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must be capable of initiating a chemical reaction and (2) the
Ball milling induces self propagating high temperature reac- heat generated by the mechanical action and the chemical

tions in many highly exothermic powder mixtures. This phe- reaction locally must be sufficient to start a combustion
nomenon has been studied in a variety of reactions with tita- wave, which can propagate into adjoining material outside
nium, zirconium, and hafnium. Several oxides (CuO, Cu2O, the impact zone. The first condition can be investigated
NiO, Fe3O4, and ZnO) were reduced with Ti, Zr, and Hf and in terms of the principles of mechanochemistry (16); the
the borides, carbides, silicides, and sulfides of these metals were second part of the process is described by the theory ofprepared from elemental mixtures. The ignition time is much

SHS reactions (14). Whether these conditions are met de-shorter with Zr than with either Ti or Hf whenever oxygen or
pends on many elementary processes. They include struc-sulfur is involved in the reaction, but no similar variation is
ture refinement by mixing, deformation, attrition, and coldobserved for the formation of borides, carbides, and silicides.
welding (17, 18); the formation of lattice defects (19);It is suggested that the fast diffusion of oxygen in ZrO2 and very

likely of sulfur in ZrS2 are responsible for this behavior.  1996 chemical reactions at the interfaces (20); and heat conduc-
Academic Press, Inc. tion (21). The dynamics of the mill (22, 23), and the me-

chanical (24) and thermochemical (9) properties of the
reactants must be considered.

INTRODUCTION The exothermicity of a reaction is usually described in
terms of the adiabatic temperature. It is defined as the

Combustion has been initiated by ball milling in a variety temperature increase due to the reaction heat, if the reac-
of highly exothermic reaction mixtures. The formation of

tion takes place in an isolated system. A combustion wavemetal chalcogenides (1, 2), NiAl (3), MoSi2 (4, 5), Ti car-
can propagate if the heat generated by the reaction in-bides (6), and TiB2 (7) from their elemental components
creases the temperature above a critical value, sufficient toaccelerates during ball milling to become a self-sustained
initiate further reaction in a neighboring unreacted volumehigh temperature reaction. Mechanochemical reactions be-
element. If heat conduction is neglected, the condition oftween a reactive metal and the oxide (8–12) or chloride
combustion can be stated as a requirement that the adia-(13) of another metal can also become combustive.
batic temperature exceeds a critical value (9). As expected,During the first phase of the process, milling results in
the adiabatic temperature also correlates with the activa-attrition, mixing, and mechanochemical activation of the
tion time before the ignition of combustion. If the otherreactants. At some point ignition occurs and the reaction
properties of the reactants and the milling conditions arecontinues as a self propagating high temperature synthesis
similar, ignition usually occurs more easily, i.e., after a(SHS) (14). Understanding the ignition process and esti-
shorter milling time, in the more exothermic reaction mix-mating the activation time before ignition is of considerable
ture. However, this correlation fails in many cases, indicat-interest. Combustion and the resulting high temperatures
ing that other properties must also play an important rolehave to be avoided in most mechanochemical syntheses, for
(12). An interesting example is the combination reaction ofexample if metastable or energetic materials are prepared.
Zn and S as a function of composition. While the adiabaticMechanical activation can also be combined with an SHS
temperature is obviously the highest at the composition ofreaction. In that case, the process is easier to control if the
the only product phase, ZnS, the shortest activation timeactivation and combustion steps are physically separated
was measured at the molar ratio of Zn/S 5 2 (25).(15).

Although the adiabatic temperature is not the only pa-The ignition of combustion during ball milling is a very
rameter controlling the initiation of combustion, it is usu-complicated phenomenon. Two general conditions have

to be met: (1) the mechanical action of an individual impact ally the dominant one. Therefore, in order to study the
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role of any other material property, reactions with similar temperature. Of course, neglecting the latent heats results
in unrealistically high ‘‘temperatures’’ with no direct physi-thermodynamic parameters must be compared. Simple

combination and displacement reactions with the metals cal significance. The true adiabatic temperature has to be
calculated if not only ignition but also the propagation andof the IVB column of the periodic table, Ti, Zr, and Hf, are

especially promising: These metals participate in reactions products of the reaction are studied. An advantage of using
DH/C is the availability of dependable data; the very highwith identical stoichiometries, the reaction heats are very

similar. Many of their reactions are exothermic enough to temperature properties needed to evaluate adiabatic tem-
peratures are often not known or they may be inaccurate.support combustion. For example, if the oxide of a less

reactive metal is reduced with one of the IVB metals, the
driving force of the reaction equals the difference between EXPERIMENTAL
the enthalpies of formation of the two oxides. The enthal-
pies of formation for TiO2 , ZrO2 , and HfO2 , are 2472, The milling experiments were performed using SPEX

8000 Mixer/Mills (SPEX Industries, Inc.) and round bot-2550.5, and 2559 kJ/mole of oxygen atom, similar to each
other and much larger than the corresponding values for, tom hardened steel vials. The starting powders and steel

balls were placed into the vial in an argon-flushed glovee.g., Fe3O4 and CuO, 2277 and 2162 kJ/mole of oxygen
atom (26). The similarities go well beyond reaction heats. box to avoid excessive oxidation. The following materials

were used: Ti (99.9%, 2100 mesh), Zr (99%, 2325 mesh),Each metal of the IVB column has the same hcp crystal
structure at room temperature and transforms to bcc at Hf (99.5% except for 2–3% Zr, 2325 mesh), CuO (99%,

2200 mesh), Cu2O (97%, 2325 mesh), NiO (99%, 2325elevated temperature. Their mechanical and chemical
properties—especially those of Zr and Hf—are very simi- mesh), Fe3O4 (97%), ZnO (99.8%, 2325 mesh), B (99.99%,

2325 mesh), C (99.5%, 2300 mesh), Si (99.5%, 2325lar. The equilibrium phase diagrams are also similar for
Ti, Zr, and Hf containing systems (27). mesh), and S (precipitated, 260 mesh). All materials were

obtained from Johnson Matthey. For combination reac-Preliminary investigations have shown that the mecha-
nochemical reduction of Fe3O4 and Cu2O is combustive tions, the molar ratio of the reactants corresponded to the

reaction stoichiometry. In order to compensate for oxygenwith all three IVB metals, and the activation times are an
order of magnitude shorter with Zr than with either Ti or contamination, the quantity of the reducing metal was in-

creased by 10% for the displacement reactions.Hf (28). It was suspected that this surprising difference
originated from the fast oxygen diffusion in ZrO2 . Con- The progress of the reactions was monitored by measur-

ing the temperature with a type K thermocouple attachedtrasting behavior was observed by Park et al. during the
mechanochemical synthesis of diborides from elemental to the outside surface of the vial. The ignition of combus-

tion is indicated by a sudden increase in the temperature.mixtures (7). Combustion was observed during the prepa-
ration of TiB2 , but ZrB2 formed with gradual kinetics. In some experiments, several thermocouples were attached

to different parts of the milling vial. The temperature jumpIn order to elucidate the reasons for this behavior, a set
of mechanochemical reactions was investigated. Several was recorded within one second by all thermocouples.

Combustion generates audible sound, which is also noticedoxides—CuO, Cu2O, NiO, Fe3O4 , and ZnO—were re-
duced with Ti, Zr, and Hf. The large variation of the en- at the same moment when the sudden temperature increase

is recorded. The time from starting the mill to the suddenthalpy of formation from CuO to ZnO results in a wide
range of driving forces of the reactions. The mechanochem- temperature increase—the ignition time—is the primary

quantity discussed in this paper. The reproducibility of theical preparation of borides, carbides, silicides, and sulfides
was also investigated. An initial account of this work was ignition times is usually better than 10%, except for the

fastest reactions.presented earlier (29).
The reaction heat normalized to one mole of nonmetal, The number and size of the milling balls was chosen to

obtain convenient milling times (between about 5 min andDH, and DH/C, a simplified ‘‘adiabatic temperature,’’ are
listed in Table 1 for the investigated reactions. Here C is 1 h in most cases.) Much shorter activation times are diffi-

cult to measure accurately. The large (L), medium (M),the room temperature heat capacity of the products. The
thermodynamic parameters were taken from Ref. (26); and small (S) ball sizes refer to 12.7 mm, 9.52 mm, and 6.4

mm diameters, the most typical choices were 3 L, 5 M, ordata were not available for the formation of HfS2 , ZrSi,
and HfSi. (The room temperature heat capacity of TiC is 5 L balls. The mass of the powder charge was 3 g in most

experiments. In the case of the metal–boron mixtures, aunreasonably large in Ref. (26). This is probably a misprint;
the value given by Ref. (30) is used instead. The agreement series of experiments with constant nominal reactant vol-

ume was also performed.between the two sources is good for the other two car-
bides.) The quantity DH/C is calculated instead of the true The phase composition of the reaction products was

investigated by X-ray diffraction using a Philips X-ray gen-adiabatic temperature. This is acceptable, as this parameter
is used only to characterize self heating close to room erator, CuKa radiation, and a vertical goniometer. Either
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TABLE 1
Reaction Heat per Nonmetal, DH, and the Simplified ‘‘Adiabatic Temperature,’’ DH/C, for the

Investigated Reactions

M 5 Ti M 5 Zr M 5 Hf

DH DH/C DH DH/C DH DH/C
Reaction (kJ/mol) (K) (kJ/mol) (K) (kJ/mol) (K)

2CuO 1 M R 2Cu 1 MO2 2310 6000 2389 7400 2397 7300
2NiO 1 M R 2Ni 1 MO2 2232 4300 2311 5700 2319 5700
Fe3O4 1 M R 3Fe 1 2MO2 2195 4200 2273 5800 2282 5800
2Cu2O 1 M R 4Cu 1 MO2 2299 3900 2377 4900 2386 4900
2ZnO 1 M R 2Zn 1 MO2 2122 2300 2200 3700 2208 3700
M 1 2S R MS2 2204 6000 2289 8400
M 1 2B R MB2 2158 7100 2162 6700 2164 6600
M 1 C R MC 2185 5400 2207 5500 2226 6000
M 1 Si R MSi 2129 2900

Note. C is the room temperature heat capacity of the products. Most data are taken from Ref. (26). The heat
capacity of TiC is from Ref. (30).

a NaI scintillation detector or an intrinsic Ge detector was be classified into two groups: (1) Oxidation–reduction re-
actions and sulfidation ignite after a short activation timeused. The contributions of the Ka1 and Ka2 radiations

were not separated. if the metal component is Zr; the ignition times are much
longer with Ti or Hf. The difference is a factor of threeIn order to correlate the ignition times with the thermal

behavior of the reactions, several heating curve measure- or larger, except for the reduction of ZnO. (2) The ignition
time varies monotonically from Ti to Zr to Hf for thements were performed. The powders were mixed thor-

oughly by milling for 3 min with 10 small balls. The mecha- formation of diborides and carbides. When preparing sili-
cides, the ignition time is the shortest with Zr, but thenochemical activation resulting from this treatment is

negligible. Some of the powder mix was placed into a small ignition time with Hf is longer by less than 20%.
Collecting data on a large number of systems is im-length of thin-walled stainless steel tube under argon and

the ends of the tube were sealed by folding them back and portant to facilitate the separation of main trends from
pressing with a hydraulic press. The sample obtained this
way was heated in a tube furnace while its temperature
was recorded with a thermocouple.

RESULTS

The vial temperature measured during the mechano-
chemical reduction of Fe3O4 with Zr is shown in Fig. 1 as a
function of milling time. Similar curves have been obtained
during all reactions. The instant of ignition is clearly indi-
cated by the abrupt temperature increase; the time from
the start of milling to this moment is defined as the ignition
time, Tig . The two curves represent temperatures measured
at two different points on the milling vial. The abrupt
temperature increase occurs within the same one-second
sampling interval at both points. The shapes of the two
curves are quite different, indicating large temperature
differences during and immediately after combustion.

The ignition times are given in Table 2 for the mechano-
chemical reactions investigated in this work. The size of
the powder charge and the number and size of the milling FIG. 1. The temperature measured at the top and at the bottom of
balls are also given. Ignition times obtained under different the milling vial during the mechanochemical reduction of Fe3O4 with Zr.

The insert shows the point of ignition on a finer time scale.conditions cannot be compared directly. The reactions can



78 L. TAKACS

TABLE 2
Activation Time before the Ignition of Combustion, Tig, for Several Reactions

with Ti, Zr, and Hf.

Milling
conditions Tig (sec)

Reaction Powder Balls M 5 Ti M 5 Zr M 5 Hf

2CuO 1 M R 2Cu 1 MO2 3 g 3 L 60 15 50
2NiO 1 M R 2Ni 1 MO2 3 g 3 L 570 90 470
Fe3O4 1 M R 3Fe 1 2MO2 3 g 3 L 570 50 130
2Cu2O 1 M R 4Cu 1 MO2 3 g 3 L 1730 60 1980
2ZnO 1 M R 2Zn 1 MO2 3 g 3 L 5860 3160 4500
M 1 2S R MS2 3 g 5 M 8820 17 250
M 1 2B R MB2 3 g 5 M 3600 2760 1850
M 1 C R MC 3 g 5 L 3120 2570 2180
M 1 Si R MSi 3 g 5 L 1620 840 1030
2Cu2O 1 M R 4Cu 1 MO2 3 g 10 S 5860 400 4800
Fe3O4 1 M R 3Fe 1 2MO2 6 g 6 L 1190 110 320
M 1 2B R MB2 0.334 cc 5 M 1260 1840 1850

Note. Large (L), medium (M), and small (B) balls refer to 12.7 mm, 9.52 mm, and 6.4
mm diameters.

secondary details and experimental artifacts. In this way, (e.g., with CuO) and during the faster reactions with Zr,
which allow less time for heat loss to the milling tools. (2)data from several rows or columns of Table 2 can be com-

pared to test the validity of relationships. Monoclinic ZrO2 or HfO2 are the main oxide products
when the reducing metal is Zr or Hf. Titanium can formX-ray powder diffraction phase analysis has been per-

formed on all reaction products. The samples represent a a variety of oxides; rutile (tetragonal TiO2) or monoclinic
Ti3O5 dominate depending on the other component. (3)rather ill-defined state after the high temperature reaction

and some additional milling. Yet, they reflect the differ- Many diffraction lines could not be identified. Probably
most of them originate from mixed oxides. As these sam-ences between the investigated systems. The products may

also give clues concerning the route of the reactions. In ples are always mixtures of several phases, they are not
suitable for the identification of new phases.some cases, milling was interrupted shortly before the mo-

ment when ignition was expected to occur, and the phase The simplest diffractograms have been obtained after the
combustive mechanochemical reactions with carbon (Fig.composition of the sample was investigated in this ‘‘criti-

cal’’ pre-combustion state. Some typical results are shown 3.) NaCl type carbides are the only product phase, except
for some unreacted Hf. This is not particularly surprising.in Figs. 2–5.

The X-ray powder diffraction patterns obtained after These carbides are stable within a wide composition range
below 50% (27); they can probably also accommodate impu-the combustive mechanochemical reduction of Fe3O4 with

Ti, Zr, and Hf are shown on Fig. 2. The samples contain rities without the formation of new phases. The lattice pa-
rameters are slightly smaller than those given by the JCPDSa small amount of unreacted metal and Fe3O4; the main

products are Ti3O5, ZrO2 , or HfO2, relatively little a-Fe cards. The difference, 0.17, 0.19, and 0.30% for TiC, ZrC,
andHfC,suggestscarbon deficiency(30).Thebroadeningofis found. The product with Ti contains an unidentified

orthorombic phase (a 5 3.716 Å, b 5 4.271 Å, c 5 6.277 the diffraction lines reflects small particle size (and probably
lattice strain) induced by the continued milling after com-Å), probably a mixed oxide. The products with Zr and Hf

also contain an unidentified phase, but only two lines are bustion. Differences in the length and intensity of milling
resulted in different linewidths for the three carbide sam-well-resolved (at 30.48 and 43.28) and this information is

not sufficient to identify the structure. ples. The broadest lines were observed in the case of HfC.
The integral breadth method revealed that small particleThe results on the other oxide systems are qualitatively

similar. The following general observations can be made: size is the dominating source of line broadening; the esti-
mated average diameter is about 200 nm.(1) The reactions are not complete; some unreacted metal,

mixed oxide, and/or Fe3O4 are present. Higher reaction The diboride samples are dominated by the expected
product phase, but they also contain unidentified impuritytemperatures result in more complete reactions. The tem-

perature is higher during the more exothermic reactions phases. The reason is that the diborides are essentially line
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FIG. 2. X-ray powder diffractograms after the combustive reduction of Fe3O4 with Ti, Zr, and Hf. Unreacted Ti, Zr, and Hf (s); Ti3O5 , ZrO2 ,
and HfO2 (1); and some a-Fe (vertical dotted lines) were identified in each sample. The product with Ti also contains some unreacted Fe3O4 (3)
and an unidentified orthorombic phase (d). Some lines of the products with Zr and Hf (e.g., the ones at 30.48 and 43.28) could not be identified.

compounds (27), which cannot accommodate impurities behavior may be the low boiling temperature of sulfur.
When the reaction begins, the temperature at the Zr–Sor off-stoichiometry. The diffraction pattern of ZrB2 is
interface increases and the sulfur evaporates, thereby sepa-shown on Fig. 4 as an example. The upper curve was mea-
rating the reactants. It is remarkable that the ignition timesured on a Zr–B mixture milled for about 90% of the
is much shorter with Zr than with either Ti or Hf, similarlyexpected ignition time. It is dominated by the broadened
to the oxidation–reduction reactions, in spite of this un-lines of Zr except for a minor shoulder at 32.48. Obviously,
usual behavior (Table 2).very little if any chemical change took place during the

The thermal initiation of explosive solid state reactionsmechanical activation period.
was studied in mixtures of Fe3O4 and CuO with Ti, Zr, andThe powder diffractograms of the Ti–S and Zr–S reac-
Hf. Typical heating curves are shown on Figs. 6 and 7. Thetion products are shown on Fig. 5; the result for the Hf–S
reproducibility of the ignition temperatures was only aboutsystem is almost indistinguishable from the Zr–S pattern.
508C due primarily to variations in the packing of the pow-Both samples are dominated by unreacted metal and sul-
der. In spite of this uncertainty, the much lower ignition tem-fur. Not a single resolved titanium sulfide line could be
perature of the Zr containing mixtures is apparent with bothfound, and the presence of zirconium sulfide (probably
oxides. Ignition did not occur in CuO–Hf mixtures up toZr3S2) is indicated only by two moderately intense lines
10208C. Measurements were also attempted on metal–near 308 and 408. This surprising result indicates that com-
sulfur and metal–boron mixtures. Unfortunately, sulfurbustion was limited to a small fraction of the sample volume
boiled off the sample before combustion and the ignitionand very little reaction product was formed. The tempera-
temperature of boride formation exceeded the maximumture increase measured on the surface of the vial was also
temperature of the furnace used in these experiments.very small, smaller than for most combustion reactions.

As the formation of sulfides is the most exothermic group DISCUSSION
of reactions in this study, the small temperature increase
is quite unexpected but it is consistent with the incomplete The first phase of mechanochemical reactions involves

attrition, mixing, and mechanochemical activation. As X-reactions found by X-ray diffraction. The reason for this
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FIG. 3. X-ray powder diffractograms of the product after combustive mechanochemical reaction of Ti, Zr, and Hf with carbon. All the main
diffraction lines originate from cubic TiC, ZrC, and HfC. A very small amount of unreacted Hf is present.

ray diffraction measurements performed on samples taken the ignition time (Table 2) are discussed before considering
any other property.shortly before ignition indicate, very little chemical change

The largest consistent set of ignition time data has beenoccurs during this phase (see Fig. 4a and Refs. (2, 10)). At
collected on displacement reactions with oxides using 3 g ofsome point the reaction rate starts to increase. It may
powder and 3 L balls. The results are plotted as a functioncontinue as a faster, but still gradual reaction, or ignition
of DH/C in Fig. 8. The most obvious trend is the expectedmay occur. Combustion may extend to a single particle
decrease of the ignition time for the more exothermic reac-only and remain undetected, or it may propagate through
tions. The lower adiabatic temperatures may also partly ex-the volume of the powder. The investigation of the changes
plain why the ignition times are longer for the reactions withleading to ignition contributes to understanding the pro-
Ti than with Zr. This explanation has to be taken with cau-cesses during the activation time in combustive and non-
tion, though, because there is little overlap between the datacombustive reactions alike.
for Ti and Zr. If the data points representing the reduction
of CuO with Ti (the most exothermic reaction with Ti) andCorrelation between Ignition Time
the reduction of ZnO with Zr (the least exothermic reactionand Thermodynamic Parameters
with Zr) are removed, a wide gap remains between the re-

Amongtheparameters influencing theactivationtimebe- sults for Ti and Zr. The ignition times of the reactions involv-
fore ignition, the thermochemical properties of the reaction ing Hf are significantly longer, and the difference cannot be
are the most significant. The reaction heat is the driving explained by thermodynamic differences. (This difference
force of the process; DH/C—the simplified ‘‘adiabatic tem- is not an artifact caused by oxidation or an impurity in the
perature’’—describes self heating, which is a key element hafnium starting powder. Such a problem would also influ-
of the propagation of combustion. In fact, a minimum adia- ence the ignition times of boride and carbide formation,
batic temperature is often used as a simple necessary condi- where a similar variation is not observed.)

Thermodynamic parameters can also explain sometion of combustion in SHS processes (9). Therefore, correla-
tions between the thermodynamic parameters (Table 1) and trends of the combination reactions. The formation of car-
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FIG. 4. X-ray powder diffractograms immediately before (upper curve) and after (middle curve) the combustive reaction between zirconium
and boron. All lines of the upper curve, except the shoulder at 32.48, originate from unreacted zirconium. The main lines of the middle curve
originate from hexagonal ZrB2 . The lower curve presents the same diffraction pattern on a more sensitive scale to show the weak lines of the
impurity phase(s).

bides is less exothermic than the formation of diborides. a process is the diffusion of the nonmetal in the product
phase. CaO stabilized ZrO2 is used as a solid electrolyte,As a consequence, higher milling intensity—larger milling

balls—were needed to achieve comparable ignition times. based on the fast diffusion of oxygen ions (31). The diffu-
The reactions involving Ti are usually somewhat less exo- sion coefficient of oxygen is also anomalously large in ZrO2

thermic than the reactions with either Zr or Hf. The only (32) and very likely sulfur diffuses easily in ZrS2. On the
exception is the formation of TiB2, which is more exother- other hand, the diffusion coefficients of B in borides and
mic than the formation of ZrB2 or HfB2 . This fact can C in carbides are not drastically different for Ti and Zr
explain why combustion could be induced with Ti but not compounds (32, 33). This difference correlates well with
with Zr during Park’s attempt to prepare diborides via the observed trend of the ignition times.
lower energy ball milling (7). The ignition time observed Available data on diffusion coefficients were collected
in our constant volume series of diboride preparation is and related to the systematics of ignition times earlier (29).
also much shorter with Ti than with Zr or Hf. The low Instead of using experimental diffusion coefficients, the
value of DH/C fails to explain the relatively short ignition structure of the appropriate compounds will be compared
times for silicide formation. in this discussion. More open structures usually allow for

faster diffusion. An advantage of this approach is the avail-
The Role of Diffusion

ability of accurate data. It also circumvents the problem
of using bulk diffusion data for a case where the presenceThe very short ignition times for the reactions of Zr with
of lattice defects influences diffusion significantly.oxides and with sulfur but not with B, C, and Si cannot

The atomic diameters usually increase down the columnsbe explained by differences of the thermochemical parame-
of the periodic table, but column IVB is a notable excep-ters. The explanation has to include a process which (a)
tion. Zr is larger than Ti as expected, but Hf, being immedi-distinguishes Zr from Ti and Hf and (b) relates to its
ately after the lanthanides, is smaller than Zr, in spite ofinteraction with other elements, promoting fast reactions
the much larger number of its electrons. The atomicwith oxides and sulfur but not with boron and carbon. Such
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FIG. 5. X-ray powder diffraction after the combustive reaction of sulfur with Ti and Zr. The line positions of Ti or Zr (s) and S (1) are indicated.

volumes in hexagonal Ti, Zr, and Hf are 17.7, 23.3, and the metal atom from the volume of a compound molecule,
the effective volume per nonmetal atom can be calculated.22.1 Å3, respectively. The volume per formula unit varies
Lattice structure data were taken from Ref. (34); the resultssimilarly for any set of Ti, Zr, and Hf compounds, being
for MO2 , MS2 , MSi, MB2 , and MC (M 5 Ti, Zr, or Hf)the largest for the Zr compound. However, this variation
are shown in Fig. 9. The atomic volumes of oxygen andconceals a more subtle trend. Subtracting the volume of
sulfur are the largest in the Zr compounds, indicating that
the structure of these compounds is more open than the
structure of Ti and Hf oxides and sulfides, allowing for
faster diffusion. This difference is in addition to the size
difference of the metal atoms. No similar trend exists for
the borides, carbides, and silicides. (The ignition time is
slightly shorter for the Zr–Si mixture than for the Ti–Si
and Hf–Si mixtures. An analysis of reaction heats and
phase relationships may rationalize the difference; diffu-
sion is probably not the explanation.)

The different diffusion rates in Ti, Zr, and Hf oxides
should influence the kinetics of ordinary solid state reac-
tions, not only the ones induced by mechanical activation.
Much shorter ignition times were indeed found when
Fe3O4 and CuO were reduced with Zr, rather than Ti or
Hf (Figs. 6 and 7.) The thermal ignition of explosive reac-
tions was analyzed by Atzmon (35). He showed that not
only diffusion through the product layers but also through
interfacial diffusion barriers needs to be considered when
describing self-sustained reactions.FIG. 6. Heating curves for powder mixtures of Fe3O4 with Ti (full

line), Zr (dot-dashed line), and Hf (dashed line). Diffusion influences the ignition of combustion in several
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FIG. 9. Atomic volume per nonmetal for the dioxides, diborides,
carbides, monosilicides, and disulfides of Ti, Zr, and Hf.

FIG. 7. Heating curves for powder mixtures of CuO with Ti (full
line), Zr (dot-dashed line), and Hf (dashed line).

sites. The mechanical properties of Ti, Zr, and Hf are
similar; the variation across the rows of Table 2 may not
originate from differences in hardness or ductility.

ways. General thermodynamic considerations show that in- Some peculiarities of the ignition time data of Table 2
terdiffusion at the interface is a prerequisite of the nucle- remained unexplained. The ignition times for the reduction
ation and growth of any new phase (36). Diffusion occurs at of NiO and Fe3O4 are equal with Ti, but there is a large
the impact site both during and following the collision of the difference if Hf is the reducing metal. The difference be-
milling balls. Matter transport is also one of the key pro- tween Zr and the other two IVB metals is extremely large
cesses during the propagation of the combustion wave (14). for the reduction of Cu2O but small for the reduction of

The ignition of combustion also depends on the mechan- ZnO. The reactions with Si are relatively fast compared
ical properties of the reactants (37). Overly ductile materi- to the formation of carbides. The explanation of these
als tend to form large particles and cover the surface of features requires further investigations.
the balls and the milling container, thereby decreasing the

X-Ray Diffraction Phase Analysisefficiency of milling. On a microscopic level, higher ductil-
ity promotes the formation of interfaces between the com-

Although the results of the X-ray diffraction phase anal-
ponent particles. On the other hand, the collision between

ysis show a variety of interesting behaviors, these are
hard particles may result in more highly excited reaction

largely unrelated to the variation of the ignition time. The
displacement reactions with oxides are often incomplete,
and intermediate mixed oxides are formed in many sys-
tems. The monocarbides have a broad stability range; the
diborides are practically line compounds; the IVB metal–
silicon phase diagrams include a large number of com-
pound phases with a variety of compositions and crystal
structures. As a consequence, the carbide products are
single phase, the boride products are dominated by the
diborides but contain impurity phases, and the reactions
with silicon produce complicated mixtures of several
phases, none of them dominant. These differences in phase
composition do not seem to influence the variation of the
ignition time.

The case of sulfide formation is particularly interesting.
Combustion does occur, but it extends only to a small
fraction of the sample volume, probably due to the easyFIG. 8. Ignition time as a function of DH/C for the reduction of
evaporation of sulfur. As shown recently (38), the re-oxides with Ti (3 and full line), Zr (1 and dot-dashed line), and Hf (s

and dashed line). maining unreacted powder makes a series of combustion
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24. C. C. Koch, Annu. Rev. Mater. Sci. 19, 121 (1989).the diffusion of oxygen or sulfur are very fast if the metal
25. L. Takacs and M. A. Susol, Mater. Sci. Forum, in press.
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Francisco, 1994.
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