A Study of the Reaction Kinetics for
the Formation of Rare Earth-Transition

Metal Laves Compounds
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The kinetics of the reaction A, + 2B, = AB,, was studied by differential thermal analy-

sis. The A component was Pr, Gd, Dy or Er, the B was Fe, Co, or Ni and the resulting AB,
compound was a MgCu, Laves intermetallic compound. A generalized search method to de-
termine the reaction mechanism was developed and applied to the above reactions. The re-
actions were found to be diffusion controlled and the kinetics best described by the Valensi-

Carter equation.

INTERMETALLIC compounds containing the rare
earth metals are becoming the subjects of investiga-
tion due to their increasing industrial importance. Al-
though the rare earths are prolific formers of inter-
metallic compounds the literature® indicates that their
importance to the steel industry will be as desulfuriz-
ing and deoxidizing agents. Many of the intermetallic
compounds of the rare earths with cobalt and nickel
are used as permanent magnets. For example, per-
manent magnets based on SmCo, are the most power-
ful magnets known. Although a great deal of informa-
tion on the magnetic properties of the rare earth in-
termetallics is awailable,2 very little is known regard-
ing their thermodynamic and kinetic characteristics.
This information will be useful in understanding and
predicting the behavior of rare earth metals in alloys
and permanent magnets.

The reactions of rare earth metals with iron, cobalt
or nickel take place entirely in the solid state. Although
the kinetics of solid state reactions is a widely re-
searched area, most of the work has heen done in the
field of ceramics. Differential thermal analysis
(DTA)*® has been used by many to study the kinetics
of solid state reactions. In a typical differential ther-
mal analysis experiment a reactive mixture and a
nonreactive reference are heated at a uniform rate
until the reactive mixture has completely reacted.
During that time changés in the temperature of the
reactive mixture relative to the temperature of the
nonreactive reference are measured. The area under
the change in temperature vs time curve is a measure
of the heat of reaction. Different methods have been
suggested and used to deduce kinetic data from DTA
thermograms. One of the fundamental difficulties,
however, is that the reaction occurs under noniso-
thermal conditions. Kissingers’4 used the variation
in the peak temperature with the heating rate to de-
termine the activation energy. The order of reaction
was obtained from the shape of the thermogram. The
first systematic method involving a trial and error
procedure was developed by Borchardt and Daniels.’
The trial and error procedure involved in the above
method was eliminated by Freeman and Carroll.®
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Simmons and Wendlandt’ have suggested some meth-
ods for treating nonisothermal kinetics. In this work
one of the methods suggested by the above was used
to develop a generalized method to determine the re-
action mechanism most consistent with the experi-
mental data.

EXPERIMENTAL

The kinetics for the formation of several Laves in-
termetallic compounds by a direct reaction of the ele-
mental metals was studied. All compounds studied
were of the composition AB, where the A component
was a lanthanide element (Pr, Gd, Dy or Er) and the
B component a transition metal (Fe, Co or Ni). The
crystal structure of all the compounds studied was
identical, i.e. MgCu, type. The compound PrFe, is
nonexistent. Fine elemental powders of both compo-
nents were mixed in stoichiometric proportion, sealed
under vacuum and subjected to differential thermal
analysis (DTA).

A differential thermal analysis calorimeter capable
of operating under a vacuum of 10™° Torr up to a tem-
perature of 1500 K was constructed. A description of
the calorimeter has been given elsewhere.®? The lan-
thanide and transition metal elements were obtained
from the Ventron Corp. and were 99.9 pct and 99+ pet
pure, respectively. The particle size of the lantha-
nides was 2.5% 107 meters (- 60 mesh) and that of
the transition metals was 4.4 % 10~® meters (— 325
mesh). All metal powders were weighed and mixed
in a dry box which was maintained under a nitrogen
atmosphere. Quartz vials (see Ref. 8) were used as
containers for the reactant mixtures. The vial con-
taining the reactant mixture was sealed off under vac-
uum and placed in the sample block of the DTA. Seal-
ing under vacuum was done to restrict the evapora-
tion, if any, to the quartz vial, and to prevent any oxi-
dation during the calorimetric experiment. Tungsten
powder sealed in an identical quartz vial was used as
the DTA reference. Once loaded with sample and ref-
erence the calorimeter was sealed, evacuated and the |
temperature increased at a uniform rate of 8 K/min.
In all cases the reactions were found to be exothermiec.
In no case was a reaction with quartz observed.

The DTA calorimeter was calibrated utilizing ma-
terials with known heats of fusion (see Ref. 8). The
following equation was used to evaluate the heat
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evolved up to any given time ().
t 4
+ [ Bd(AT) + [ R(AT)AT [1]
o

o

dAT
dt

H is the heat evolved up to time £, AT is the differ-
ential temperature, &, the heat transfer coefficient
as determined from the calibration curve, a and b
are functions of the heat capacities and weights of
the sample and reference. The terms a, b and  are
functions of temperature. Integration of the above

t
H=fad
i

equation was done numerically on an IBM 370 computer.

The rate of heat evolution and the rate of reaction
are related as follows:

dH dx
ar = Mr g [2]

where x is the fractional conversion and AHr is the
heat of reaction at temperature T.

When unknown, the heat capacities of the interme-
tallic compounds were calculated utilizing the Kopp-
Newmann rule.® When this procedure is used the heat
of reaction will be independent of temperature. For
metallic systems at temperatures where the Law of
Dulong and Petit holds, the heat of reaction is nearly
independent of temperature over a small temperature
increment. For this work, the increment is the tem-
perature range over which the reaction takes place
and was found to be 25°C on the average.

Eq. [2] can be integrated and combined with Eq. [1].
The total heat evolved during reaction was measured
and used to calculate the fractional conversion as a
function of time.

Only those experiments in which the reaction went
to completion were considered valid for analysis. A
reaction was considered complete if no trace of the
reactant elements could be detected by X-ray diffrac-
tion.

METHOD OF CALCULATION

It was found that all the reactions investigated took
place while the reactants and products were solid.
Many reaction mechanisms and rate equations to de-
scribe solid state reactions in powdered compacts
have been proposed.10 The rate equations can be clas-
sified under three categories based on the rate deter-
mining step in the reaction mechanism. In the first,
product growth is controlled by diffusion of reactants
through a continuous product layer. In the second prod-
uct growth is controlled by nuclei growth and in the
third by phase boundary reactions.

The procedure employed for kinetic calculations is
as follows. The general form of a rate equation was
written as:

dx

aF kf (x) {3]
The integrand of the above equation was then written
as:

glx) =kt [4]

where g {x) and f{x) are certain functions of x; the form
of which is determined by the reaction mechanism.
Knowing g (x), f(x) can be derived from it and vice
versa. It was assumed that the variation of the rate
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constant with temperature followed the Arrhenius law.
k= A exp (— E/RT) [5]

The values of the frequency factor, A, and activation
energy, E, are independent of temperature. In case of
diffusion in solids, the activation energy depends upon
the concentration of diffusing species.'”'* Thus the
activation energy may be a function of reactant concen-
tration.

A nonisothermal reaction was approximated as an
isothermal reaction in many intervals of temperature.”
A hypothetical experiment may be conducted in the fol-
lowing manner. First, the temperature is maintained
at T, from time 0 to Af, at time At it is instantaneously
changed to T,. The sample is then held at temperature
T, until time 2A¢, at which time the temperature is in-
stantaneously changed to T,. The process is continued
until the reaction is complete. For any isothermal time
interval, Eq. [4] can be written as:

g (¥;js1) — & (x;) = A exp (— E/RTi) At [6]

The left hand side of the above equation ecan be evalu-
ated from experimental results. The activation energy
was assumed to be constant over the short time inter-
val, Af, and a function of x. The activation energy for
each time interval can then be calculated from Eq. [6].

The fractional conversion, x as a function of time
was evaluated from Eq. [2]. The values of g(x) were
evaluated, assuming a certain reaction mechanism and
kinetic equation. Table I gives a listing of the equations
used. Values of the calculated rate constants were used
in a plot of In k vs 1/T. This plot is not a single straight
line, but rather a series of connected straight line seg-
ments, each with a slope of — E/R. The activation en~
ergy is a function of concentration, and this is the rea-
son for the absence of a single straight line. Activation
energies at different points were calculated. Knowing
the relation between temperature and conversion, a
plot of activation energy vs conversion was made.
(Figs. 1 to 4),

Kinetic calculations were done for three types of
mechanisms, i.e, diffusion, phase boundary and nuclei

Table 1. Rate Equations for Solid State Reactions General Form: &kt = g{x)

A. Diffusion Mechanism
Jander:

Rt={1-(1 -7
Ginstling-Brounshtein:
kepit = 3X - (1 - )
Valensi-Carter:
kpet {Z - [1+(Z - DX~ (2 -
Dunwald—Wagner:
kgwt=6 %1 ~ X)
Zurvalev-Lesokhin-Tempelman:
Kart = [(1 - X" - 1]2
Kroger-Ziegler:
k() = [1 - (1 - X072

B. Nuclei Growth Mechanism
In{l - X)= —k£"

DA-XP+Z-1)

C. Phase Boundry Mechanism
Sphere: kt=1 (1 - X)!7?
Cylinder: k¢t =1~ (1 — X)!"*
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growth. Results calculated from the equations based
on phase boundary or nuclei growth controlled mecha-
nisms, were unrealistic. Further, Arrhenius plots for
these mechanisms showed a great deal of scatter indi-
cating that the rate determining step was not phase
boundary motion or nuclei growth.
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As an example, the resuits for the formation of Fe,Dy
are given below. For phase boundary controlled reac-
tion and the spherical particle reacting from the sur-
face inward, the activation energy is 255 keal/mole.
For a cylinder reacting from the surface inward, the
activation energy is 273 kcal/g.mole. For the reaction
controlled by nuclei growth, different values of m are
assumed. The activation energies, assuming m as 0.5,
0.67, 1.0, 1.5, 2, are — 10, 105, 220, 300 and 330 keal/
g.mole, respectively. The curve fit was found to be
worse when low values of m were used.

Thus, it was concluded that the reactions studied
were diffusion conirolled. Kinetic data for the initial
part of the reactions (up to about 10 pet conversion)
often™® do not fit a model very well. This, however, is
reasonable since at low conversion, product does not
completely separate the reactants from each other and
both diffusion and phase boundary reactions are occur-
ring.

A total of six equations for diffusion controlled re-
actions are given in Table I. The equations of Kroger-
Ziegler assume that the diffusion coefficient or the
rate constant varies inversely with time but otherwise
is identical to the Jander equation. This assumption
is more empirical then theoretical. The rate constant
should be a function of only two variables namely,
temperature and concentration. The dependence of
temperature and concentration on time is empirical
and will vary according to experimental conditions.
The equations given by Dunwald-Wagner, and that of
Zhurvalev, Lesokhin and Tempelman apply well for
the early part of the reaction, {.e. up 50 pet conver-
sion. Beyond 50 pct conversion the fit is poor. The
Valensi~-Carter equation has been derived by correct-
ing the volume change deficiencies in the equations of
Jander and Ginstling-Brounshtein. This last equation
proved to be the most suitable for this study.

Kinetic calculations for all the reactions studied
were made using the Valensi-Carter equation. This
equation requires some additional data, {.¢. the factor
Z. The factor Z is a ratio of the volume of the product
to the volumes of the reactants. To calculate Z, the
densities of the intermetallic compounds were used.
The densities of Co,Dy, Co,Gd, Ni,Gd, and Co,Pr are
given by Savitaskii,™ those of the other rare earth in-

40 &

—~a_
- . .
: 8] A Jmans SRS WIS |
: 36 X\’\’*"‘“—x—‘
<1 X
S| 34
:;“ 32[7 OO g g e s e e - O
21 30
- " ® -~ fp
= 28 ERBIUM  COMPOUNDS
e L — X s
’.;_‘; 26
z = o = K
o1 24
-

22 1 i ! ! | ] ] | |

0 f 2 3 4 5 6 7 ‘8 9

CONVERSION | X

Fig. 4-Concentration dependence of activation energy for
erbium compounds.
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termetallics were calculated from crystallographic
data.

All the rare earth intermetallics studied in this work
are of the MgCu, type. They have a cubic lattice with
24 atoms or 8 molecules per unit cell. The volume of
the cell is calculated from the lattice parameter. The
lattice parameters, densities and values for the factor
Z are given for all the intermetallics in Table IL

The rate constant %, is a function of particle size.
The relation between k&, and the standard form of the
rate constant % is given by

k=7, {1

where 7 is the radius of a reacting particle. For the
final kinetic calculations Egs. [5], [6], and [7] were
combined, The actual calculations were carried out
by computer. The heats of reaction, reaction temper-
atures, frequency factors, activation energies and rate
constants at the respective reaction temperature are
given in Table IIL The reaction temperature is defined
as a temperature at which the reaction begins.

DISCUSSION

The reactions of the rare earth elements with iron,
cobalt and nickel took place at temperatures which
were well below the melting points of both the com-
ponents. The reactions are, therefore, entirely solid
state. An intermetallic compound is stable with re-
spect to competing neighboring phases if its free en~
ergy is lower (more negative) than that of a mixture
of these phases. In a reaction involving solids only,

Table 1. Lattice Parameters, Densities and the Factors Z

the entropy change is small and for practical pur-
poses, can be neglected. The negative change in
enthalpy will then indicate the direction in a solid
state reaction. Heats of reaction for the rare earth
intermetallics formed from the elements are exo-
thermic, which is in agreement with the above state-
ment.

When a reactive mixture of solids is heated, and
an exothermic reaction occurs, a point is reached at
which the heat of reaction can no longer be dissipated
to the surroundings under approximately isothermal
conditions, and the temperature within the mass of the
mixture rises appreciably. The consequent increase
of rate further accelerates the heat evolution, and the
reaction proceeds uncontrollably until it is eventually
slowed down by the accumulation of solid products.
The rate of reaction is further accelerated by the fine
particle size of the reactants. A small particle size
assures more surface area per unit mass and better
mixing.

The reactions of rare earth intermetallics can be
characterized by their reaction temperatures, i.e.
the temperatures at which the reactions begin. Con-
version prior to the reaction temperature was found
to be negligibly small and for all practical purposes
can be taken as zero. This was determined by heating
the reactive mixture to a temperature which was a few
degrees lower than the reaction temperature. It was
then cooled and analyzed by X-ray diffraction. Diffrac-
tion patterns showed no trace of intermetallic com-~
pound. The reasons for a sudden outburst of the re-
action at the reaction temperature could be numerous.
A gaseous phase may act as a medium for the reac-
tion, molten metal may be present at the time of re-
action or the reasons may be strictly characteristic
of the solid state. These reasons are discussed with
respect to the reactions of rare earth intermetallics

Compound Lattice Parameter (&) Densities {(g/cc) z A
studied herein.
;‘i’?PP[ r ;;g g'gzg ig; Vapor pressures of the rare earths as well as iron,
2 - - - 3 3 :
Fe,Gd 7390 8.852 152 cobal‘.c, and nickel are very low at their corresponding
Co,Gd 7255 8.569 1.47 reaction temperatures. For example, the vapor pres-
Ni,Gd 7.202 9.766 1.46 sures of iron, cobalt or nickel at 1000K are of the or-
Fe,Dy 7325 9.267 154 der of 107" Torr. The vapor pressures of praseody-
1(3:211)); 3;22 ;g?gé 1’32 mium and gadolinium at the same temperature are of
R . . . s !
Fe,Er 7273 9631 1.54 the order of 10™ Torr. Vapor pfsessures_ 6of dysprosi-
Co,Er 7.144 10387 1.48 um and erbium at 1000K are 107 and 10~ Torr re-
Ni Er 7.110 10.520 1.47 spectively. Even these last vapor pressure values
are too low to influence or initiate the reaction. The
Table 11}, Results of Kinetic Analysis
Rate Constants at the
Heat of Reaction Frequency Factor Activation Energy Reaction Temperature
Compound (keal/g mole) Reaction Temperature (°C) ™ (keal/g mole) X10%s7hH
CogPr —3.1+0.25 505+3 1.5310.12 279£02 2.5
Ni,Pr —6.0%09 547+ 4 0.58 +0.08 240+ 0.1 25.6
Fe,Gd —2.5%0.15 8055 1.58 0.1 351203 134
Co,Gd —77%12 7273 1.4320.15 330203 9.8
Ni,Gd -18.0£2.0 658 +2 0.90 £ 0.05 304 £ 04 73
Fe,Dy 21019 818 £3 16301 36.75 0.7 7.7
Co,Dy —65%0.5 6912 10 09+0.1 32.1+06 53
Ni,Dy —276%2.1 6877 0.67£0.1 30005 11.0
Fe,Er —35.0+3.8 865+ 10 147101 38.1 0.7 7.9
CogEr —83%1.1 750+ 5 15302 342503 8.2
NiEr —353+3.1 754+ 4 0.42 £ 0.05 31.5+0.05 9.2
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Table 1V, Conversion Factors to S Units

To Convert from io Multiply by
cal{mole Jjmole 4.1840
atm Nfm® 1.0132 X 10°

quartz vials used as sample containers are evacuated
prior to sealing. The vacuum at the time of sealing is
at least 107 Torr. Thus, it is concluded that neither
the metallic vapors nor the residual air influence or
initiate the reaction.

A thin layer of molten metal at the interface of the
reacling elements will accelerate the reaction due to
greater mobility of the atoms in the liquid phase. The
melting points of the reacting elements are much
higher than their corresponding reaction tempera-
tures. Also the presence of molten metal will change
the final appearance of the product. Products were
invariably found in the form of sintered powdered
compacts and never in the form of solidified metals.
The presence of a liquid has to be ruled out. Thus
the factors which affect the reaction should be char-
acteristic of the solid state.

Hedvall, who is one of the earliest to study solid
state reactions, has given a general principle:®
‘Every interference with the crystal lattice which
sufficiently decreases its interior stability, increases
the mobility of the units of the lattice, and therefore
more or less stimulates the crystal to react with an-
other crystal’. The factors which are likely to cause
this interference could be an increase in temperature,
a change in the crystal structure of one of the compo-
nents, or the presence of foreign substances. The im-
portance of these factors, with respect to the reactions
of rare earth intermetallics is discussed below,

An increase in temperature causes an expansion of
the crystal lattice and an increase in kinetic energy
of the atoms, The probability that the atoms move out-
side their mutual fields of attraction increases. The
reaction begins when the increase in kinetic energy of
the atoms is sufficient o overcome the barrier of their
mutual fields of attraction. The barrier is analogous
to the activation energy term used in reaction kinetics,
If the activation energy for the reaction is high, then
the initiation temperature should also be high, To test
this conclusion, reaction temperatures and activation
energies were plotted. Fig. 5 is a plot of both against
the atomic numbers of the rare earths and Fig. 6 is a
plot against the atomic numbers of the transition ele-
ments. Two graphs are necessary for the comparison
since an increase in kinetic energy of either of the re-
acting elements can initiate the reaction. The first ob-
servation is that the activation energy generally in-
creases as the reaction temperature increases. One
may conclude therefore that the kinetic energy in-
crease caused by an increase in temperature is a de-
termining factor for the initiation of the reactions
studied herein. Further a similarity in the trends of
reaction temperatures and activation energies is more
pronounced in Fig. 5 than in Fig. 6. This leads to the
conclusion that the increase in kinetic energy in the
crystal lattices of the rare earth elements initiate the
reaction. This conclusion is further supported if one

METALLURGICAL TRANSACTIONS A

considers the Tamman points of the elements involved
in the present study. The Tamman point (0.52Tmelting)
is the temperature of the onset of mobility of lattice
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atoms or ions and is therefore an extremely important
quantity in discussing the chemical reaction of solids.
Since, with the exception of Erbium, the melting points
of the rare earths is lower than that of the transition
metals, one would expect that the chemical reaction

is initiated by the diffusion of the rare earth member.

The second factor which can cause interference in
the crystal lattice is the addition of small quantities
of foreign constituents. Differences in the radii of
atoms or ions, or the differences in the electrical
charge between the original and the foreign particles
will change the cohesion of the lattice, This will change
the reactivity of the original solid. In the case of the
reactions of rare earth intermetallics, all the elements
uged are of high purity (99.5 pet).

The third factor is a phase change for either of the
reacting components. During a phase change, the par-
ticles have an abnormally great freedom of movement
and abnormally great reactivity, The reaction temper -~
atures for the reactions of rare earth intermetallics
are nowhere near the phase transition temperatures
of their constituent elements.
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