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TiZrC and TiZrB, 
TiZrC and WrB2 solid-solution materials were synthesised by conventional 
powder productton methods. These materials exhibited nmlimar, and generally 
superior, mechanical properties when compared to the end-member 
constituents. 
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N on-oxide ceramics, such 
as borides and carbides, 
cxhibit excellent mechani- 
cal and chemical proper- 

ties which make them suitable for 
a wide varicty of applications.'-3 
Thesc materials generally possess a 
high melting point, high strength, 
chemical iner tness ,  high wear 
resistance, and  high hardness,  
which make them useful for such 
applications as armor, wear guides, 
high-temperature supports, and  
cutting tools. 

The average flexural strengths of 
titanium carbide (Tic) and titani- 
um dihoride (TiB,) have been 
measured to be greater than 400 
MPa, with fracture toughness (KIJ 
in thc range of 3 to 5 MPa.ml". 

The mechanical properties of  
t hese  s in tcred  mater ia l s  a r e  
dependcnt on the purity and pro- 
cessing of the starting powder as 
well as the densification tcchnique 
and residual porosity. 

To further increase their thermal, 
mechanical, and electrical propcr- 
ties, these carbide and boridc mate- 
rials also can be combined with 
othcr oxide and non-oxide matcri- 
als, such as alumina (N,O,), silicon 
carbide (Sic), or tungstcn carbide 
(\VC), to form such composites as 
Sic-TiB,, AI,O,-TiRZ, and Tic-\VC. 
These matcrials exhibit improved 
mechanical properties due to par- 
ticulate-toughening mechanisms. 
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Al,03-TiB, composites containing 
20 vol% TiB, obtained flexural 
strengths of 700 MPa, and N,O,-Tic 
composites obtained a flexural 
strength of 550 MPa a t  the same 
loading of 

The addition of TiR2 to a SIC 
matr ix improved the average 
strength of the composite by 28% 
and the K,, by 4596." A K,, of up to 
8.9 MPa-ml" has bcen reported for 
a 16 volO6 TiB2-Sic composite.' 

Solid solutions of refractory-metzal 
borides and carbides have been 
produced by a number of synthesis 
tcchniques, including direct syn- 
thesis of the solid solutions from 
the clernents and mixing of the 
metal boridcs and carbides. These 
mixtures are heated to tempera- 
tures near or beyond the melting 
point of the boride and carhide end 
members to form the  solid 
 solution.^.' 

Complete solid-solution forma- 
tion, however, does not always 
occur due to the differences in 
atomic radii between the metal 
a t o r n ~ . ' ~  The physical, chemical, 
and electrical properties of these 
solid solutions have previously been 
measured, and thcy illustrate a non- 
linear o r  parabolic relationship 
between the end-member composi- 
tions and the solid solutions. 

An example of th is  is t h e  
TaC-HfC solid solution with a melt- 
ing point of -4000•‹C, which is sub- 
stantially higher ihan the slngle 
components (TaC, HfC) cxhihit." 
The mechanical properties of thcsc 

solid solutions, however, have not 
been cxtensively reported. 

In this study, solid solutions of 
titanium and zirconium borides 
and carbides were synthesized by 
borothermal and  carhothermal 
red~ct ion . '~  Five compositions per 
system were evaluated, as shown 
in Table I. 

Physiml and chemical analyses, as 
well as X-ray diffraction (XRD) imaly- 
sis, werc used to ~wnfirm the forma- 
tion of the solid solutions. The 
synthesized powdcrj were consolidat- 
ed by hot pressing and pressureless 
sintering. The mcchanical propertics 
of these solid solutions, including flex- 
ural strength, XI,, and indentation 
hardness, were determined. 

Powder Svnthesis and 
~harackrization 

The solid-solution and end-mem- 
ber compositions were synthesized 
from oxide raw materials by car- 
bothermal and borothemal reduc- 
tion in a continuous graphite 
furnace a t  temperatures between 
1975" and 2025•‹C. A nonaqueous 
slurry of the raw materials was pre- 
pared in the correct stoichiomctric 
proportions, mixed, and dried. 

The mixed powder was screened to 
provide a uniform fced powder for 
the furnace. The rawmaterial mixes 
were then loaded into graphite tubes 
and synthesized at 2025•‹C for the 
carbide compositions and 1975•‹C for 
the boride compositions. The yield, 
after furnacing, was approximately 



Table I. Solid-Solution and End-Member Compositions Evaluated 
Carbide composition (mole fraction) Boride composition (mole fraction) 

TiB. 

Table I I .  Physical and Chemical Property Data 
Surface area Average Powder Total oxygen 

Composition ( m 2 W  panicle size (urn)+ density (g/crn3)* (w1%)•̃  

Tic 3.3 2.3 4.9 0.5 

50% for each of the powders com- 
pared to the raw material input due 
to the loss of gaseous hyproducts 
from the oxide raw materials, which 
occurs during the carbothemal and 
borothermal reduction process. 

For each composition, the synthe- 
sis times were adjusted to synthe- 
size a single-phase solid solution as 
confirmed by XRD. After synthesis, 
the fired powders were milled to 
reduce the sintered aaomerates to 
single particles. A sample of each 
powder was then analyzed for a 
number of physical and chemical 
characteristics which are summa- 
rized in Table 11. 

The density of each of the synthe- 
sized powders was determined by 
helium pycnometly. The pycnome- 
ter density for all of the composi- 
tions evaluated were within 3% of 
the calculated theoretical densities. 
XRD analysis was used to verify the 
formation of the solid-solution 
compositions in the carbide and 
boride systems. 

For the carbide system, full forma- 
tion of the Ti,, ,Zr03C solid solution 
did not occur dcspite numerous 
synthesis attempts in which the 
synthesis temperature and time at 
temperature were varied. This 
material was not composed of the 

end members or the single-phase 
solid solution, hut ,  rather,  it  
appeared to havc formed two solid- 
solution phases, one rich in titani- 
um and one rich in zirconium. 

The horide solid solutions were 
generally easier to synthesize than 
the carhide solid solutions. The 
Ti,,,Zro,,R2 powder, however, did not 
fully form the solid solution. XliD 
analysis showed that there was a 
small amount of a second solid-solu- 
tion phase present after synthesis. 

Pressureless Sintering and 
Hot Pressing 

Densification of these composi- 
tions was conducted by two meth- 
ods: pressureless sintering and hot 
prcssing. A number of sintering 
aids as well as consolidation 
parameters (time, temperature, 
and prcssure) were examined to 
determine the optimum amount 
and typc necessary to ensure a 
fully dense part. 

Pressureless-sintered parts wcrc 
produced by wet mixing the syn- 
thesized powder with 2 wt% organic 
binder and 2 wt% nickel powder as 
the sintering aid for the carbides or 
2 wt% iron powder as the sintering 
aid for the borides. The mixtures 

wcre then dried and screened to 
-60 mesh and dry pressed into 
2.54-cm disks at 75 MPa. 

A variety of sintering times and 
temperatures were examined with 
the highest densities achieved by 
sintering a t  2100•‹C for  2 h. 
Sintcred densities for the solid- 
solution compositions were gener- 
ally greater than 98% of theorctical 
dcnsity. 

Hot-pressed plates of each of the 
compositions also wcrc produced for 
use in mechanical properties testing. 
These 10.0 cm X 10.0 cm X 1.0 cm 
plates were hot presscd at  1900•‹C 
and 21 MPa in argon for 1 h. These 
conditions werc found to yield the 
maximum fired density in all of the 
compositions. 

A sample of each of the  hot- 
pressed plates was crushed and char- 
acterized by gas pycnomctry and 
XliD analysis. The density of each of 
the platcs was determined by the 
Archimedes method and compared 
to the gas pycnometer density of the 
crushed powder. 

The solid-solution compositions 
typically exhibited a higher perccnt- 
age of thcoretical density after hot 
pressing than the end-member com- 
positions. Densities of the solid-solu- 
tion materials typically exceeded 
99% of the theoretical density. 
Examples of hot-pressed, pressure- 
less-sintered, and machined solid- 
solution parts are shorn in Fig. 1. 

XRD analysis of thc hot-pressed 
compositions was obtained. In all 
cases, the phase composition of 
the hot-pressed part varied from 
that of the powder. 

The single-phase solid-solution 
powders appeared to have separat- 
ed into two solid-solution phases 
during hot pressing. Thcsc new 
pattcrns suggested segregation of 
each composition into a two-phase 
solid-solution composite. 

It was determined that the pres- 
ence of the single- or two-phase 
solid solution in the hot-pressed 
samples was dependent on the 
cooling rate aftcr hot pressing. 

A fast cooling rate rcsnlted in the 
two-phase solid solution, whereas 
a slow or "furnace cool" cooling 



Solid-Solution Materials 

Fig. 1. Hot-pressed, pressureless-sintered, and machined 
TiZrC and TiZrB, parts. 
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Fig. 3. Hardness results for 1.) carbide and (A) boride . . 
compositions. 

ratc, which was approximately four 
times slower, rcsulted in the prcs- 
ence of the single-phase solid solu- 
tion for the horide solid solutions. 

The carbide materials formed 
two-phase solid solutions indcpen- 
dent of hot-pressing conditions. 

Although mechanical property 
mcasurements were ohtained for 
both the single- and two-phase 
solid solutions, only the two-phase 
results are discussed here. 

Mechanical Properties Testing 
A1203 plates (ohtained from Naval 

Surface Warfare Centcr, Dahlgren, 
Va. (99.9% A1,OJ were used for 
base-linc mechanical properties 
measurements. All test samples 
wcre obtained from hot-pressed 
plates, as described previously. 

Test bars for flexural strcngth 
testing of all the compositions were 
machined to 5.0 cm X 0.4 cm X 
0.3 mm with a surface finish of less 
than 20 pin. (510 pm) rms. At least 
20 bars from each composition 
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Fig. 2. Flexural strength results for (.) carbide and (A) boride 
compositions. 
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Fig. 4. Fracture toughness (4,) results for (m) carbide and (A) 
boride compositions. 

were measured to calculate the 
Weihull modulus for each composi- 
t ion,  except  for t he  two-phase 
Ti0,,ZroSB, composition. 

Extreme difficulty in cutting this 
material by conventional methods 
limited the number of specimens to 
only 10 test bars. Approximately five 
times the amount of time was need- 
ed to cut the horide solid-solution 
compositions as compared to thc 
other solid-solution compositions. 

Because of the difficulties encoun- 
tered with cutting these samples, 
flaws may havc been introduced 
during the machining process. 

The results from this mechanical 
propcrty testing were varied. Flexural 
strcngth testing of the carbide com- 
positions revealed a parabolic 
strength relationship, with the 
Ti,&,,& solid solution obtaining a 
strength of 706 MPa. 

The horidc system exhibited a 
ncarly linear relationship in strength, 
with the strength decreasing as the 

amount of zirconium increased 
(Pig. 2). 

The sample bars from flexural 
strength testing were then polished 
to a surface finish of less than I 
pin. (25 pm) rms and  used for 
microhardness and K,, testing. 

The Wcibull modulus for cach of 
the materials also was determined. 
In general, the carbide composi- 
tions achieved higher Weihull mod- 
uli than the horide compositions, 
as shown in Tablc 111. 

Hardness was de termined by 
Vickers indentation with a 500-g 
load. Five to 10 tests per composi- 
tion were conducted. The carbide 
and horide materials exhibited a 
parabolic relationship with respect 
to hardness, as shown in Fig. 3, and 
the solid-solution materials exhibit- 
cd an increased hardness with 
respect to the end-member compo- 
sitions. A maximum hardness of 
2500 kYmm2 was ohtained for the 
Ti0.,Zr0,,C composition. 



Table Ill. Averaae Flexural Strenath. Standard Deviation and Weibull Modulus for " .  
Compositions ~valuated 

Flexural strength Standard deviation 
Composition (MPa) (MPa) Weibull modulus 

Ti(: 412 27.1 16.0 
o.~T~c/O.~Z~C 

- 

623 
0.5TiCIO.5ZtC 706 
0.3TiClO.7ZrC 643 

ZrC 566 

0.5~iBj0.5~r~; 420 
0.3TiB@7ZrB2 374 

ZrB, 377 

Table IV. Elastic Modulus, Shear Modulus and Poissons Ratio for Compositions 
Evaluated 

Composition Elastic modulus (GPa) Shear modulus (GPa) Poissons ratio 
Tic 345 140 0.23 

O.TTiCIO.3ZrC 415 169 0.23 
0.5TiCIO.5ZrC 403 166 0.21 
0.3TiC10.7ZrC 412 169 0.22 

ZrC 399 

Ki, testing was conducted on thc 
10 test  compositions using the 
Vickers indentation method with a 
2.0-!g load to promote cracking in 
the samples. Five samples per com- 
position were measured and the 
following formula was used to 
determine the fracture toughnes~:~ 

where E is the elastic modulus 
(GPa), H the hardness (kg/mm2), P 
the load (kg), and c the average 
crack length (mm). 

Analysis of the carbide composi- 
tions showed a nearly linear relation- 
ship betwcen KIc and zirconium 
content, as KIc incrcased as the 
amount of ZrC increased. The boride 
compositions also exhibited a linear 
relationship, hut KIc decreased with 
increased zirconium content. This 
information is shown in Fig. 4. 

The elastic and shear moduli for 
each of the synthesized composi- 
tions were determined by transient 
vibration analysis using samples 
machined from hot-presscd plates. 
From these values, the Poisson 

ratio for each of the compositions 
was calculated and is shown in 
Tahle IV. The elastic modulus for 
cach of the compositions was then 
used in the calculation of K1,, as 
shown above. 

An Alternate to Reinforcements 
TiZrC and TiZrB, solid solutions 

have been formed and consolidated 
to produce parts which exhibit 
incrcascd mechanical properties 
when compared to those exhibited 
by the end-mcmher compositions. 
Thcsc materials can be used to pro- 
duce higher-strength product- with- 
out  t he  additional costs  and  
processing concerns associatcd with 
rcinforced materials. 

Potential uses for these materials 
include armor, wear applications- 
such as cutting tools, wcar guides, 
or  sandblast nozzles-or applica- 
tions where increased strcngth a t  
high temperaturc is required. 

The production of these materials 
as either single-phase or two-phase 
solid solutions may lead to the abili- 
ty to tailor the microstructure of 

thew m;~teri;ils to incrcasc mcchan- 
ical propcrties to an even greater 
extent. This increase may hold true 
for other solid-solution materials 
and may offcr an alternative way to 
increase the  end-use strcngth 
andlor toughness of these materials 
without the addition of partioulate, 
whisker, or fiber reinforccmcnts. 
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