can te sighted on the insert
throat. Because of our uncertaiu krowledge of emittances the last method will

be uncertain; still, it will serve as a check on the thermocouples.




S. Mass-Spectrometric 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.l A plausivle 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 are such
that the surface conditions are similar to those that prevailed during thea
experiments.* In terms of the model, the procedure for determining whether the
surface corditions 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), peramete:

values 1 arnd B are computed from

th
a =L 1078497324705 (1)
th
- % 108.1&6-1.9h(—§-) (2)
%
and these values are used with Figure A-10 to determine Gl(a) and 2= (R). The
loss R of tungsten (as W0, and NOB) is then determined from 1
3 92 e 2
R = k6, (5—) moles/cm -sec. (3)
1
L

107,
with k= 10°°5T8-2.23(55).

—~
Foad
e

1. P. 0. Schissel & O. C. Trulson Technical Regort No. C-26 Mass-Spectrometric
Stucdy of the Oxi{dation of Tungsten. Union Carbide Research Inctitute,

Octobrer, 19k,

*  This specificeily ~xcludes conditions where polymeric species (i.e. W O,
and larrer molectles) are important products, because definitive data® &
on ‘hege species were not ottained experimentally, or vhere gnseous dif-
fusion rather than surface kinetics i{s rate-contrelling.
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There 1s a paucity of data on the oxidation of tungsten in oxygen at
higher rressures under flow conditions where diffusion is not rate limiting. The
present method of prediction agrees with the experimental results of Perkins et.
al.” to ca. 50% at 2900°F and 0.1 to 3 torr 02;

the agreement 1s somewhat poorer, but still commendable, since the comparison

at higher and lower temperatures

represents =i extrapoletion of the mass-spectrometric results by four orders ot

magnitude in pressure with no adJustable paremeters.

b. Molybdenum-Oxygen Rcaction

Vapor species formed by the reaction of mclecular oxygen with moiyb-
denum heve been identified and their intensities messured as a function of «r-
face temperature and oxyge:n pressure over the range 1472°K to 2437°K and lO.6 to
X lO-h torr O,. The principal products are M003(g), Moog(g), Mo0(g), and 0(g);
+he temperature dependences are shcw: in Figure A-11 where log (vaporization rate)
vs. reciprocal. temperature is plotted for each of the specles at an incident oxygen
flux of 4.7 x 1016 molecules/cm2 sec. The most striking feature of these data is
the McO(g) intensity, which is linear on this plot over a 900°C temperature range.
(Quantitative measurements on the analogous species WO(g) could nct be made for the
tungsten-oxygen reaction because the isotopes of the iarge mercury background
occur at the same mass positions as WO.) The species o, Mooe, and MoO2 exhlibit
tempurature dependences similar to those cxhibited by Q, WOQ, and WOB in the

tungsten-oxygen reaction.

Pressure dependences were messured for each of the spe:les at various
temperatures. For MoO(g) and O(g), the order varies from 0.5 to 1, increasing
with increasing temperature. For MCO%(g) the order varies from near 1.0 at
18.2°K to near 1.4 at 2120°K; only one run was taken with MOOF, this giving

nearly first-order dependence at its temperature meximum.

Various kinetic models are belng considered for this system. JIn view
of 1ts similarity in behavior to the tungsten-oxysen system, a "two-layer” model
wno considered first. Although the data have not been fitted nmerically to the
~odel, the v, M7, and MO0  results probably can be explainel on this basic.
The MO daia are horc A{fficult Lo explain; since tcmperature-saturation cof thin
cjecles 15 not observed, [t temperature treni need not be interpreted on the

i of denreasing surface coverasce.

s, W. L. Price, D. D. Crocks, Lockheed Misz{le: ani Space Co.
¥, November 1%,




c. Future Work

Measurements currently underway with beams of oxygen atoms (formed
by cracking 002) indicate that these react with molybdenum to form M003(g)
about 100 +imes as efficiently as does 002(3); the rate of production of
other molybdenum species is less affected. It is planned to continue these
measurements and extend them tc the COE—W system.
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B. Physical and Mechanicsl Properties

1. High-Te-merature X-ray Studies Fred G. Keihn

As reported in the September 1964 QPR, horon is lost from the gurface
of Nb32 and TaB2 when they are heated in the x-ray vacuum furnace. To reduce
this loss the high-temperature furnace for the 3iemens diffractometer was filled
with helium at higher than atmospheric pressure. 'This system was used to collect
x-ray diffraction data on NbB2 up to 1514°C from which lattice constants (Table
2-I, st1ll considered preliminary) were calculsted by the least-squares program
described in previous quarterly reports. Pecause of heat losses with the present

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

by reducing the helium pressure. Measurements at higher to¢mperatures will be
made by successively reducing the helium pressure until the surface ¢f the sample

is observed to lose boron.

Since the loss of boron from Nb82 at 10C0°C was not expected, an

experiment was conducted by C. Trulson in wh{ch a sample of Nbﬁé was heate? on
a tungsten strip in a mass spectrometer (10°-1077 torr). 4 large signai at 84
mass units, believed to be (BBO)B’ was obtained from the zampie at temperatures
around 1000°C. Traces of water in the ..-ray furnace and even smal.er ansouni: of
woter in the spectrometer sour~e furnace could explain the respective loc- of

surface boron in the x-ray sample and presence of (HBO)? in the m.ss spectrometer.
-

Table B-II gives la'tice constent and thermal expansion data for 1B,
up to 2041°C and compares these data with previous work by a scmewhat differ“n;
method on another sample. ‘The agreement iz excellent. Alsc, the agreement
between lattice constants before and after the 2041°C run indicates that little

boron was 10st.

The the:mal expansion of Rbﬂz will be measured to the up;e: tempera-
ture limits of the present furnace, and the thermal expansjion of TaB. will be
determined using a helium atmosphere. Previously detumined thermnlhexpansion
data for ZrB_ will be rechecked Lo insure that loss of boron at high temperaturer
did4 not affe;z the results. A mass-spectrometric check af the species vapoi.zins

from TiB at 1007°C will be zade.

e



Preliminary Lattice Parameters for Nb

a Function of Temperature

Table B-I

B2 As

Run. Temp. °C a (Z) c (R)
1 25 3.0866 3.3084
2 1012 3.1055 3.3401
3 25 3.0874 3.3082
4 753 3.0996 3.3312
5 1216 3.1104 3.3482
6 25 3.0870 3.3074
T 151k 3.1173 3.357k
8 .25 3.0832 3.3107
9 1210 3.1102 3.3476
10 151k 3.1176 3.3579
11 25 3.0868 3.3090
12 153 3.0995 3.3300
13 1007 3.1055 3.340h

14 25 3.0870 3.3089

One semple
11 - 26




Table B-II
Lattice Parameters and Thermal Expansion

For T1B2 As a Function of Temperature

¢ :
Relative expansion x 1O~
* * la Le

Run Temp.°C a(ﬁ) g X th c(ﬁ)ﬁ g x 10h “a “a
1 o5t 3.0091 2.1 3.2280 1.5
(3.0286)F : (3.2282)F
2 1514 3.0630 8.1 3.2761 9.8 11.3 i
(3.0629) (3.2774) (12.3)F Cas.e)F
3 1767 3.0684 19.5 3.2865 23.6 13.1 2.1
(3.0694 ) (3.2868) (13.4) (18,1°
L 20k1 3.0767 3.9 3.2968 4.3 15.8 Lo2l.e
(3.0773) (3.2969) | (16.0) \21.3)
5 25 3,0284 1.3 3.2283" 1.6

*
ad-Standard deviation from the lesast-squares program.
T Run before heating, the runs are in sequence.

] The values in parenthases were obtained by C. Houska
(QPR September 1964) by a comewhat different method.
Houska gave no o's.

¥
a and c measured at 25°C,
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2, Elastic Properties Robert Lowrie
Measurements of C11 have been successfully made on tungsten crystal
L-2 from room temperature to 1800°C. These results together with the values
previously measured (QPR June 1964) for €y, and CN==(1/2 €y * 1/2 Cip ¥ Chh)’
yield the individual values of Cll’ C

to 1800°C. A report covering this work is being prepared.

127 and Chh as functions of temperature

A report has been prepared and will be'issued shortly on the dynamic
elastic properties of polycrystalline tungsten from 2k° to 1800°C. 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 ~14733 x 10°T -2.448 x 10°T°
L = 5.2415 x 1012 -3.7399 x 10°T -4.598 x 10°T°
K = 3.1224 x 10*2 -1.7755 x 10°T -1.333 x 10*1
E = 4.0761 x 102 -3.5521 x 10%7 -5.871 x 10"1°

v = 0,28247 +6.1902 x 10'6T +3.162 x 10791

Attempts have been made to measure the elastic constants of poly-
crysivalline tantalum and niobium, but the trunsmission of ultrasonic pulses has
heen too poor in the specimens obtained from a commercial source to make mean-
ingful measurements, The velocity of compressional waves in polycrystalliné
molybdenum has been meacured from room temperature to 1760°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-hl anl TiC-43, were much purer than

for previous specimens, but chemical. analyses of the arc-fused boules are not yet

II1 - 28

o —— Ny A g AN e e $A ‘m
ey 2 TR e R R AT — " R S




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).

b e s

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 1t deformed. Specimen TiC-33 showed
1 high stress dependence (~olo) 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 06'0 and 06'2, '

respectively.

Qur extensive creep data on many TiC specimens are now being

sumarized and analyzed. One observation is that the plastic deformation

B A

of TiC is & 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 thermsl and mechanical history.

Next quarter, the stress dependence for more TiC specimens of high
purity wiil be determined, end 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. Cummerow

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, [100], [110],
and [111]. 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 & careful study of the yleld
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.

This change of plans will necessitate consideration of the slip
systems {110'~<lll> rather than the systems {112} <111> reported for tungsten
in the QPR for September 1964. A modification of the tensile furnace is also
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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/k-inch tungsten rod has
not yet been achieved because the equipment for the automatic control of bomb-
ardment 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/h-inch rod using this automatic control, the initial rod
diemeter will be reduced to 1/8 or 3/16 inch.

Very good results have been achieved in the electrolytic machining
of 1/hk-inch tungsten rod. A tensile specimen 4 inches long with a 5/8-inch
gauge section in the middle and l/h-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 agueous solution of
about 6% NaOH. A long, flat cathode of stainless steel was placed parallel to
the 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; & 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 nitrogan cryosorption fore pump. Temperature cali-
bration was afforded by an optical pyrometer sighting on a black-body hole in
the sample. At 1865°C there was a variation of about 35°C along the 1/2-inch
gauge section. This difference will be reduced. The temperature range covered
was 1000 to 2000°C. Diffusion-limited creep in Nb will occur throughout this
temperature range. The pressure in the cold chember was 2 x lO.9 torr; at the

highest temperature, 5 x 10“7

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. Purification and Sample Preparation I. Binder

Powders of TaC, ZrC, and TaeC-ZrC and TaC~-HfC solid solntions have
been prepared and purified for work on skeletal carbtides. 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 ror zore 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 (QPR Ceptcmber
1964). During this quarter the technique has also beer: successfully applied to

the diborides of tantalum and niobium, and, with some modificetions, to hafnium
dibcride 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 pyrohydrolvsis ard by the routine peroxide fusion rethod.
The results (Teble 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 diboride: (1) The furnace temperature was increased to
1400°C (pyronydrolysis st 1200°C and 1300°C gave improved but incomplete re-
coveries); (2) a zircon boat (Leco No. 528-57) wac substituted for the
plaetinum boat, since the latter deteriorated badly at temperatures greater than
1100°C; (3) oxyrsen was i{ntroduced i{nto the steam generator at a rate of
approximately 5 ml per minute in o rr to maintain a steady flow of steam throurh
the combustfon tule; (u) the time of distillation was increased to two hours;

(S) the potentiometric end poinis were calculated by use of the second derivative

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

centration differed from the fixed conditions which had been established for
routine determination.

The results (Tatle 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 tc bve desirable for
routine use with all sampl’2s. It was found that con*inuous operation of the
furnace at 1400°C shortens tha life of the quartz combustlon tube considerably
(after ten runs at this temperature 1% had deteriorated badly), but the zircon
boat performed satisfactorily.

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

fractory Borides by Pyrohydrolysis” has been written and approvai for publication
requested.

Table C-1

Comparison of Pyrohydrolysis and Fusion Methods for Boron
Determination on Dibvorides of Niobium and Tantalum

(in weight percent Boron)

Pyrohydrolysis Method Routine Peroxide Fusion Method
NbB, TaB2 m;na TaBe
19.66 11.42 19.42 11.06
19.60 11.43 19.32 11.02
19.65 1.k2 19.22 11.06
19.67 11.42 19.31 11.20
19.58 11.42 1%.30 11.0%
19.70 11.43 19.1k 11.15

Mcan 19.6L 11.42 19.28 11.09

S’-d.

Dev. O.0u 0.006 0.10 Q.07
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Table C-1T
Composition of Metal Borides
(in weight pasrcent)
Total

Total
Sample Metal Bo:con(a) Carbon Nitroger Oxygen Mities(b) Analysis
KbB, 78.87 19.28 c.23 < 9.01 0.k1 0.50 99.29
'1‘!.!.32 88.10 11.09 0.05 < 0.01 0.15 2.1k 99.53
(a)Boron determined by routine peroxide fusion procedure.
(v )'I'otal impurities deternined by quantitative spectrographic
anslysis,
Teble C-III
Comparison of Pyrohydrolysis and Fusion Methods for Boron
Determination in Hafnium Diboride
(in .eight percent Boron)
Run Py—ohydrolysis Routine Peroxide
No, at 1400°C Fusion Procedure
1 10.32 10.22
2 10.28 10.18
3 10. 3k 10.20
% 10,31 10.20
5 10.31 10.17
Mear 10.31 10.19
Std. Dav. Q.02 0.02
b. Duterminmtion of Free Carbcn - Some sdditional wvork on the

determination of free carbon in refractrry matal carbides has been completed.
These determinations are made here by o« modified Kriege procedure (QPR June
1963) desisnated in this ar.! mevious reports as the UCCND method.  The
pethod require: disgoiution of the cartide ty first adding 15 ml of concen-
trated nitric acid and then concentrated hydrofluoric acid dropvise until re-
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action ceases. The Ilnsoluble free carbon is removed by filtration and

determincd az carbon dioxide by combustion.

Kecently a method for the determination of free carton in hafnium
carbide was published(l) which differs basically from the UCCND method in two
ways - (1) The amounts and "he order cf addition of acids are changed, i.e.
the carbide sample is treated with 20 mi of liydrofluoric acid (rather than
nitric), after which nitric acid (rather than hydrofluoric) ie added dropwise
until reaction ceases; (2 the residue is washed with a hot 10% sodium hydrox-
ide solution befors combusting the separated free carbon. The second change
vas made in the effort to eliminate "high and erratic results" obtal.ied 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 co 1d Le dissolved in the 10% sodium
hydroxide solution.

Feick and Giustetti suggested that tLe red residue represented
combined carbon which is inccmpletely oxidized during acid treatment, and
that the amount of such residue depends on the particle size of the carbide

and on the decvails of the acld treatment.

However, our experience with the UCCND method is that using a large
amount of hydrofluoric acid initially and then adding nitric acid dropwise in
a lescer amount promotes the formation of a reddish material which, if carried

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

Experiments desirfre? to confirm this conclusion in detail were per-
fcrmed. Samples of zirconium cavbide and hafnium carbide (-200 mesh) were
analyzed for free carbon by three procedures - (1) *he UCCND method; (2) the UCCND
method with reversed acid adaition; (3) the Felck-Giustetti method. In pro-
cedure No. 2 only the amounits and order of addition of acids were changed, i.e.
the sample was dissolved by treatment with 15 ml of hydrofluoric acid and drop-
wise addition of nitric acid until reaction ceased., The Feick-Glustetti method
was followed faithfully except for the carbon dioxide measurement, which was

gravimetric instead of conductometric.

(1) Teick, G., Giustetti, W., Anal., Chem, 36, 2198 (196k4).
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The results (colums 1 and 2 cf Table C-IV) indicate that the nitric
acid must be added first to avolid incomplete oxidation of the combined carbon
and consequent formation of organic intermediates. Although these organic
products may be removed by waghing the filtered residue with sodium hydroxide
solution, (column 3), our method (UCCND) of dissolution apparently prevents
their formation. It has also been noted that & sufficient excess of nitric
acid is capable of destroying any organic intermediates formed by reversing the
preferred order of acid additionm.

Table C-IV

Effect of Reversing the Acid Additions in UCCND Method and
Counterbalancing Effect of the Feick-Giustetti Caustic Wash

(Results in percent free carbon)

UCCND Method
UCCND With Reversed Feick-Giustetti

Sample Method Acid Addition Method
ZrC 0.08 3.39 0.09
0.11 k.12 0.05

0.07 3.82 0.08

Mean 0.09 3.78 0.07

Range 0.0k 0.73 0.04

HfC 0.CT 3.07 0.12
0.07 2.49 0.09

Q.11 2. 74 0.08

Mean 0.08 .77 0.10

Range 0.04 0.58 0.0k

A manual of our procedures for analysis of the refractory carbides
and borides is being prepared.
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D. Composites

The materials under consideration here — skeletal cerbide 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 though the metal may melt or
vaporize. Such behavior, as measured by transverse rupture strength, has now
been found for TaC-Ag composites.

1. Preparation Ira Binder

The preparation of skeletal carbide composites was continued, with
TaC, ZrC, and carbide solid solutiurs based vpon 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 1ts 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 1400-1420°C was best. The occurrence of
irregularly infiltrated regions, which may be partially due to non-uniformity of
the hot-pressed TaC skeletons, can be reduced considerably by adding a small
emount 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 140C°C, 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 dlamond-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 method 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 inflltrant at or above the projected
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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 2000°C. 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 compocites is high at room temperature but drops drastically at 1400°C.
Furthermore, when the TaC-Ni composite is heated to high temperatures (over
2000°C) 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 1%75°C. 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 + 2C wt.% TaC (i.e., 20 wt.%

of the amount of nickel) composition.

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

entrapred in pores during grinding, and several areas with a Widmanstgtten type of

¥ According to R.P.H. Fleming [Powder Metallurgy, 12, 179 (1962)] the solubility
of tantalum carbide in nickel has been determined by R. W. K. Honey:ombe
(Proc._Aus. Inst. Min. Met., 128, 227 (1942)] and R. Edwards and T. Raine
[Plansee Proc., p. 232, (19952)]. We have not yet received the last two
references tut Fiemins claims less than 5 wt.% solubility of TaC in Ni for
a compact sinteved at 1350°C,
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phase. A similar phase is visible throughout the Ni + 20% TaC (Figure D-2A).
With Ni + 50% YaC (Figure D-2B), there is no longer & Widmanstatten phase, but
instead many sharp-edged, rectangular prisms of TaC. Similar structures,
wvith larger frectinns of TaC, are seen in Ni + 75% TaC (Figure D-3A) and

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

A photomicrograph (Figure D-U) of the specimen of Ni + 20% TaC
heated in a graphite crucible shows a considersble quantity of platelike graphite
inclusions. The long continuous lines are polishing scratches, rather than
the structure visible 'n the Ni + 20% TaC melted in alumina.

Further Ni + TaC compositions between 20 and 50 added wt.% TaC will
be mede 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 & 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 et room

temperature by hammering.

The Ni + 20% TaC mixture (previously melted) is being used to in-
filtrate TaC skeletons. Th2 mixture infiltrates readily, and rupture strength

measurements are being made.

Cther Skeletal Cart.des ~ Hot-pressed ZrC bars (80-90% of theo-
retical dersity) 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 & 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 usea t¢ produce TaC skeletons. 1In
addition, devpite 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-temperature

corrosion than TaC and NbC composites have.

An additional means [ achieving skeletal strength at very high
temperatures, and also of making use of any possible advantage derived from
the Group TV carbides, is the use of carbide colid solut’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 ThC/lO HfC,
80 TaC/20 ZrC, and 90 TaC/10 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 essentlally 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°C. To provide a denser and stronger hardmetal
skeleton without recourse to excessively high processing temperatures, isn-
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 carbvide skeletons and by the disruption of the continuous network of
fine pores. While this effect can best be seen with such a combinetion as
TaC + Ag, i1 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 it 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 ccntinuous
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porosity, the use of TaC/HfC and TaC/ZrC solid solutions for the carbide
skeletong, and isostatic pressing of larger composite bodies.

2. Mechanical Properties Frederick G. Xelhn

The transverse rupture sirength of silver-infiltrated Tal nsas
been measured up to 1800°C using the argon-atmosphere carton tube furnace and
loading system described in the September 1964 QFR. In addition to TaC-Ag
specimens, strength measurements were also made on infiltrated specimens from
vhich the silver had been evaporated leaving only the TaC skeleton. TaC-Ag
composites and TaC itself (QPR 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 1400°C and comparably strong

at 1800°C, only the 1600° 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-
sible, for example, by replacing silver with silver alloys.

Specimens of nickel-infiltrated TaC from which the N1 had been
vaporized were too weak even to be measured in the transverse rupture mechine.
The nickel-infiltrated TeC composites also do not have the desired strength at
high temperatures (above 1400°C), and no further work will be done on them.

We hope the mechanical properties of TaC infiltrated with "TaC-saturated"
nickel will be good, however, but they still have to be investigated.




A. Ni +1% TaC

B. Ni +10% TaC

FIGURED-1 SOLUTION OF ToC IN NICKEL
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B. Ni +50% TaC

FIGURED - 2

SOLUTION OF TaC IN NICKEL
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B. Ni +100% ToC 600X

FIGURED -3 SOLUTION OF TeC IN NICKEL
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Ni +20% TaC (melted in graphite crucible) 300X

FIGURED -4 SOLUTION OF TaC IN MCKEL
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