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Influence of reactant characteristics on the 
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The influence of reactant characteristics on morphological development through the stages of 
combustion synthesis was investigated using a titanium-carbon system. The effect of the 
characteristics of a variety of carbons (carbon blacks, graphites, and cokes) and a variety of 
titanium powders on the density and microstructure of combusted and uncombusted sample 
compacts was studied. The size of the titanium particles had a relatively small influence on the 
density of the final (TIC) product but had a significant effect on its microstructure. The 
structure of the carbon blacks (as judged by the n-dibutyl phthalate absorption number, DBP) 
had a direct influence on the density of the uncombusted and combusted samples: low- 
structure carbon blacks resulted in higher densities for both cases. Products made with natural 
graphites had higher densities than those made with synthetic graphites. The surface area of 
carbon and graphite reactant powders had less influence on the density of the product than 
on its network morphology. Cored structures in TiC products made from certain carbon and 
graphite powders were observed and are explained in terms of their ash (oxide) content. 

1. Introduction 
In the field of combustion synthesis a great deal of 
emphasis has been placed on the need to produce fully 
dense materials. Less attention has been given to this 
process as a method for the preparation of porous 
ceramic bodies to be used as filters or as preforms for 
molten metal or polymer infiltration. The feasibility of 
synthesizing bodies with 40-60% porosity is an intrinsic 
feature of combustion synthesis and as such offers the 
potential for the fabrication of ceramic-polymer, 
metal-matrix, and ceramic-metal composites. 

The lack of attention paid to this aspect of com- 
bustion synthesis has resulted in a deficiency in our 
understanding of how pre-combustion variables relate 
to post-combustion microstructures of the products. 
This work represents the first in a series of articles that 
address this issue [1]. This paper reports the influence 
of the reactants' physical and chemical properties on 
the uncombusted and combusted sample densities and 
microstructures. The specific system investigated in 
this work is the synthesis of TiC through an exo- 
thermic reaction between carbon and titanium. 

2. Experimental procedures 
2.1. Reactants and their characterization 
The titanium powders used in this study were ob- 
tained from five suppliers. The characteristics of these 
powders and their chemical analyses are given in 

* Present address: Synergetic Materials, Inc., Auburn, CA, 95604 USA. 

Table I. X-ray diffraction (XRD) analysis showed trace 
amounts of TiC in the Alfa 00724 powder, TiO and 
TizN in the Ventron Grade-Z powder, TiC in the 
Micron Ti-020 powder, TiC, TiO, and TizN in the 
Atlantic-325 mesh powder, and TiH2 in the Alfa 99883 
powder. Six different titanium powders were charac- 
terized. Equal-magnification scanning electron micro- 
graphs of the six powders are presented in Fig. 1. 
Carbon blacks were supplied by Cabot; their charac- 
teristics and impurity levels are shown in Table II. All 
of the carbon blacks used in this study were amorph- 
ous. Two parameters unique to the characterization of 
carbon blacks are the n-dibutyl phthalate absorption 
number (DBP) and the tinting strength index (tint 
index). The DBP is a measurement of the void volume 
associated with carbon-black aggregates as deter- 
mined by the adsorption of n-dibutyl phthalate oil 
(cm3/100 g) using an adsorptometer. It is directly re- 
lated to its structure. The degree of structure or con- 
nectedness increases as the DBP increases. The tint 
index is inversely proportional to the aggregate size of 
the carbon black. 

At comparatively low magnifications, it is difficult 
to contrast the scanning electron microscopy (SEM) 
micrographs of the carbon blacks. Three of the 
Monarch reactants, however, do differ chemically 
from the other powders. The chemical characteristics 
of the two classes of Monarch carbon blacks, along 
with the Regal carbon black, are presented in Table II. 
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T A B L E  I Characteristics of titanium powders 

Powder source and designation 

Powder characteristics Alfa Ventron Micron NMI Atlantic-325 Alfa 
00724 Grade-Z Ti-020 CPTi2 99883 

Size range (lam) 5-45 2 24 10-203 10 256 2-38 1 68 
Mean (gm) 27 t2 34 82 20 14 

Density (kg m - 3) 4460 4430 4450 4490 4270 4440 

Surface area (m- 2 kg ~) 300 1900 400 900 4700 700 

Analysis (wt %) 
C 0.07 0.28 0.01 0.03 0.19 0.21 
H 0.20 0.22 0.16 0.03 0.44 0.18 
N 0.05 0.91 0.01 0.02 nd a 0.02 
O 0.21 0.86 0.17 0.41 3.29 0.83 
Zr nd a 0.33 nd a nd" 0.32 > 0.50 
A1 n& 0.10 nil b nil b 0.10 0.01 
Ca 0.01 0.02 0.004 nd a 0.30 0.01 
Fe nil b nd" 0.02 0.17 0.01 nd" 

Nd: none detected; bnil: < 0.0005 wt % 

Figure 1SEMmicrographs oft i taniumpowders:(a)AIN 00724,(b) Ventron Grade-Z,(c) Micron Ti-020,(d) NMI CPTi2,(e) Atlantic-325, 

and (f) AIN99883. 

Of the seven graphites used in this study, only one 
was characterized in this work, the Alfa 00641. This is 
a natural crystalline-flake graphite (NCFG) with a 
surface area of 8300 m 3 kg- 1 and a PSD (particle size 
distribution) as follows: 50% _< 25 ~tm, 75% _< 50 pm, 
90% _< 60 ~tm, 100% < 80 lam. Qualitative XRD ana- 
lysis showed the material to be mostly type-4H [2] 
with a trace of type-6R [3] structure. This material 
has an unusually high measured specific gravity of 
2400 kgm ~-3 (the theoretical maxima for both the 
4H and 6R structures is 2280 kg m-  3). Chemical ana- 
lyses revealed a purer powder than the carbon 
blacks: 97.8 wt % C, 0.93 wt % O, 0.06 wt % N, and 
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0.02 wt % H. Emission spectroscopy indicated the 
presence of 0.02 wt % A1, 0.01 wt % Si, 0.01 wt % Fe, 
and _< 0.0143 wt % other impurities. SEM observa- 
tions of this material showed a plate-like morphology. 
Electron spectroscopy for chemical analysis (ESCA) 
indicated the powder's surface was mostly carbon 
( > 95%) with low levels of elemental oxygen (1.6%) 
and elemental sulphur (0.7%). 

Six other graphites were used to produce TiC pro- 
ducts. Of the seven graphite powders used, four differ- 
ent types were recognized: synthetic graphite (SG), 
high-purity synthetic graphite (HPSG), natural crys- 
talline-vein graphite (NCVG), and natural crystalline- 



TAB L E I | Physical characteristics of carbon blacks 

Powder designation 

Monarch (LVCW) Monarch (HVCB b) 

120 c 250R 700 800 880 900 1000 1100 1300 1400 

Density (kg m -3) 1880 1930 
Surface area (m z kg - ~) 25 000 66 000 246 000 
Average particle size (nm) 75 35 18 
DBP no d (cm3/100 g) 72 46 122 

Tint index ~ 58 95 118 

Analysis (wt %) 
C 96.7 
H - 0.17 
N 0.15 
O - 0.88 
Na 0.01 
K - nd f 

1920 1930 1970 1970 2050 2040 2020 
230000 252000 257000 250000 400000 547000 586000 
17 16 15 14 16 13 13 
74 112 70 65 105 100 90 

120 122 120 115 116 100 [00 

91.7-94.1 82.4-85.2 
0.19-0.36 0.65 0.80 
0.68-0.96 0.79-0.99 
3.3-5.2 11.3-13.7 

0.003~.06 > 0.5 (1300) 
> 0.5 (900, 1100) 0.1(1400) 

~ LVCB: low-volatile-content carbon black. 
b HVCB: high-volatile-content carbon black. 
Vendor supplied data. 

d Volume of n-dibutyl phthalate oil adsorbed per 100 g. 
e Relative diffuse reflectance (ZnO paste). 
f nd: not detected; all other impurities less 0.06 wt %. 

TABLE tII Characteristics of graphite and carbon powders (Chemistry data is in wt %) 

LVCB HVCB CPC ( #9 & DCPC SG HPSG NCVG NCFG 
coke fines) (9035) (5035, 5039, 450) (5535, 5539) (4735)  (00641) 

Carbon (min.) 91.7 82.4 99.2 99.9 99.0 99.8 99.1 99.5 
Ash (max.) 0.7 2.1 0.8 0.1 0.8 0.2 0.9 0.5 
Sulphur (max.) 1.6 0.8 1.8 < 0.02 0.05 0.02 nip nip 
Volatile (max.) 2.0 9.5 1.0 0.t 0.37 0.01 0.2 0.08 
Moisture (max.I 4.7 7.0 0.1 nip 0.12 nip 0.09 0.2 
Structure Am b Am b Am u P Gr c Gr d Gr Gr Gr 
Density (kg m -3) 1940 2040 1820 2170 2280 2280 2280 2400 
Surface area 
(m 2 kg -1) 250000 500000 < 10000 < 10000 < 10000 < 10000 < 10000 < 10000 

nil: negligible; b Am: amorphous; c PGr: partially graphitized; d Gr: Graphitic. 

flake graphite (NCFG).  Two types of SG were used in 

this study: regular SG (Superior 5035, 5039, and Ash- 
bury  Micro 450) and  H P S G  (Superior 5535 and 5539). 

The chemical analysis of the graphites is given in 

Table III. 
Three coke powders were used to fabricate TiC 

products  (Superior Coke Fines, Superior #9 ,  and 
Superior 9035). Two types of coke were studied: cal- 
cined petroleum coke (CPC) and  desulphurized cal- 

cined petroleum coke (DCPC). The chemical analysis 
of these cokes is given in Table III. This table illustra- 
tes the wide range of carbon  contents,  impuri ty /vola-  
tile concentrat ions,  and  atomic structures available. 
These, a long with the different particle sizes, will offer 
a range of parametr ic  variables to form a basis of 

compar ison  for the results of this study. 

2.2. Sample preparation and green-density 
measurements 

Mixtures of t i tan ium and carbon  or t i tan ium and 

graphite powders were propor t ional ly  weighed to pro- 
duce stoichiometric TIC1. o. The total sample charge 

was approximately 8.0 g. After weighing, the powders 
were uniaxially cold pressed in a 2.54 cm (1 inch) steel 

die with free-moving steel punches. Prior to pressing, 
the reactants were mixed in 10 50 ml of methanol  by 
an ultrasonic probe at 75 W for 4 5 min. The mixture 
was then vacuum filtered, dried, and pressed. 

The applied uniaxial  pressure was main ta ined  at 
35 M P a  for several minutes  before the green part 

was removed. Some compacts with very coarse car- 
bons or graphites required the use of a binder. In that 

case, polyethylene glycol (PEG) was added to the 
methanol  prior to the in t roduct ion  of the reactant  
powders and  ultrasonic mixing. Binder addit ions 
ranged between 10-25 wt % of the me t ha no l - b inde r  
solution. 

Green densities of cold-pressed compacts were de- 

termined using bulk-densi ty calculations based on 
dry-sample weight and volume (diameter and thick- 
ness) measurements.  The error associated with this 
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technique is +_ 0.5% in the reported relative density. 
Green densities were not measured on samples con- 
taining binder as it was difficult to determine the 
volume of binder retained by these samples. 

2.3. Sample condit ioning, ignit ion, 
and synthesis 

Prepared green compacts were outgassed, ignited, and 
synthesized in a temperature-controlled-combustion 
assembly housed in a glove box. Pre-ignition out- 
gassing was accomplished by heating each sample to 
1133 K (860~ for 1 h under a vacuum of 3-8 Pa 
using a 0.25 mm tantalum heating element, which was 
placed around the inside of a cylindrical quartz sleeve 
that was slotted to accommodate thermal expansion 
and contraction. This has been shown to be the 
optimum treatment [4]. Each sample was placed on 
its side on top of a graphite pedestal located in the 
centre of the heating-element assembly. The sample 
and complete assembly were then surrounded by a 
kaolin fibrous insulation blanket. The standard 
heating rate for thermal-vacuum treatments was 
25 K rain- 1. When the binder (PEG) was present, the 
rate was reduced to l0 Kmin  -1 on passing through 
573-703 K (300-430 ~ This range was selected on 
the basis of thermogravimetric analysis (TGA) and 
differential thermal analysis (DTA) results for the Ti 
+ C + PEG system. 

After outgassing, ignition was accomplished by 
heating the uppermost portion of the sample using a 
tungsten coil which was placed ~ 0.3 cm above the 
sample. Ignition and synthesis were performed under 
a vacuum of 3-8 Pa. This was selected over the use of 
an inert atmosphere (e.g. argon) to reduce possible 
oxygen contamination from commercially available 
inert gases. The presence of oxygen in the environment 
has been shown to influence the kinetics of com- 
bustion of TiC, resulting in reduced rates of synthesis 
and lower conversion efficiencies [5]. 

The sample temperature was monitored by a cali- 
brated chromel alumel thermocouple located iv. the 
base of the graphite pedestal. Calibration was first 
performed using another chromel alumel thermocou- 
ple which was in actual contact with the Ti + C 
sample and the two outputs were compared and 
charted for future reference. Subsequent experiments 
were performed with only the thermocouple in the 
pedestal. 

3. Results and discussion 
3.1. Green density of uncombusted samples 
The objective of the powder consolidation study was 
to understand how the characteristics of the different 
powder types influence the compaction process 
under uniaxial pressure. Uniaxial cold pressing was 
used to consolidate the titanium carbon and 
titanium graphite powder mixtures. In comparing the 
pressing characteristics of the different titanium pow- 
ders, the Cabot Monarch 900 carbon black was 
chosen as the standard carbon. Comparisons invol- 
ving all of the carbon and graphite powders were 
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made using the Micron Ti-020 as the standard titan- 
ium. The theoretical densities of the starting consti- 
tuents strongly influence the calculated relative green 
densities of the Ti + C compacts. For example, by 
changing from an amorphous-carbon-black reactant 
to a crystalline-graphite reactant (an increase of 18% 
in theoretical particle density), the true density (i.e. 
with porosity) of the green-reactant mixture using the 
same titanium (theoretical density = 4460 kg m -  3) to 
obtain a 1 : 1 molar ratio ofTi :  C will increase by 6%. 
All density calculations are based on the molar 
amount of reactants required to produce stoichio- 
metric TIC1. o. Consequently, density results are pre- 
sented as a relative percentage of theoretical. This 
normalizes the data and negates the influence of start- 
ing-powder-specific-gravity fluctuations in the results. 

On a particle-particle scale, two processes of com- 
paction can be distinguished involving three stages 
and three basic mechanisms [6]. The two processes 
are differentiated by whether large or small voids are 
to be filled. In the initial stages of compression, when 
large voids are to be filled, the process of particle or 
aggregate rearrangement dominates. In the next stage, 
the smaller voids must be filled by the fragmentation 
of larger particles or aggregates. Finally, plastic flow 
of particles completes the process. 

The effect of different titanium reactants on the pre- 
ignition compact density is presented in Fig. 2. Differ- 
ent titanium powders resulted in green densities in the 
range 2070-2390 kg m -  3. The results of Fig. 2 and the 
data listed in Table I indicate that the green density 
increases as titanium-powder size increases. The tita- 
nium powders producing the lowest green densities 
also had the highest surface areas (Ventron Grade-Z 
and Atlantic-325). These higher surface areas indicate 
an increased surface roughness and degree of irregu- 
larity which inhibit particle sliding and rearrangement 
mechanisms. The highest green densities were ob- 
tained with very large spherical titanium powders, 

82 gm average diameter (Nuclear Metals (NMI) 
CPTi2). As indicated in Table I, this titanium is the 
purest. This combined with its large size (less surface 
to influence re-arrangement mechanisms) will offer 
more ductility and consequently better plastic flow. 
Because all the titanium powders were mixed with 

67 

o~ 65 

�9 ~ 63 
r -  

" O  

~61 

g:59 

57 Ventron Atlantic- Micron 
Grade-Z 

59.9 60.1 

58.7 / 

62.5 

i~i ' ~:!iii: 
i: ~!ii 

 :iii 

66.2 

Alfa Alfa NMI 
325 Ti-020 00724 99883 CPTi2 

Figure 2 Green densities of uncombusted Ti + C compacts as a 
function of titanium powder (samples pressed at ~ 35 MPa using 
Cabot Monarch 900 carbon black). 



a small-aggregate, low-structure carbon black 
(Monarch 900), the fragmentation process should be 
similar regardless of the titanium used. Hence, this 
mechanism should not influence the results of Fig. 2. It 
should be noted that the green densities of the Micron 
Ti-020 and the Alfa 00724 were almost identical 
(59.9% and 60.1%, respectively). The authors believe 
that these are the same powders made available by 
two suppliers. 

Next, the small-aggregate carbon blacks were com- 
pared to determine their effect on compact density. 
The results, plotted against vendor-supplied DBP 
values, are presented in Fig. 3. The results of the Regal 
250R and Monarch 120 carbon blacks are not shown 
in Fig. 3. This is because they are larger aggregate 
bodies and although they follow the trend discussed 
here their compaction mechanisms should be more 
applicable to the other carbons and graphites of this 
study. Consequently, they will be discussed in a later 
section. Fig. 3 clearly shows the strong effect of car- 
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Figure 3 Effect of structure (DBP) of carbon blacks on the density 
of uncombusted Ti + C compacts (Ti powder: Micron Ti-020; 
uniaxial pressure: ~ 35 MPa). 

bon-black structure on the packing density of the Ti 
+ C compact. The higher the structure, as indicated 

by the DBP, the lower the reactant-body green dens- 
ity. This is intuitively obvious, as a higher degree of 
structure indicates greater connectedness within each 
aggregate. This imparts a greater structural integrity 
(strength) to the aggregate which in turn makes the 
fragmentation process more difficult during compac- 
tion. Soviet investigators have examined the influence 
of different carbon blacks on the synthesis of TiC by 
self-propagating reactions, using the DBP as a para- 
meter [7]. Their work, however, failed to recognize the 
significance of the role played by the degree of struc- 
ture in the pre-ignition compact density, a role which 
has been shown to be directly related to combustion- 
synthesis mechanisms and product microstructure 
[8]. 

Fig. 4 shows the effect of using different carbon 
reactants on the green density of the Ti + C compacts 
while holding the titanium reactant constant (Micron 
Ti-020). Fig. 4 indicates that large-aggregate carbon 
blacks pack more tightly than the natural graphites. 
The natural graphites, in turn, pack better than the 
SGs and small-aggregate carbon blacks of low- 
structure. The lowest packing densities are obtained 
with small-aggregate carbon blacks possessing high 
structure. Within this latter category, HVCBs 
(Monarch 1300, t400) appear to display better 
packing behaviour than the LVCBs (Monarch 700, 
880, 1000). This is probably due to the HVCBs chem- 
ically treated surface which produces a higher surface 
area and consequently reduces the structural integrity 
of the aggregate, allowing it to fragment more easily 
during the pressing process. This is in contrast to the 
previously mentioned effect of increased surface area 
on the titanium particles, where higher surface area 
results in increased surface roughness which inhibits 
rearrangement. 
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Figure 4 The densities ofcombusted  and uncombusted Ti + C compacts for a variety of carbon blacks and graphites (Ti powder: Micron Ti- 
020, numbers  on the bars refer to manufacturers '  designation). 
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When a compact of a 100% Ti (Micron Ti-020) was 
cold pressed at ~ 35 MPa, the resulting density was 
62.5% of the theoretical value. With reference to the 
results of Fig. 4, it is interesting to note that the 
addition of most of the carbon and graphite powders 
resulted in a reduction of the density of the green 
compacts. Only in the case of the Alfa 00641 graphite 
and the Regal 250R carbon black did the addition of 
the other reactant increase the density of the mixture. 

The primary problem associated with the uniaxial 
pressing of powder mixtures relates to the geometry of 
the pressure distribution. Axial forces applied to pow- 
der compacts constrained to a die cavity result in 
radial forces on the compact. These radial forces, with 
their magnitude largely dependent on the plasticity of 
the powders, result in stress-concentration gradients 
within the compact [9]. The harder and more elastic 
reactant particles tend to form interlocking bridges in 
the regions of high stress concentrations which inhibit 
further particle rearrangement, fragmentation, and 
plastic flow. This results in non-uniform green-density 
distributions. It has also been shown that the porosity 
of a compact, comprised of spherical powders, located 
adjacent to the die wall can be 15-20% higher than in 
the central portion of the die cavity [10]. 

3.2. Density and microstructure 
of combusted samples 

An examination was made of the microstructures of 
combusted samples of the standard titanium (Micron 
Ti-020) with small-aggregate, high-structure carbon 
blacks (Monarch 700, 880, 1000), with small-aggreg- 
ate, low-structure carbon blacks (Monarch 800, 900, 
1100), and with HVCBs, which are intermediate to the 
others in structure (Monarch 1300, 1400). Represent- 
ative microstructures of these three general groups are 
shown in Fig. 5a-c. It should be pointed out that in 
these micrographs the white phase is TiC, the grey 
regions are the mounting epoxy, and the black regions 

are pores. The higher surface area associated with 
HVCBs (Fig. 5c) can be compared to the lower surface 
area LVCBs with high (Fig. 5a) and low (Fig. 5b) 
structure. These high-magnification views reveal that 
a finer network structure is obtained with the high- 
surface-area carbon blacks. The finer network struc- 
ture exhibits product cavity walls between 1-10 gm 
thick, whereas the coarser networks display cavity 
walls between 5-20 lam thick. 

As stated earlier, the structure of carbon black is 
quantitatively described by the DBP. To show the 
effect of structure, the DBP number for the samples 
presented in Fig. 5a-c is plotted against the relative 
density of the uncombusted and combusted samples in 
Fig. 6a. Also plotted in Fig. 6a is a normalized differ- 
ence between these densities as a function of DBP 
number. The normalized difference is calculated by 
dividing the difference between green and combusted 
densities by the green density for that sample. Fig. 6a 
shows the influence of structure on product density. 
The use of carbon blacks with lower structure resulted 
in slightly higher product densities. Carbon blacks 
with higher structure and coarser networks resulted in 
smaller density changes during synthesis. Fig. 6a also 
shows that the use of carbon blacks with higher 
surface areas (open data points) does not affect the 
combusted product density as much as it affects the 
morphology of the network. The correlation between 
green-compact density and product density indicates 
that green-compact density is, expectedly, a key para- 
meter in controlling product density. This is clearly 
shown in Fig. 6b where the same data are plotted as 
the density of the combusted product versus the dens- 
ity of the green compact. 

Next, the results of varying the titanium powder 
while using the Monarch 900 carbon black as a 
standard are examined. Microstructural comparisons 
of the combusted samples are presented in Fig. 7a d. 
It is clear from Fig. 7 that coarser microstructures 
were obtained with the Micron and the Alfa (99883) Ti 

Figure 5 Microstructures of combusted TiC made with three types of carbon blacks (Ti powder: Micron Ti-020): (a) Monarch 880 
(b), Monarch 900, and (c) Monarch 1300. 
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Figure 6 (a) The effect of carbon-black structure on the relative 
densities of combusted and uncombusted Ti + C compacts. 
(A �9 ~ )  HVCB, and (A �9 i )  LVCB. (b) The relationship between 
densities of uncombusted and combusted samples (Ti powder: 
Micron Ti-020, small-aggregate carbon blacks except Monarch 
M120). 

powders and that the finer structures were obtained 
with the Ventron and Atlantic powders. This is con- 
sistent with the differences in the starting Ti powders, 
as shown in Fig. 1. The Nuclear Metals CPTi2 tita- 
nium did not support combustion at all. 

Fig. 8 shows the relative green-compact and syn- 
thesized-product densities, along with their differences 
for each of the titanium powders supporting com- 
bustion. It is interesting to note that green-compact 
densities showed no significant variation, while the 
combusted-product densities increased from 34.1 to 
41.4%. Attempts to correlate the chemical and phys- 
ical parameters of the titanium powders (Table [) with 
these results were difficult because of the absence of 
clear trends. 

Finally, the effect of using different types of carbon 
and graphite was examined using the standard tita- 
nium. The large-aggregate carbon blacks are com- 
pared in Fig. 9.; the Monarch 120 has a denser and 
more reticulated structure than the Regal 250R. 
Large-aggregate carbon blacks produced higher prod- 
uct densities than small-aggregate carbon blacks. It is 
interesting to note that the Regal 250R had a higher 
green density than the Monarch 120, but the latter 
produced a higher-density product. This is note- 
worthy in that the Monarch 120 has a larger particle 
size (75 rim) than the Regal 250R (35 nm). The typical 
particle size for the small-aggregate materials is 13-18 
nm (Table II). Thus, to a lesser extent, the aggregate 
particle size also influences product microstructure: 
larger particles producing coarser and denser net- 
works, and vice versa. 

Fig. l0 shows the microstructures of products made 
with regular (CPCs) and desulphurized (DCPCs) cal- 
cined petroleum cokes. Due to the very coarse nature 
of the CPCs and the high resiliency of the DCPCs, a 
binder was required to fabricate stable pre-ignition 
compacts. Consequently, the product densities were 
lower than if a binder had not been used. Despite this, 
striking differences in network morphology are 
realized, as shown in Fig. 10. It is notable that the very 
coarse ( - 65 mesh) coke fines produced a much coar- 
ser assemblage than did the finer ( - 200 mesh) #9  
amorphous carbon, which in turn produced a coarser 
network than did the finer ( - 325 mesh) desulphur- 
ized coke. This follows the particle-size-to-structure 
relationship previously realized on a nanoscale with 
the carbon blacks. 

Figure 7 The microstructures of combusted TiC made with 
Monarch 900 carbon black and four types of titanium powders: 
(at Alfa 99883, (b) Micron Ti-020, (c) Atlantic-325, and (d) Ventron 
Grade-Z. 
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Figure 9 Microstructures of combusted TiC made with low-structure, large-aggregate carbon blacks (Ti powder: Micron Ti-020) : (a) Regal 
250R, and (b) Monarch 120, 

Figure 10 Microstructures of combusted TiC made with different cokes (Ti powder: Micron Ti-020). (a) Superior coke fines, (b) # 9, and 
(c) 9035. 

The microstructures of products fabricated from 
regular (SGs) and high-purity (HPSGs) synthetic 
graphites were also examined. Structure-assemblage 
differences resulting from different particle-size graph- 
ites are small in comparison to those for carbon. An 
example of the microstructure of a product is shown in 
Fig. l l a  for the HPSG. The microstructures of pro- 
ducts synthesized using natural graphites are illustra- 
ted in Fig. 1 lb and c. The 00641 NCFG and the 4735 
NCVG are both reported as - 325 mesh ( ~ 44 gm) 
powders, yet a substantial difference in network mor- 
phology is evident. This difference, we believe, is 
caused by differences in combusted sample densities 
(see Fig. 4). The NCVG Sample, with a lower density, 
cooled at a slower rate resulting in a coarser micro- 
structure. This aspect of the synthesis of TiC will be 
discussed in a subsequent paper [8]. 

Relative-density data for the self-propagating high- 
temperature synthesis (SHS) products, green pre- 
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ignition compacts, and their differences are presented 
in Fig. 4. This composite bar graph shows the effect of 
varying the carbon and graphite type when no binder 
is used. As previously mentioned, a binder was used 
with some of the carbons and graphites. These data 
will not correlate with results for products made 
without binder and consequently these products were 
not included in Fig. 4. It should also be noted that 
product densities are not available for two samples: 
the 5539 (HPSG) which would not support com- 
bustion, and the ~9  (CPC) which only partially 
reacted, leaving only enough material for microstruc- 
tural examination. Repeated attempts to ignite identi- 
cal reactant compositions containing the #9  (CPC) 
powder were unsuccessful. 

To simplify the results and to improve identification 
of product density and density difference as they relate 
to a particular type of carbon or graphite, the data of 
each category were averaged and they are listed in 



Figure II Microstructures ofcombusted TiC made with different graphites (Ti powder: Micron Ti-020): (a) Superior 5535, (b) Alfa 00641, and 
(c) Superior 4735. 

TA B L E [ V Density data of combusted and uncombusted Ti + C 
compacts (Ti powder: Micron Ti-020) 

Product Density 
Carbon and graphite type density (%) difference" (%) 

High structure, small 36.3 30.4 
aggregate 
Low structure, small 40.7 32.7 
aggregate 
Low structure, large 41.4 35.1 
aggregate 
Synthetic graphite 42.3 30.4 
Natural graphite 46.6 26.8 

a The density difference between combusted and green compacts. 

Table IV. Table IV indicates that natural graphites 
produced the highest product density while small- 
aggregate, high-structure carbon blacks produced the 
lowest. The range is 36.3~46.6% (1790 2300 kg m-3). 
Low-structure carbon blacks resulted in comparable 
product densities regardless of their aggregate size. 
This is in contrast to the data of Fig. 4, where low- 
structure, large-aggregate carbon blacks resulted in 
very high green densities. This point is emphasized in 
Table IV where the highest volume change is also 
associated with these materials. The SGs had only a 
slightly increased product density relative to low- 
structure carbon blacks. However, they did exhibit a 
much smaller volume change. 

According to Table IV, both carbon blacks and 
graphites produce products with density differences 
above the theoretical molar volume change (24.4%) 
for TiC. This means that increases in volume occur 
during synthesis regardless of the type of carbon or 
graphite. However, the smaller the volume change, the 
stronger the correlation between the green density and 
product density. An interesting observation is that the 
small-aggregate, high-structure carbon blacks, which 
resulted in the lowest green and product densities, 
displayed the smallest volume change of all carbon 
blacks. The natural graphites, which resulted in very 

high green densities and the highest product densities, 
displayed the overall smallest volume change. The 
explanation for this apparent discrepancy is in the 
degree of structure itself. High-structure carbon blacks 
possess a high degree of connectedness as indicated by 
their very high DBP values (Table II). Natural graph- 
ites, however, have the ability to pack tightly into the 
tortuosities of the titanium particles. This, combined 
with their relatively low resiliency, allows for an intim- 
ate contact arrangement between reactants that 
simulates a very high degree of structure within the 
pre-ignition compact. The only difference between the 
structure of the carbon blacks and the structure of 
natural graphites is in their size scale (nanometres 
versus micrometres). Experimental verification of this 
structure effect in titanium + carbon black SHS reac- 
tions has been reported [7]. The results showed that 
high-structure carbon blacks had faster combustion 
velocities than low-structure carbon blacks. 

A relationship between carbon particle size and the 
TiC-product grain size, as observed in this study, has 
been suggested in some papers [11, 12J and dis- 
counted in others [13, 14]. Furthermore, it is observed 
(see Table III) that a reactant-surface-area-versus- 
network-morphology relationship also exists. The 
very high surface areas ( ~ 5 x 105 m 2 kg-1) of the 
HVCBs resulted in finer networks than those obtained 
when low surface area blacks were used. In a previous 
work, attempts to correlate the surface area of carbon 
blacks to the TiC microstructure did not show this 
relationship because, we believe, of the limited number 
of carbon blacks evaluated [14]. 

In one set of experiments a mixture of the standard 
Yi and the Regal 250R carbon black was uniaxially 
pressed at ~ 138 MPa and compared to a mixture 
pressed at the standard condition, ~ 35 MPa. The 
green densities of the low-pressure and high-pressure 
compacts were 65.3% and 74.9%, respectively and the 
SHS product densities were 40.2% and 43.0%, re- 
spectively. This is not too significant a difference 
considering the large green density increase of 9.6%. 

4591 



Under higher magnification, t h e - 2 0 0  mesh 
( ~  74gm) #9 morphology does not resemble the 
continuous reticulated grains on t h e -  65 mesh 
( ~  230jam) coke fines typically found in the SHS 
products of this study. Instead, it has the appearance 
of individual TiC grains that are partially sintered 
together. The grain morphology of the two CPCs 
differs considerably and is believed to be the conse- 
quence of differences in ash content in the two cokes. 
The coarser CPC (coke fines) compacts were easily 
ignited, whereas ignition was difficult with the finer 
CPC (#9), if not impossible. This type of non-ignition 
behaviour is typically found to occur in coarser, rather 
than finer, grades of reactants. At present, there is no 
explanation for the anomalous behaviour of these 
cokes. 

High-magnification views of the products made 
from the SGs show a weak relationship between the 
TiC network morphology and the graphite particle 
size. The TiC product assemblage becoming only 
slightly coarser as the reported graphite size increases 
by orders of magnitude (from 0.6 to 5 to 44 jam for the 
450, 5039, and 5535 graphites, respectively). This is in 
contrast to the same relationship for carbon blacks, 
where substantial changes in TiC product morpho- 
logy occur within a single order-of-magnitude range of 
particle sizes (13-75 nm). The coarsest network assem- 
blages are realized with the natural graphites. Pro- 
duct-cell-wall thicknesses in excess of 100 jam are pos- 
sible with the 4735 NCVG. Although the 00641 
NCFG produced a finer network than the NCVG, it 

resulted in a 1.0% higher green density and a 3.6% 
higher product density. A more subtle variation oc- 
curs in the grain character of some of the products. 
This behaviour was first observed by Halverson et al. 

[15] in an earlier study where carbon blacks and 
graphites were mixed together prior to being com- 
bined with the titanium reactant. The results indicated 
a grain texture changing from smooth to rough as the 
graphite-to-carbon reactant ratio was increased. The 
present study presents similar findings, but also offers 
a possible explanation to this observation. 

Re-examination, at higher magnification, of the 
microstructures for the HPSG 5535 (Fig, 12a) and the 
coarse CPC coke fines (Fig. 12b) reveals the appear- 
ance of a cored grain texture. Such a microstructure 
was not observed in the regular SGs the finer CPCs, 
the natural graphites, and the carbon blacks which 
appeared to have the more typically smooth grain 
texture commonly associated with SHS microstruc- 
tures. A unique feature of this coring effect is that it 
was only noticed in Ti + C systems in which the 
carbon or graphite powders possess a very low ash 
content. According to vendor specifications, the CPC 
(coke fines) and the HPSG (5535) have average ash 
contents of _< 0.3 wt %. Samples containing these ma- 
terials resulted in the only two microstructures that 
displayed cored grain textures. All other carbon and 
graphite products, with higher ash contents, had 
smooth grain textures. The explanation of this phe- 
nomenon is probably linked to the fact that the ash is 
made up of oxides like SiO2, A120 > and Fe203. 

Fzgure 12 Microstructures of combusted TiC made with HPSG and regular CPC (Ti powder: Micron Ti-020). (a) Superior 5535, and 
(b) Superior coke fines. 
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Although the tendency is toward purification during 
synthesis, such oxides are relatively non-volatile and 
their presence cannot be discounted. Titanium carbide 
can dissolve considerable amounts of oxygen by sub- 
stitution for carbon 1-16]. This occurs readily when the 
lattice is not saturated (as in non-stoichiometric TIC). 
The result is an oxycarbide which can be considered as 
a complex solid solution between TiC and the residual 
metal oxides of the ash. Because very small additions 
of carbon and oxygen to titanium result in eutectics 
[16], the formation of ternary and higher order eutec- 
tics is also feasible. In addition, the melting points of 
the oxides typically contained in carbon and graphite 
ash - e.g. SiO2 (1995 K), A1103 (2323 K), and Fe203 
(1867K) - are lower than the melting point of TiC 
(3423 K) [17]. This implies that during the final stages 
of synthesis, structural transformations that are 
occurring as the product cools will be aided by the 
presence of liquid phases. This will most likely be in 
the form of enhancing liquid-phase sintering on a local 
scale, although densification will be negligible due to 
the large volume expansion that occurs during the 
synthesis of TiC. In systems with a very low ash 
content, cooling through the TiC solidus may be faster 
due to the absence of low melting or eutectic phases. 
This phenomenon may occur fast enough to impart a 
non-equilibrium microstructure to the grains [18] or 
at least a lesser degree of structuralization. 

4. Conclusion 
The influence of reactant characteristics on the 
amount of porosity and microstructural morphology 
in combustion-synthesized porous ceramic products 
was investigated using titanium carbide as an experi- 
mental system. The size of the titanium particles does 
not greatly influence final product density. It does, 
however, affect the morphology of the reticulated 
network in the product with finer particles resulting in 
finer assemblages and vice versa. 

Carbon-black structure strongly influences the 
compaction and consolidation of pre-ignition com- 
pacts. Low-structure carbon blacks result in higher 
green densities than high-structure carbon blacks. 
This is because high-structure carbon blacks are more 
connected and impart a greater strength to the aggreg- 
ate which inhibits fragmentation during compaction. 

Increasing the applied pressure during compaction 
can increase the green density of the pre-ignition 
compact, however, very high green densities have been 
shown to result in decreased combustion kinetics and 
incomplete product formation. Consequently, low- 
pressure consolidation in the neighbourhood of 
35-70 Mpa is preferred for the fabrication of uniform 
porosity products. 

The large-aggregate carbon blacks and the natural 
graphites resulted in higher green densities than the 
small-aggregate carbon blacks and the SGs. During 
the Ti + C compaction process with large-aggregate 
carbon blacks, the ultrasonically disrupted aggregates 
initially fill the tortuosities of the titanium particles. As 
the pressure is increased, the aggregates fragment and 

accommodate the plastic flow of the titanium during 
the final stages of compaction. With graphite, the 
platelets also initially fill in and around the irregu- 
larities of the titanium particles. The second stage, 
however, is not one of fragmentation alone but in- 
cludes platelet sliding due to graphite's low friction 
coefficient. Also, graphite is softer and more yielding 
than carbon black, which not only accommodates the 
final compaction stage where the plastic flow of tita- 
nium dominates, but also results in increased 
titanium graphite contacts. The SG yielded slightly 
lower green densities than natural graphites due to 
their higher purity, which makes them harder and less 
accommodating. 

Combustion - synthesized - porous - TiC - product 
density is a function of the pre-ignition-compact green 
density of the Ti + C reactants. For the carbon cat- 
egories identified in this study (small-aggregate carbon 
blacks, large-aggregate carbon blacks, and all graph- 
ites), product density will generally increase with in- 
creasing pre-ignition compact green density. The only 
exception to this is realized with the large-aggregate 
carbon blacks, where a higher green density resulted 
in a lower product density. However, despite this 
anomaly, the large-aggregate carbon blacks yield 
higher product densities than small-aggregate carbon 
blacks. The natural graphites also resulted in higher- 
density products than the SGs. 

The final product density of small-aggregate- 
carbon-black systems is also a function of structure, 
where higher densities are obtained with lower-struc- 
ture carbon blacks. However, the change in density is 
also greater with the lower-structure blacks, indicating 
that greater volume expansion occurs with these re- 
actants than with higher-structure carbon blacks. 

Carbon or graphite reactant surface area does not 
influence product density directly. High-surface-area 
carbon blacks do, however, produce finer network 
morphologies than lower-surface-area carbon blacks. 
The PSD mean for a carbon black tends to influence 
the network morphology in the TiC product. As the 
PSD mean increases the assemblage becomes coarser. 
To a lesser extent, the same effect is observed with 
graphite-containing systems. 

Residual ash content, present in some carbon and 
graphite reactants, can act as a sintering aid and result 
in product grain size and assemblage-morphology 
differences compared to materials synthesized with 
similar reactants containing lower average ash content 
( < 0.3 wt %). Products produced from the lower-ash- 
content reactants are uniquely characterized by a 
cored or pitted grain texture, while products from the 
higher-ash-content reactants characteristically possess 
smooth and flat grains. 
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