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I. Introduction

The means by which powered refractory compounds are produced
can influence their mechanical and structural properties.’™ It
is relevant to scrutinize these methods of powder production and
examine their effects on the resulting material. One such
production process is called self-propagating high-temperature
synthesis ($S85), also referred to as combustion systhesis. This
method has bean used to produce powders which are claimed to exist
in a highly stressed non-equilibrium state.J"S Such a stressed
state would theoteticallys increase the rate of (i.e., activate)
the sintering of these powders. [In addition to activated sintering
such properties as abrasive wear and hardness are also nffected.z
In the present study experiments were parformed to compare the
sintering kinetics of titanium carbide {TiC) produced by the SES
process, with those of titanium carbide obtained from a commercial
source, the Starck Chemical Company of Germany. Possible causes
for observed differences Detween the materials were also explored,

Nerzhanov and Bo:oﬁinskaya3 have described the SHS process
for a variety of carbides, nitrides, and borides of the transition
metals. They pressed solid reactants into pellet form and ignited
them at the pellet top under an atmosphere of argon. The
coabustion front proceeded to propagate downwards with a zone of
intense reaction activity., The rates of propagation of the

reaction front varied from 0.1 to 15 cA'S ©. In the wake of the

propagating combustion wave, luminescence continued beyond the
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thermal relaxation time indicating ¢he coantinuance of combustion.

According to Nerzhanov and lamvimhyl’ the completeness of
combustion can almost always be guaranteed by appropriate manipu-
lation of the following reaction parameters: dispersion of
reagents; bulk density of mixed reactants; size of combusting
sample; teat removal from sample surface; and temperature of
combustion. To this list should be added: adsorbed gases ,6‘7
iupur.ities,é stoichiometry of reactmts,l and combusting
iuosphere.‘

In regards to some of the above parameters, Shkiro,

Borovinskaya, and Me.rzhmova have examined the effacts of
various types of carbon on the combustion systhesis of titanium
carbide (TiC). They found that the rate and compileteness of
combustion varies for different carbon powders used. The carbon
powder characteristics examined were the degree of structural
development, surface area, and oxygen content. Structural
development is a term used Iin the 1itentuze9 to describe size
of carbon chains connected by cl-sl:»2 bonds, and the degree to
which these chains are bonded to each other with the weaker
nebonds. Shkiro, Borovinskaya, and Hetzhanov8 classified the
structural development according to the carbon powders® ability
to adsord oil (oil adsorption increases with increasing structural
development ).

The combustion rate was found to be most sensitive to the

structural dev: lopment. JIncreasing structural development
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decreased the rate and completeness of combustion. fhis
phenorenon was associated with the decrease in free valences with
an increase in structural development.

rurther evidence for the influence of development on the
zeactivity of carbon was supplied by experiments on the effects
of annealing the carbon powder before combustion. A particular
grade of carbon black was annealed under vacuum at a temperature
of 2373 K for time periods of 1 and ¢ hours. The heat treatment
relieved stresses and increased the structural development. When
the resulting powders were combusted, the rate and completeness
of combustion decreased with increasing annealing time. Table 1
shows the specifics of the effects of heat treatment on
combustion.

The particle size of carbon black powders did not influence
the combustion process in titanium carbide ( n‘c).e However,
with carbon powders with the graphite structure, a marked
dependance on particle size was noted. As can be seen from
Table 2, decreasing the particle size resvited in an increased
rate and completeness of combustion. With the decrease in
graphite particle size, the proportion of free valence sites grew
as was evident from the increase inm oxygen solubility. However,
the increase in oxygen content did not seem to inhibit the
combustion process.

Among the carlon black powders with approximately the same

degree of structural devemopment, increasing oxygen content was
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! fable 1, Effects of annealing on combustion rate and free carbon coptent

of titanium and cazbon powder mixtures, initial ¢/7i = 0.967.%

Annsaling Time | Combustion Rate |  Pree Carbon
th) | cn 5~ 1
: 0 2,65 0.05
1 2.34 0.40
‘ ] | 1.94 0.60
. /
: f c/Ti = 0,967
’
i Table 2. Graphite particle size effects on combustion.
P
particle Combustion Oxygen Content, % Free c/Ti
. Size, um Rate cn 5~ In Graphite In TiC, | carbon, X X
L X0 0.28 0.08 0.6 3.2 0.84
i <20 0.38 0.47 0.55 2.1 0.89
. L6 1.4 0.51 0.25 0.1 0.95
" 0,03 1.1 2.2 0.5 0.4 0.92
v 0.1=1 2.6 0.3 0.18 0.05 0.97




-

found to decrease the rate and completeness of combustion. Also,
the oxygen content in combustion syathesized TiC was approximately
proportional to the oxygen content in the starting carbon
powdet.a

Another factor mentioned as a possible influence on the
combustion of carbon and titaniue powders was the extent that
titanium wetted the carbon powder. It was believed that a higher
wettability increases the spreading of the molten titanium
through the combustion tront 2

Shkiro, Prokudina, and Borovinskayaa have examined the
effects of oxygen content and surface area of titapium powder,
sample size, and combustion atmosphere on the synthesis of
titanium carbide by the combustion process. For a given surface
area of titanium powder, (see Table 3) it was found that the
completeness of combustion decreased with an increase in oxygen
content, It was also observed that the free carbon content was
approximately equal to the oxygen content of the fimal TiC
Fproduced. Also, the final oxygen content was somewhat propor=-
tional to initial titanium oxygen content, The effects of
titanium powder surface area (when the oxygen content was
constant) showed a slight decrease in final oxygen content with
an increase in surface area. However, in most cases, increasing
the surface area resuited in an increase in sorbed oxygen content
of the titanium powder which by far counteracted the advantages

incurted by the increase in surfac. area.
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Table 3. BEffects of surface ared and oxygen content of titanium powders

on the resulting titanium cm-bida.6

Ti Fic,
Surface Area Oxy
ni/g wEX % Ceree § Oxy wtx
7,123 3.67 0.915 2.4 1.7
5.898 3.63 0.830 1.15 2.05
0.554 5.77 0.770 4.5 4.3
0.724 2.93 0.860 2.0 2.05
0.67 2.32 0.925 0.8 0.95
0.164 0.2 0.950 1.18 0.27
0.233 0.38 0.965 0.1 0.15
0.919 4.45 0.880 1.75 3.1
1.43 2,21 0.905 1.4 1.02
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To illustrate the effect of sumple gize on completeness of
combustion Shkiro et u.,‘ prepared TiC in two sample sizes.
The smaller samples weighed approximately 10 y each, and the
larger ones 20 kg each. In gsneral there was substantially less
oxygen and free cardbon in the TIC samples prepared in the 20 kg
sizes than those made in the smaller 10 g sizes. For example,
samples made from a titanium powder with an oxygen content of
5.77 wtX had final oxygen and free carbon contents of (4.3, 4.5)
and (1.35, 1.35) for the smaller and larger sample sizes,
respectively.

The importiance of maintaining the proper atmosphere during
the combustion and coo.’ing periods was also emphasized by Shkiro
et .31.ls Oxygen and carbon monoxide liberated from the
combustion zone could react with the sample if not removed
quickly. The authors have peinted out that carbon monoxide at
the temperatures considered is an oxidizing agent. To illustrate
this point, they combusted 10 g samples in argon, and in two
carbon monoxide partial pressures, The samples combusted in
argon had a final oxygen content of 1.7 wt% compared to 2.7 wtk
for a carbon monoxide partial pressure of 0.225 MPa. The
starting titanium powder contained 3.67 wt% oxygen. NWhen the
Same titanium powder was used to combust 20 kg samples with the
evolved gases continuously pumped off, the oxygen content was
0.45 wtx,

Merzhanov et al.,z have also produced TiC in large (16 to

o g v A U A X [y e, i e




20 kg) sample sizes, A reaction mixture of titanium and carbon
black powders were contained in a water cooled atesl vessel, The
rsaction chamber was evacuated befora, and mzintained during and
after combustion 50 as to prevent recontamination with evolved
gases, The authors did not mention the initial density of the
reactants, but according to Shkiro et nl.,s compact density is
not such a large factor with the bigger sample sizes. The
resuylting TiC was found to have & combined carbon content of 19.3
to 19.7 wtx, and free carbon and oxygen of <0.3 wt%, and other
trace elements totaling no more than 0.25 wty. Nerzhanov et 01.2
have performed calculations of the adisbatic combustion temperature
and have found it to be near the melting point of TiC (3200 K).

A phase diagram for the titanium=-carbon system has been pre-
sented by Storns.’? According to this phase diagram (Pig. 1),
carbon saturation occurs in TiC at a wt¥ of carbon of 19.5 (C/Ti
= 0.967). At this composition, the melting point is approximately
3163 X. A maximum in the melting point occurs at a compesition
of 16.5 wtX carbon (C/Ti = 0.785) and is 3340 K.

Few studies have dealt specifically with the sintering of
titanium carbide.]' Most attentionr has focused on recrystall-

13-15 ordantyan et al-,z have

ization and grain growth.
exanined the role of stoichiomatry in the densification of
titanium carbide produced by the 5HS process. The powders studied
had carbon to titanium atomic ratios of 0.98, 0.87, 0.78, 0.68,

and 0.58. Analysis of oxygen content showed the weight percent
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Fig. 1 A portion of the Ti-C phase diagram taken from Storms™®.
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oxygen to be 0.2 for TiCy g7 {C/Ti n 0.87), and 0.15 for the

other powdars. IFree carbon decreased with decressing carbon to
titaniun ratic. The carbides !'ico.” and rico_ 58 had free carion
contents of 0.17 and 0.03 weight percent, respectively. X-ray
lattice parameters meas: ements indicated no difference between
TiCy gp t0 TICp cp (Ave. 0.432° nm), but Til) gg had & ralue
somewhat lower (0.4312 nm). Uncertainties in these measurements
were not given. After milliny, the powders had an average svrface
area of 5 mz/g.

Pensification of sintered pellets was found to depend on
stoichiometry in such @ way that lower total cardon content
produced higher sintered densities. Grain size measursments
showed that after sintering for 60 min. at 1770 X, the mean grain

size of TiC and TiC

2.98 .5g Were approxisately 10 um and 40 Lm,

respectively. Thus grain growth is alse substantially dependent
on stoichiometry. BEstimation of the activation energies ~or the
various powders revealed a trend with stoichiometry. Values for
activaticn energy, as shown In Table 4, were found to varv from

d68 to 293 XKJ/mole for TiC,

0.98 to liC

0.58" showing a decrease with

decreasing C/Ti ratio. The conspicuous absence of kinetic plots
{logarithm shrinkage versus logarithm time) and the statement of
using a holding time of one hour, and no other times, for
sintering at various temperatures, leads one to believe that
kinetic experiments were not perforped by Ordan'yan et a.l.l

Without knowledge of ihe sintering kineties, the activation

v



Table d.

Sintering Activation Energy, @, for r.tci.

X 0 (kI/mole)
0.58 292
0.66 297
0.78 313
0.87 422
0.98 468

-]l=
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energies can not be calculated, and any estimation >f them
ignoring the kinetics will be erroneous,

Chermant et az..n studied the final stage of sintering as
well as grain growth in titanium carbide. One of the powders
used was obtained from the Starck Cheaical Co. and had an average
particle size of 75 nm (750 A). It was noted that the final
stage of sintering was controlled by grain boundary diffusion and
above 2173 K rapid yi=in growth takes place which impedes the

15 have noted

sintering process. Several other workers e
similar grain growth patterns. Samsonov and Bozhko™? observed
the effects stojchiometry had on recrystallization and grain
growts in TiC., In general, a lower carboa to titaniuvm ratio
resulted in faster grain growth. For example, after sintering at
2273 X for two hours, compacts with a starting particle size of

3 pm had an average grain size of 8 and 15 um for T.ico.% and
TiCa. 587 respectively. There alsc appeared to be a temperature
dependence on the limiting grain size, again with the same
stoichiaretry dependence.

In plots of the logarithm grain size versus inverse
temperature there was a trend in which the carbides with lower
C/Ti ratios have a lower slope. Samsonov and Bozhkou have
deterniped activitic: energies for the various stoichiometries
from the Arrhenius plots mentioned above. The activation

energies were 187, 138, 149, 98.6 kl/mole (44.8, 33.0, 35.6, 23.6

%cal/mole) for C/Ti ratios of 0,96, 0.88, 0.80 and 0,58,
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respectively. There was no mention of the rate controlling
sechanisa, but according to KingeryIG the activation energy of
grain growth should be between that of Loundary and lattice
diffusion, As will be shown later, the activation energy for
lattice self=-diffusion of titanium and carbon in 7@65'97 are 737
and 398 kJ/mole respectively, Grain boundary diffusion is usuvally
about one half that of lattice diffusion (368 for ?i and 196 kil/wole
for C). The activation energy determined by Samsonsov and Eozbkolj
compares reasonably well with the estimated grain boundary acti-
vation energy for carbon diffusion.

Kushcalova12 bas studied the sintering of loosely poured
TiC powder with composition 80.2 wtX Ti 18.8 wes C total (C/Ti =
0.936) and 0.04 wtX free C. The average particle size was 8.5 um.
Sintering was performed over the temperature range 1673 K to
2373 K under a vacuum of 0.13 Pa {10~ Torr) with a heat-up time
of one hour, After holdirg for two hours at 1773 K, the mean
grain size had increased to 17 um diameter. Rapid grain growth
was observed at temperatures approaching 2073 X and above. At
2173 X a fairly strong, highly porous {50%) compact was formed.
From a plet of In dz vs 1/T (d = grain diameter T = Temperature
in X) the activation energy for grain growth was found to be 242
T 6.3 ki/mole. This value is reasonably close to that found by

13 187 xi/mole.

Samsonov and Bozhko,
The effects of annealing on the composition and structure of

TiC were examined by Vavrda and Elazikova.ls The TiC considered




bad a C/71 ratio of 0.961 {combined carbon) with & free carbon
content of 0.29 wtX. To examine the effects of annealing
atmosphere on the lattice parameters of TiC, specimens were leated
for three hours at 1573 X in purified hydrogen; in & vacuum of
1.3 Pa (1072 torr) and 1.3 x 10°2 pa (1074 Torz); and in purified
argon. A decreace in the lattice parameter was observed for h~at
treatment in hydrogen and vacuum, while an increase was observed
for argon heat treatment (initial parameter 0.43262 nm, 0.43240 nz
in hydrogen, 0.43249 nm vacuum, 0.43272 nm in argon with an
average uncertainty of +0.0006 nm}. According to Costa and
Conte” the lattice parameter of TiC decreases with decreasing
carbon to titanium ratio (see Table 5). The above results thus
indicate some decarburizatien occurs during heat treatment in
hydrogen and vacuum.

Changes in particle morprology were studied for annezling
temperatures of 1573, 1873, 2073, and 2273 X in argon for one
hour. At 1573 and 1873 X ne changes were observed. However, at
2073 K sintering of fine particles (>2 um)to larger ones
(10-20 i} became noticeable, and at 2273 X bonds were formed
between large particles.

The volume self-diffusion coefficents of carbon in TiC with

- C/Ti ratios of 0.97, 0.89, 0,67, and 0.47 were determined by

- m18,19

Sari and by Bremeev and Panov.20 Sarian's results are

By g7 = (698 2 1.24) exp(-[398 ¢ 3)/RT) en’fsec

D a9 = {45.44 * 5,12} exp(-[446 + 1.6]/RT) culz/sec

0

e - et

Tl m T R Py

-14-

-



s e e e e e

Table 5. Lattjce Parameters, &, of TIC£7.

a (rn)

0.5

ol6

0.7

0.8

0.9

0.42990 + 1074
0.43120 t 5 x 10-5
0.43215 + 104
0.43250 t 5 x 10°°

0.42290 ¢ 5 x 1075

-15~
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Dy oy = (L4 % 66) exp(-[459 % 8.4)/RT) on’/sec .
Brexeev and Panov's result is

D = 190 expf-462/RT) clzlsec .

0.47

the activation energies are in kl/wcle,

sarian’! also determined the self-diffusion coefficient of
titanium in 7iC. It was found to be D = 4.36 x 10‘ exp(~[737.3
* 15]/RT) cnz/se::, and was net dependent on stoichiometry.
Sar.i-mlg has suggested that the stoichionetry dependence of
carbon diffusion in TiC is due to short ranye ordering of the
carhon vacancies. It should de noted that the activation energies

.. 18,19,21

aeasured by Sarian and by Ereneev and Panovz 0 show a

different dependence on stoichiometry than the sintering results

of Ordan'yan et al.l

II. Materials and Methods

A. Powder Preparation

Eight preparations of TiC were used in this study: one

obtained from the Starck Chemical Company (C/Ti = 0.956), and the
other seven made in this investigation using the self-propagating
high~temperature synthesis (SBS) process described by Merzhanov
ard .Borovinskaya.6

The seven SHS samples of TiC (labeled as SYN 1 through 7)
were made as follows. SYN 1 was made from titanium powder of -325

aesh obtained from Alfa Products, and carbon powder (graphite

form) of =325 mesh obtained from Union Carbide Corporation. The



titanium and carbon powders were coxbined in the ratio 19.0 wt%
carben and 8] wts titanium for a nominai 2/7i ratie of 0.936, and
then mixed for twenty ainutes in & Spac mechanical shaker. This
particular ratio of carlon to titanium was chosen to be slightly
below the maximum possible ratio {C;!’i = (G.967) which would yiel?
a single-phase product if completely combusted. Some titanium
was lost during the combustion process as iIndicated by the
resulting TiC having a stoichiometry slightly higher than what
was started with, The aizture was then loosely packed in a
graphite crucible 3.81 cm 10 and 5.08 cm high, The crucible with
the reaction mixture was subsequently placed in a vacuum box and
punped down to a pressure of 0.2 Pa. Ignition of the powder
mixture was achieved via a tungsten coil of 1.5 cm diameter,
approximately 3 millimecers above the mixture, with a current of
65 amp. After combustion, the composition was found to be

19.28 wtx by weight carbon, 80.72 wik% titanium (C/Ti = 0.953),
The total carbon content was determined by oxidizing the TiC and
measuring the weight of COJ evolved.

Samples designated as SYN 2 were prepared using the same
reaction mixture as SYN 1, but the mixture was pressed into a
pellet before ignition. Figure 2 shows a schematic of this
process. The pallets weighed 15 grams each and were 1.95 cm in
diameter. They were pressed under a load of 2 kN and had a
density of 2.1g/cm3. After combustion the C/Ti ratio was

deternined as 0.955.

-17=
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Fig. 2 The combustion process of titanium and carbon used
ior SYN 1 and 2 powders,

Starting powders mixed

J Pressed into pellets

N
N

Density ~2.1 g/em®

T
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/ fgnited under vacuum

N\

l Cooled broken up, mitled

Final powder



SYN 3 samples were the same as SYN 2 except that the pellets
were bared out in a vacuum furnace at 1223 K for 12 hours and
then ignited by raising the temperature of the pellet at approxi-
mately a rate of 60 X per minute until ignition tock plice at
1873 X £ 50 X, as measured with an optical pyrometer. fThe final
composition was determined with a C/Pi = 0.950.

SYN & was the same a5 SYN 3 except there was no bake out
period., The temperature was raised from roow temperature at a
rate of 60 X per minute until ignition took place at approximately
1873 X. The final composition was determined as C/Ti - 0.954,

SYN 5 was prepared from a mixture of 18,38 wtx carbon, and
81.62 wtX titanium hydride {i.e., an initial ©/Ti of 0.936). The
combustion conditions were the same as those for SYN 5. The
final C/Ti ratioc was 0.951.

SYN 6 was prepared under the same condition as SYN 1 except
that the composition was 17.51 wt% carbon, 8§2.45 wt¥ titanium.
(initial C/Pi of 0.847). The final C/Ti ratjo was 0.855.

SYN 7 was prepared under the same conditions as SYN 5 except
the C/7i ratio was 14.41 wtX carbon and 85.59 wtX titanium
hydride finitial C/Ti of 0.70). After combustion the composition
was Found to correspond to a C/Ti of 0.703.

A summary of the reaction conditions is shown in Table 6
along with the initial and final C/Ti. Figure 3 shows a polished
and etohed micrograph of a typical pellet after combustion. The

density of this pellet was 55%.

-19-




SY¥ 1

StN 2

SYN 3

SYN 4

SYN 5

SIN 6

SYN 7

«20-

Table 6. Summary of Combustion Conditions for SYN Powdlers.

Combusted from loose powdars of (Ti ¢ C) in a glovebox. Initial C/7i =

0.936, final C/Ti = 0,953,

Combusted from pressed pellet of (Ti + C) powders fn a glovabox.

Naximun density 2.1 g/em’. Initial C/Ti = 0.936, final ¢/Ti = 0.955.
Combusted from pressed pellet of (Ti + C) powdezrs in a furpace after
baking out v 12 hours at 1223 X {under vacuum of '\'10-4 Pa).

Heating rate up to combustion was 60 X/pin. Ignition at v 1873 K.
Combustion temp 2523 * 50 X initial C/Ti = 0.936, final ¢/Ti = 0.950.

Same as SYN 3, but no bake out, final C/Ti = 0.954.

Same as SYN 2, but used (Til' + C), final €/Ti = 0.951.

Same as SYN 1, except Initial C/Ti = 0.800, final C/Ti = 0.858.

0.700, final C/Ti = 0.703.

Same as SYN 5, except Initial C/Ti



Fig. 3 An etched micrograph of a typical pellet after
tombustion, mag, 500X,

Fig. 4 SEM of SYN 1 powder after milling 24 h. The half
width of the photo is 10um.
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After cooling the combusted samples tc roor temperature, thay
were broken up using a boron carbide moriar and pestle, and then
milled in a tungsten carbide vibratory ball mill in 20 g batches
until the desired surface area was attained. The surface areas of
the powders were neasured by the BST method using a surface area
analyzer (model number 2100A) from Micrometrics Instrument
Corporation. X-ray diffraction was used to determine the lattice
parameters of the commercial (Starck), SYN 1, S5YN 5, and 5YN 7
powders. The Helson-Rz'leyﬂ extrapolation function was used to
analyze the Debye-Scherrer patterns. The lattice parameters
obtained are listed in Table 7. The results of spectrochemical
analysis performed at Lawzeuce Livermore National Laboratory
(LLNL} are shown in Table 8. Pycnonetric densities of the powders
were measured using an He-air pycnobeter are shown in Table 9.

The pycnometer was designed and built at LINL.

Figure 4 is a scanning electron micrograph of the SYN 1
powder milled for 24 hours. In the background are 0.1 Lm holes
of a nutropore filter. The wide distribution of particle sizes
and groups of agglomerates were typical nf the powders, A
scanning electron micrograph of a polished sintered pellet of SYN
1 (density 84x) is shown in Pig. 5, The bright spots were
identified as regions of high tungsten concentration, apparently
flakes chipped off the WC ball mill during milling.

B, Pellet Preparation

Pellets for sintering were pressed under atomospheric



Table 7. lattice parameters of ucx.

Sample A (om)

SYN 1 0.4327 & 0.0004
SYN 5 0.4324 £ 0.000¢
s 7 0.4316 £ 0.0003
Starck 0.4330 £ 0,0001

Table 8. Spectrochemical Analysis of Commercial* and SYN 1 Powders after

milling 24 hours (in wtx).

Impurity Commercial Powder SYN 1 Powder
W 0.6 0.4
al 0.03 1.0
Pe 0.01 0.02
Ca 0.003 0.2
cr 0.003 0.0003
Mg 1.006 0.001
Mn 0.001 0.01
Nb 0.003 0,003
Si 0.0005 0.06
Ni - 0,001
Sr - 0.003

*Starck Chemical Co.
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table 9, Pycnomettic density (g/m-’) of TiC powders after milling 30 minutes,

Sanple Density fg/cn’)
; _ Commercialt* 4.91
} SYN 1 4.64
S¥N 2 4,79
SYN 3 d.88
SYN ¢ 4,580
SYN 5 4.91
SYN 6 4.69
! SEN 7 4.76

I *starck Chemical Co.
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conditions in a double action steel die with 0.6¢5 cm diameter
pistons. The average load applied was 1 kN (3 x 10‘ Paj.
Stearic acid was used to lubricate the die walls and pistons to
aid in compaction and resoval of the pellsts from the dis. The
resulting pellets had average densities of 65.6 & 0.4% of
theoretical for the commercial and SYN 1, and 68.1% 0.3 for
SYN 5, and 67.2 * 0.5 for SYN 7, and typical dimensions of
0.930 cm long, 0.645 cm dia. Before sintering, the pellets were
weighed to the nearest 0.001 ¢ and measured to the nearest 0.002
¢m., These measurements were repeated after sintering.
C. Sintering

Sintering was performed in a Brew vacuug furnace jin the
pressure range 1.3 x 202 to 1.3 x 10°% pa (107 to 1076
Torr). fThe temperature was measured with an optical pyrometer
with an accuracy of 210 XK . A heating rate of 20 X per pinute
was used to bring samples up to 1273 X (50 min) and then changed
to 30 X per minute until the sintering temperature was reached.
Samples were held at the sintering temperature for times ranging
from 60 to 1020 minutes. Sintering temperatuyres were between
1423 K and 1873 X. For the Arrhenjus plots of logarithm shrinkage

versus inverse temperature, a sintering time of 60 minutes was

used. Kinetic and Arrhenius plots were determined for the

l commercial, SYN 1, SYN 5, and SYN 7 powders. The powders had

surface areas of 13.6, 12.4, 6.52 and .91 n°/q respectively.

Comparison of the shrinkages of the commercial and SYN

=26-
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powders 1 through 6 were made at a temperature of 1813 X for &
tise of 60 minutes. The powder surface areas were approximately
4 12/9, and the exact values are shown in the results.

Carbon powder was added to the commercial material to examine
the effects of free carbon on sintering. The amounts of carbon
added to 15 ¢ of commercial TiC were 0.25, 0.10, 0.05, 0.02 and
0.011 g. All five carbon-doped samples plus one undoped sample
were milled in 15 g batches for one hour in a WC vibratory ball
mill. Pellets prepared from these powders were subsequently
sintered at temperatures of 1723 X and 1843 X for 60 minutes. 1In
addition to the above samples, one was prepared by adding 0.469 g
of carbon to 15 g of commercial TiC, and milled for 24 hours
{ surface area 13 nzlg). Pellets fzom this sanmple were sintered
at 1541 K for 60 minutes along with SYN 1, and undoped commercial
powder.

III. Results

Plots of the natural logarithm of the fractional volume
shrinkage vs. the uaturalllagazithm of isothermal sintering time
for several temperatures aze shown in Figs. 6 through § for the
commercial, SYN 1, SYN 5, and SYN 7, respectively. The slopes of
these plots are related to the mechanism characteristic exponent,
m, from the equatianH

s9/v) = (K D) t expl=0/RP))" (1)
where (0 is the activation energy for diffusion, I, exp[~0/RT]

0
is the diffusivity, K 1s a function of material constants and




Fig. 6 In AV/V,, vs In t for commerical pellets.
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temperature, t is the isothermal sintering time, and AV/V, is
the fractional volume shrinkage. According to Johnson and
Cutlet,” & is related to the rate controlling mechanism for

the sintering process. The average m values for the slopes given
in Pigs. 6 through 9 are (excluding the low slope for SYN 1 in
Fig. 7) 0.38 = 0.02, 0.34 t 0,01, 0.39 % 0.02, and 0.18 ¢

0.02 for the commercial, SYN 1, SYN 5 and SYN 7, respectively,

Pigures 10, 11, and 12 show plots of the lIn APVVO versus
inverse temperature for a time of 60 minutes for the commercial
and SYN 1 (both in Fig. 10), and SYN 5 (Pig. 11), and SYN 7
{Fig. 12). Activation energies for the sintering process were
calculated using the slopes of these Arrhenius plots and the
average m values from the 159 AV/VO versus log t kinetic
plots. These activation energies were 389 t 20, 458 = 13,

376 20, and 492 * 25 ki/mole for the commercial, SYN 1, SYN

5 and SYN 7, respectively., It is significant that tke activation
energies for the SYN 1 and SYN 7 are notably higher than those of
SYN 5 and the commercial powder. The data for the above kinetic
and Arrhenius plots are shown in the appendix.

The results of sintering the commercial and SYN powders 1.
through 6 are shown in Table 10. For ease of comparison, the
pycnometric density, surface area, and oxygen content of each
powder are also shown. From this table it can be seon that in
general the sinterability of the powde;s increases with

increasing pycnemetric density and decreasing oxygen content.,

-30-



Fig. 10 In AV/V, vs 104/T for commercial and SYN 1 pellets.

In AV/V

In AV/IV

-4.0

Commerciat
§,=136m?/g -

Q=458 13 kJ/muI\f

- SYN 1 \

§, = 124 m2/g
| I I 1 | L |
5.8 6.2 6.6 7.0

10%/7

Fig. 11 SYN5 (TiH, +C~ H, + TiC) §, = 6.52m*/g.

T T T T T T

Q=376 +20 kd/mal!

55 5.7 5.9 6.1
10%/T




T T M T L e TWmmmemrenns < .

Fig. 12 In AV/V, vs 10%/T for SYN 7 pellets.

R I T ' T I T I 1

Q =492 +25 kJ/mol

In{av/v,)

=30

6.2 6.4 6.6 6.8 70



Table 10. Sintering Data of SYN 1-6 and Commercial Powders at 1813 X for

Tty et (1 s e

60 minutes,

Material AV/Vb Pycnometric (144 1
Density {g/cm3) Sg (N%/6) Oxygen
t 0.003 t 0.005 o2 7
SYN~1 0.000 4.6¢ 3.75 --
SYN-2 0,012 479 3.722 0.88
SYN-3 0.064 4.88 3.81 1.20
SYN=4 0.053 4.80 3.85 0.66
SYN=-5 0.068 4.9 3.91 1,96
SYN-6 0.221 4.62 3,29 -
Commercial 0.21% 4.91 4.02 0.45

-33-
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This relationship will be touchaed upon in more detail in the
discussion section. It is also apparent that commercial PiC
powder axhibits a higher degree of shrinkage than all the near
stoichiometric SYN powders (SYN é 1s non-stoichiometric).

Table 11 contains the rasults of sintering the commsrcial
material to which had been added varying amounts of carbon. From
these results, it is concluded that free carbon inhibits the
shrinkage of compacts of TiC. To analyze the effect of free
carbon dispersion within the TiC compact 0.469 g of carbon was
added to 15 g of Starck Ti(C and subsequently milled to an
approximate surface area of 13 mz/g, and then sintered at 1814
X for 60 minvtes along with sampies of SYN 1 (S = 12,4 nzlg)
and commercial (no added carbon, 5 = 13.6 mz/g). The resulting
volume shrinkages were 2.5%, 2.6X%, and 5.6% for the commercial
powder with added carbon, SYN 1, and commercial powder (ne added
carbon), respectively. Thus, increasing the milling time of
commercial TiC with carbpn powder added decreases the relative
difference in sintering shrinkage observed between SYN 1 and

commercial powders.

IV. Discussion

It is apparent from the results shown in Table 10 that the
stoichiometric SYN powders 1-5 exhibit lower shrinkage rates
during sintering than the commercial TiC, To probe the

possibility that incomplete combustion of the SYN materials was a



Table 11. The affect of carbon additions on the sintering of Commercial nca.

X of Total
Cazbon Free T=1843 K T=1723 K
14.00 0.128 0.108
6.50 0.160 0.128
3.28 0.190 0.133
1,32 0,237 0.143
0.66 0.252 0.146
No carbon added 0.303 0.151

q) Carbon added to Starck material

b av
) Brror in V;'\- 0.003
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major cause of the difference in the sintering behavior between
the comnercial and SYN materials, qualitative tests for free
titanium and free carbon were performed. Analysis for dissolved
titanium in an acid solution showed negative results, however, a
film of carbon powder was noted on the liquid's surface.
Merzhanov et al.,2 have also observed floating carbon films
during washing of SHS produced TiC. Direct measurement of the
free carbon content of the powder by dissolving away the titanium
carbide phase proved inadeguate for quantitative determination of
free carbon content, but did show qualitatively that free carbon
was present in all the SYN powders to a larger degree than the
sommercial powder. X-ray diffraction results alsc indicated some
free carbon in the SYN 1 powder. Using the elemental identifi-
cation mode on a scanning electron microscope, several attempts
were made at finding free carbon or carbon rich phases in
sintered samples of SYN 1 and commercial TiC. Figure 13 shows
typical micrographs resulting from this technigue. The bright
horizontal line is the region scanned, and the high peak in the
center is a region of high carbon concentration. During analysis
of such micrographs, no discernible difference between SYN 1 and
commercial polished pellets were detected., It was therefore
concluded, in light of what follows, that diamond used in the
polishing of the samples had lodged in the cracks and voids and
thus prevented any meaningful interpretations from being made.

Nezhevenko, Groshev, Gurevich, and Eokov7 have analyzed
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(b) SYN 1

Fig. 13 Polished sintered pellets of commercial {a) and SYN 1
(b), The sintering temperature was 1973K.



the free carbon contents of ZrC powders and have reported these
free carbon contents along with the pycnometric density and oxnoen
contents of the powders, sae Table 12, Their res:lts indicsted a
relationship between the pycnometric density, oxygen, and free
carbon content. The following two trends were notable: with an
increase in free carbon content the pynometric density went down;
for 8 given free carbon content, increasing the oxygen content
Increased the density.

A semi-guantitative estimate of the free carbon content of
the powders by assuming a two-phase system (C + TiC} was
performed. The TiC phase was assumed to have a complete titanium
sublattice and an incomplete carbon sublattice. The amount of
free carben was estimated for each powder using the lattice para-
meters determined by x=-ray diffraction, the measured pyenometric
density, and the known gdensity of graphite. After examination of
Table 3, it was assumed that the amount of oxygen In the sample
displaces an equivalent amount of carhon from the lattice in
addition to what was calculated above, In all the TiC samples,
the total amounts of carbon and titanium were known., The oxygen
content was known in samples SYN 2, 3, 4, 5 and the commercial
Tic.

The calculation showed taat 14-17% of the carbon in the SYN 2
material was free {assumed oxygen content was 1X by weight). The

range of estimated free carbon is due to the uncertainty in the

“lattice parameters cf the TiC phase, and in the density of

-38-



Table 12,

Chemical Composition and Pycpometric Density for zrC.

«39-

7

Chemical Composition wtX

2r

78.5

87.1

88,7

88.8

Ctotal

2.4

Cfree

6,71
1.0
0.1

0.1

oxy

7.0
2.0
0.4

0.2

Pycnometric
density (g/cn’)
4.83 ~ 5,10
5.77 = 5.80
5.93 - 6,20

5.79 ~ 6.20

PR —
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graphite. The free carbon content of the SYN 2 material was
calculated to be 8-9% of the total carbon. Since the only
difference between the SYN 1 and SYN 2 productjon methods was the
initial bulk density of the materials, (SYN 1 was loose, SYN 2
had a 2.1 g/r:m3 bulk density) the difference in the free carbon
contents must be due to this difference in initial bulk density.
Merzhanov and Borovinskaga3 have noted this phenomenon, as well
as Sarkisyan et al.d

The possible effects of sorbed gases in the starting
materials and of heat conductivity away from the reaction mixture
were investigated using the experimental procedures outlined for
the production methods of SYN 3, 4, and 5. SYN 3} and 4 were
combusted Lrom pellets indentical to those used in the combustion
of SYN 2, except SYN 3 pellets were outgassed at 1223 K for 12
hours before combustion, and SYN 4 did not have this bake out
period. Combustion took place in a vajuum furnace by raising the
temperature at 60 X per minute until combustion took place at
1873 X, During combustion, little outgassing was observed with
the SYN 5. However, substantial outgassing as evidenced by an
increase from 10'3 to .103 Pa in the vacuum with the SYN ¢
material, It should be noted here that the pycnometric densities
and oxygen contents of these two powders differed significantly;
SYN 3 (4.88 g/cn®, 1.2 wex 0,) and SH 4 (4.80 glca, 0.66
wEx 02). The calculated free cavbon contents were 6 - 7% of

the total carbon for each powder. However, it is believed that

40~
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the 5YN 3 has a lower frase carbon content. The reason for the
apparent equality in the calculated free carbon values is that
the oxygen contents differ by almost a factor of two and 1 weight
percent oxygen was assumed to displace 3% of the carbons from
their lattice sites. The validity of the above assumption is

supported by the observations of Shkiro, Prokudina, and

Bo:ovinskaga6 on the relationship between free carbon content
to oxygen content in combustiin synethesized TiC, shown in Table
3, in which the free carbon content was approximately equal to
the oxygen content of the TiC prodused.

To further explore the role of gutgassing in the combusﬁion
synthesis process, titaniuvm hydride powder was used in the
synthesis of SYN § instead of titanium metal powder. Pellets
pressed from a mixture of titanium hydride and carbon powders
were baked out at 773 K under a vacuum of 1.3 x 10° Pa (10 Torr)
until outgassing caused by decomposition of the hydride stopped,
after which the samples were baked out at 1223 K for 12 hours
before ignition. During combustion, no outyassing was observed.
The resulting high-pycnometric density (4,91 g/cm3J was
expected. However, the high oxygen content (1.96 w/o 02 ) was
not. Calculating the free carbon content caused by the oxygen
displacement of carbon gives 5-6% of the total carbon free.

Table 13 shows the estimated free carbon contents of the SYN
1~5 and commezcial TiC samples. For comparison, the shrinkages

of pellets pressed from these powders and sintered at 1813 X for



Table 13. Comparison of Calculated Frae Carbon to Volume Shrinkage After

Sintering at 1813 K.

Calculated
Naterial % Pree Carbon hv/vgt 0.003
SYN 1 14-17 0.000
S¥N 2 8-10 0.011
SYN 3 6-7 0.064
SYN 4 6-7 0.053
S¥N 5 5-6 0.068
Commercial <2 0.219

-2



60 minutes are shown. Coﬁpax‘zng the shrinkage to free carbon
content, it is apparent that free carbon has inhibited the
sintering of the combustion synthesized TiC. The results of
adding carbon powder to the commercial TiC, shown in Table 1l and
the examination of the effect of free carbon dispersion on
sintering TiC, substantiate this conclusion,

In Pigs. 14 and 15 are shown the grain structures of the
commercial and SYN 1 carbides after sintering at 1816 X for 60
minutes [(relative densities 51 and 83%). Both are characterized
as having regions of large grains within smaller grains. However,
this is more pronounced in the commercial material than in SYN 1.
In addition, the grains of the commercial material appear approxi-
mately a factor of two larger than the SYN 1. Although a detailed
examination of gz_ain growth was not performed in this experiment,
it appears reasonable that free carbon which has inhibited
sintering has also retarded grain growth.

The difference detected between the activation energies of
the commercial and SYN 1 carbides can also be ascribed to the
incomplete combustion of the SYN 1 PiC. During chemical analysis
of the SYN 1 product, no free titanium was found, while free
carbon was abundant. This means that the TiC phase in the SYN ]
powder was carbon deficient. PFurthermore, the accivation
energies for the sintering of 2?46, oon® 6, e 7,

TINJ 8, and Ticl are known to be dependent on stoichiometry.

In all the above mentioned materials, except N’bC” and Ticl,




b= 20 um

Fig. 14 SYN 1 peltet sintered at 1816K for 1h. Density was
83%, magnification 1000X.

— 20um

Fig. 15 Commercial pellet sintered at 1816K for 1h. Density
was 91%, magnification 1000X.
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a decrease in carben or nitrogen content increases the activation
energy. PFor the cases of Nbc” and T.ic,1 Ordan‘'yan et 11.,1'27
did not mention the time deperdence of shrinkages during
sintering. Such an approach ignores the possible temperature,
particle gize, stoichiometry, and other physical or chemical
dependencies of the m value in Bq, (1), The results obtained in
this experiment indicate a substantial dependence of m on
stoichiomecry SYN 7 with C/Ti = 0.703 kad m = 0,18, while commer-
cial TiC with C/Ti = 0,957 had m = 0.38. If an m value of 0,38
was used, however, in the calculation of the activatien energy
for the SYN 7 TiC, the resulting activation energy would be 233
ki/mole and would agree qualitatively with the results of
Ordan'yan et al., for Ticl and HbC”. Thus the high acti~
vation energy determined for t e SYN 1 TiC is interpreted as
being caused by a nonstoichiometric carbide lattice.

In sintering the rate controlling mechanism is often
determined by comparison of the measured m values of Eq. (1) to
the m valyes predicted from theory., The average m valves
measured in this experiment for the commarcial and SYN 5
aaterials (0,38 and 0.33, respectively) correspond to the
predicted mechanism of volume diffusion. However, the average m
value obtained for SYN 1 was low (0.34), and that obtained for
SYN 7 much lower yet (0.18), The m value of 0.34 for SYN 1 could

be explained as being caused by grain boundary diffusion or

simply experimental error. But, the exceptionally low value

=g5~
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obtained for SYN 7 {C/Ti = 0.703) cannot be explained so simply,
and clearly more experimental data are needed on the stoichio-
aetzic dependence of the m value defore a meaningful explanation
can be given, Grain growth appears to be the must plausible
explanation for the low m values, In attempting to measure grain
growth, polishing of samples below a density of 85% proved to be
impossible because the grains would tear out of the samples.

Assuming that the trend in activation energy with stoichio-
metry determined in this experiment is correct, compariscn with
the measured volume self-diffusion activation energies of
carbon” and t:itaniumﬂ in TiC and their dependencies on
stoichicmetry supports the proposition that the controlling
mechanism for sintering TIC is carbon volume diffusion, This
same phenomenon has been poted by Andrievskil et al, ,26 for the
sintering of ZrN. They observed a trend in activation energies
calculated from Sintering experiments on the neck growth rates
between ZrN wires. For this case a decrease in nitrogen content
resulted in a dec¢rease in the sintering rate and an increase in
the calculated activation energy.

It should be noted that the opposite phenomenon (higher
sintering rates with lower carbon contents) is observed in the
sintering of powder compacts of z:C“'M, e 7, i’ 8,
z:tfz 6 and Tx'C.l In this experiment, nonstoichiometric TiC
{SYN 6 with C/Ti = 0,854 and SYN 7 with C/Ti = 0.703) also

exhibited enhanced shrinkage. However, this does not necessarily

e e BT TR
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contradict the findings of Andrievskii et al.,“ because the
wires used by these workers were relatively free from the stresses
and strains which are present in the powder form. According to
Kravcklk et al.,” the deformation characteristics of NIC varies
with stoichiometry, as was readily seen from the variation in
specific surface area witk milling time for powders of different
compositions. In general, NbC near the stoichiometric composi=
tion milled to @ higher surface area in less time than the powders
with a lower carbon content. Such variations in the mechanical
properties with stoichiometry could account for the difference in
tle sintering rates between stress-free wires (and spheres) and
powder compacts of 2rC, and ZrN.
V. Summary

Free carbon in the combustion synthesized TiC was found to
be the cause of a reduced sintering rate when compared to the
commercial TiC which had much less free carbon. The value of the
coefficient of the time dependence of shrinkage, m, was found to
be dependent on stoichiometry and thus prohibited efforts to
aetermine the éintering mzchanism by comparing the measured m
values to those determined by theory. For a C/Ti ratio of 0.356
and 0,703 the m values were 0,38 + 0.02 and 0.18 t 0.02
respectively,

Assuming equation (1) to be applicable to the sintering of
nonstoichiometric TiC, activatjon energies were calculated.

Pigure 16 shows the dependence of activation energy, 0, on C/Ti




ks L L

Fig. 16 Dependenrze of activation, Q, on C/Ti.
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of the 7iC phase (C From this plot

7ic ™ Ctotal ~ Cree!*
it is clear that Q increases with decreasing C/Ti in the TiC
phase. Comparing the C/T1 dependence, and magnitudes of the
activation energies measured in this experiment with the activa-
tion energies fcr self diffusion of carbon and titanium in TiC

leads to the conclusion that carbon diffusion is the rate

controlling mechanism for sintering of TiC.
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Kinetic Data Use for the Plots of Commercial (Starck) Powder.

Pime Temp Lv/v Fo P 8p/o,
Min, X X %
60 1637 0.116 66.2 74.9 0.131
202 1633 0.184 65.5 80.3 0.225
1062 1635 0.266 66.0 85.9 0.362
122 1636 0.149 65,6 77.1 0.175
322 1639 0,208 65.1 §2.3 0.264
420 1663 0.288 65.2 51.6 0.404
120 1665 0.184 65.5 80.2 0.225
56 1667 0.143 65.8 76.8 6.167
195 leée 0.233 65.7 85.6 0.304
i0l5 1666 0.310 65.3 94.6 0.449
214 2471 D.058 65.4 69.4 0.061
120 1471 0.050 A 65.5 66.9 0.053
400 1470 0.065 65.9 70.5 0.063
60 1475 0.036 65.6 68.0 0.037
527 1470 0.097 65.2 72,2 0.107
208 1539 0.096 66.0 73.0 0.106
1024 1538 0.204 65.6 82.4 0.256
120 1541 0.073 65,7 70,9 0.078
400 1538 0.123 65.5 24.7 0.14¢
60 1537 0.056 65.6 69.5 0.059
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Kinetic Data, Commercial (Starck).

Time Temp /vy Po P bpfp,
Min, X 3 3
328 1552 0,204 65.7 82.5 0.256
277 1552 0.129 65.4 75.0 0.147
204 1555 0.110 65,6 81.3 0.12¢
60 1554 0.065 66.0 70.6 0.069
120 1553 0.089 65.2 71.5 0,096
1016 1490 0.116 65.1 73.6 0.131
195 1492 0.061 65.2 69.4 0.065
360 2491 0.077 65.9 71.¢ 0,083
60 94 0.034 65.3 67.5 0.03¢4
120 1493 0.046 65.7 68.8 0.048
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Arrhenius Data for Commercial (Starck) Powder.

~56-

Temp av/vg Po P b/,
K % %

1533 0.05% 65.8 69.8 0.062
1433 0.024 65.7 67.2 0.023
1633 0.106 66,0 73.6 0.115
1637 0.116 66.2 74.9 0.131
1433 0.030 66.1 68.1 0.030
593 0.076 65.5 70.8 0.081
1475 0.036 65.6 68.2 0.039
1537 0.056 65.6 69.4 0,058
1494 0.034 65.3 67.5 0.034
1617 0.098 84.7 72.1 0,110
1667 0.143 65.8 78,5 0.163
1733 0.186 65.1 74.5 0.222
1695 0.183 65.4 79.4 0.214
1554 1 0.065 66.0 70.6 0.069




Arrhenius Data for SYN ] Powder.

e ol P S Y b e

Tenp v/, oo o be/o,
K x x

1726 0.097 66.0 73,0 0.107
1667 0.064 64.9 69.3 0.068
1637 0.057 €5.5 69.4 0.060
1338 0.026 65.9 67.6 0,027
1587 0.036 65.6 £8.0 0.037
1615 0.031 65.3 67.4 0.032
1695 0.091 65,2 72.4 0.100
1753 0.200 66.0 73.3 0.211
1786 0.13¢ 65.6 75.7 a.155
1470 0.023 65.4 66.9 0.023

-57-



Kinetic Data for SYN 1 Powder.

Time Temp Lv/vy Py 0 Ap/o,
Min, X ) 3
60 1726 0,097 66.0 73.0 0.107
120 1725 0.109 65.7 73.7 0,122
415 1722 0.192 65.5 81.0 0.237
1010 1724 0.265 65.3 88.8 0.360
154 1723 0.138 65.4 75.8 0,160
420 1663 0.131 65.3 75.2 0.151
120 1665 0.083 65.7 71.6 0.090
56 1667 0.064 64.9 69.3 0.068
195 1666 0.092 66.1 72.8 0.101
1015 1666 0.190 65.5 80.8 0.234
60 1637 0.057 65.5 69.4 0.060
202 1639 0.081 65.3 71.0 0.088
1062 1635 0.152 6.1 77.9 0.179
122 1636 0,074 65.4 70.6 “ 0,080
322 1639 0.092 66.2 72.9 0.101
20+ 1539 0.030 65.4 67.4 0.031
400 1538 0.036 66.1 68.6 0.037
1024 1538 0.042 65.1 67.9 0.044
60 1538 0.026 65.9 67.6 \ 0.027
120 1541 0.028 65.7 67.6 L 0.029
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Kinetic Data for SYN 5 Powder.
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Time Tenp av/vy Po © Bplog
Min, X X L
205 1724 0.118 67.8 76.9 0.134
60 1724 0.079 68.8 4.7 0.086
120 1725 0.099 67.9 75.4 0.110
1753 220 0.148 68.0 78.8 0.174
175¢ 60 0.089 68.3 75.0 0.097
1753 120 0.117 62.7 76.0 0.132
1849 60 0.145 68.1 80.v 0.175
1850 120 0.190 67.9 83.8 0.234
1850 215 0.241 68.0 83,6 0.317
1790 60 0.108 €7.8 76.0 0.121
1788 130 0.143 68.4 79.8 0.167
1791 245 0.195 68.2 84.7 0.242




Kinetic Data for SYN 7 Powder.

JEIIERSEE S C R it o

Temp. Time vV, Po P bp/o,
X Nin.
1613 60 0.175 66.0 80.0 0.212
1614 334 0.224 67.3 86.7 0.289
1612 130 0.195 67.0 83,2 0.242
1500 272 0.126 68.2 76.0 0.144
1501 60 0.096 67.4 74.5 0.106
1500 130 0.209 67.1 75.3 0.122
1562 260 0.174 67.5 81.7 0.210
1562 60 0.135 67.2 77.7 0.156
1563 120 0.152 67.0 78.9 0.178
1448 60 0.074 67.3 72.8 0.080
1448 120 0.084 66.9 73.0 0.092
1449 210 0.095 67.6 74,7 0.105
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Arrhenius Data for SYN 7 Powder

+ s o

Tenp. sv/v, bo o dp/o,
X x X

1406 0.066 67.2 72.0 0.071
1448 0.074 67.4 72.8 0.080
1510 0.105 67,6 75.5 0.117
1613 0.175 £6.0 80.0 0.212
1562 0.135 67.2 77.7 0.156
1500 0.096 67,4 74.5 0.106

1
Arthenius Data for SYN 5 Powder.

Temp. av/vy o p ip/o,
X X x

1698 ' 0,067 68.0 72.9 0.072
1848 0.148 67.7 79.5 0,174
1649 0.063 68.1 72,6 0.067
1763 0.051 68,0 74,8 0.100
1785 r 0.106 68.2 75.1 0.118
175¢ | 0.089 68.3 75,0 0.057
174 J 0,079 8.8 74.7 0.086




