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important to know the behaviors of the vapor and of the
diffusing species of the solid using the same sample. SinceVaporization and diffusion of Mn–Zn ferrite were studied

for both powdered and bulk sintered samples by a mass-spectro- the dynamic vaporization and diffusion behavior of
metric method and EPMA analysis. Equilibrium vapor pres- Mn–Zn ferrits is considered to depend on the size and
sures were obtained using the powdered sample and the pre- shape of sample, it is desirable to use both the powdered
dominant vapor species was Zn(g) with small fractions of sample and the bulk sintered samples for vaporization and
FeO(g) and MnO(g). Over the bulk sintered sample, the vapor diffusion studies.
pressures of Zn(g), FeO(g), and MnO(g) exponentially de- In this study, vaporization has been studied for both the
creased with time and approached finite values. The surface powdered and the bulk sintered samples and diffusional
was depleted severely with Zn atoms and slightly with O atoms

analysis in relation to the vaporization kinetics has beenwhile it was enriched with Mn and Fe atoms. The diffusion
made for the latter sample.equation is solved for the Zn profile using the time-dependent

boundary condition of the surface, and the diffusion profile of

II. EXPERIMENTAL PROCEDUREZn is analyzed. The activation energy of diffusion obtained is
410 kJ mol21, which is about three times larger than the litera-
ture value obtained by the tracer method.  1996 Academic Press, Inc. Manganese–zinc ferrites having the formula

Mn0.676Zn0.261Fe2.063O4 were prepared by the usual ceramic
techniques. The mixture of a-Fe2O3, Mn3O4, and ZnO in

I. INTRODUCTION an appropriate metal composition was mixed in a ball-mill,
prefired for 1 hr at 1173 K, then ground to obtain 1.2 emManganese–zinc ferrites have been widely used in elec-
powder in a ball-mill adding 550 ppm of CaCO3 and 100tronic applications such as transformers, choke coils, noise
ppm of SiO2. Finally the sample was pressed into the shapefilters, and recording heads, because of their high magnetic
of a bar. The pressed samples were heated to 1373 K inpermeabilities and low magnetic losses. It is widely known
a box-type furnace at a rate of 200 K h21 under an air(1–6) that the vaporization loss of Zn during sintering
atmosphere, then to 1593 K under the oxygen partial pres-depresses the magnetic properties of Mn–Zn and Ni–Zn
sure of 0.03 atm. The samples were then sintered by beingferrites. However, only a few studies have been conducted
kept 3 hr at 1593 K under the same oxygen partial pressure,on the direct observation of vapor species (1, 2) and the
and then cooled at the rate of 200 K h21 to 1373 K, thendiffusion profiles of Zn atoms (3). It has been shown (1,
under an atmosphere of nitrogen gas flow below 1373 K.2) that the vaporization of Zn occurs in the form of Zn(g)
The oxygen partial pressure was controlled by flowing aand the vapor pressure of Zn(g) is one or two orders
mixture of oxygen and nitrogen gases with a fixed ratiomagnitude larger than those of MnO(g) and FeO(g). When
using mass flow controllers and was also determined by athe predominant vaporization of Zn occurs from the sur-
nonstoichiometric cobaltous oxide sensor calibrated in ourface of the sample, compositional rearrangement and diffu-
laboratory before use. The sintered bar was cut into asion subsequently occur due to differing compositions of
rectangular prismatic shape with a base of 4 3 3 mm andFe, Mn, Zn, and O between the surface and bulk. Not only

for practical but also for physico-chemical interest it is a height of 6 mm. The powdered sample was obtained by
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grinding the sintered bar. The average grain size for the
bulk sintered polycrystalline sample was determined as 8.6
em from the photograph of a microscope using the sample
chemically etched by hot HCl. The average particle diame-
ter of the powder sample was determined as 12 em from
a photograph taken by a scanning electron microscope.
The bulk sintered sample was polished to a roughness of
about 2 em, annealed at 1473 K for 1.5 hr in air and
then quenched to room temperature. The two powdered
samples were annealed at different conditions, one at 1473
K for 1.5 hr in air and the other at 1393 K for 3 hr in
a controlled oxygen pressure of 5.0 Pa. Then they were
quenched to room temperature in the respective atmo-
spheres in order to control the oxygen stoichiometry (7,
8). The amount of Fe21 and total Fe for these samples
was determined by chemical analysis (9, 10) with the
estimated error of 0.06%. The ratio of Fe21 to total Fe
in the samples annealed in air and that annealed in an
oxygen pressure of 5.0 Pa were obtained as (5 6 5) 3

1024 and 0.030 6 0.001, respectively. The Mn and Zn
contents were also determined by chemical analysis (11,
12) with estimated error of 0.06%. The composition of the

FIG. 1. Temperature dependence of the vapor pressures of Zn(g),sample can thus be written as Mn0.676Zn0.261 Fe2.063O4.031
FeO(g), and MnO(g) over Mn0.676Zn0.261Fe2.063O41d powdered samplesand Mn0.676Zn0.261Fe2.063O4.000, respectively, using the equa-
(solid line) d 5 0.000; (broken line) d 5 0.031.

tion for the nonstoichiometry of Mn–Zn ferrites given by
Morineau and Paulus (7). The X-ray diffraction pattern
for these samples showed a cubic spinel phase with lattice kV, and a beam current of 50 nA; the diameter of the
constants 0.8496 and 0.8498 nm, respectively. beam was about 1 em and the scan speed was 25 em min21.

The vapor pressure was measured with a time-of-flight
III. RESULTSmass spectrometer equipped with a zirconia Knudsen cell

in a tungsten holder heated by electron bombardment. The
The partial vapor pressures of Zn(g), FeO(g), andelectron energy used to ionize the gaseous species was 18

MnO(g) over the powdered sample of Mn0.676Zn0.261eV. The absolute pressure was determined by comparing
Fe2.063O4.031 and those of Zn(g) and MnO(g) overthe intensity of the ionic current of the vapor species with
Mn0.676Zn0.261Fe2.063O4.000 are shown as a function of thethat of silver gas over silver metal as a standard. The values
reciprocal temperature in Fig. 1 (1, 2). The partial vaporof the atomic ionization cross sections of Ag, O, Fe, Mn,
pressures over the powdered sample did not change sig-

and Zn were taken from Mann (13). The additivity princi- nificantly during measurement and the weight change of
ple suggested by Otvos and Stevenson (14) was used to the sample was within experimental error. Partial vapor
calculate the molecular cross sections of MnO, ZnO, and pressures over Mn0.676Zn0.261Fe2.063O4.031 decreased on or-
FeO. Temperature measurements in the vaporization der of Zn(g), FeO(g), and MnO(g), and the partial
study were made with a Leeds and Northrup disappearing- pressure of Zn(g) was one or two orders of magnitude
filament optical pyrometer, for which the error was within larger than those of FeO(g) and MnO(g) over the temper-
65 K. Observation was made through an orifice of the ature range of this measurement. In the case of
Knudsen cell. Each experimental run, where normally two Mn0.676Zn0.261Fe2.063O4.000, the partial vapor pressure of
or three data points were taken for one batch of powdered Zn(g) was also larger than that of MnO(g). The partial
sample, was carried out within 1–2 hr. On the other hand, vapor pressure of FeO(g) over Mn0.676Zn0.261Fe2.063O4.000
the experiments were conducted up to 6 hr for the rectan- could not be experimentally measured in this study, since
gular prismatic samples. its vapor pressure is lower than the detection limit of our

The depth profiles of Zn, Mn, Fe, and O atoms were mass spectrometer. These facts indicate that Mn–Zn fer-
observed for the vertical section of the rectangular prism rites do not vaporize congruently and the composition of
by using an Electron Probe Micro-Analyzer (EPMA). The Mn–Zn ferrites shifts to the lower Zn content with time

at the surface.line-analysis of the EPMA was made with a voltage of 15
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FIG. 2. Vapor pressures of Zn(g), FeO(g), and MnO(g) over the
bulk sintered sample Mn0.676Zn0.261Fe2.063O4.031 as a function of time at
1498 K.

FIG. 4. Depth profiles of Zn, Mn, Fe, and O obtained from EPMA
analysis of the bulk sintered sample Mn0.676Zn0.261Fe2.063O4.031 after evap-
oration for 4.5 hr at 1347 K. The dotted plot indicates the fitting pointsThe partial vapor pressures of Zn(g), FeO(g), and
of the Zn profile according to Eq. [6].MnO(g) over the rectangular prismatic sample of

Mn0.676Zn0.261Fe2.063O4.031 are shown as a function of time
at 1498 and 1603 K in Figs. 2 and 3, respectively. The vapor The depth profiles of Zn, Mn, Fe, and O obtained from
pressures seem to decrease exponentially at first and then EPMA analysis after evaporating at 1347 K for 4.5 hr, at
approach steady state values. Although the magnitudes of 1498 K for 4.5 hr, and at 1603 K for 6 hr are shown in
the vapor pressures of Zn(g), FeO(g), and MnO(g) differ Figs., 4, 5, and 6, respectively. The samples showing the
from each other, the time dependence of vapor pressures depth profiles in Figs. 5 and 6 correspond to those showing
was quite similar among them. The slope of the vapor the vapor pressure versus time curves in Figs. 2 and 3,
pressures versus time curve at 1498 K was larger than that respectively. As seen in these figures, the surface was se-
at 1603 K. verely depleted of Zn atoms and slightly depleted of O

atoms while it was enriched with Fe and Mn atoms. As
the temperature became higher, the concentration profiles
of Zn, Mn, Fe, and O extended deeper zones with a smaller
slope due to higher diffusivity of these atoms at higher
temperatures.

IV. ANALYSIS OF DIFFUSION DATA

The diffusion behavior of Zn shown in Figs. 4–6 can be
analyzed by solving the diffusion equation

­c
­t

5 D
­2c
­x2 , [1]

where c is the concentration of Zn and x is the distance
from the surface. The boundary condition for Eq. [1] may
be represented as

FIG. 3. Vapor pressures of Zn(g), FeO(g), and MnO(g) over the c 5 (cb 2 ce) exp(2at) 1 ce, at x 5 0, t . 0 [2]
bulk sintered sample Mn0.676Zn0.261Fe2.063O4.031 as a function of time at
1603 K. c 5 cb, at x $ 0, t 5 0, [3]
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FIG. 5. Depth profiles of Zn, Mn, Fe, and O obtained from EPMA
FIG. 6. Depth profiles of Zn, Mn, Fe, and O obtained from EPMAanalysis of the bulk sintered sample Mn0.676Zn0.261Fe2.063O4.031 after evap-

analysis of the bulk sintered sample Mn0.676Zn0.261Fe2.063O4.031 after evap-oration for 4.5 hr at 1498 K. The dotted plot indicates the fitting points
oration for 6 hr at 1603 K. The dotted plot indicates the fitting points ofof the Zn profile according to Eq. [6].
the Zn profile according to Eq. [6].

where cb and ce are the bulk content of Zn and the surface
c 5 cb 1 (cb 2 ce)h1 2 exp(2at)j erfc S x

2ÏDt
D . [6]content of Zn at infinite time, respectively. It is assumed

that the surface concentration of Zn is proportional to the
vapor pressure of Zn, which exponentially decreases with The depth profiles of Zn shown in Figs. 4–6 are fit to
time as shown in Figs. 2 and 3. The Laplace transformation Eq. [6] assuming that ce is zero. The parameter a is deter-
c of Eq. [1] using the boundary condition of Eq. [3] be- mined by fitting the surface concentration of Zn to Eq.
comes [6], because the term erfchx/2(Dt)1/2j becomes 1 at x 5 0.

The parameter a thus determined is listed in Table 1,
together with a obtained from the time dependence of

c 5
cb

p
1 c1 exp S2!p

D
xD1 c2 exp S!p

D
xD , [4] the vapor pressures shown in Figs. 2 and 3. Using a thus

determined, Eq. [6] is fit to the depth profiles of Zn shown
in Figs. 4–6 and the diffusion constant D is determined.

where p is the parameter of the Laplace transformation. The theoretical Eq. [6] is also shown in Figs. 4–6 as a
Using the boundary condition of Eq. [2] and neglecting dotted curve. The diffusion constant thus determined is
the third term of Eq. [4] because of the finite phenomenon plotted as a function of inverse temperature, as shown in
of diffusion behavior (11), c is represented as

TABLE 1
The Coefficient of Exponential Factors Obtained from the

Time Dependence of Vapor Pressure of Zn(g) Shown in Figs.c 5
cb

p
1

(cb 2 ce) exp S2!p
D

xD
p 1 a

[5]
2 and 3 and That of the Surface Zn Concentration Shown in
Eq. [6]

a obtained from a obtained from
Temperature vaporization data diffusion data2

(cb 2 ce) exp S2!p
D

xD
p

.

1343 K Not available 2.23 6 1.12 3 1024 s21

1498 K 2.15 6 0.22 3 1024 s21 1.63 6 0.82 3 1024 s21

Taking the inverse Laplace transformation of Eq. [5], c is 1603 K 4.45 6 0.45 3 1025 s21 1.21 6 0.60 3 1024 s21

described by
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pressures would represent the diffusional behavior in the
bulk sintered sample. Although the magnitude of the vapor
pressures is different among Zn(g), FeO(g), and MnO(g),
the time dependence of their vapor pressures are quite
similar, as seen in Figs. 2 and 3. This fact may result from
the quite similar diffusion constants for cations in Mn–Zn
ferrites as reported by Ogawa and Nakagawa (16). As seen
in Figs. 2 and 3, the vapor pressures at 1498 K sharply
decrease as compared with those at 1603 K. This may
correspond to the sharp diffusion profile at 1498 K as
compared with that at 1603 K, as seen in Figs. 5 and 6.
The parameter a obtained from the initial stage in Figs. 2
and 3 is compared to that obtained from the diffusion
profiles, which are listed in Table 1. Considering the large
experimental error in the diffusion study, the agreement
of the a parameter obtained from the two methods is
rather good.

The depth profiles of Zn, Mn, Fe, and O in Figs. 4–6
show that the surface is depleted severely in Zn atoms andFIG. 7. Diffusion constant of Zn in the bulk sintered sample

Mn0.676Zn0.261Fe2.063O4.031 after evaporation as a function of inverse tem- slightly in O atoms while, instead, it is enriched in Fe
perature. and Mn atoms. Since evaporation of Zn(g) predominantly

occurs from the surface compared with MnO(g) and
FeO(g), the concentrations of Mn and Fe increase rela-
tively at and near the surface. Mn and Fe atoms diffuseFig. 7. The activation energy for diffusion is obtained as
against the concentration gradient according to Figs. 4–6,410 kJ mol21 from Fig. 7.
but they are considered to diffuse along the chemical po-
tential gradient of Mn and Fe, since the chemical potentialV. DISCUSSION
of Mn and Fe is considered to be decreased at the surface
because of the loss of Zn. Similar up-hill diffusion wasThe change in the composition of Mn, Zn, Fe, and O at

the surface of the powdered sample would occur during the observed by Darken (17) and interpreted by Agren (18)
in the Fe–Si–C system. The depletion of O atoms nearmeasurement of vapor pressure, due to the predominant

evaporation of Zn. It is considered to be negligibly small, the surface may be understood as due to the simultaneous
vaporization of oxygen and zinc and the slowness of thehowever, during the measurement due to the diffusion of

these atoms from the bulk resulting from the small particle diffusion of oxygen atoms as follows. As has been already
described (1–6), the vaporization of Zn atoms in Mn–Znsize of the powder, because the vapor pressure does not

change significantly during the measurement within 2 hr. ferrites is followed by the evaporation of oxygen as
When the bulk sintered sample is used, however, the vapor
pressures change with time as seen in Figs. 2 and 3, since ZnO (in Mn–Zn ferrites) 5 Zn(g) 1 AsO2(g). [7]
the chemical potential of each element at the surface
changes with time as a result of concentrations changing Thus oxygen atoms as well as Zn, Mn, and Fe atoms diffuse

toward the surface in order to decrease vacancies producedby diffusion. Thus the time-dependent boundary condition
of the diffusion equation is proposed as described in Eq. in both oxygen and metal sublattices. Since the diffusion

constant of oxygen atoms is one or two orders magnitude[2], where the surface concentration of Zn is assumed to be
proportional to the vapor pressure of Zn. Strictly speaking, smaller than that of metals (16, 19), the surface region is

considered to be depleted of O atoms. As seen in Figs.however, the time-dependent vapor pressure of Zn cannot
be described by a single exponential function, because it 4–6, the region depleted in Zn and O atoms and enriched

in Fe and Mn atoms becomes deeper as the temperature isappears to approach a different finite value after a longer
time, as seen in Figs. 2 and 3. The reason for this phenome- increased. The deeper region depleted in Zn atoms would

cause larger internal stress in the spinel lattice, since thenon is not clear at present, but it may be due to the fact
that the shape of the diffusion profiles of Fe, Mn, and O lattice parameter is different between the surface and the

bulk because of the different Zn concentrations betweenmay change sharply at an initial stage and approach a
steady state after a longer time as shown in Figs. 4–6. them (20). The larger internal stress may cause more severe

damage in the magnetic properties.Since the vaporization reaction is considered to be fast as
compared with diffusion, the time dependence of vapor The fitting of Eq. [6] to the profiles of Zn shown in Figs.
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4–6 is thought to be satisfactory considering the assumed measured by EPMA and analyzed by solving the diffusion
equation using the time-dependent boundary condition atboundary condition shown in Eq. [2]. Among these the fit

to the profile at 1347 K in Fig. 4 is relatively poor compared the surface.
(1) Equilibrium vapor pressures were obtained using theto those at high temperatures. The relatively poor fit at

low temperatures may be due to the relatively sharp con- powdered sample, where the diffusion of various atoms
from the bulk to the evaporating surface was sufficientlycentration change of O atoms near the surface, because

the diffusion constants of cations are greatly dependent fast. The predominant vapor species were Zn(g) with small
fractions of FeO(g) and MnO(g).on the chemical potential of oxygen in the bulk, as sug-

gested by the fact that the diffusion constant of cations is (2) When the bulk sintered sample was used, the vapor
pressures of Zn(g). FeO(g), and MnO(g) initially de-dependent on the partial pressure of oxygen (16). Strictly

speaking, therefore, the diffusion equation must be solved creased with time and approached finite values. The diffu-
sion profiles of various atoms in the same samples wereunder the condition that the diffusion constant is depen-

dent on position in sample. However, such an analysis is analyzed by EPMA. The surface was severely depleted in
Zn atoms and slightly in O atoms while it was enriched intoo complicated to permit solving the diffusion equation

and the diffusion constant obtained from the present study Fe and Mn atoms.
(3) The diffusion equation is solved for the Zn profilemay be regarded as an apparent diffusion constant. The

apparent diffusion constant thus obtained is considered to using the time-dependent boundary condition of the sur-
face, assuming that surface concentration of Zn is propor-still have an important meaning from the practical point

of view. tional to the vapor pressure of Zn. It is satisfactorily fit to
the diffusion profile.The activation energy obtained for diffusion, 410 kJ

mol21, is about three times larger than the literature value, (4) From the temperature dependence of the diffusion
constant thus obtained, the activation energy of diffusion137 kJ mol21, obtained from the tracer method (16). The

larger activation energy obtained here is considered to be was obtained at 410 kJ mol21, which is about three times
larger than the literature value obtained from the tracerdue to the temperature dependence of the oxygen gradient

in the sample. Ogawa and Nakagawa (16) showed that the method. The larger activation energy obtained in this study
is interpreted as due to the temperature dependence of thediffusion constants of Fe, Mn, and Zn became about one

order of magnitude larger due to the increase of cation oxygen gradient in the sample, which includes an additional
term from the vacancy formation of cations.vacancies when the ambient partial pressure of oxygen was

increased from 0.002 to 0.01 atm. At 1347 K, the depleted
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