
Abstract Combustion synthesis or Self-propagating

High Temperature Synthesis (SHS) has been used to

produce highly porous materials intended for bio-

medical applications. Two novel gasifying agents, cal-

cium nitride and calcium carbonate, were employed to

increase product porosity and pore size during the

combustion synthesis reaction for two SHS chemical

compositions. A greater increase in apparent porosity

of the products was gained using calcium carbonate

compared with calcium nitride. Conversely, a greater

increase in the number of pores falling within a 101–

500 lm range was gained using calcium nitride com-

pared with calcium carbonate. A greater increase in

product porosity and pore sizes was observed for the

TiC-50 wt% Ni3Ti than the TiC-30 wt% Ni3Ti with

both gasifying agents.

Introduction

Combustion synthesis, or Self-propagating High-tem-

perature Synthesis (SHS), is an alternative technique

for producing advanced ceramics, ceramic composites

and intermetallic compounds and is dependent upon a

highly exothermic chemical reaction becoming self-

sustaining after a short energy pulse is applied to ini-

tiate the reaction [1]. Porosity in the synthesized

product is typical by (1) initial relative ‘green’ density

of the powder compact, (2) change in volume between

the reactants and products, (3) volatilization of impu-

rities at high temperatures during the process and (4)

electron migration [2]. There are a number of factors

that contribute to porosity, pore size and pore distri-

bution of the synthesized product. Examples of these

factors are the initial porosity of the starting sample,

capillary effects, volume exchange between initial

reactants and final products, reactant particle size and

viscosity of liquid generated at the combustion front

[3–7].

Highly porous materials (e.g. >60%) can be pro-

duced using combustion synthesis when the reactants

and products remain in a solid state, and is largely the

result of initial porosity in the unreacted powder

compact. Gravity enhanced densification results if the

combustion temperature exceeds the melting temper-

ature of one or more of the reactants or products [8].

The molten reactants and/or product flow due to cap-

illary effects and gravity, especially if there is signifi-

cant difference in the densities of the molten and solid

species resulting in densification of the sample, i.e.

voids are filled with molten species. A gasifying agent

can be introduced into the reaction front to overcome

naturally occurring densification for such systems. For

the gasifying agent to be effective in increasing product

porosity, the liquid viscosity generated in the com-

bustion wave should possess an optimum level of

resistance to the transport of the gas through the liquid
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phase. If the viscosity is too high, the gas encounters an

increased level of resistance and becomes trapped in

the liquid during solidification. This results in unde-

sired ‘‘blow holes’’, or extremely large and disorga-

nized pores, in the product. Conversely, the gas

encounters a decreased level of resistance and flows

easily through the liquid if the viscosity is too low,

usually resulting in little to no increase in product

porosity. There is an optimum amount of liquid that

should be generated at the reaction front to effectively

increase and engineer product porosity. A high amount

of liquid generated at the reaction front results in

enhanced product densification, whereas a lesser

amount of liquid will not entrap the flowing gas [9].

In some cases, significant gas evolution occurs during

combustion synthesis due to out gassing of highly vol-

atile impurities and adsorbed gases contained in the

reactant powder, i.e. a mixture of titanium and carbon

black (hygroscopic) [2, 10]. In other cases, novel gasi-

fying agents are purposely added to the reactant

mixture [9, 11]. Ideal gasifying agents posses a decom-

position temperature around the combustion tempera-

ture of the reaction, thereby releasing gas(es) into the

viscous reaction front to aid in creation of pores. There

is little to no increase in product porosity if the gas is

generated ahead of the reaction front due to consider-

able differences in the decomposition and combustion

temperatures. The selected gasifying agent should not

significantly interfere with or retard the combustion

synthesis reaction as decomposition is typically an

endothermic process, i.e. heat generated from the

exothermic combustion synthesis reaction should far

exceed the heat required to decompose the gasifying

agent. The reaction could quench prior to reaching full

conversion in cases where the gasifying agent acts as a

significant diluent or heat sink. The reaction system

must propagate with a relatively high burning velocity

(e.g. stable, planar combustion wave) to minimize heat

loss effects from the reaction front [9].

Porous combustion synthesis materials have shown

promise as medical devices ranging from dental im-

plants to bone and joint replacement implants, as well

as additional applications such as heat exchangers,

catalyst support systems, microfilters and ultra-light

weight high strength materials [12–14]. Porosity of an

implant is important when attempting to facilitate bone

ingrowth and fixation into the implant. The minimum

pore size for which bone growth can occur into bio-

compatible implants is 75 lm in diameter, the size

required to accommodate an osteon [15]. However, the

optimum pore size range observed in clinical practice

ranges from 100 to 350 lm [16]. Typically, a material

intended for a large bone replacement application

requires porosity in the range of 40 to 60% [17], but

this range is dependent upon the anatomical location

of the implant. The porosity requirement is a large

reason why most ceramics are not ideal for bone

replacement applications. Materials produced using

combustion synthesis have a high volume (~85–95%)

of interconnected (open) pores that provide space for

vascular tissue required for continued mineralized

bone growth [18, 19]. Surface texturing of implants

increases adsorption and proliferation of cells in vitro

and in vivo, giving rise to the importance of surface

morphology to curb implant rejection [20–23].

Experimental materials and methods

Two chemical compositions within the Ni3Ti–TiC sys-

tem were explored designated as TiC-30 wt% Ni3Ti

and TiC-50 wt% Ni3Ti (nominal percentages). The

chemical compositions were combined with a varying

amount of calcium nitride (Ca3N2) or calcium car-

bonate (CaCO3) gasifying agent to increase product

porosity and pore size. The SHS equations used to

generate the chemical compositions are presented in

Equations 1 and 2.

xNiþð0:33xþ yþ 2zÞTiþyCþ zCa3N2

¼ 0:33xNi3Tiþ yTiCþ 2zTiNþ3zCaðgÞ ð1Þ

xNiþð0:33xþ yÞTiþyCþ zCaCO3

¼ 0:33xNi3Tiþ yTiCþ zCaOþ zCO2ðgÞ ð2Þ

Chemical compositions were prepared maintaining

the amount of Ni3Ti intermetallic present in the syn-

thesized product and the amount of gas produced from

the gasifying agent. The refractory phase and decom-

position product varied for differing amounts and type

of gasifying agent. Three molar amounts of each gasi-

fying agent were investigated in addition to samples

reacted with no gasifying agent for the TiC-30 wt%

Ni3Ti and TiC-50 wt% Ni3Ti. Varying molar amounts

of Ca3N2 and CaCO3 gasifying agent were added to

each chemical composition corresponding to 1 wt%,

2 wt% and 3 wt% of gas evolution during the reaction.

Calcium nitride decomposes into calcium and nitrogen

gas (Ca3N2 fi 3Ca + N2) at 1195 �C while calcium

carbonate decomposes into solid CaO and CO2 gas

(CaCO3 fi CaO + CO2) at 800 �C during the com-

bustion synthesis reaction. The synthesis process and

analysis of these composites was explained in detail

elsewhere [11].
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Archimedes principle was employed to determine

apparent (open) porosity of the products [24]. A

cylindrical sample was cut into wafers from the bottom

of the sample to the top using a diamond blade saw.

Each wafer was cut to measure approximately 1 mm

wide allowing for extraction of eight wafers from each

sample. The wafers were ground and polished using

600 grit SiC paper ensuring contrast between pores and

the surrounding matrix. LECO IA32 imaging software

[25] coupled with an optical microscope (Olympus

PMG3 Metallograph, LECO Inc.) was used to resolve

pore size and the relative distribution of pores on the

surface of the wafers. A magnification of 5· was

employed to separate each sample wafer into individ-

ual fields such that statistically accurate reporting of

pore sizes and distribution was assured. Each field

covered approximately 1.78 mm2 of surface area and

pores were measured using a consistent designation of

0.0021 · 0.0028 mm2 pixels with a constant attenuation

threshold of 35 out of 255. Photomicrographs of the

porous sample surfaces were obtained using a FEI

Quanta 600 environmental scanning electron micro-

scope (ESEM).

Results and discussion

Apparent (open) porosity determined using Archime-

des principle as a function of moles gasifying agent

added to the chemical compositions is presented in

Fig. 1. The sample size consisted of five measurements

with data points representing average values while

error bars represent standard deviations.

Both gasifying additives show increased final prod-

uct porosity for the TiC-30 wt% Ni3Ti. The increasing

trend is almost linear for the additives as the molar

amount was increased. The CaCO3 gasifying agent

exhibited a slightly greater increase in product porosity

than did the Ca3N2 gasifying agent. Product porosity

increased 25% with a CaCO3 gasifying agent, ranging

from 58% porosity with no additive to 77% porosity

with 0.25 moles gasifying agent, and increased 15%

with a Ca3N2 gasifying agent, ranging from 58%

porosity with no additive to 68% porosity with

0.09 moles gasifying agent. Final product porosity

employing these gasifying agents with the TiC-30 wt%

Ni3Ti exceed the ‘‘target’’ range for bone replacement

materials, i.e. 40–60% porosity.

The CaCO3 gasifying agent also exhibited a slightly

larger increase in product porosity over the Ca3N2

gasifying agent for the TiC-50 wt% Ni3Ti with a near

linear relationship between porosity and amount of

CaCO3 incorporated into the SHS reaction. The

porosity increased 38% with the CaCO3 ranging from

40% porosity with no gasifying agent to 65% porosity

with 0.16 moles gasifying agent. The apparent porosity

values fall within the target range for bone replace-

ment materials nicely. Addition of Ca3N2 to the reac-

tant mixture increased product porosity only 19%

ranging from 40% porosity with no gasifying agent to

50% porosity with 0.06 moles gasifying agent. How-

ever, these porosity values still fall within the target

range.

The molar amount of gasifying agent added to the

chemical composition significantly controlled final

product porosity. An increase in the molar amount of

gasifying agent corresponds to an increase in the moles

of gas released during the reaction. In turn, the

increase in moles of gas release increases the apparent

porosity of the synthesized product. Less moles of

Fig. 1 Apparent (open)
porosity as a function of
moles gasifying agent added
to the chemical compositions.
The apparent porosity
increased with increasing
molar additions of gasifying
agent
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Ca3N2 gasifying agent than CaCO3 gasifying were used

for the investigation because weight percent of gas

evolved was held constant, i.e. 1, 2 and 3 wt%. How-

ever, one mole of Ca3N2 yields three moles of Ca gas

(and one mole of nitrogen that reacts with titanium) to

only one mole of CO2 gas produced from one mole of

CaCO3. Therefore, in effect, investigations involving

the Ca3N2 gasifying agent result in lower molar

amounts of gas release than those investigations

involving the CaCO3 gasifying agent. This corresponds

to the higher observed apparent porosities for CaCO3

than Ca3N2. It should be noted that increases in Ca3N2

gasifying agent beyond 3 wt% Ca gas evolved during

the reaction resulted in extremely ‘dirty’ reactions, that

make viewing propagation almost impossible, and

greatly reduced the sample’s structural integrity.

LECO image analysis for distribution of pores and

corresponding pore sizes are presented in Figs. 2, 4, 6

and 8. Data are presented in an effort to show variation

of pore size distribution as a function of cumulative

frequency percent. Examination of Fig. 2 suggests that

addition of Ca3N2 gasifying agent to the TiC-50 wt%

Ni3Ti gives rise to a variable distribution of pores on

the order of 101–500 lm.

Cumulative frequency distribution of pores in the

target range, i.e. 101–500 lm, exhibited the following

trends with increasing moles of Ca3N2 gasifying agent:

from 0.02 moles to 0.04 moles Ca3N2 gasifying agent

the cumulative frequency percent of pores in the target

range increased from 6.4% to 18%; from 0.04 moles to

0.06 moles Ca3N2 gasifying agent the frequency per-

cent of pores in the target range decreased slightly

from 18 to 11%. Hence, the optimal yield of pores in

the designated target range of 101–500 lm was

obtained when 0.04 moles Ca3N2 in the TiC-50 wt%

Ni3Ti SHS reaction was employed. However, both

0.02 mole and 0.06 mole Ca3N2 gasifying agent addi-

tions yield significant increases in target pore size range

over a reaction with no gasifying agent addition

(3.5%).

SEM photomicrographs of the surfaces of the TiC-

50 wt% Ni3Ti with Ca3N2 gasifying agent are provided

in Fig. 3. Examination of the SEM photomicrographs

revealed no significant increases in porosity formation.

Large pores are formed in all three samples, but the

0.04 mole Ca3N2 sample produced the greatest distri-

bution of large pores while the 0.02 mole Ca3N2 sam-

ple produced the smallest distribution of large pores.

A condition of slightly pulsating combustion phe-

nomena could explain the observed distribution shifts

in cumulative frequency percent of pores in the target

range [26]. Kinetics of the evolution of a gaseous spe-

cies, and subsequently coalescent phenomena that

brings about the formation of larger pores (on the

order of 101–500 lm), is dependent on the gas pressure

generated inside the pores and the viscosity of the melt

at the combustion front. Elongation of the sample, in

turn, is dependent upon melt viscosity and burning

velocity of the reaction front [27, 28]. Therefore, in the

case of pulsating combustion, any perturbation in

burning velocity could result in variations in sample

elongations and indirectly to a variable viscosity in the

melt at the reaction front, gas evolution reactions, and

solidification rates that allow for growth of smaller

pores into larger pores and pores that have increased

interconnectivity.

The response of the 101–500 lm target pore size

distribution was less sensitive to the selected gasifying

Fig. 2 Cumulative pore size
frequency distribution as a
function of moles Ca3N2

gasifying agent with the
TiC-50 wt% Ni3Ti. The
greatest increase of pores
within the target range
occurred for TiC-50 wt%
Ni3Ti reacted with 0.04 moles
Ca3N2
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agents for the remaining three SHS reaction systems.

The same incremental increase or decrease in the tar-

get pore size range was not as significant as that

observed for the TiC-50 wt% Ni3Ti with increasing

molar amounts of Ca3N2. The observed responses from

Figs. 4, 6 and 8, respectively, were as follows.

The cumulative frequency distribution of pores

within the target range steadily decreased with an in-

crease in gasifying agent for the TiC-50 wt% Ni3Ti

with CaCO3 (Fig. 4), although a constant increase in

apparent porosity was observed. The steady decrease

gave rise to a gradual increase in the distribution of

pores that fell within the 0–100 lm size range. SEM

photomicrographs of the TiC-50 wt% Ni3Ti with

CaCO3 gasifying agent are presented in Fig. 5. Obs-

ervation of Fig. 5 revealed that the apparent porosity

of the samples increased with increasing molar

amounts of CaCO3 gasifying agent. In addition, the

degree of interconnectivity among the pores increased

with increasing molar amounts of CaCO3 gasifying

agent. Pore size and pore distribution are not greatly

affected by the gasifying agent addition, confirming the

trend observed in Fig. 4.

A modest effect in pore size was observed among

TiC-30 wt% Ni3Ti reacted with Ca3N2 gasifying agent

(Fig. 6). SEM photomicrographs of the TiC-30 wt%

Ni3Ti with Ca3N2 gasifying agent are provided in

Fig. 7. The decreasing trend in larger pore sizes and the

degree of interconnectivity with increasing Ca3N2

observed in Fig. 7 is consistent with results presented

in Fig. 6 for increasing molar amounts of Ca3N2. The

increase in apparent porosity with increasing molar

amounts of Ca3N2 gasifying agent is the result of

increased small pore formation, i.e. 0–100 lm.

A slight increase in the distribution of pores within

the target range was observed for increased CaCO3

gasifying agent additions to the TiC-30 wt% Ni3Ti

reaction (Fig. 8). SEM photomicrographs of the TiC-

30 wt% Ni3Ti with CaCO3 gasifying agent are pro-

vided in Fig. 9. The SEM photomicrographs revealed

significant increases in product porosity and pore

interconnectivity that compliments data from Fig. 1,

and no increase in pore sizes falling within the 101–

500 lm range with increasing molar amounts of CaCO3

gasifying agent was observed. In general, all of these

trends demonstrate a variety of observed effects the

gasifying agents have on pore size distribution.

Reaction phenomena proposed earlier (instability

oscillations during the SHS reaction) could be respon-

sible for perturbing steady state combustion front

Fig. 3 SEM
photomicrographs at 250·
magnification of TiC-50 wt%
Ni3Ti with (a) 0.02 moles, (b)
0.04 moles and (c) 0.06 moles
Ca3N2 gasifying agent. The
scale bars represent 250 lm

Fig. 4 Cumulative pore size
frequency distribution as a
function of moles CaCO3

gasifying agent with the
TiC-50 wt% Ni3Ti. The
greatest increase of pores
within the target range
occurred for TiC-50 wt%
Ni3Ti reacted with 0.05 moles
CaCO3
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propagation. These perturbations ultimately give rise to

observed characteristics for the cumulative pore size

distribution. For example, in order to establish condi-

tions necessary to retard a combustion reaction and

incite a pulsating combustion mode, reaction kinetics

must experience variation in the rate of reaction.

Evolution of calcium gas (from Ca3N2) could possibly

incite such variation in that it could serve as a ‘‘heat

sink’’, or diluent, when surrounded by the intermetallic

melt, since it is a metal (i.e. high thermal conductivity).

However, observed results for TiC-50 wt% Ni3Ti

with Ca3N2 gasifying agent do not support this

hypothesis. If calcium gas is acting as a heat sink and

effectively slowing the rate of reaction resulting

in burning velocity perturbations, it is doing so in

conjunction with additional effects unique to this

reaction system, i.e. an increase in volume fraction of

the intermetallic melt during the exothermic SHS

reaction.

Combustion temperature, reaction pressure, burn-

ing velocity and percentage of linear expansion of

the chemical compositions and gasifying agents is

Fig. 5 SEM photomicrographs at 250· magnification of TiC-
50 wt% Ni3Ti with (a) 0.05 moles, (b) 0.10 moles and (c)
0.16 moles CaCO3 gasifying agent. Scale bars in photomicro-

graphs (a) and (c) represent 200 lm while the scale bar in
photomicrograph (b) represents 100 lm

Fig. 7 SEM
photomicrographs at 250·
magnification of TiC-30 wt%
Ni3Ti with (a) 0.03 moles, (b)
0.06 moles and (c) 0.09 moles
Ca3N2 gasifying agent. Scale
bars in the photomicrographs
represent 200 lm

Fig. 6 Cumulative pore size
frequency distribution as a
function of moles Ca3N2

gasifying agent with the
TiC-30 wt% Ni3Ti. The
greatest increase of pores
within the target range
occurred for TiC-30 wt%
Ni3Ti reacted with 0.03 moles
Ca3N2
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presented in Table 1 for the TiC-30 wt% Ni3Ti and

Table 2 for the TiC-50 wt% Ni3Ti. The data presented

in Tables 1 and 2 was obtained from the combustion

synthesis experiments presented in Ref. [11].

Observation of the data presented in Table 1

revealed the following relationships for the TiC-

30 wt% Ni3Ti chemical composition with Ca3N2 gasi-

fying agent: an increase in the moles of gasifying agent

added to the chemical composition increased reaction

pressure, burning velocity, percentage of linear elon-

gation and decreased the cumulative frequency of

pores present within the 101–500 lm target range

(Fig. 6) and pore interconnectivity (Fig. 7). Increasing

the moles of Ca3N2 gasifying agent to the chemical

composition would ideally increase the reaction pres-

sure since more gas is evolved from the gasifying agent.

Burning velocity is increased as molar amounts of

gasifying agent were increased resulting from the syn-

thesis of reactant titanium with the decomposition

product nitrogen from Ca3N2. In other words, although

the Ca3N2 gasifying agent initially acts as a diluent

during the combustion reaction requiring energy to

decompose, some of the energy is recovered due to the

highly exothermic titanium–nitrogen reaction, there-

fore increasing burning velocity. Increased reaction

pressure leads to higher percentages of linear elonga-

tion, and in this case decreased pore interconnectivity.

An increase in percentage of linear elongation should

indicate increased pore interconnectivity as more sur-

face area is exposed for the gas to escape at or ahead of

the reaction front to the environment, therefore raising

reaction pressure observed in the combustion chamber.

However, this is not observed and results from the

lower combustion temperature with the highest molar

amount of Ca3N2 gasifying agent that increased vis-

cosity of the melt present in the combustion wave,

thereby decreasing pore interconnectivity. Further-

more, since the combustion wave is much faster for this

case the gas pockets in the viscous combustion wave do

not have much time to agglomerate forming larger

pores, resulting in decreased cumulative frequency of

pores within the target range.

Similarly, observation of data presented in Table 1

revealed the following relationships for the TiC-

30 wt% Ni3Ti chemical composition with CaCO3 gas-

ifying agent: an increase in the moles of gasifying agent

added to the chemical composition increased reaction

pressure, percentage of linear elongation, cumulative

Fig. 9 SEM
photomicrographs at 250·
magnification of TiC-30 wt%
Ni3Ti with (a) 0.08 moles (b)
0.17 moles and (c) 0.25 moles
CaCO3 gasifying agent. Scale
bars in the photomicrographs
represent 200 lm

Fig. 8 Cumulative pore size
frequency distribution as a
function of moles CaCO3

gasifying agent with the
TiC-30 wt% Ni3Ti. The
greatest increase of pores
within the target range
occurred for TiC-30 wt%
Ni3Ti reacted with 0.17 moles
CaCO3
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frequency of pores present within the 101–500 lm

target range (Fig. 8), pore interconnectivity (Fig. 9)

and decreased burning velocity. Reaction pressure and

percentage of linear elongation relationships are the

same as those presented for the TiC-30 wt% Ni3Ti

with Ca3N2. However, burning velocity decreased with

increased molar amounts of CaCO3 because this gasi-

fying agent acts purely as a diluent removing energy

from the combustion reaction, with no additional syn-

thesis between the reactants and decomposition prod-

ucts. Similar to the Ca3N2 gasifying agent, the highest

molar amount of CaCO3 with TiC-30 wt% Ni3Ti has

the lowest combustion temperature that increased melt

viscosity. However, since burning velocity is much

slower for this case, the gas pockets have time to

agglomerate together in the molten reaction front

forming larger pores and resulting in increased cumu-

lative frequency percent of pores within the target

range. Pore interconnectivity increased because overall

pore size was increased.

Observation of data presented in Table 2 revealed

the following relationships for the TiC-50 wt% Ni3Ti

chemical composition with Ca3N2 gasifying agent: an

increase in the moles of gasifying agent added to the

chemical composition increased combustion tempera-

ture, burning velocity, percentage of linear elongation,

decreased cumulative frequency of pores present

within the 101–500 lm target range (Fig. 2) and pore

interconnectivity (Fig. 3), and gave rise to variable

reaction pressure. Reaction pressure and percentage of

linear elongation relationships are the same as those

presented for the TiC-30 wt% Ni3Ti cases. The

increase in combustion temperature and burning

velocity are again the result of the highly exothermic

titanium–nitrogen reaction resulting from decomposi-

tion of Ca3N2. Since burning velocity increased with

increased molar amounts of gasifying agent gas pockets

in the less viscous reaction front (higher combustion

temperatures) do not have much time to agglomerate

to form larger pores, resulting in decreased cumulative

frequency of pores within the target range.

Finally, observation of data presented in Table 2

revealed the following relationships for the TiC-

50 wt% Ni3Ti chemical composition with CaCO3 gas-

ifying agent: an increase in the moles of gasifying agent

added to the chemical composition increased combus-

tion temperature, reaction pressure, burning velocity,

percentage of linear elongation, pore interconnectivity

(Fig. 5) and decreased cumulative frequency of pores

present within the 101–500 lm target range (Fig. 4).

Relationships for reaction pressure, percentage of lin-

ear elongation, cumulative frequencies of pores in the

target range and pore interconnectivity is similar to

those already presented. However, the TiC-50 wt%

Ni3Ti with CaCO3 has a different trend for combustion

temperature and burning velocity than the TiC-

30 wt% Ni3Ti with CaCO3. These differences were

attributed to the thermal properties of the chemical

compositions and the decomposing CO2 gas in Ref.

[11]. In addition, since decomposition molar amounts

are lower for the TiC-50 wt% Ni3Ti than the TiC-

30 wt% Ni3Ti, less energy is removed from the system

by the inert decomposition products that act as a dil-

uent in the system.

Microstructural analysis of the final products was

presented in Ref. [11], however it should be pointed

Table 1 Combustion
temperature (Tc), reaction
pressure (P), burning velocity
(v) and percentage of linear
elongation (Dl/l) for the TiC–
30 wt% Ni3Ti and gasifying
agents [11]

Moles of gasifying agent Tc (oC) P (kPa) v (mm sec-1) Dl
l

� �

0.03 Ca3N2 2272 153.6 8.02 11.6
0.06 Ca3N2 2347 153.6 7.01 15.7
0.09 Ca3N2 2266 154.5 9.42 18.1
0.08 CaCO3 2289 134.8 6.26 11.1
0.17 CaCO3 2360 142.9 5.27 22.9
0.25 CaCO3 2245 149.4 4.67 23.2

Table 2 Combustion
temperature (Tc), reaction
pressure (P), burning velocity
(v) and percentage of linear
elongation (Dl/l) for the
TiC-30 wt% Ni3Ti and
gasifying agents [11]

Moles of gasifying agent Tc (oC) P1 (kPa) v (mm sec-1) Dl
l

� �

0.02 Ca3N2 1784 135.3 2.40 2.7
0.04 Ca3N2 1901 101.9 2.42 1.2
0.06 Ca3N2 1942 119.1 4.46 7.9
0.05 CaCO3 1753 65.8 1.82 -0.3
0.10 CaCO3 2017 85.8 3.17 6.1
0.16 CaCO3 2132 123.4 3.81 8.1
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out as a side note that excess nickel was present in the

final product of the TiC-30 wt% Ni3Ti chemical

composition and Ca3N2 gasifying agent. The excess

nickel resulted from reaction of titanium with the

nitrogen decomposition product. Conversely, CaO was

observed in the final product for the TiC-50 wt% Ni3Ti

and CaCO3, as expected since CaO is a decomposition

product. Trace amounts of CaO were also observed for

the TiC-50 wt% Ni3Ti with Ca3N2 that suggests all of

the calcium gas did not escape the sample and oxidized

after exposure to air. This was not necessarily observed

for the TiC-30 wt% Ni3Ti with Ca3N2 suggesting that a

majority, i.e. >95% (XRD), of the gas did escape the

sample (higher apparent porosities). These notes

support the analysis provided above.

Although examinations presented in this paper did

not provide a significant increase to pore sizes falling

within a 101–500 lm range, speculations can be drawn

from these results as to how a specific increase within

this range can be obtained. For example, the physico-

chemical properties of the gasifying agent have been

shown to be extremely important. It is apparent that

the amount of gas, viscosity of the melt and burning

velocity of the reaction are extremely important to

forming larger pores. For example, a gasifying agent

that produces ‘‘heavier’’ gas thereby increasing reac-

tion pressures might be ideal, although safety and

elemental reactions must be considered. Furthermore,

the timing for release of the gas has been shown to be

important through results within this paper. A

decomposition temperature that is closer to the com-

bustion temperature of the reaction might produce

larger pores, as more of the gaseous decomposition

product would be entering the viscous reaction front. A

diluent could be added to the reactant stoichiometry to

further control both reaction front viscosity and com-

bustion temperature to additionally aid in formation of

larger pores.

Conclusions

Addition of Ca3N2 and CaCO3 gasifying agents

increased final product porosity with increasing molar

amounts of gasifying agent for both chemical compo-

sitions investigated (TiC-30 wt% Ni3Ti and TiC-

50 wt% Ni3Ti). Final product porosity produced with

these additives represent the general target range of

40–60% porosity for bone replacement materials. Pore

size frequency percent was not significantly increased

in the range of 101–500 lm for the TiC-50 wt% Ni3Ti

with CaCO3, TiC-30 wt% Ni3Ti with Ca3N2 and TiC-30

wt% Ni3Ti with CaCO3. However, pore size frequency

was significantly increased in the range of 101–500 lm

for TiC-50 wt% Ni3Ti with Ca3N2, giving rise to the

conclusion that this chemistry represented the best

observed conditions for yielding pores within the target

pore size range. Reaction phenomena, and any possi-

ble correlation between reaction phenomena and a

pulsating combustion mode, could contribute to the

observed increase in pore size frequency in the range

of 101–500 lm.
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