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The kinetics of the solid-state reaction between zirconium powder and the -_ 
oxidant MOO, was investigated by both isothermal and DTA methods. The reaction 

is a two-stage process in which the -MOO, is first reduced to MOO, and then to I&IO. 

The isothermal kinetic study, performed between 440 and 475°C revealed that the 

first-stage reaction is diffusion controlled at the lower temperature but changes to a 
kineticaily controlled mechanism at the higher temperature. The reaction rate was 

found to obey the Tammann equation from which rate constants at the various 
temperatures were obtained which produced an activation energy of 40 kcaI mol- ‘. 
A similar value was obtained by calculation of the activation ener= from binding 
energy considerations. 

A kinetic anaIysis of the DTA curve, in which therma activity is first observed 

above 475”C, revealed that the data foliow the Freeman-Carroll equation from which 

an activation ener,g, of about 65 kca.I mol- * was caiculated for both the first- and 

second-stage processes and that, in the temperature range above 500%, the reaction 

is kineticahy cornroiled. An argument, based on the thermal theory of ignition of 
condensed systems, is presented which tends to confirm the value of activation energy. 

Analysis of the 

produce a good 

DTA cun’e in tern.; of a diffusion controlled mechanism failed to 

correlation. 

Exothermic reactions of the type 3Zrf2Mo0, + 3ZrO,+Mo in which the 

reaction may occur at a measurable rate in a muItistage process and which can i-&e 
and react propagatively in a combustion process, depending on the temperature, are, 

in many instances, solid-state reactions in the preignition regime’. The measurement 

and interpretation of the solid-state reaction kinetics of metal-oxidant powder 
mixtures of this type has received little attention in the literature. Spice and Staveley’ 

showed that the prei_@ion reaction between iron and barium peroxide is a true 

*Presented at the 4th North American Thermal AnaIysis Society Meeting, Worcester, Mass., 
June 13-15, 1973. 
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solid-state process and deduced from a consideration of the kinetics that the process is 
not diffusion controhed. In contrast, Schwab and GerIach3 investigated the reaction 
betwc-n germanium and molybdenum trioxide and showed that the reaction is 
diffusion controlled- 

This laboratory has been involved in a study of the reaction of several metal 
powders with molybdenum trioxide to identify the successive reactions that occur and 
to cIarify the mechanism_ An investigation of the kinetics of the two sta_ges of the 
reacti5n of the Zr-&loo, system 

Zr+ MoOj - ZrO, + MOO, 

Zrt MOO, --, ZrOzfMo 

is described here in which analysis of the rate controlling process, kmetic 3r diffusion, 
is made and the use of DTA to obtain kinetic parameters is explored. 

The rates of reaction of the zirconium(3 p)-molybdenum oxide (MOO,) 
mixture under isothermal conditions were determined in the temperature range of 440 
to 475 “C by folIowing the reduction of the Moo3 with time at a given temperature by 
means of infrared spectrophotometry- -Molybdenum trioxide absorbs in the infrared 
at 870 cm- I_ A calibiation curve was obtained for MOO, and showed that the 
absorption by the MOO, foilowed Beer’s Law up to 5% Mo03. Thus, in these 
studies the MOO, content of the KBr pellets was always less than 5%. 

The Zr-Moo, mixture. contained in platinum crucibIes, was sealed into an 
evacuated Vycor tube and heated in a constant temperature furnace for a given length 
of time and then quenched in an ice bath. Representative portions of the heated 
sampIes were then mixed with KBr, pressed into KBr pellets and the percent reaction 
determined from the intensity in MOO, absorption at 870 cm- r. 

Measurement of the rate of consumption of &loo2 was not performed because 
of the inability to measure its concentration in the presence of Moo3 and MO. As a 
resuh, the Zr--Moo, system was investigated by DTA only. 

The thermal znaIysis of the Zr-molybdenum oxide mixtures was carried out 
usinS a LMettIer Thermoanalyzer. Approximately 20 mg of the mixture was heated at 
a rate of IS”C!min in a helium atmosphere at a flow rate of 6 I/h_ Simuhaneous TG 
curves revealed no weight loss during the entire heating period. 

The kinetics of the reaction (1) was studied isothermaIIy at temperatures of 440, 
450,463 and 475X_ The results obtained are presented in Fi_g_ I and show that the 
rate of reaction initially is constant after which it begins to decrease with time. 
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Fig_ I_ Reaction rate vs. time and temperature for the rextion Zn i l!Mo03--;ZnOz f 2MoOz _ 

Rate equations based on a diffusion mechanism according to Jander* (eqn(1)) 

n;r = il --(I -_#!3]2 ‘ (Ii 

and Ginstling and Brounshtein’ (eqn(2)) 

Kogz = 1 -$x--( I -x) 213 (2) 

and an empiricai relation according to Tammann (eqn(3)) 

s=K,logitc (3) 

were used in evaluating the data and calculating the activation ener_e of the reaction_ 
Tn the above equations x is the extent of reaction, I is the time, and I( is a rate constant 
which is temperature dependent_ The Jander equation has a firm theoretical formula- 
tion based on a diffusion mechanism assuming contact between particles to be planar 
and is applicable to a fine particle mixture. The Ginstling and Brounshtein (GB) 
equation is for a diffusion controlled reaction based on a spherical model in which the 
metal powder is embedded in the oxide. The Tammann equation is an empirical 
relation which has been shown to have some validity in describing the kinetics of solid 
state reactions in the transition region between a dil’fusion and kinetic controlled 
mechanism7. 

The activation energies (E) calculated from the Arrhenius equation 

K = A~-WR’ (4) 

for the Jander, Ginstling-Brounshtein and Tammann formulations are 67, 66.7 and 
40 kcal mol- ‘, respectively. The data obtained at the lower temperatures fit Jander 
and Ginsthng-Brounshtein equations, however there was some scatter and poor fit at 
the higher temperatures_ The reverse was observed with the Tammann equation. The 
data obtained at 463 and 475°C adhere to the Tammann equation while at the lower 
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temperature the data did not. This would tend to indicate that there may be a change 
in mechanism as the temperature is raised. The analysis was therefore extended to 
include the equation based on a kinetically controlled mechanism. 

The equation for a first-order kinetically controlled reaction is 

-Kz=In (I-x). (3 

The results of the analysis by the kinetic-and Ginstiing-Brounshtein equations are 
presented in Fig- 2 In these curves the percent reacted is plotted against the reduced 
time, that is, the time divided by the 50 % reaction time, (z;z,,~), according to the 
procedure outlined by Sharp et aL8. The solid line (curve B) is the theoretical curve 
for the GinstEns-Brounshtein equation, which compares favorably with the data 
obt.aineJ at 440 and 450X but which shows some scatter at 463 ‘C. As xvi11 be noted, 
this scatter may be indicative of the change in the reaction mechanism. 

Fig. 2. Percent reacted (2) vs. reduced time (fjr,& for Zn/Mo03 mixture at vxious temperatures. 

The upper half of Fig 2 (curve A) shows the analysis of the data obtained at 
475°C. The solid line is the theoretical curve for the first-order kinetic equation while 
the dashed line is for the Ginstlinz-Brounshtein dilTusion controlled equation_ The 
data at first fit the first-order equation. However, at about 40% reaction, the data 



deviates from the kinetic equation and follows the Ginstling-Brounshtein 
Thus, it appears that the reaction 

Zr+2MoO, + Zro,+2&IoO, 
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equation. 

is diffusion controhed at lower temperatures. At h&her temperatures it is first-order 
kinetically controhed until an oxide coat is formed and then it reverts back to diffusion 
control, i.e., it is in a transition region. 

Budnikov and Ginsthng’ have shown that, under certain conditions, the 
equation describing mixed kinetics reduces to the Tammann eqn (3). This presumes 
that reaction occurs over an extended period of time in which log t is much larger than 
the temperature dependent rate constants and that the diffusion layers are planar, as 
per Jander’s assumption. Nevertheless, it was observed that the isothermal kinetic 
data at 463 and 475 “C fohow the Tammann expression very well_ It therefore appears 
that scatter of the 463 “C data shown in Fig. 2 (curve B) is also indicative of the onset 
of the transition from one mechanistic retime to another_ 

D TA kinetics 

The DTA of a stoichiometric mixture of Zr-Moo, consists of two overlapping 
exotherms as shown in Fig. 3A. The first exotherm is due to the reduction of -MOO, to 
IMOO, and the second to the reduction of the MOO* to elemental MO’. Only the 
second exotherm is obtained when a Zr and MOO, mixture is thermally analyzed 
(Fig. 3B). Bp subtracting the exotherm obtained for the Zr-Moo, reaction (Fig. 3B) 
from the overlapping exotherms in Fig. 3A, the exotherm for the reaction of MOO, 
to MOO, is obtained_ Tf an excess of Zr is reacted with MOO, the curve shown in 
Fis. 4 is obtained in which one exotherm, peaking at 613 “C with a shoulder at a9 ‘C, 
is observed. The shoulder is undoubtedly due to the reduction of -MOO, to MO and 

TEMPERATURE, *C 

Fig. 3. (A) DTA of Zn + Moo3 (stoichiomettic). (ES) DTA of Zn + Moo2 . 
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, 613-z 

Fig. 4. D-I-A of cxcas Zn + Mo03. 

therefore the total curve represents the heat releaseassociated with the overali reaction 

3Zr + 211100, + 3Zr02 + ‘MO 

From the DTA curves, the kinetics of the reduction of iMoO, to MOO, and 

MOO, to MO were deduced using various DTA kinetic expressions. In addition, the 

percent reaction was calculated from the DTA curve and the data were used to 

determine if a diffusion mechanism applies in controlling the reaction rate. 

Kinetically conrrolled equarions 
The DTA kinetic equations used in the analysis are presented in Table I_ Where 

K is the rate constant, AT is *he observed temperature difference between the sample 

and reference substance at temperature T, A is the area under the whole therms1 cume, 

a is the area under the curve up to temperature T, i. is the heating rate, i-, is the peak 

temperature, r’ is the temperature at which the exotherm starts and r, is the sIope of 

the DTA curve. The slopes of the lines obtained from each equation multiplied by R, 

the gas constant, wili yieId a vaIue for E, the activation energy. The intercept of the 

line obtained ;liith the Freeman-Carroll equation is the order of reaction, which in 

these soIid-state reactions were first order. 

The activation ener_gy. obtained for the excess Zrf &Moo, overall reaction 

(Fig_ 4) the MOO, + MOO, reaction and the Zr+MoOz reaction by the various 

equations are tabulated in Table 2. The data show that the most consistent results are 

obtained with the Freeman-CarroIi equation. For the first stage of the reaction, i.e., 

the reduction of iMoO3 to iMoOr, the Freeman and Carroll and Piloyan values were 

approximately the same (61.2 and 64 kcal mol- ‘), while that of Borchardt and 

Daniels is considerably higher (8 I kcal mol- I)_ The values derived from the Freeman- 
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TABLE I 

NON-DIFFUSION EQUATIONS 

Incesligaror Equation PIor Ref- 

Borchardt and DsnicIs K = Ar/(A -a) In K vs. (:;T) 9 

Freeman and CarrolI AIn(AT)=nAInirl-a)-(cR)A(liT) ‘ln(AT) M. ‘(‘IT) IO 
A In (A -a) A In (A -a) 

Kissinger In (ijT'p) = -EjRT,+In AR.‘E 

Pifoyan et al. in (AT) = C- E;RT 

Stammier In r. = C- E:‘RT 

Aff!VATiON ENERGIES OF Zr-MoO= AND Zr-MOO, REACTIONS 

Reaction _-f crirafion energy (X-caI nrcl- ‘) 

Borchardr and Freeman and Piioyan Kissinger Sranmlcr 
Daniek Curroll ef al. 

Zri MoOz+ ZrOzi MO’ 73.6 68.9 53.0 36.6 126 

b 49-a 54-6 352 

Zr+~?cio03+Zr02tMoS 56.4 55.4 50.6 

Zrf?cIo034Zr02+hioOzd 81 61.2 6;: 

‘Reaction of mixture of Zr and Moo2 - bSecond half of two overlapping exotherms (Fig. 5B); 
second stage of two stage reaction- cExcess Zr used--+ I curve (Fig. 3). JFirst half of tu-o overiapping 
exothcrms (Fig. 3A). 

Carroll and Piloyan et al’s equations agree fairly well with the values obtained in the 
isotherma study (66-67 kcal mol- ‘)_ 

When a mixture of Zr and Mo02 was heated at a rate cf l~C/min, ?he activa- 
tion ener_gy values obtained by the Borchardt-Daniels and Freeman-Carroll equations 
agreed within 5% (73.6 vs 68.9 kcal mol- ‘)_ LJsing heating rates of 5 and IO’C/min 
did not alter these values by more than 10%. The value obtained from Piloj-an et al_‘s 
equation was lower (52.0 kcai mol- ‘)_ The Kissinger and Stammier equations do not 
appear to hold for the solid state reaction since the Kissinger value was about 5040% 
of the Borchardt-Daniels and Freeman-Carroll values while the Stammler value was 
almost twice that cbtained with the Freeman-CarroII equation. 

The two overlapping esorherms, obtained when a stoichiometric mixture of Zr 
and MOO, are reacted, were separated into two separate curves as mentioned 
previously. The activation energies were then calcuIated from the reconstructed DTA 
curve for the reduction of MOO, to MO using the Borchardt-Danieis, Freeman- 
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CarroII and Piioyan et al. expressions. These values were a11 Iowcr than those obtained 

from the reaction of a mixture of Zr and McO, (see Table 2)_ The Iower value can be 

explained as foIiows: The reaction between Zr Hnd _&loo, is first-order kineticaIIy 
controlled as showed by the intercept of the Iine obtained with the Freeman-CarroII 

equation_ However, when it is the second stage of the Zr-Moo, reaction, the Zr 

reacting with the MoOz formed is coated with ZrO, formed in the first stage and is, 

therefore, partially diffusion controlled thus having a lower activation ener_gy_ 
The activation enerjzy. obtained from Fi_e. 4 for the overall reaction of 

MOO, --f MO, showed that the Borchardt-Daniels and Freeman-Carroll equations 

gave approximately the same values (56-5 and 55.4 kcal mol- I). while the Piloyan 

et a1. equation produced a slightly lower value of 50.6 kcal mol- I. 

The method devised by Borchardt and Daniels9 to determine the fraction 

reacted from experimental DTA curves is expressed by the equation 

dn “0 dAT 
-z== =, -++ 

dr 1 (6) 

where n = number of moles of starting material at time I, no = number of moles of 

start@ material at start (t = lo). C, = heat capacity of sampIe. AT= temperature 

difference between sampie and standard, K = constant_ A = tota1 area under the DTA 

curve, and a = part of area under the DTA curve up to time z_ 

Borchardt*J had found experimentally that C,(dAT/dt) is an order of 

magnitude smaller than -‘aw and therefore can be neglected. Then for the fraction 
reacted 

No--n a 
x=-c_- 

n0 A 
(7) 

The values for ‘L were then inserted into the equations of Jander and Ginstling- 

Brounshtein, which assume three-dimensional diffusion and spherical symmetry. in 

order to obtain the rate constants (k) which in turn were used in the Arrhenius 

expression to obtain the activation energy_ The activation energies calculated in this 

manner for the Zr-iMoOs and Zr-Moo, reactions 2av-e values ransing from 115 to 

130 kcaI mol- I_ These values are considerably higher than might be expected for a 

difiusion controiled reaction and. in fact, are twice that obtained by the isothermal 

method in which it was shown that diffusion is rate controlling at the lower tempera- 

tures only. It is therefore Iikely that at the temperature encompassing the DTA curve 
the reaction is kinetic controlled and confirms the trend indicated in the isothermal 

kinetic study. 
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DJSCJXi!3OS 

This study has shown that the reaction between Zr and MOO, is diffusion 

controlled at 440 to 35O’C and changes to a kinetically controhed mechanism as the 

temperature is incrcascd. It was also shown that the interpretation of the DTA curves 

in terms of reaction kinetics, in which the exothermic process becomes observabie at 

about 5OO’C. Ieads to the conctusion that the reaction is kineticaIIy controIIed. 

Intimate mistures of Zr powder and MOO, will ignite at a temperature in the 

vicinity of 4902 10% and will burn propa_eativeIy_ Thus, the results obtained here 

pro\-ide somr insight into the ignitability of such a misture. That is. if the mixture is 

heated sIowIy in the preignition regime, ignition may not occur if the diffusion- 

controlled mechanism is operative and an oxide layer builds up on the reactant. which 

maintains this mechanism. if. on the other hand, the mixture is heated at a high rate, 

build-up of the oxide Iay-er is minimized_ the reaction becomes 

igrition occurs. provided? of course, that the temperature is in 

The activation ener_rq- of the reaction 

Zr +.Z%loO, + ZrO, f 2Mo0, -_ 

kinetic controlled and 

the ignition reSime. 

has been calcuiated to be about 65 kcal mol- ’ over the temperature ranSe of 440 to 

&O”C. This value is derived from the isothermal kinetic study for a diffusion- 

controlled mechanism_ This value appears somewhat high because the rate of 

diffusion-controlled reactions generaII_v have reiatively low temperature coefficients. 

If mixed kinetics are assumed, and the Tammann equation is used to calculate the 

activation energy. a value of about 40 kcal mo1 - ’ is obtained and this v-alue appears 

more reasonable. A supporting argument is as follows: a mean bonding energy B for 

a Me-O bond is @ven by the expression 

where On is the heat of dissociation of a mole of oxy-gen ( I I7 k:aI mol- ‘j_ 0, is the 
heat of formation of the oxide and II is the number of oxygen atoms in the oxide_ 

Using 0, dues of 255 kca1 mol- ’ for ZrOL and 180 kcal mol- ’ for MOO,, 

B = 9 1 kca1 mo1 - ’ for ZrOz, 60 kcal mo1 - ’ for MoOj and 62 kcal mol- ’ for MOO, _ 

According to Schwab and GerIach3, about two thirds of L? is the activation energy for 

diffusion via vacancies_ The oxygen must diffuse through both the MoOz and the 

ZrO, layer and the MOO, is the source of the oxy_gen. Therefore it is safe to assume 

that activation energy calculated from the Me-O bond in MOO, represents the 

activation ener,T of the first-stage reaction, which agrees closely with the value 

caiculated from the Tammann expression_ 

The activation energy (E) of the kinetic controIIed first and second stage rextion 
appear to be about the same, in the vicinity of 65 kcal mol- t_ A supporting argument 

for this value can be given usins the thermal theory of ignition’s_ If it is assumed that 
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the mixture is c:AindricaI shaped and that the kinetic frequency facto:. A, is IO’*, the 

following kxprecsion can be used to determine the ignition temperature (TM) which 
is an exp3-ime~tal value. 

(9) 

where R is the ,gas constant, T is a time constant which is a ratio of the radius of the 
charge squared to the thermal diffusivity. Q is the heat of reaction, C is the heat 
capacity and 8 is a shape factor equal to 2 for cylinders- For a charse 7.5 mm is 
radius, the @ition temperature was calculated to be 5OO’C, which agees cIoseIy with 
the DTA and isothermal experimental value (390_+ IO’C) and thus confirming that 
the activation energy is about 65 kcai mol- ‘_ 
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