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Morphological Control of Titanium Carbide in a Steel Matrix
Federico Reinel
Inorganic Materials Research Division, Lawrence Berkeley Laboratory
and Department of Mechanical Engineering, Division of Mechanical Design,
University of California, Berkeley, California
ABSTRACT
One of the major methods of manufacturing steel bonded carbides by
Powder Metallurgy Techniques have been investigated. The variables affect-
ing the morphology of the microstructure haye been observed and experimen-
tally determined. Methods of achieving theoretical density as well as 35%
porosity have been reviewed. Mercury porosimetry tests have been carried

out to determine porosity and average porous size.



1. Introduction

Hard wear resistant materials with high strength properties at
elevated temperatures have been subject of considerable study during the
last twenty years.l“4 By using powder metallurgy techniques, hard phases
consisting of carbides, borides and nitrides have been able to be dispersed
in a matrix which is commonly denominated as the binder. The reason for
doing this is that the hard phase would provide the material with its wear
resistant properties, while the binder would serve the dual purpose of
locking these hard phases or grains in place and at the same time give the
material some of their own properties and characteristics. Some of these
properties are heat treatability, machinability, and.corrosion resistant. It is
within this context that the area of steel bonded carbides has been reviewed and
subjected to further study.

Steel bonded carbides are a type of material. in which a hard phase is
distributed or dispersed in a steel matrix. The carbide phase is usually
formed by the refractory carbides, some of them being titanium, tantalum,
vanadium tungsten carbides and/or a combination of the above. The steel
matrix may be almost any type of steel. For instance it has been possible
to use work-hardenable types of steel, corrosion resistant steel, tempered
resistant steels and many other classes.

It is within this context that the selection of a steel containing
iron, chromium and molybdenum was considered. The criteria behind thé
choice being that the chromium would give corrosion resistant properties
while the molybdenum would aid in the wetting abilities of the iron with re-

spect to the titanium carbide grains.



2. Experimental Approach

A. Materials Used

During the course of the investigation a steel matrix prepared from
iron, chromium, carbon and molybdenum powders was used as a binder. The
carbide phase consisted of titanium carbide. Steel 410L pre-alloyed pow-
der was also considered and used as a binder for the titanium carbide pow-
ders. The powders used were in the submicron range, except for the steel
410L pre-alloyed powders which were -325 Mesh and the chromium powder
(325 Mesh.).

In particular, the composition of the iron, chromium, molybdenum
steel is as follows: Fe: 83.22 percent by weight; Cr: 12 percent; Mo:
0.75 percent; carbon: 0.03 percent. The titanium carbide consisted of:
titanium carbide: 99.8 percent, free carbon: 0.1 percent, oxygen: 0.1
percent: The volume percent of the binder varied between 80 - 20 percent,
accordingly the volume fraction of the carbide varied between 20 - 80
percent. Most of the studies were carried out under 65 éercent. Vol steel
- 35 percent Vol TiC_carbide. Other volume fractions used were: 60 per-
cent Vol steel - 40 percent Vol TiC, 58 percent Vol steel - 42 percent
Vol titanium carbide.

B. Procedure Used

The procedure used in preparing the mixed alloy was as follows:
1. The elemental powders and the titanium carbide were
weighed in the desired proportions and placed in a drum mill. The dimensions
of the mill are given in Appendix II. One percent by weight of paraffin wax

also added to the powders in order to improve their green strength
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and at the same time to act as the die lubricant. The powders were ball milled
in hexane. Careful consideration was given to the fact of not overloading

the drum mill in order to obtain good mixing and tumbling action of the
powders. In particular, 60.67 grs of powder was milled each time. This

way, the powders and the grinding balls occupied 1/3 of the mill by volume.

The amount of hexane added was 275 ml. This filled the mill completely

with hexane. The powders were ball milled for twenty-four hours.

2. The hexane was decanted from the mill as much as possible.
The amount of hexane decanted was 200 ml. This left the powders with 75
ml. of hexane and 0.1654 grs. of paraffin wax (0.277% by weight).

3. The powders were placed in a vacuum drying oven, and dried
under a vacuum of 30 inches of mercury at room temperature for an hour.

4, Twp grams of powder were weighed and compacted between
pressures of 15000 psi and 70000 psi. The overall dimensions of the com-
pacted powders varied but in general they were as follows: Diameter =
3/8 inches, height = 5/16 inches.

5. The material was then sintered in a reduced helium atmosphere
of 5 inches of mercury. The procedure used in bfinging the sample to the
sintering temperatures was as follows:

i) The sample, after being compacted at the pressures above
mentioned, was placed in an Alumina-Oxide crucible. Careful consideration

‘was given to the placement of the sample in the crucible. The sample was
always placed in the middle of the crucible. In order to standardize the
position of the thermocouple inside the crucible, with respect to the
specimen, a tip made of alumina-oxide was used. This tip went through

a hole in the top of the sintering furnace. The thermocouple was placed



in;ide this tip. ‘See Fig. 3, App II for further details of this arrange-
ment.

ii) At room temperature, a vacuum of 4 >'<10_5 mm of mercury was
pumped then the sintering furnace was baﬁkfilled with helium to a reduced
atmosphere of 5 inches of mercury. The procedure was repeated once more.

~iii) In a reduced helium atmosphere of 5 inches of mercury the
history was as .follows: Enough power was supplied to the heating element
in order>to obtain a temperature of 630°C. The specimen was allowed to
remain at this temperature for 10 minutes. Then the power was increased
and a temperature of 1265°C was obtained. The sample was allowed to
remain at this temperature for 10 minutes. The temperature was then
increased to 1300°C and the specimen allowed to remain at this temperature
for 10 minutes. The, the temperature was increased 30°C each time and
the specimen allowed to remain at the corresponding temperature for four
minutes. The final sintering temperature and preferred time were 1450°C
and 2 hours respectively. After sintering had taken place, the power was
turned off and the temperature dropped from 1450°C to 800°C in ~ 3 minutes.

6. The use of naphtaline, in conjunction with 410L steel pre-
alloyed powders, as a means 6f producing porosity was also studied. The
procedure used in milling the 410L steel preélloyed powders and the
titanium carbide, as well as the heating'history follows the one mentioned
in the previous paragraphs. The only difference in this case being that
no paraffin wax was used and that the nephtalene was added after milling
the powders. This was done as follows: A solution consisting of 11.3 grs.
of naphtalene and 150 ml. of hexane was prepared. Then 10 grs. of 410L

prealloyed powder and titanium carbide were mixxed with 6.50 ml. of the



above solution. The overall amount of naphtalene was five»percent by
weight of the mixed alloy. The powders were dried under the same conditions
previously mentioned.

7. Mercury porosimetry tests carried out in order to determine
porous size.

8. Etching of the sintered samples for the purpose of metallo-
fraphic observation was carried out with a solution consisting of 30 prs.

oxalic acid and 300 ml. of HZO'

C. Apparatus Used

The milling was carried out in a drum mill. See App II, Fig. 2, for
dimensions. The mill was made of 304L stainless steel and the grinding
balls were made of high carbon chromium alloy, AISI 52100. (Rc hardness
- 60-66).

A "Abar 90" high temperature resistance furnace was employed for the
work described in ﬁhis report. See Fig. 2, Appendix II, for detailed

drawing of the hot zone.

D. Variables Investigated

The purpose of the investigation was to determine what kind of vari-
ables had an effect in the morphology bf the titanium carbide phase dis-
persed in the steel matrix. In particular, it was desired to obtain
round dispersed grains of titanium carbide in the steel binder. The
following variables were investigated and their effect experimentally
determined: sintering time, sintering temperature, milling conditions
and milling time, volume percent of the steel matrix and titanium carbide,

effect of molybdenum on the morphology of the titanium carbide grains, use
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of naphtalene as a means of producing porosity, use of 410L steel as a
binder for the titanium carbide.

3. Experimental Results

It has been found out that sintering time and sintering temperature
are of paramount importance in the morphological control of titanium
carbide dispersed in a steel matrix. The effects of these two variables
are visible not only in obtaining round dispersed titanium carbide grains
but also in the porosity of the final product. For instance, when sinter-
ihg takes place, at a temperature of 1422°C and 40 minutes in a reduced
helium atmosphere of 5 in. of Hg, the titanium carbide grains do not show
a round configuration. There is also a sign of some conglomeration of the
titanium carbide. However, when the sintering temperature is increased
to 1460°C and the sintering time increased to two hours, round titanium
carbide grains appear and a dispersed phase is visible. But the difference
is not only in the morphology of the dispersed phase but also in the poro-

pPPokLL both at

sity as can be judged by comparing two micrographs 1 and 3
a magnification of 50X of the above mentioned experiments.
It has been reported that milling conditions have an effect on the
morphology of dispersed phases with respect to a b:'Lnder.6_7 Experiments
were carried out in order to determine the effects of milling time and
type of milling action encountered. In particular, two batches of powder
consisting o 65 percent steel and 35 percent titanium carbide were ball
milled in the drum milled previously mentioned. One of them was milled
for five hours and the other for 24 hours. By comparing Figs. 5 and 4 it

can be said that there is no difference in the morphology of the titanium

carbide phase dispersed in the steel matrix. Another experiment was



carried out in order to determine if the type of milling action had some
effect on the microstructure of the titanium carbide phase. In particular,
a batch of powder consisting og 65 percent by volume of steel and 35 per-

cent by volume of titanium carbide was milled in a planetary millSee ABp

11, Fig. 4 for five hours. Then a sample was prepared and sintered at

the same temperature and time as the two previously mentioned experiments.
No difference in the morphology of the dispersed phase was observed.

A series of experiments were carried out in order to determine the
effect of volume percent of titanium carbide in.obtaining a dispersed
phase. Earlier experiments had shown that by varying the volume percent
of titanium carbide in the matrix a continuous network of titanium carbide
would appear. However, these results were erroneous because sintering
had taken place at a low temperatufe and short period of time. Once the
optimum sintering conditions had beenrdetermined the experiments were
repeated and it was found out that the volume percent of titanium carbide
did not have an effect on the morphology of the dispersed phase. In
particular, a batch of powder cohsisting of 58 percent by volume of steel
and 42 percent of volume of titanium carbide was sintered at 1469°C for
2 hours. There was no continuous network of titanium carbide present.

See Fig. 6, Appendix III for additional details.

The use of prealloyed powders as a potential binder for the titanium
carbide was also investigated. A series of experiments were performed in
order to determine the optimum sintering conditions. It was possible to
obtain round dispersed grains of titanium carbide. No porosimetry tests
were carried out with these samples. See Figures 8 and 9 for details in

the microstructure and sintering conditions.



The use of naphtalene as a means of producing porosity was also
investigated. In particular, samples consisting of 410L prealloyed powders
and titanium carbide were compacted at 10000 psi and sintered at 1402°C
for 1/2, 1, and 2 hours. Mercury porosimetry tests were carried out on
these samples. The results are shown in Figs. 1-3 of Appendix IV. It
can be seen that the level of porosity is in the order of 35 percent by
volume. The average porous size is in the order of 4 microns.

Mercury porosimetry tests were also carried out on samples made out
of elemental powders. In particular, a set of samples wefe sintered at
1410°C and 35 minutes and compacted at pressures of 10000 psi, 15000 psi,
20000 psi, and 30000 psi. By looking at Figs. 4-7 it can be seen that
the level of porosity was very low and the average porous size small,
around 0.6 microns. The porosity was of the order of 5 percent by volume.

Experiments were also carried out to determine the effect of molyb-
denum on the morphology of the dispersed titanium carbide phase. 1In part-
icular, an alloy was prepared in which the steel did not contain any
molybdenum. The steel consisted of 12 percent chromium, 0.03 peréent
carbon and 87.97 percent iron. The volume percentage of steel and titanium
carbide was 65 percent-35 percent respectively. Samples were sintered at
1455°C for 2 hours. No difference was observed in the microstructure.

A dispersed phase consisting of round titanium carbide grains was obtained.

4, Discussion and Conclusions

From the above experiments, it can be said that in order to access
the relative importance of sintering time and temperature, milling con-

ditions, composition, sintering atmosphere and additives in the morphology



of the titanium carbide dispersed in a steel matrix, and in general of any
dispersed phase in a suitable binder, the experiments should be carried
out-in a chronological order. If this is not the case, erroneous conclu-
sions may be formulated. For instance it was first thought of producing
a porous éteel bonded titanium carbide in which the dispersed phase would
exhibit round grains, finely dispersed. Within this context, it was de-
cided to carry out the sintering of the specimens of low temperatures that
is as close to the solidus line of the iron chromium - carbon steel as
possible. This was done because it was thought that if the amount of liq-
uid present during sintering could be reduced to a minimum, accordingly,
the densification process would also be diminished, and hence the possibi-
lities of increasing the porosity enhanced. Likewise, for the same reason
it was also decided to sinter for short periods of time. Within this frame-
work, round titanium carbides grains were not present, instead a continuous
network of titanium carbide appeared. In an attempt to overcome this dif-
ficulty it was decided to look into ball milling procedures, effect of
molybdenum and composition (percent by volume of.the dispersed phase in
the alloy). All this was done without furhter investigating the time-
temperature relationship and its effect on the microstructure. Erroneous
conclusions followed, for instance it was first thought that the amount of
titanium carbide present would have some effect on obtaining the continuous
network. It was later proved that this was not the case within the limits
in which the majority of the experiments were careied out - (65% Vol steel
357% to carbide and 507% Vol steel - 50% Vol titanium carbide.).

Additional light was thrown into the problem of obtaining round

titanium carbide grains in the steel matrix when it was decided to go in
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the opposite direction, that is, to obtain a material of theoretical density.
In particular, in this case the sintering temperature and sintering time
were increased. This followed from the fact that the higher the tempera-
ture, the larger the amount of liquid phase presenf and hence the larger
the densification rates. Likewise, for the same réason it was decided to
increase the sintering time. As a résult, round titanium carbide grains
were obtainable. Hence, it can be siad that the reason for obtaining a
more or less continuous network of titanium carbide in the first place was
due to insufficient sintering temperature and time, and not to amount of
titanium carbide present. Once the appropriate sintering time and tempera-
ture had been established, the other variables such as ball milling, com-
position, effect of molybdenum on the titanium carbide grains were re-
evaluated and the results mentioned in the previous section followed.

It is interesting to point out that this development follows closely
what has been previously observed in theTungsten Carbide - Cobalt System.

In particular.....'" it has been supposed that during milling of the hard
metal powder the cobalt grains partly cohere. These agglomerates remain
unchénged at sintering temperatures below the mélting point (about 1300°C
with dissolve carbon and tungsten carbide.). At temperatures above the
melting point of the auxiliary metal, the cobalt becomes liquid and fills
the cavities between the tungsten crystals, breaking up the agglomerates."6
This same behavior has been observed with the Iron-chromium - Molybdenum
carbon and Titanium carbide system. When sintering took place at tempera-
tures of 1370°C, 1396°C and for periods of 30 minutes, the steel appeared

as conglomerates in a more or less continuous structure of titanium carbide.

However, when the sintering temperature is increased to 1420°C, the steel
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conglomerates are no longer present and the titanium carbide begins to
form a dispersed phase.

During the experimental development the powders were ball milled for
24 hours. The reasons for preferring 24 hours vs. shorter periods of
time are as follows: It has been reported:...." It is clear that the milling
time has a profound effect on the properties of the hard metal. Since
the shrinkage and behavior during sintering are determined by the cobelt
distribution, the porosity, hardness and durability of the cutting edge
are functions of the fine degree of communition of the cobalt, which is
reached only after milling for 70 to 100 hours.7 Similarly it has also

been reported:...."

Increased milling time reduces the porosityt There
is a greater difference in the results after 25 hours and 96 hours milling
time than between milling periods of 96 hours to 200 hours.8 Even though
these studies have been carried out with the cobalt-tungsten carbide,

they may apply to the system under investigation.

In short, it can be said that longer milling periods are preferred
because of the reduced porosity and better properties of the material.

Even though no wear tests have been performed with the system under
study, it is safe to assume that the higher the content of titanium carbide
in the matrix, the more ware resistant the material will be. In particular,
the following has been established:...."It may be assumed that with a bond
content of over 10%, the tungsten carbide grains can no longer form a
completely connected skeleton, because the cobalt completely envelopes a
greater part of the carbide structure. These particles were set free by

dissolving away of the cobalt, whereby the observed desintegration of the

block was caused.... With a cobalt content of over five percent, the wear
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rates increases rapidly and over 10% reaches a very high value."9 This
couid also be true of the steel—titaniuﬁ carbide system under investigation.
Even though most of the experimental work has been done with a composition
in which the titanium carbide was 35% by volume of the alloy, it can be
said that higher volume percentage of titanium carbide would be preferable
in order to obtain optimum wear resistant properties. Likewise, it has
also been mentioned that the composition has no effect in obtaining a dis-
persed phase of titanium carbide. This is true within reasonable limits,
because if the volume percentage of the titanium carbide is much greater
tahn the steel, chances of obtaining a continuous network of titanium
carbide are enhanced.

The fact that no effect was observed in the morphology of titanium
carbide when‘molybdenum was added to the steel can be explained as follows:

The overall amount of molybdenum, 4.5% bybweight of steel, is small
for any noticable effect ot be present. However, it has been reportedl
that when molybdenum is added to a compound consisting of nickel and ti-
tanium carbide in amdunts of 18 to 20% by weight, round titanium carbide
molybdenum is present.

Even'though porosity values up to 357% by volume have been obtained with the
use of naphtalene, its use is not recommended because of its non-uniform
characteristics. In particular, the specimen shows large holes which may be pro-
ducts of entrap gases. These large holes will have a detrimental effect
on the mechanical properties of the material. Likewise, naphtalene is not
nearly as good as a die lubricant as paraffin wax. This causes serious
proplems during ejection of the specimen from the die. The large amount
of friction between the specimen and the die walls, sometimes creases cracks

on the surface of the specimen.
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5. Summary

The research experience can be summarized as follows.

Sintering temperature and time are of utmost importance in'obtaining

a finely dispersed titanium carbide phase in the steel matrix.

Within the volume fraction with which the experiments were carried out,
the volume percent of titanium carbide does not have an effect in ob-
taining round titanium carbide grains.

Longer periods of ball milling are preferred, because of reduced
porosity and better mechanical properties.

Wet milling is preferred because it is more satisfactory with soft
malleable substances.

Molybdenum does not have any effect in obtaining round titanium
carbide grains. It may, however, have some effects on the heat treat-
ability of the material.

410L steel prealloyed powders may be used as a potential binder for
the titanium carbide.

The use of naphtalene as a means of producing porosity should be con-

sidered carefully.
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6. Suggested Areas of Further Research

The use of préalloyed powders as a binder for the titanium carbide
can be explored a little bit further. In particﬁlar, the morphology of
the titanium carbide in the 410L prealloyed powders when sintering took
place at 1450°C for 2 hrs has been shown in Fig. 9 Appendix III.
However the morphology -of titanium carbide in 410L steel prealloyed
powder when sintering takes place for shorter periods of time has not
been observed. It may be possible that titanium c¢arbide could appear ‘
as round dispersed phase in the 410L steel prealloyed powders when
sintering fakes place for shorter periods of time. If this is the case,
then there could be an advantage in using 410L steel prealloyed powder

as a binder instead of using elemental powders.
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1 99.97% pure.

99.9% pure.
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99% pure.
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APPENDIX III

,Fig. 1. 60X. Elemental Fe-ér—Mo-C, plus titanium carbide 65 percent vol.
titanium carbide sinter: 35 minutes - 1416°C, compacted at
40000 psi. Powders ball milled for 24 hours.

Fig. 2. 1500X. Same experiment as in Fig. 1.

Fig. 3. 60X. Elemental Fe-Cr-Mo-C plus titanium carbide 65 percent vol.
steel - 35 percent vol. titanium carbide sinter: 1.5 hours -
1448°C - coméacted at 50000 psi. Powders ball milled for 24 hours.

Fig. 4. 1500X. Same experiment as in Fig. 3.

Fig. 5. 1500X. Elemental Fe-Cr-Mo-C plus titanium carbide 65 percent
vol. steel - 35 percent vol. titanium carbide sinter: 1.5 hours -

1450°C. Powders ball milled for 5 hours.

Fig. 6. ,QOX' Elemental Fe-Cr-C-Mo plus titanium carbide 58 percent vol.
steel - 42 percent vol titanium carbide sinter: 2 hours - 1468°C -
compacted of 70000 psi. Powders ball milled for 24 hours.

Fig. 7. 1500X. Same experiment as in Fig. 6.

Fig. 8. 60X. Prealloyed 410L steel powders - plus titanium carbide.

65 percent by vol. steel - 35 percent by vol. titanium carbide.
Sinter: 2 hours - 1450°C. Powders ball milled for 24 hours.

Fig. 9. 1500X. Same experiment as in Fig. 8.
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Fig. 1. Sintered 1/2 hr -1402°C. Compacted 10000 psi.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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