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INTRODUCTION

Demands are being made on the ceramic industry by other indus-
tries for better refractories and refractory articles to withstand
higher temperatures and more rigorous treatment in practice. One
industry where this is especially true is the aircraft industry.
With the advent of jet propelled planes and rockets, the limitations
of metals for certain uses became apparent, With the failure of
metals because of the rigorous treatment they received, ceramics
was turned to as a possible solution. The use of ceramics for cer-
tain parts proved to be very satisfactory. Ceramic parts are now
being used for those areas on aircraft where high temperatures are
attained in a very short period of time. Special refractories are
needed to withstand the high temperature and the great heat shock.
Another place where ceramics is being used in the aircraft indus-
try is in the gas turbines, where ceramic blades are now being used.
Originally, ceramic coatings on metal blades were used, but at pre-
sent efforts are being made to make the blades entirely of ceramic
materials, For this use, the ceramic parts must have high mechanic-
al strength to withstand the strain when the gas turbine is in use.
They must also have a high thermal shock resistance and high re~
fractoriness. With the successes attained with ceramics in the air-
eraft industry thus far, there will undoubtedly be an effort made to
make further use of ceramics in this industry., By using ceramic
parts it is possible to use higher operating temperatures with a re~
sultant power increase, and the total weight is decreased, again
adding to the available power,



With the new demands being made on the ceramic¢ industry in mind,
it was thought that an investigation of the ceramic possibilities of
certain high melting refractory materials might prove of interest
and value, The high melting materials are the oxides, carbides,
nitrides, borides, and hydrides. Since a great deal of work has been
done on the oxides, and relatively little on the others, the oxides
were dismissed. Of the other groups, the carbides seemed interesting.
Of the carbides, the following materials were chosen for investiga-
tion:t Boron Carbide (B,C), Zirconium Carbide (ZrC), and Titanium
Carbide (TiC). These materials were chosen because of their high
melting points, apparent stability at high temperatures, and the
fact that authorities on refractories suggested that they might have
good possibilities,

REVIEW OF LITERATURE
In reviewing the literature on the carbides selected for inves-
tigation, it was seen that little work has been reported on these
materials regarding their use in ceramics or refractories. In order
to determine a suitable method of investigating the possibilitles of
other carbides in refractories, and also to show what benefits might
result from their use in refractories, a review of the literature on
SiC was made,
A compilation of information on 5iC refractories by A. C. Lul

gives a good deal of information regarding these refractories.

b |
Lea, A, C,, Silicon Carbide and Its Use as a Refractory iaterial,
Trans. Brit. Cer. Soc., Vol. 40 (4), pp. 93-118 (1941).



According to him, three methods are used in producing SiC refractory
brickst (1) Exposure of the shape made of carbon to silicon vapor at
a high temperature. (2) Shaping the article from SiC without any
permanent bonding material and heating it to a temperature near the
formation temperature of 5iC, This is in essence a recrystallization
of the SiC. (3) By bonding the SiC grains with a material that can
be vitrified on heating.

Various materials have been suggested as bonds for the third
method, such ast iron, iron oxide, or salts of iron; sodium silicate,
clay, borax, boric acid, lime, Portland cement, aluminum sulphate,
magnesite, dolomite, and zirconium and aluminum silicate. At the
present time the majority of bonded SiC refractories use a refrac~
tory clay as the major constituent of the bond. The methods of
making the bonded refractory are: hand molding from a plastic mixe
ture, machine pressing, and hand ramming. The firing is carried to
a maximum of 1400°C. with care being taken to avoid an excess of ox-
ygen at certain temperatures., According to H, N, Baumann and J, P,
Benntulz, 8iC refractories are now nearly always protected by a
refractory type of glaze, to reduce the possibility of oxidation of
the 3iC grains,

There is some controversy as to when the oxidation of 3iC begins,

when it stops, and how great it is, L. E, Muller and L, H. Baradue’

2

Baumann, H, N, and Seventzel, J. P., Physical Properties of 5iC
Refractories, Bull, Am, Cer, Soc., Vol. 16, p. 419 (1937).

3 .

lull.r, L. E. and Baraduc, L, H., Rev, u.fn’ Vol. 6' p. 700 (1909).



say that SiC is not oxidized at 1000°C. in oxygen, at 1000°- 1350°C.
it is slightly oxidized in air, while at 1350°-1500°C. the silica
formed fuses. From 1500°=1600°C, the silica fused retards oxidation,
while above 1750°C. oxidation is very rapid. F. H. Riddle and A, B,
Poek“ found that SiC test pieces run at 600°~1000°C, for 18 months in
a tunnel kiln had oxidized and swelled to twice their normal size,

F, L, lobes’ says that SiC is slowly oxidized between 1000°C. and
1350°C. Se M, Phelpab states that oxidation of SiC may begin at
900°C,

The outptanding properties of SiC refractories are their high hot
strength, high hot thermal conductivity, and good resistance to spall-
ing, They are reported to be inactive to acid and neutral slags,
non-ferrous and grey cast iron, but are attacked by basic slags, low
carbon steels, or iron and lead at temperatures of 900°-1400°C,

F. S, Walton and E, L. lhunnn7 made observations on the effect
of 5iC in clay bodies. Their method involved using a fairly stiff
plastic mix, which was thoroughly pugmilled and allowed to stand 24
hours in a warm damp place, Test bars were made and fired to cones
10, 12, and 14. As the S5iC content inereased the cold and hot mod~
ulus of rupture increased. Slag resistance, and thermsl conductivity
b

Riddle, F., H, and Peck, A, B,, An Eighteen Month High Temperature
Test on Refractory Test Specimens, J. Amer. Cer. Soc., Vol. 9, p. 1,
(1926)

5liobu, Fu L., Ind, Chem., Vol. 6, p. 183 (1930)

6
Phelps, S, M., Amer. Refr. Inst. Bull,, No. 57, April (1935)

7
Walton, S, F. and Haumann, E, L., Observation on Effect of SiC in
Cl.y BodiOI, Jo Anmer, 001'. 800., VOJ-‘ 13’ PPs 935‘9“0’ (19w)




increased also as the 5iC content increased. HResistance to spalling
also showed an increase,

Of the carbides to be investigated, the one which seens to have
been investigated most thoroughly is Boron Carbide (th)' The crystal
structure of B C was studied by He K. Clark and J. L. Hoard®, and

4
they found that the form B C was very stable. In tests made on

A

various forms of Boron Carbide, it was found that if the Boron to
Carbon ratio is equal to or greater than 4, the carbide is resistant to
attack by either nitric acid or acqua regia, both of which will dis~
solve Boron., If this ratio is less than 4, graphite tan always be
detected, From this it seems that the excess Boron goes into solid
solution with the Boron Carbide (B“C) through the accomodation of
spaces in the Boron Carbide structure.

A paper by R. R, Ridgway’ describes the process of manufacture
and the physical and chemical properties of Norton's th.

Mapufacturet The process is very similar to that for meking
84C in that a resistance type of furnace is used because of the
graded temperature zones such a furnace contains, These sones allow
the carbide to be made from a raw material as boric acid which is
volatile and which when reduced gives a metallic compound which is

also highly volatile at the reaction temperatures. Due to the vol=

]
Clark, H, K, and loard, J, L., The Crystal Structure of Boron
Carbide, J, Amer. Chem. Soe., Vol. 65, No, 11, pp. 211519 (1943)

9

itidgway, K. R., Boron Carbide, A New Crystalline Abrasive and Wear-
?uhung Product, Trans. Llectro Chem., S0¢., Vol.66, pp. 117=133,
1924).



atility the early workers had trouble getting a carbide product free
of free graphite, and they also lost a lot of Boron constituent.
Viith the new type of furnace, the Boron losses are low and make the
production of BAC commercially possible.

Boric acid is used in the process and it is first dehydrated to
an anhydrous glass. This glass is then placed in a special resistance
furnace with a high purity coke, a central heating core is provided,
and the surrounding mixture heated to a temperature of around 2500%-
2600°C, A cylindrical boron impregnated zone surrounds a zone of
freely developed B,C orystals, inside of which zone there is molten
B“c which forms a thick ingot. This ability to form a molten phase
is important and makes possible some of the special applications of
Boron Carbide.

Crystallization: From megascopic and microscopic investigations
of well crystallized specimens, th has been tentatively placed in
the hexagonal system, The most prominent ecrystal form is the rhom
bohedron,

Hardnesst Boron Carbide is harder than 8iC and is between 5iC
and Diamond in hardness.

Strength: Tests for resistance to compression were made by

lapping out small cubes, .3 inches on a side, from a crystal with no



flaws and good density. The following tabulation shows the results:

Av, Mod. Rup. in

Material Av, lod, of Rupt, Compression Cross-Bending
Molded ByC 260,000 1bs/in,? 18,000 Kg/ex® 44,000 lbs/in,>
Dense SiC 82,000 5,800

Crystalline Al,04 75,000 55300 14,000

Quartz Optical 58,000 4,100

Spark Plug Porcelain 72,000 5,100

Fused Magnesia 21,000 1,500

Tungsten Carbide 520,000 37,000 250,000
Tantalum Carbide 267,000 19,000

Melting Point and Vapop Pressure: B, C does not seem to have any

appreciabls vapor pressure at its melting point. The molten Bac will
dissolve Carbon with which it is in contact, this carbon reappearing on
cooling as graphite cleavage forms, destroying the strength of the pro-
duct, its uniformity, and therefore its use as an abrasive, The ab~
sorpticn of Carbon increases the fluidity of the molten phase and
changes the melting point. The estimated melting point of pure th is
between 2350°C, and 2500°C.

Electrical Conductivity! B,C is a better electrical conductor than

8iC. It exhibits a negative temperature coefficient of resistance.
Some values are given below:

20°¢, 175 ohhS5
100 035 .089
200 016 041
300 0L .036
400 011 .028

500 «009 +023



Coefficient of Lxpangiont th has the expansion characteristics
of SiC as evidenced below:

PRODUCT TEMP. RANGE  AVER. LINEAR COEFF./°C.
Molded B,C 25-800°C 45 x 1077
Graphitel*Elcctrcde 20~-900 12 x 10_q5
Crystalline Al;04 900%. 72 x 10_5
846 100-900 47 x 10
Corrosion and Oxidation Hesistance: At atmospheric pressure and

at 200°C. or below, B,C is inert to all solutions of acids and alkalies,
both concentrated and dilute,

The rate of oxidation of BAO is about 10 times that for SiC for the
powdered form.

A comparison of the oxidation rates of diamond and B“c is given:
% C Burned to CO,in Og

QM@ C
1DE 800°  900%  1000%  goo%  GO0°C  1000°
20 llno 103 205 99»8 n‘g. 03 ' .7
bO 2.0 3.5 lm.o " 05 l7
60 2:8 lu’ . 05 -7
80 3.0 545 M o3 o7
The density of th is around 2,52,
The purposes for which Bkc has been used thus far are as an ab~
rasive and for parts and devices requiring good resistance to abrasion,

A B. 3earle:? mentions both T4C and ZrC in that be says both

are highly refractory and appear to be worthy of attention, He alseo
mentions that TiC crucibles have been made and that they will with-
stand temperatures of over 2000°C. No mention is made of the condi~

tions under which they are used.

10
Searle, A, B., Manufacture and Uses-Refractory Materials, Charles
Griffin and Company, Ltd., london, p. 170 (1924)



Melloru gives a summary of work done on TiC, L. Franck found
that T1 unites with C in all proportions forming erystalline carbides.
H, Moissan obtained TiC by heating ‘1‘102 with C in an are furnace for
10 minutes, TiC was also obtained by heating TiO,with CaCps The
carbide of Ti occurs in fused masses of crystalline fracture or in
ocrystalline aggregates. There is always an excess of C which cry-
stallizes out as graphite,

F. W, Shimer says that TiC is soluble in HN03. H, Moissan says
TiC is not attacked by HCl, but is slowly attacked by aociua regia.
The vapor of Hzo has no action at 600°C, The reactions of the carbide
resemble closely those of Ti,

In a paper by W, V, Mikhailov and E. P, dealmvalz it is stat~

ed that the reduction of TiO, by solid C begins at 927°C and the form-

2
ation of TiC begins at 900°~1000°C, Hydrogen begins to reduce Ti0, at
900°C. with the maximum effect at 1300°C. Pure TiC was obtained from
a mixture of 110, and C after 2 hours at 1850°~1900°C.

Becker'> states that TiC 1s easily attacked by N, at 1500°C. and

up, forming TiN through decarbonization. He gives the unit cell dim-

I
Mellor, J., Comprehensive Ireatise on Inorganic and Theoretical
Chemistry, Vol., V, pp. 884~5 (1924).

12
Mikhailov, V. V, and Belyakova, E, P., Investigation of the Re~
duction of Oxides of Ti in Connection with the Blast Furnace
Snn%ting)or High Ti Mixtures, Ural. Metallurg., No. 4~5, pp. li4=
19 (1939

13
Becker, K., Hochschmelzende Hartstoffe, J. W, Edwards, Ann Arbor,
Mich., pp. 49-68, (1935)
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ension of TiC as 4.60 A® and the density as 4,25, The hardness is
glven as being above 8 based on Moh's scale of hardness. The melting
point of TiC is given as 3044%-322,°C, TiC has a cubic crystal strue-
ture, The specific resistance of TiC in values of Rho .10“' ohm=om,
at room temperature is given as 1.93, while at the temperature of
liquid air it is given as 2,.94. Thus, at these low temperatures TiC
exhibits a negative temperature coefficient of resistance. No re-
sistance figures were given for TiC at the higher temperatures.
Troost™ heated powdered zircon with carbon in an electric furw
nace to get metallic~like masses of carbide., lis analyses indicated
a composition of Zr(,, but no distinction was made between mixed and
combined carbon, This product did not alter in air and was not attack-
ed by water or acids other than HF, If little carbon was used the pro-
duct did not oxidize in air at red heat, but if much carbon was used
to make it, it burned brilliantly,
Moissan'® on fusing powdered zirconia in an electric furnace
with an excess of carbon prepared a substance containing 4 to 5 per-
cent carbon, When this product was heated with more zirconia the
carbon disappeared, When rich in carbon, it was rapidly decomposed
by air, Later, he mixed powdered zirconia with carbon from sugar
using oil and pressed the mass into a cylinder which was then caleined,

Troost, Preparation of Zr in the Electric Furnace, Compt. Rend,.,
Vol, 116, p. 1227 (1893)

15
Moissan, H,, Reduction by Carbon and Volatilization, Compt. Rend.,
Vol. 116, p, 1222 (1893) |



It was afterwards subjected to a current of 1000 amperes and 50
volts. Varying amounts of carbon were used with the same results,
The product had a metallic appearance and was unchanged in moist air
even when heated to 100°C. The analysis ylelded 88.6% Zr and 1l.4%
C, agreeing with the formula ZrC. The fact that this composition was
maintained when the amount of carbon used was varied indicated that
there is some question regarding the Zr02 reported by Troost. The
Carbide formed had a hardness of 7 to 9.

Becker'® states that ZrC is easily attacked by N, at 1400°C, and
up, forming ZrN through decarbonization, He gives the unit cell
dimension as 4,76 A® and the density as 6,90, The hardness is given
as 8 to 9, The melting point is given as around 3530°C, 2ZrC has a
cubic erystal structure. The specific resistance of ZrC in values of
Rho 10" ohmecm., at room temperature is given as .634, while at the
temperature of liquid air it is given as.,378, Thus, at these low
temperatures ZrC exhibits a positive temperature coefficient of
resistance. The values given for specific resistance at the higher
temperatures indicates a positive temperature coefficient of re-
sistance for ZrC at these temperatures also.

16
Becker, K., op. cit., pp. 49-68



RAW MATERIALS
The materials used in this work were the four carbides B,C, TiC,
ZrC, and SiC. In forming the test pieces used in the first part of the
investigation, Mexico semi=-flint clay and grog were used,
The seive analysis of each of these materials is given below:

WEsH  BC MC  me  sC  Clar  Grog
On 50 11.85 % oF 1l.60% 0% 10 % 22,45 %
® 100 17.45 6.95 24,05 27.40 16,90 L4450
" 170 12.00 «70 13,05 70,40 27.80 15.35

" 200 11.70 18.60 5.15 1.80 14,40 be 55
" 270 19.75 30.70 Le25 «25 24,85 3455
" 325 1.45 8.80 3.85 20 b5 2,10

=35 20,10 3hels 38,00 _.05 - 9,60 _7.50
TOTAL 100,30 99.90 100,00 100,10  100.10 100,00

Each of the carbides were examined by means of the x~-ray, and all
were found to check with the accepted patterns as given in the Hanawalt
Tahlo-”. On each of the patterns a strong foreign line or peak appear-
ed at a dpk, value of 3,38, Since carbon in the form of graphite is
usually present along with the carbide, the x~-ray pattern for graphite
was checked, It was found that graphite has its strongest line at this
point, showing that it was present in each of the carbides. Since it
was plamned to fire the test pieces in a reducing atmosphere, using
graphite on the pleces to promote this type of atmosphere, the presence
of graphite in the carbides was not thought too objecticnable.

17
u&m\mlt. JO D.' Rinn’ H. "l’ .nd rml’ LI la Indg MN.
Chem., Anal. Ed., Vol. 10, No. 9, September 15 (1938)
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OUTLINE OF WORK

The first study to be attempted in this work was to try to evaluate
the effect of the various carbides as additions to & refractory body.
The standard refractory body selected was composed of 50% semi-flint
clay and 50% grog. Carbide additions were made in 10% increments, first
replacing the grog and then the clay, until a total of 70% carbide was
added to the body. Since the addition of 5iC is lmown to be beneficial,
a series of bodies using 5iC was also made to be used as a standard.
Thus, four series of bodies were compounded - B,C, TiC, 2rC, and SiC,

The bodies were made by first thorous 'y mixing the ingredients
dry and then adding enough water to form a stiff plastic mix, The
following test pieces were then formed from each composition: 1"xj"x6"
bars, £"x}"xi" bars, and 1"x1"x1l" cubes. These test pieces were formed
by using brass molds. After firing the following tests were to be made
on the test piecest fired shrinkage, deflection under hot load, cold
modulus of rupture, bulk density, porosity, temperature coefficient of
expansion, resistance to spalling, and temperature coefficient of
resistance,

The firing was carried out in an oil fired kiln with care being
taken to obtain as nearly as possible a reducing atmosphere. In addition
to this, the test pleces were covered with graphite. The firing was
carried to 1450°C. (maturing temperature of the refractory body) in
ten hours.

RESULTS

None of the bodies fired to a good density other than the standard

refractory body and the SiC bodies, so none of the proposed tests could



L,

be carried out. The results obtained from this firing may be summarized
as follows, based on a visual examination.

Standard Refractory Bedy - This body fired to a good hardness and
density as expected. There were no defects apparent such as bloating.

Some of the pieces were stuck to other bars.

Silicon Carbide Body -~ The same comments as made regarding the
refractory body apply also to this body.

Titanium Carbide Body ~ These bodies fired to a reddish brown color,
varying from a light to a darker red as the carbide content increased.
Those bodies with the least TiC content appeared to hold their shape
well but were very weak, while the higher carbide content bodies were
disintegrated.

Zirconium Carbide Body = These bodies disintegrated in all cases.
The color varied from a cream color to a dark color depending on the
amount of carbide originally in the body.

Boron Carbide Body - These bodies held their approximate shape
but seemed to flur badly at the surface with glass being formed there.
The glass was light in color. When the test pieces were broken open,
the inside seemed to be fired well, with no apparent oxidation of the
th evident visually., This may be due to a glass being formed on the
surface first, thus preventing further oxidation of the carbide toward
the center of the pieces.

The results of the firing based on a microscopic examination may
be summarized as followsi

Iitanium Carbide Body = The crystalline properties of the material



15

seemed to be absent, as no birefringence could bé noted, Under the bin=
ocular microscope, the carbide seemed to have disappeared entirely, The
material appeared to be covered with a glassy material.

Zirconium Carbide Body - Here again the crystalline properties of
the material seemed to be absent. No conclusive evidence regarding the
effeats of the firing could be determined, A glassy appearance seemed
apparent in tiis body also,.

Boron Carbide Body - The material toward the center or away from
the surface of the test pieces seamed Lo bave retained its erystalline
nature. In appearance it looked the sa. s the unfired material,
Under the binocular microscope, the material in a freshly fractured sur-
face showed a minimum of glass, although sectlons appeared to have
turned to glass entirely (appeared very much like glass inclusions).
What appeared to be Bkc particles were dispersed throughout the surface,
The surface appeared to be vesicular with very minute holes over the
surface. These may be due to oxidation of B“c with the excaping gas
causing the holes, When a section was viewed with the glassy surface
in cross-section, the glassy surface appeared as a definite glass layer
over the surface, This clearly showed the formation of a glass surface
on the outer surfaces of the test pieces, In places the glass pene-
trated from the surface into the body.

Samples from the fired bodies were examined by x~-ray diffraction
means, and the results are presented in graphic form in Figures 1, 2,
and 3, The interplanar spacing value dpkl is plotted along the hori-
gontal axis, and the relative intensity is plotted along the vertical



axis, The strongest line in each pattern is given an intensity value
of one (1), and the other lines are given an intensity relative to
the strong line, The x-ray patterns were made using a Geiger—Muller
Tube X~ray Spectrometer using Cu K-alpha radiation and a Ni filter.
All patterns were made using the same conditions on the x~ray app~
aratus, The results based on an examination by x~ray methods may be
summarized as follows:

Zirconium Carbide Body - In Figure 1, A is the pattern of unfired
ZrC, B is one sample of the fired body which was of a light color, and
C is another sample which was of a darker color. By an examination of
Figure 1, it can easily be seen that the ZrC has been completely des-
troyed, since the characteristic lines of ZrC have disappeared from the
other patterns, Some of the lines seem to be present but the differences
in relative intensities precludes this possibility. Since clay and
grog are also present in the bodies, it would be difficult to determine
what compounds are present after firing, due to the presence of too
many different compounds.

Titanium Carbide Body - In Figure 2, A is the pattern of the unfired
TiC, B is one sample of the fired body which was reddish in color and
fairly hard, and C is another sample which had disintegrated in firing,
By examination of Figure 2 it can be seen that the characteristic TiC
lines are absent from B and C. Here also some of the lines of TiC
gseem to have been retained in B and C, but the relative intensities
are not correct.

Boron Carbide Body - In Figure 3, A is the pattern of unfired B,C,
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and B is a sample of a BAC body taken from the center of the test piece.
The absence of characteristic BLC lines in B indicates the change of

the BLC to another form.

CONCLUSIONS

The results indicate that the atmosphere present in the kiln was
definitely oxidizing, at least at the higher temperatures, The Zr( and
TiC bodies by their visual appearance and x-ray diffraction results
seem to oxidize most rapidly of all of the carbides tested, The fact
that these bodies disintegrated badly may be accounted for if it is
assumed that they formed an oxide upon oxidizing., Since the unit cell
dimensions of the oxides are greater than that of the carbides, and
expansion and resultant disintegration would take place., The glasay
material formed on the Boron Carbide bodies seems to indicate an ox-
idation of the B‘.c to B203 with a resultant glass formation. By visual
inspection these bodies appeared to have unchanged B“G material in the
center of the test pieces, indicating that the glass layer on the sur-
face retarded exidation of the B“c underneath. Since the x-ray evi-
dence failed to reveal any B“O present, however, it appears that the
3‘.@ has at least changed form if it has not been oxidized, From this
test, it may be concluded that these carbides are susceptible to attack
by oxygen at higher temperatures, the degree of susceptibility being
indeterminate from this test, Also, ZrC and TiC are more readily
attacked by oxygen than is B C.

L
To test the carbides with regard to their behavior when fired in
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a reducing atmosphere, samples of the carbides as received were fired
to 1200°C, in a Hayes gas-flame curtain type of furnace. After firing,
samples of each of the carbides were examined by x~ray diffraction meth~
ods, using the same apparatus as described above. The results of this

test are shown in graphic form in Figures 4, 5, and 6.

RESULTS

Titvanium Carbide - In Figure 4, A 1s a pattern of a sample of un~
fired TiC, B is a pattern of a sample of TiC fired to 1200°C, for one
hour under reducing conditions, and C is a pattern of a sample of TiC
fired to 1200°C, for ten hours under oxidizing conditions (taken from
a subsequent test)., From an examination of Figure } it is seen that
the characteristic lines of TiC remain in B, and that other lines have
also made their appearance. This would indicate that some of the car-
bide has changed to another compound while some of it retains its or-
iginal form, A lot of the lines in B agree with C, which is actually a
pattern of ‘1‘102, indicating that the change has been one due to ox~
idation, Visually, the TiC expanded to approximately double its orig-
inal volume and changed to a light color which also indicates an
oxidation reaction.

Zirconium Carbide - In Figure 5, A is a pattern of a sample of
unfired ZrC, B is a pattern of a sample of ZrC fired to 1200°C, for
one hour in a reducing atmosphere, and C is a pattern of a sample of
ZrC fired to 1200°C, for ten hours in an oxidizing atmosphere. (taken

from a subsequent test). From an examination of Figure 5 it is seen
that some of the lines of pure Zr( check those of B, Here also though,



the presence of other lines indicates the presence of other materials.
Some of the foreign lines check the pattern C, This indicates an
oxidation of the carbide, The ZrC appeared to have expanded approx-
imately double its original volume and changed to a light color, again
indicating an oxidation reaction,

Boron Carbide - In Figure 6, A is a patterm of a sample of unfired
B,C, and B is a pattern of a sample of BkC fired to 1200°C, for one
hour in a reducing atmosphere., An examination of Figure 6 shows that
few of the lines check the pattern of the pure carbide. The carbide
did not change color or volume enough to be observed visually, but it
did form a hard mass at the bottom of the crucible, indicating a poss-

ible slight oxidation of the BAC.

CONCLUSIONS

It appears that a small amount of oxygen must have been present
in the firing atmosphere in spite of the gas-flame curtain used,

This would indicate that the carbides, especially ZrC and TiC, are
very susceptible to oxygen in small amounts, The gas used in this
furnace to give the curtain is a coal gas which tends to break down
into several gaseous components at higher temperatures, This presents
ths possibility that the carbides may have been affected by gasses
other than oxygen, but this is unlikely since the products of the
firing seem to be oxides,

Since the carbides seem to be very sensitive to oxygen, it was
thought that some useful information might be obtained by determining
their reaction with oxygen at various temperatures. Since th seens
to have been investigated thoroughly already, this last part of the
work was restricted to ZrC and TiC,
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Fractions of ZrC and TiC below 325 mesh in size were obtained for
a study of their behavior under oxidizing conditions at various temp-
eratures, Samples of ZrC were fired in air at temperatures of I.OO°,
4502, 500°, 600°, 700°, 800°, 900°, 1000°, 1100°, and 1200°C for ten
houres, This prolonged period of heating was selected to allow any
changes that might take place to more or less go to completion,
Samples of TiC were fired in air at temperatures of 300°, 350°, 400°,
500°, 600°, 700°, 800°, 900°, 1000°, 1100°, and 1200°C. for ten hours,
The prolonged heating period was selected for the same reason given
above,

After heat treatment x~-ray patterns of the various sauples were
made using the same apparatus described previously. The patterns
obtained were then compared with the pure ZrC, pure TiC, and the
various oxide patterns of Zr0, and Ti0,. The graphical representations
of these patterns are given in Figures 7(a~b) and 8(a~b). Figure 7
gives those patterns obtained from the Zrl samples, and Figure &
shows those obtained from the TiC samples.

In Figure 7(a), A ripnunt.- the pure Zr( pattern, B is the patt~
ern of ZrC heated to 400°C., C is the 450°C, pattem, D is the 500°C.
pattern, E is the 600°C. pattern, F is the pattern of tetragonal
Zr0,, G is the pattern of monoclinic Zr0p (will be called #1 when re-
ferred to henceforth), and H is the pattern of monceclinie Zro, (will
be called #2 when referred to henceforth).

In Figure 7(b), A represents the pattern of Zr( heated to 700°C.,
B is the 800°C, pattern, C is the 900°C, pattern, D is the 1000°C,
pattern, E is the 1100°C. pattern, F is the 1200°C, pattern, G is the
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pattern of monoclinic ZrO‘,2 #l, and H is the pattern of monoclinie
Zr0, #2,

In Figure 8(a), A represents the pure TiC pattern, B is the patt~
ern of the 300°C., sample of TiC, C is the 350°C. pattern, D is the
400°C, pattern, E is the 500°C. pattern, F is the pattern of Anatase,
B is the pattern of Rutile, and H is the pattern of Brookite,

In Figure 8(b), A is the pattern of TiC fired to 600°C,, B is
the 700°C, pattern, C is the 800°C. pattern, D is the 900°C, pattem,
E is the 1000°C, pattern, F is the 1100°C. pattern, G is the 1200°C,

pattern, H is the pattern of anatase, and I is the pattern of Rutile,

The patterns of the oxides were taken from the card file pub-
lished jointly by the American Society for Testing Materials and the
Committee on X-ray and Electron Diffraction of the Division ef
Chenistry and Chemical Technology of the National Research Counecil.

Since the oxides of Zr0, are formed on heating, a short review
of literature on the forms of Zr0, was made, G, L, Clark and D, H,
Reynolds'® found that when ZrOCl,.H,0 was heated between 300°C and
500°C,, it formed Zr0,. The tetragonal form of Zr0, forms at 500°C,
and is converted monoclinic Baddelyite above 600°C, When Zireonyl
Hydroxide is heated at 650°C,, it first foms tetragonal Zr0, which
then is converted to the monoclinic form irreversibly, complete con-
version requiring a long period of time, When heated at 500°C,, the
Zirconyl Hydroxide forms tetragonal Zr0, which shows no tendency to
change to monoclinic even with long heating.

18
Glu'k. G, L, and Reynolds, D, Bn, Ind Eng. chuo’ Vol. 29. (6).
Pp. 711~15, (1937)



O. Ruff and F, Ebertl? state that the oxide formed from heat~
ing the nitrate, oxalate, or basic chloride of Zr below about 600°C,
is tetragonal but metastable, becoming monoclinic above 600°C,

Buntingzo states that anatase is formed whenever Titanium Hy-
droxides are heated to a temperature below about 900°C. Anatase is
formed by heating the hydroxide around 400°C, On heating above
1000°C,, pure rutile is formed. He states that if there is a temp~
erature where rutile is in stable equilibrium with anatase and
brookite, it is below 400°C. The white color of anatase changes to
a light tan when it changes to rutile, and the color darkens as the
rutile is heated to higher temperatures, becoming blue-black on melting.

The constants (taken from the card file mentioned previously) for
tetragonal Zr0, are: ag- 5.07 and ¢g~ 5,16, The constants for mono-
clinic Zr0, #1 are: ag- 5.21, by= 5.26, o= 5.37, and B - 80°32',
The constants for monoclinic ZrO, #2 aret ay= 5,17, bg= 5.26, ¢g= 5.30,
and B - 80,8°.

RESULTS

As can be seen from the graphical representation in Figure 7(a-b)
of the x-ray patterns of samples of pure ZrC fired for 10 hours in air
at various temperatures, a breakdown of ZrC is not apparent until a
temperature of 450°C, is reached, Fyom the temperatures used, this

19
Ruff, O, and Ebert, F.,, Ceramics of Highly Refractory Materials,
Z, Anorg. Chem., Volume 180, pp. 19-41 (1929)

20
Bunting, E. N,, Phase Equilibria in the Systems TiO,, ugz-uoz,
and Tioz—u 39 U. S, Bur. of Stds., Jour of Res., Res. aper

R P 619, Vol.“1l1, November (1933).
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indicates that ZrC begins to oxidize somewhere between 400°C, and
450°C., The change in ZrC is to the tetragonal form of Zr0, at 450°C.
This change is not complete at this temperature, as evidenced by the
presence of ZrC lines in the x-ray pattern.

The x-ray pattern of ZrC fired to 500°C. for 10 hours shows other
weak lines beginning to make their appearance, indicating the beginn-
ing of the formation of another compound here. There seems to be some
correlation between these new lines and the lines of the pattern of
mopoclinic ZrO, #l. In this pattern also, it seems that the ZrC is not
completely oxidized as some weak lines appear to check the pattern for
4rC, Thus, this pattern appears to be largely tetragonal ZrQp, with
possibly some monoclinic Zr02 #1 and ZrC present also.

In the 600°C, pattern, the sample appears to have been oxidized
completely to monoclinie Zr0,. It also appears that both monoeliniec
Zr0, patterns are present here, with the pattern of monoclinic #1
predominating.

The 700°C, pattern is essentially the same as the 600°C. pattern,
exgept that the amount of monoclinic Zr0, #2 appears to be increasing.
The 800°C. pattern shows this increase becoming more pronounced. The
900°, 1000 § 1100 9 and 1200%C. patterns show that the ZrC has convert-
ed completely to the monoclinic Zxr0, #2 forn,

From the graphical representations in Figure 8(a~b) of the x-ray
patterns of samples of pure TiC fired for 10 hours in air at various
tenperatures, it can be seen that a breakdown of TiC is not apparent

until a temperature of 350°C. is reached., From the temperatures
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used, this indicates that TiC begins to oxidize somewhere between
300°%C. and 350°C. The change in TiC at 350°C appears to be to Anatase,
a form of Ti0,. The change is not complete at this temperature as
evicenced by the presence of lines of TiC,

The x=-ray pattern of TiC fired to 400°C. for 10 hours shows other
lines making their appearance. By comparing this pattern with those
of the oxides, it appears that at this temperature all of the oxides
are present, This seems to be especially well shown by the three lines
appearing between d values of 3 and 4. |

The x-ray pattern of TiC fired to 500°C. for 10 hours seems to show
a reduction in the amount of Anatase present and an increase in the
amount of Rutile present., Brookite seems to be present here also as
evidenced by the lines appearing between d values of 3 and 4.

The x-ray pattern of TiC fired to 600°C. for 10 hours shows the
presence of Rutile alone. Thia is true also for the remainder of the
patterns.

CONCLUSIONS

The ZrC appears to begin to oxidize at a temperature of 450°C.

The material changed to tetragonal Zroz at this temperature, and at
500°C, seemed to begin changing over to monoclinie Zr0, 1. At 600°C.
the material was entirely monoeclinic Zr0,; of two forms, with the
monoclinic #1 predominating over the monoclinic #2. As the temperature
was increased the amount of monoclinic Zr0, #2 increased, until at the
temperature of 900°C,, the material was entirely monoclinic 20, #2,
The results obtained indicate that ZrC is rapidly affected by air after
a temperature between 400°C. and 450°C, is reached. The changes taking
place upon oxidation seemed to check the changes in 2302 reported in
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the literature, with the exception that the tetragonal form of Zr0,

seems to begin forming at a slightly lower temperature than previously
reported, Also, no mention was made in the literature reviewed regard-
ing the change occurring in the monoclinic forms of 21'02

The TiC appears to begin to oxidize at a temperature of 350°C.’'
The material changed to Anatase at this temperature, and at 400°C,
all of the oxides of Ti0, appear to be present. At 500%C., all of
the oxides again seem to be present, but with Rutile predominating.
From 600°C, up, Rutile alone seems to be present, The results in-
dicate that TiC is rapidly affected by air after a temperature be-
tween 300°C, and 350°C. is reacied. The changes taking place upon
oxidation seem to check the literature well with the exception that
the three oxides appear to be present together to a slight degree
at 500°C. Also, the TiC changes to Rutile at 600°C, completely while
it was reported that Rutile forms at 900°C.

To complete a picture of the firing behavior of the ZrC and TiC
in air, it was thought that an investigation of the oxidation rates
of the two materials might prove interesting and valuable, The method
selected for determining these rates was to make use of the x~ray
apparatus for quantitative determinations of the ZrC and TiC content
of fired samples,

In making quantitative analyses by x-ray diffraction methods, it
is necessary to prepare a curve of intensity ratio plotted against
percentage composition, In doing this, it is necessary to choose a
reference material which will produce a strong diffraction line withe
in two degrees (Bragg angle of 20) or so of a strong line produced by



the material to be determineds In addition to this, another erystal-
line material must be selected as a filler substance, so that various
percent compositions of the material to be determined may be compound-
ed, This last material must be selected on the basis that it will not
produce a diffraction line near the lines produced by the standard
reference material or the material to be determined, When the reference
material and filler material are selected, a series of compositions,
ranging from 0% to 100% of material to be determined, are compoundad
with the filler substance and with a standard amount of reference mat-
erial added. These compositions are then thoroughly and intimately
mixed and made into an x-ray sample, after which a pattern or a
specific segment of a pattern is made. From the pattern, the inten-
sities of the reference line and the line of the material to be deter-
mined are found. By plotting the ratio of intensities of material to
be determined over reference material against the percentage of
material to be determined, a curve is obtained, In dealing with an
uninown sample, all that is necessary is to add the standard amount of
reference material to the sample, mix intimately, and obtain the desired
segment of the pattern, From the pattern, the above intensity ratio
may be determined. By using this ratio and the previously obtained
curve, the percentage of the material to be determined may be found,

In determining the standard curve for ZrC, KCl was selected as the
reference material or internal standard, and it was declded to add
it in the ratio of 0,2 grams of KCl per gram of sample, KCl pro=-
duces a diffraction line at the angle 20 of 40° 40', and the inten~
gity of this line is to be compared with that of the line produced



by ZrC occuring at the angle 20 of 38° 20'. The filler material
selected was CaF,, since this material does not produce a diffrac-
tion line near the lines of KCl and ZrC which are to be compared.

In obtaining the standard curve for ZrC it was necessary to
correct the percent ZrC in each sample to account for the amount of
free carbon present in the original ZrC, By firing a known weight
of ZrC to 1200°C for 10 hours so as to change it completely to
Zr0,, and determining the weight of Zr0,, it was possible to de-
termine the amount of free carbon present in the Zr(C, This was
found to be approximately 10% free carbon. After correcting for
this, the curve shown in Figure 9 was obtained, The data corres-
ponding to this curve and obtained from the x-ray patterns of the
standard sanples is as follows:

£ 2rC Intensity ZrC Intensity KCl I(2rc)/1(KC1)

90 160 27 5493
81 139 26 5435
72 140 28 5.00
63 146 38 3.8}
ok 110 30 3.67
L5 76 2 b5
36 63 22 2.86
27 6l 26 2.46
18 37 29 1.28
9 33 37 «89

The internal standard selected for obtaining the TiC standard
curve was NaF, since it produced a diffraction line at the angle
20 of 38° 40' to be compared in intensity with one produced by TiC
at the angle 20 of 41° 40'. The NaF was added in the ratio of 0.2
grams NaF per gram of sample, The filler substance selected was

Gd‘z for the same reason as glven above. The amount of free carbon



in the TiC was quite small as evidenced by the low intensity of the
carbon line in the x-ray patterns of TiC, Therefore, no correction
was made for the amount present. The stendard curve for TiC is

shown in Figure 11, and the data corresponding to this curve is as

follows:

#TiC Intensity TiC Intensity NaF I(TiC)/I{NaF)
100 123 36 3.42
90 108 3 3.18
80 93 R 2,90
70 103 37 2,78
60 73 30 2:43
50 58 32 1,81
40 59 43 1.37
30 42 40 1.05
20 40 43 93
10 14 40 «35

After obtaining the standard curves, samples of ~325 mesh ZrC
were fired at 450, 500, 600, and 700°C, for times of 5 minutes, 15
minutes, 30 minutes, 1 hour, and 2 hours at each temperature,
Approximately 2 grams Zr( was used for each sample, and the firing
was done in a flat crucible, After adding the standard amount of
internal stendard to each sample and mixing thoroughly, s-ray
patterns of the segment containing the desired lines were made of
each sample, The same setting on the x~ray apparatus was used in
obtaining these patterns as was used in cobtaining the standard
curve, The intensity ratio described above was obtained for each
pattern, and from this the percent ZrC present after each firing
was determined., Curves were then plotted for each temperature of
.pcroont ZyC present versus time of firing., These curves are shown
in Figure 10,

Samples of TiC were fired at temperatures of 350, 400, and



60000. for periods of time of 5 minutes, 15 minutes, 30 minutes,

1 hour, and 2 hours.

The same procedure was followed for determin=-

ing percentage as described for ZrC, with the exception that NaF

is used as the internal standard.

in Figure 12,

The data for these curves is as follows:

Time
5 Min,
15

30

2 Hr,

5 Min,
15
30
1 Hr,
2

5 Min,
15
30

5 Min,
15

Intensity ZrC
39
36
31
1151

49
35
16
12

ZrC=4507C,

Intensity KC1

19
21
22

19

2rC-500°C.
26
20
16
18
27

ZrC~600°C.
20
17
17

ZrC~700°C.
25
19

I(2rc)/I(KC1)

2,05
1.7
1.4l

58

1.86
1.75
1.00
+67
#52

+90
odik
<00

16
.00

The curves obtained are shown

% ZrC
3
26

21
845

28

25

15
945
Te5
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T4C-350"C.
Time Intensity TiC Intensity NaF I(TiC)/I(NaF) & TiC
5 Min, 96 26 3.69 100
15 70 30 2,33 66
30 Th 35 211 5945
1 Hr, 51 42 1.21 3h
2 16 38 o2 12
T1C~400°C,
5 Min, 78 28 2,79 79
15 82 42 1.95 54
30 45 35 1.29 36
1 Hr, 26 42 W62 17
2 17 42 WAl 11.5
T4C-600°C.
5 Min, 76 37 2,06 58
15 50 29 1.78 48
30 27 33 o715 23
1 Hr, 19 37 | 51 14
RESULTS

The curves and data indicate that as soon as the breakdown
temperature is reached, rapid oxidation of both ZrC and TiC occurs,
The rate of oxidation in both instances increases as the temper-
ature increases. Also, in both instances the rate of oxidation is
rapid at the beginning but later slows down at all temperatures.

A comparison of the curves seems to indicate that ZrC oxidizes more
rapidly than TiC even though it does not break down until a slight~
ly higher temperature is reached. It was noted in firing that the
ZrC seemed to glow brightly even at the lower temperatures and con-
tinue to glow after removal from the furnace, indicating a violent
exothermic reaction, This may account for the more rapid oxidation
rate of ZrC,



CONCLUSIONS

ZrC and TiC oxidize rapidly when their breakdown temperature is
reached. The rate of oxidation increases with an increase in temp-
erature, The oxidation rates of ZrC and TiC indicate a great sus~
ceptibllity to an oxldizing atmosphere.

As a final summary, it may be said that the results of each of
the investigations presented in this paper indicate that apparently,
for the reasons given in the resulis, Zr( and TiC cannot be used

as high temperature refractory materials.,
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