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SYNOPSIS

Newly designed gas proportional electron counters have been
developed 1in order to achieve the higher counting rate and the
stable operation at low temperatures. By using these counters,
conversion electron Mossbauer spectroscopy (CEMS) has been ap-
plied in order to demonstrate the advantage of CEMS to study the
physical and chemical properties at the surface of various kinds
of materials. First, the behavior of 119Sn atoms implanted into
Ni and Fe metals has been investigated by 1198n and 57Fe CEMS.
CEMS spectra consist of the components rising from solid solu-
tions, intermetallic compounds, clusters and oxides of Sn. Their
formation is well explained by the local Sn concentration. Se-
condly, CEMS has been applied to the study of the remarkable
work hardening of high-manganese steel., CEMS measurement reveals
the decarburization around the surface of high-manganese steel
and the origin of the remarkable hardening is due to the forma-
tion of € martensite. Thirdly, the interface Dbetween A1203
surface layer and a-Fe substrate deposited by chemical vapor
deposition has been investigated by CEMS. The interface be-
tween q-Fe substrate and A1203 layer has no mixing of A1203 and
Fe atoms. But the Fe2+ and Fe3+ ionic states are generated by
the annealing of the specimens. Fourthly, the surface of
Nd-Fe-B permanent magnet has been measured by CEMS. It is found
that the surface of Nsze14B compound is covered with small a-Fe
clusters after heat-treatment. Finally, CEMS measurements have
been performed for pellets of Y-Ba-Cu oxide superconductor. CEMS
spectra suggest the existence of the preferred orientation of
the c-axis in the disk shaped specimen and the principal axis of
electric field gradient is parallel or perpendicular to the c¢-
axis. These applications of CEMS measurements clearly show that
CEMS 1is one of the powerful techniques to study the microscopic

state around the surface of various materials.
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CHAPTER I. INTRODUCTION

1.1 General introduction

In this investigation, the development of newly designed
gas proportional electron counters and their applications for the
conversion electron Mossbauer spectroscopy are described.
Advantage of conversion electron Mossbauer spectroscopy for the
investigation of the physical and chemical properties at the
surface of various materials is demonstrated utilizing 57Fe and

119Sn CEMS measurements.

Conversion electron Mossbauer spectroscopy (CEMS)1_3) is
well known as one of the powerful techniques to study the micro-

scopic properties of surface layers of materials. CEMS spectra

are obtained by the detection of electrons which are emiﬁted from

the Mdssbauer probe atoms as the internal conversion process  of
MYBssbauer resonance nuclei. These electrons are called as the
conversion electrons. Straggling range of the conversion elec-

tron is so short in solids that only electrons which are emitted
near the surface can emerge from the surface and are detected by
the well designed electron counters. In the case of 57Fe CEMS,
the energy of the K-shell conversion electron is 7.3 keV and this
electron has only about 100 nm of the straggling range in metal-
lic iron. Therefore, the CEMS spectrum contains the microscopic
information only near the surface. For its higher sensitivity
to the surface layers, CEMS is known as one of the powerful
techniques to study the microscopic properties near surface.

In chapter I, the principles and the explanations of the

Mossbauer effect and the CEMS are given.



Two kinds of the gas proportional electron counters which
were newly developed in order to achieve the higher counting
rate are described in chapter II.

In chapter 1IITI, the applications of CEMS measurements to
five kinds of materials are presented.

At the first part of chapter III, the CEMS measurements

119Sn ijon-im-

applied to study the microscopic behavior of the
planted into pure Ni and Fe metals have been discussed. Ion-
implantation technique has become popular to improve the physi-
cal properties at the material surface. But not only implanted
impurity atoms but also a lot of lattice defects are introduced
during the ion-implantation process. These impurities and
defects give rise to the problems such as the interactions of
each other, clustering and the formation of the non-equilibrium
phases. CEMS measurement$ revealed that Ni-Sn solid solutions
and Ni3Sn intermetallic compounds are formed by the 119Sn implan-
tation into Ni at room temperature. The formation of the Ni3Sn
compounds are associated with the radiation enhanced diffusion of

the implanted Sn atoms. In the case of the 119Sn

implantation
into Fe at room temperature, Fe-Sn solid solutions and oxides
and clusters of Sn atoms are formed. But the components of
intermetallic compounds are not observed in any CEMS spectra.
The different behavior of the implanted Sn atoms in the targets
between Ni and Fe would be due to the difference of the vacancy
mobility in Ni and Fe metals at room temperature.

At the second part of chapter III, the mechanism of the

remarkable work hardening around the surface of a high-manganese

steel, which is called as Hadfield steel4), has been studied by



CEMS. Hadfield steel is widely used for the abrasion-resistant
steel because of its remarkable work hardening property. A lot
of investigations for the mechanism of the work hardening of
Hadfield steel were reported, but its mechanism has not been
clear vyet in spite of these efforts. From the CEMS measure-
ments, the decarburization at the surface of the high-manganese
steels is found and it is concluded that the remarkable work
hardening of Hadfield steel is resulted from the formation of
¢ martensite by working.

At the third part of chapter III, the property at the inter-
face between a-Fe substrate and A1203 layers deposited by wusing
a chemical wvapor deposition (CVD) technique. The CVD technique
is wutilized to coat the substrate surface with some molecules
generated by thermal decomposition, especially in the field of
the semiconductor device production. Annealing effect on the
interface between the - -Fe substrate and A1203 layers also has
been investigated by CEMS. After the deposition of A1203 layers
on the o-Fe foil, the interface between the a-Fe substrate and
deposited A1203 layers was clear and no mixing of Fe atoms and
A1203 layers was observed. However, the magnetic closure
domain of g-Fe substrate is divided into smaller domains by the
deposition of A1203 layers. After annealing of the deposited
foils at various temperatures, small amounts of Fe2+ and Fe3+
ionic states were observed at the interface.

At the fourth part of chapter III, the surface layers of
Nsze14B intermetallic compound have been studied by applying

CEMS measurements. The Nd-Fe-B (Nsze14B) alloy is well known as

the excellent permanent magnet materialB), which has the largest



maximum energy products over 290 kJ/m3 than the other magnets
like SmCo compounds. However, it is reported that the coercive
force around the surface of Nd-Fe-B permanent magnet is consider-
ably smaller than that of the inner grains as the bulk. In
order to clarify the magnetic properties at the surface, the CEMS
measurements have been performed using various treated Nd-Fe-B
permanent magnets. CEMS measurements clarified that the surface
of the heat-treated Nd-Fe-B magnet is covered with small «a-Fe
clusters. The low coercive force at the surface of the Nd-Fe-B
magnet is due to the decomposition of Nd and B atoms from the
Nsze14B intermetallic compound at the surface by the heat-treat-
ment.

In the final section of chapter III, the differences of the
57Fe states between the surface layers and the bulk of Y-Ba-Cu
oxide superconductors aré discussed by comparing the CEMS and
transmission Mossbauer spectra. The acquired CEMS and transmis-
sion MoOssbauer spectra have not shown any appreciable difference
so that the chemical state at the surface of Y-Ba-Cu oxide super-
conductor 1is almost same to the bulk state. From the intensity
ratio of the doublet peak in CEMS spectra, it is suggested that
the principal axis of the electric field gradient is parallel or
perpendicular to the c-axis.

The results from the present investigation made sure that
CEMS 1is a quite powerful technique to understand the physical
and chemical properties near the surface of the various kinds of
materials.

In chapter IV, the results of this investigation are summa-

rized.



1.2 Mdssbauer effect6_1o)

The nucleus at the excited state is deexcited to the ground
state by the emitting Y-ray after its appropriate life time. If
there are two nuclei of the same species and one 1is at the ground
state and the other is at the excited state, it is expected that
y-ray resonance absorption by nuclei can be observed 1like the
resonance fluorescence in atoms by visible light. In the casé
of the nucleus, however, the recoil of the nuclei by Y-ray
cannot be negligible compared to the energy broadening of Y-ray
because of the higher energy of the y-ray than the visible light.
From the conservation of energy and momentum, the recoil energy

of a free nucleus, E is given by eq (1).

RI
2
Ep = 1/(2M) (E /)7, (1)
where EY is the energy of y-ray. M and ¢ are a mass of a free
nucleus and the velocity 6f light. When the nucleus emits Y-

ray, the nucleus is recoiled to the opposite direction to the
direction of y-ray emission and the transition energy is shared
with those of y-ray and the recoil. When the nucleus absorbs
y-ray, the nucleus is recoiled to the same direction to y-ray and
the energy for the resonance required to be the sum of the nucle-
ar transition and the recoil energy. So that the energy of v-
ray emitted from the nucleus is smaller than the transition
energy by ER and the energy of y-ray absorbed by the nucleus is

larger than the transition energy by E The typical value of E

R R
is about 10~2 eV and that of the energy width of y-ray is about
10—8 ev. There is little overlapping of the energy spectrum

between emitted y-ray and absorbed Y-ray and Y-ray resonance

absorption hardly occurs in this condition (Fig. 1-1(a)).
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Fig. 1-1. Energy distributions of the emitted and absorbed Y-ray by a
nucleus. ER and I are the recoil energy and the half width at  half
maximum, respectively. In the case of (a), the emission and absorption

lines do not overlap because of the large recoil energy compared to .



Before the discovery of Mossbauer effect, some efforts were
made to observe the nuclear y-ray resonance absorption. For
example, the nucleus was driven very fast applying the ultracen-
trifuge to compensate the recoil energy by Doppler energy shift.
The other way is to utilize the thermal Doppler broadening of
vy-ray at high temperature gas phase. At high temperature gas
phase, the energy width of y-ray becomes broad because of Dop-
pler effect caused by the intense thermal motion. The enough
broadening leads to the overlapping of energy distributions
between emitted and absorbed y-ray. The cascade of decay
process was also used to compensate the recoil energy. The
recoil of the nucleus by prior decay was applied to the loss of
the energy at resonance absorption of leading y-ray emission.

In 1957, Mossbauer found that the pgobability for the

nuclear Yiray resonance of 191Ir rapidly increased with the

decrease of temperature under 160 K11). It was thought that
the probability for the y-ray resonance absorption became small
with the decrease of temperature in order to the decrease of the
overlapping on the energy spectra of emitted and absorbed y-
ray. Mossbauer's discovery is contrary to this thought and was
not Dbelieved for a few years. The most important point of his
discovery is that a part of y-ray which is emitted or absorbed by
the nucleus in solids is not concerned in the recoil energy loss.
In solids, the nucleus is restricted in its position by the
surrounding lattice atoms and the recoil comes to be shared by
the group of these atoms. In this case, the mass in eq. (1)
becomes so large that the recoil energy E

r can be almost to Dbe

zero. If ER is zero, the energy distributions of emitted and



absorbed Y-ray are wholly overlapped and resonance absorption of
Y-ray can be easily observed. This process is called recoil-
free nuclear Y-ray resonance absorption, which is named to be
Mossbauer effect by discovery.

The probability to emit or absorb y-ray without the recoil
is the important factor to observe the Mossbauer effect. The
probability to emit or absorb y-ray without the recoil is defined
as the recoil-free fraction £f. The value of f can be calculated
by using Debye model of lattice vibration at temperature T well
below the Debye temperature GD.

f = exp[—3ERT/(2k6D)], (2)
where k is the Boltzmann's constant.

This equation shows that f has the large value when ER
described by eq. (1) is small and the Debye temperature of the
absorber and source is high. The value of f also depends on the
temperature of the measurement. It becomes large with the de-
crease of the temperature.

The ratio of energy width to the energy of y-ray on
Mdssbauer effect is smaller than 10_12 and such a value cannot
be achieved by other spectroscopic methods. It means that
Mossbauer spectroscopy has the higher energy resolution than any
other spectroscopy. For this reason, Mossbauer spectroscopy is
applied to the various field of science12).

Mossbauer spectrum is constructed by recording the relative
transmission or emission at various energy shift from a certain
energy. The energy shift is usually achieved by giving the

relative velocity between vY-ray source and absorber. Some

energy shift of the standard material is chosen as a zero point



of the velocity. This Mossbauer spectrum reflects the interac-
tions Dbetween the nucleus and the surrounding electrons (hyper-
fine interactions) and these interactions cause the energy shifts

and the splitting of peaks in the spectrum.

a) Isomer shift
The energy levels of the nucleus would be shifted by the
different density of electrons at the nucleus. If the electron-

ic state around the nucleus in yY-ray source is different from

that in absorber, some energy shifts can be observed in the
transition energy between the source and the absorber (Fig. 1-
2(a)). This is called as isomer shift and one can discuss the

valence state of the probe atom which contains the resonant

nucleus. -

b) Electric quadrupole interaction

The electric charge distribution of the nucleus 1is non-
spherical if the quantum number of the nuclear spin is larger
than I=1. The electric quadrupole moment Q, which describes the
non-spherical distribution of electric charge, is defined by the
following equation.

eQ = fpr2(3cosze - 1)drT, (3)
where p is the electric charge density in the volume fraction of
dt, which locates at the distance r from the center of the nucle-
us with the angle 8 from the quantization axis of the nuclear
spin.

The electric field gradient rising from the non-cubic symme-

try and the electric quadrupole moment of the nucleus interacts



with each other and the energy level of the nucleus with the spin

guantum number I would be split as follows.
EQ = eZqQ/[4I(2I—1)]-[3122—I(I+1)](1+n2)1/2,

where the diagonalized electric field gradient tensor and asymme-

(4)

try parameter n are described by the followings,

2 2
eq = V__ = 3°V/az

(vxx—vyy)/vzz | v yy| > [VXX].

By this interaction, the peaks corresponding to this split-

n | v

| >
zz! =
ting will be observed in the spectrum. Figure 1-3(b) shows the
splitting of the Mossbauer peak in the case of the transition

from I = 3/2 to 1/2 by the electric quadrupole interaction.

c) Magnetic dipole interaction
Under a certain magnetic field, the energy 1level of the
nucleus having the spin quantum number I will split into 2I + 1

sublevels.

En = ~9xBnilys (5)

where IN and BN are the nuclear g-factor and nuclear Bohr magne-
ton. H 1is the magnetic field and mp is the magnetic quantum
number representing the z component of I.

However, all transitions between the sublevels of the
excited and ground states are not allowed by the selection rule
of the transition. The spin quantum numbers of exited and
ground state of 57Fe are I = 3/2 and 1/2 and its transition type
is M1 which allows the angular momentum change of *#1 and 0. 1In

this case, six kinds of the transitions are allowed and the

magnetically split Mossbauer spectrum of 57Fe becomes like Fig.

1-3(c).

10
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d) Mixed hyperfine interaction

In general, these hyperfine interactions mentioned as above
appear not independently but are usually mixed and the
Hamiltonian cannot be solved analytically. In the case of 57Fe,
the interaction energy of magnetic dipole interaction under
magnetic field is much larger than that of electric quadrupole
interaction and the electric quadrupole interaction can be treat-
ed by the perturbation to the magnetic interaction. The energy
levels in such a case are described by following equation and the
spectrum shown in Fig. 1-4, assuming n = 0.

+1/zequ(3cosze—1)/8, (6)

E = -gByHm+(-1)"1
where 8 is the angle between the principal axis of the electric
field gradient and the direction of the magnetic field.

If the magnitude of the electric quadrupole interaction is
comparable to that of the magnetic hyperfine interactions, a
corresponding Hamiltonian of the nuclear energy state cannot be
resolved analytically. In this case, the numerical calculation13)
of the eigenvalues and eigenfunctions for the given Hamiltonian
is useful to analyze the complicated spectrum rising from the
mixed hyperfine interaction.

Figure 1-5 (a) shows the Mossbauer spectrum of the austenitic
high-manganese steel measured at room temperature and 20 K. At
room temperature, the spectrum obtained is well anélyzed by the
combination of a singlet peak and gquadrupole splitting doublet
peak. The doublet peak corresponds to the Fe atoms having C
atoms at the neighbor interstitial sites.

At 20 K, the weak magnetic field is caused by the antiferro-

14,15)

magnetic order of Fe atoms The singlet peak observed at

13
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Fig. 1-5. (a) Transmission Mdssbauer
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austenitic steel measured at room
temperature and 20 K. At  room
temperature, the spectrum is well
reproduced by the combination of a
singlet peak and a quadrupole split-
ting doublet peak. At 20 K, the
weak magnetic hyperfine field is
caused from the antiferromagnetic
order of the magnetic moments of Fe

atoms. The spectrum measured at 20
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K was analyzed by the combinations of six components, which are pre-

sented in figure (b). The principal axis of the electric field gradient

tensor and the magnetic field Hin is shown in figure (c). The asymmetry

parameter N is assumed to be zero.
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room temperature becomes a weakly split 6-line pattern only by
the weak magnetic hyperfine interaction. On the other hand, the
doublet peak observed at room temperature becomes complicated
peaks because of the superposition of the weak magnetic hyperfine
interaction to the electric quadrupole interaction. The magni-
tudes of these interactions are comparable so that the corre-
sponding Hamiltonian cannot be resolved by the analytical way.

The transition energy and probability for each transition
were evaluated by the numerical calculation by using the
MOssbauer parameters at room temperature and spin structure
proposed to fcc Fe precipitates in Cu16). The solid 1line in
the spectrum measured at 20 K is the calculated spectrum by
using the electric field gradient value of —2x1017 V/cm2 and
hyperfine field magnitude of -16 kG. The calculated spectrum is
constructed by one 6-line pattern split only by the magnetic
hyperfine interaction and five complicated peaks split by the
mixed hyperfine interactions having different angles between the
principal axis of the electric field gradient and the direction
of the magnetic field at the Fe nucleus. These components are
shown in Fig. 1-5 (b).

From this analysis, it is determined that the sign of the
electric field gradient caused by the C atom in fcc Fe is nega-
tive and the value of the magnetic field of the Fe atoms having C
atoms at the neighbor interstitial sites is -16 kG.

1.3 Internal conversion process17—19)

After an appropriate life time, the nucleus at the excited

level by the recoil-free y-ray absorption deexcites to the ground

16



state emitting the excess energy. There are two ways in the

deexcitation process. One is the reemission of Y-ray. The
other is the internal conversion process. The pair creation is
also concerned to the deexcitation process for the nucleus. But

the transition energy involved with Mossbauer effect is too small
to create the electron and positron pair.

Figure 1-6 shows the decay scheme of 57Fe, the levels at the
right hand side are corresponding to the nuclear states and the
left hand side to the electronic states. The nucleus at the
excited state with I = 3/2 deexcites to the ground state with I =
1/2. In this process, the probability to be deexcited by the
reemission of y-ray is only 10 %. By the probability of 90 g,
the exited nucleus deexcites by emitting a K-shell electron
without any Y-ray emissionzo). This emitted electron is called
as the conversion electron. The internal conversion coefficient
o is defined by the ratio of the probability of the internal con-
version process to thét of Y-ray reemission. The value o of
57Fe has been determined to be 9. The values of the internal
conversion coefficient are calculated for the each electron shell
of the various nuclei, applying the theory for the dipole radia-
tion. The general characteristics for the internal conversion
coefficient are as follows.

a) The values increase with the increase of the atomic number.
b) For one nucleus, the largest value is achieved by the elec-
tron orbital that has the largest probability at the nucleus.
This is due to the fact that the internal conversion process 1is

the direct interaction between the nucleus and the electrons.

c) The value for the magnetic transition is larger than that of

17
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electric transition.

After the internal conversion process, the electron hole is
created in the inner electron shell. To f£ill up this electron
hole, two competitive processes will be taken place. One is the
Auger effect. Two electrons at the outer electron shell (L-
shell in Fig. 1-6) are involved to the BAuger effect. One
electron falls into the hole at the inner shell and the other
electron is emitted with the excess energy, which is called as
Auger electron. The other is the characteristic X-ray emission
by the transition of the electron at the outer shell to the hole.
The 57Fe atom having the electron hole at K-shell escapes from
the excited state by the Auger effect with the probability of 63
% and by the emission of characteristic X-ray emission with 27
%. .

The decay scheme of the 119Sn nucleus is shown in Fig. 1-7.

In the case of 1195

n, the energy of the Mossbauer transition (I =
3/2 to 1/2) is smaller than that of the biding energy of the K-
shell electron so that the K-shell electron is never emitted by
the internal conversion process.

1.4 Backscattering Mossbauer spectroscopy21)

Mossbauer spectra are usually taken by collecting transmit-
ting <Y-ray through the specimen absorber (Fig. 1-8). Y-ray
which absorbed in the absorber by Mossbauer effect is reemitted
isotropically after its life time. So the transmission of Y-ray

at resonant energy is lower than that at non-resonant energy and

the absorption 1line appears in Mossbauer spectrum measured by

transmission geometry.

19
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The collection of Y-ray scattered by the absorber also makes
it possible to construct Mossbauer spectrum. Figure 1-9 shows
the backscattering geometry of Mossbauer measurement. The
intensity of detected Y-ray on resonance is larger than that of
off resonance, where no yYy-ray is detected in the ideal case such
as y-ray backscattered by only Mossbauer resonance. This means
the Dbackscattering geometry can achieve the higher signal to
noise ratio than in the case of transmission geometry. Another
good point of the backscattering Mossbauer spectroscopy is that
its measurement can be performed for the specimen without the
deformations such as the rolling or grinding. When the specimen
is measured by the transmission Mossbauer spectroscopy, the
thickness of the specimen must be enough thin that Mossbauer Y-
ray can be transmitted.

Conversion electrons and the characteristic X-ray are emit-
ted from the absorber, in which the resonant nuclei are excited
by MOssbauer effect, with the higher probability than the reemis-
sion of y-ray. In the case of transmission geometry, the solid
angle for the y-ray detection is almost 47 because the scattered
Y-ray 1is emitted isotropically. In the case of backscattering
geometry, it 1is generally smaller than 2™ by the structural
limitation of the counter. Specially designed detector in order
to cover the lower solid angle of the detector is favorable to
detect the electrons and the X-ray in Mossbauer measurement by
the backscattering geometry.

1.5 Conversion electron Mossbauer spectroscopy (CEMS)1—3)

Conversion electron Mossbauer spectroscopy (CEMS) is the one
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of the backscattering MOssbauer measurements. Mossbauer spec-
trum is constructed by collecting the internal conversion elec-
trons. An additional detection of Auger electrons emitted by
following the internal conversion process makes the counting
rate of CEMS higher.

The detectable area of CEMS is limited Jjust around the
surféce of materials because of the small straggling range of the
conversion electron. Only electrons which are generated by the
internal conversion process at the very shallow part of materials
can emerge from the surface and will be detected by the counter.
7.3 keV conversion electron of 57Fe Mossbauer effect has the
effective range of about 100 nm in metallic iron and 57Fe CEMS
spectrum contains the microscopic information at shallow parts
below 100 nm from the surface of materials. CEMS can measure
the surface layers of materials with high selectivity and it 1is
known as one of the most powerful tools to study the microscopic
properties around the-surface of materials.

The depth selective CEMS measurement can be possible if the
information on the relationship between the traveling distance of
electrons and the amount of its energy losses 1is already

known22’23).

This method is known as depth selective CEMS
(DCEMS) . One of the benefits of DCEMS is the non-
destructiveness to measure the microscopic property at wvarious
depth near the surface. But the special electron counter is
needed for the measurement of DCEMS in order to select the energy
of electrons with the energy resolution of higher than 100 evV.

For CEMS measurements, the use of the specially designed

electron counter containing the specimen scatter is necessary to
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detect electrons. If one does not hope the high energy selec-
tivity, the gas proportional electron counter is advantageous to
the detection of electron for the high counting efficiency and
its easy handling.

In this theses, CEMS were applied to study the physical and
chemical properties around surfaces of several materials and the
utility of CEMS for the measurement of surface properties are
demonstrated, utilizing the specially designed gas proportional

electron counters.
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CHAPTER IXI. ELECTRON COUNTER

2.1 Gas proportional counter1’2)

The gas proportional counter is widely used for the detec-
tion of the low energy radiations. The structure of a typical
gas proportional counter is shown in Fig. 2-1. The counter has
an anode wire at its center and the inside of the counter is
filled up with the gas to detect the energetic particles and
rays. The detection gas is the mixture of the inert gas and
the small amount of the multiatomic molecule gas. The gases are
chosen by the kind of the particles or rays to be detected. For
instance, the helium and C4H10 mixture gas is used for the detec-
tion of electrons and the argon and CH4 mixture gas for y-ray.

The principal operation of the gas proportional counter is
described by the following process. The radioactive rays ionize
the inert gas atoms (the primary ionization) and the number of
these atoms are proportional to the energy of incident rays.
The positive high voltage about 1 - 2 kv 1is applied to the anode
wire and the electrons generated by the primary ionization are
accelerated to the anode by the electric field. On the way to
the anode, the accelerated electrons cause the secondary ioniza-
tion of the inert gas atoms. The cascade of this secondary
ionization multiplies the number of electrons over 103 times of
those by the incident rays and an electric pulse is detected as
the gathering of these electrons at the anode. This process is
known as the gas multiplication. The gas multiplication Adoes
not contain the source generating the noise in its process, so

the gas proportional counter can multiply the signal of the

27



+ High Voltage

o gas atom

electron

Fig. 2-1. A schematic structure of the gas-filled counter

28



incident rays with the lower noise than other detectors. The
addition of the multiatomic molecule gas stabilizes its operation
of gas proportional counter. The small ionizing energy of the
multiatomic gas will absorb a part of the energy of the second-
ary ionization and suppress the continuous electric discharge
originated from the excess gas multiplication. These multiatom-
ic gas is called as the quenching gas.

The operation of the gas-filled counter depends on the
voltage applying to the anode. The dependence of the factor of
gas multiplication to the anode voltage is shown in Fig. 2-2. Iﬁ
the region IT in Fig. 2-2, the amount of the electric charge
collected at the anode corresponds to the number of electrons
created by the primary ionization. In the region III in Fig.
2-2, the number of electrons created by the primary ionization is
multiplied by the gas multiplication and this region is used for
the gas proportional counter. In these regions, the height of
the detected pulse is proportional to the number of electrons
created by the primary ionization, which corresponds to the
energy of the incident radiocactive rays. It 1is ©possible to
measure not only the amount of the radioactive ray but also its
energy. At the high voltage region of V, the amount of the
electric charge collected at the anode is not proportional to the
number of primary electrons any longer. The Geiger-Muller
counter is used at this region to get the high sensitivity to the

radiocactive rays at the cost of the energy resolution.

2.2 Electron counter for CEMS

CEMS has a lot of advantage to study the microscopic proper-
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ty around surface of materials. But it is not applied widely
because it requires some specially designed counter for the
detection of electrons. The electrons are so strongly absorbed
in 'solids that the sample has to be enclosed in the counter to
detect electrons directly. If the energy resolution higher than
a few keV 1is not required, the gas proportional counter is wvalu-
able to detect the conversion and Auger electrons. The gas
proportional counter has almost 100 % efficiency to detect 1low
energy electrons under a small background noise. The structure
of the counter which was used in present investigations is quite
simple and it does not need ultra high vacuum at the measurement,
compared to the electron spectrometer used for nuclear and atomic
physics.

The gas proportional counter to detect electrons has been

manufactured already in our laboratory3). But it has several
disadvantages. The small volume of this counter makes it impos-
sible to carry out CEMS measurement for bulky samples. The

loose airtight structure prevents the stable operation of the
counter by the admixture of impurity gases. A counter is
newly manufactured in this study in order to improve these
points. The electron counter which can operate at low tempera-
ture 1is also developed in order to CEMS measurement at low tem-
perature. The details of these counters are described in the

following sections.

2.2.1 Room temperature measurements

Figure 2-3 shows the cross-sectional view of the newly

developed electron counter for CEMS measurement at room tempera-
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Photo. 2-1. Newly developed electron counter for the CEMS measurement

at room temperature.

Photo. 2-2. Components of the newly developed electron counter for the

CEMS measurement at room temperature.
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ture. This is the gas-flow type proportional counter of which
the detectable so0lid angle is 2. The main body (a) of the

counter has flange structures at each end, where the disks (b)

are fitted by nuts and bolts with O-ring seals (h). The each
disk has the window of 20 mm ¢ at the center. The window 1is
covered with two films. One is the transparent mylar film
adhered on the outside of the disk to keep the airtight. The

other is the metallized mylar film on the inside to prevent the
incidence of lights which creates photoelectrons. These body
and disks are made of brass. At the center of the counter body,
the tungsten wire of 40 ym in diameter for the anode is extended
through the acrylic holder (c) having doughnut shape. The
sample 1is placed at the distance of 3 mm from the tungsten wire
by the acrylic sample holder (g). At the incident side of vy-
ray, the acrylic dummy holder (f) is set into the holder (c) to
maintain the symmetry of the electric field. This dummy holder
also performs the role to filter off the characteristic X-ray
from the y-ray source and its thickness is chosen to the suitable
value. The unnecessary X-ray incident into the operating area
of counter will generate photoelectrons which make the lower
signal to noise ratio of the counter. The lead shield (d4d) 1is
also set in the counter to cut unnecessary vyY-ray and X-ray.
The surface of acrylic holders of (g) is covered with the graph-
ite coating in order to keep the charge neutrality of the sample.
The surface of thg dummy holder of (f) is also covered with the
graphite coating to maintain the symmetrical condition around the
anode wire. Two valves are fixed on the cylindrical side of the

main body in order to f£ill up the inside with the detection gas
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or flow the gas during the measurement. The counter is operated

with about 3 cm3/min flow of Q gas (99 % He + 1 % C,H mix-—

4710
ture).

Figure 2-4 shows the energy spectrum of this counter at room
temperature. The area of the spectrum at the low energy is con-
structed by the photoelectrons, which make the signal to noise
ratio of the CEMS spectrum worse. The low energy area of the

spectrum, which is hatched in Fig. 2-4, was cut off by the dis-

criminator in the CEMS measurements.

2.2.2 Low temperature measurements

MoOossbauer measurement at low temperature provides a lot of
valuable information about magnetic and local vibrational states
around the probe atoms. Transmission Mossbauer measurement at
low temperature can be performed by using the cryostat including
the source and/or the sample. In the case of CEMS, it is rather
difficult to perform the measurement at low temperature than
transmission measurement because the detector containing the
specimen should be refrigerated additionally.

The CEMS measurements at low temperature were successfully
performed using the tubular electron multiplier and channeltron
for the detector of electrons4’5). The gas proportional counter
has the problem of the condensation of guenching gas at 1low
temperature and it seemed that the operation of the gas counter
would not be stable at low temperature. Some groups have suc-
ceeded CEMS measurement at low temperature applying the gas

6)

proportional counter, Isozumi et al. have developed the

gas-filled electron counter operating at liquid helium tempera-

35



COUNTS

ENERGY

Fig. 2-4.

Energy spectrum of the newly developed electron
the

counter for
CEMS measurement at room temperature.

The hatched area is cut off
by the discriminator at the CEMS measurement.

36



ture. Kastner et a1.7) have reported the stable operation of
the gas-flow proportional counter from 50 K to 370 K. These
reports show the utility of the gas counter for CEMS measurement
at low temperature.

Figure 2-5 shows the cross-sectional and top views of the
electron counter designed for CEMS measurement at 77 K. its
fundamental structure is similar to that of the electron counter
for the room temperature measurement. It is small enough ﬁo set
into the cryostat. In seals are used to keep the airtightness
at low temperature instead of O-ring seals. The temperature of
the sample is determined by the resistance of Pt resister placed
on the upper plane of the counter. The mixture of helium and
methane ( 95.8 : 4.2 ) or helium and carbon monoxide ( 9 : 1 )
was used for the detection gas to avoid the condensation of
quenching gas8). At these mixing ratios, the partial pressure
of the quenching gas is smaller than the vapor pressure at 77 K
(Fig. 2-6). The gas was filled up before the cooling of the
detector and was not flowed during the measurement to acquire the
stable operation for long period.

The diagram of the electron counter and the cryostat is
shown in Fig. 2-7. The inside space of the cryostat is filled
up with the helium gas about 5 Torr at room temperature and the
counter 1is cooled down by the thermal conduction of the helium
gas. This cooling method makes the counter cooled down to about
180 K. The cryostat also has the capillary and the direct cool-
ing by liquid nitrogen is possible. The energy spectrum of this
electron counter is shown in Fig. 2-8 measured at 190 and 100 K.

a—Fe203 was measured by CEMS at low temperature to demon-
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strate the performance of this counter. a—Fe203 is well known

for its spin-flip transition by temperature and pressure, namely

Morin transition9’10).

Figure 2-9 shows the spin structures
below and above the transition temperature. The transition
temperature is about 260 K at 1 atm. The principal axis of the
electric field gradient is always parallel to c-axis of the crys-
tal. On the other hand, the direction of spin is parallel to c-
axis above transition temperature, but is perpendicular to c-axis
below its temperature. When 0 is the angle between the principal
axis of electric field gradient and the direction of spin, the
value of electric quadrupole splitting will be denoted by the
next equation assuming n = 0,

0.s. = e®q0(1-3cos?0)/8.

The sign of electric quadrupole interaction is directly reflected
at the asymmetry of the 6-line pattern in Mossbauer spectrum.
If the sign of the electric field gradient is negative, the
distance Dbetween the first and the second peaks of the 6-1line
pattern is larger than that between the fifth and the sixth. If
it is positive, vice versa.

Figure 2-10 shows CEMS spectra of a-Fe203 measured at 273 K
and 190 K. The distance between the left two peaks 1is 1larger
than that between right two peaks at 273 K and the relationship
of two distances is reversed at 190 K. The values of isomer
shift and electric,quadrupole splitting are +0.36 and -0.23 mm/s
at 293 K and +0.44 and +0.36 mm/s at 190 K. These are well
agreed with the reported values obtained from the transmission
Mdssbauer méasurements11).

These results show the positive proof of the operation of
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the electron counter at low temperature. This electron coun-
ter, however, has some defects. One is the bad cooling rate
which is originated from the large heat capacity of the counter
and the 1limitation of the thermal conductivity by the small
amount helium gas. The second is that the handling of the
counter 1is not so easy because of In sealing. The third point
is the indirect measurement of the temperature of the sample.
But the temperature at the counter wall should be very close to
the temperature of the specimen because helium gas having a high
thermal conductivity is filled up in the counter. The accom-
plishment of this counter will promise the new application of

CEMS to wvarious fields.
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CHAPTER III. APPLICATIONS

3.1 Ion-implantation
3.1.1 Ion-implantation technique1’2)
When charged particles are accelerated by the electric field
and make collision against the target, the effects of these
particles on the target depend on the energy of the particles.
Figure 3.1-1 illustrates how the accelerated particles affect on
the surface layers of the target. At the energy about 10 eV,
accelerated particles will be piled up on the target surface and
construct the new layers. At about a few keV, these particles
will be backscattered by the target atoms accompanying a sputter-
ing of the surface layers of the target. This process is ap-
plied to make the ion source vapor of the target‘étom, to clean
the surface of the target and to make a thinner thickness of the
target. At the energy over 10 keV, the energetic particles come
to get into the inside of the target. The particles which get
into the target lose its energy by random collisions with the
target atoms and stop at various depth from the surface. The
introduction of impurity atoms into target by this process 1is
known as the ion-implantation. Since the collisions with the
target atoms are random process, the depth of the implanted atom
depends on the initial energy of the particle. This means that
the depth of atoms implanted into the target can be controlled by
the acceleration energy of ions. The depth of the 1implanted
atoms in the target shows the continuous distribution 1like

Gaussian function even if all atoms are implanted at the same
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acceleration energy. In addition, the concentration of the
implanted atoms in the target is easily controlled by the dose
of the implanted atoms. Also any atom species can be implanted
into any kinds of targets by ion-implantation. The ion-implan-
tation technique is advantageous to improve the physical proper-
ties around surface for these features.

"The ion accelerator and the ion source are needed in order
to carry out the ion-implantation. Cockcroft-Walton accelerator
is popularly used for the ion implantation of the acceleration
energy under 1 MeV. Tandem Van de Graaff accelerator is also
available for the implantation at the higher energ§ about 10 MeV.
The ions are generated by applying several techniques such as the
microwave oven, sputtering or arc discharge.

Ion-implantation technique has been developed especially in
the field of semiconductor in order to dope the impurity atoms
into the substrate because this technique can easily control the
concentration and distribution of dopant atoms. Recently it
was further applied to metals in order to improve the surface

5)

corrosion or the wear resistance 4y with the development of the
accelerators.

As above mentioned, the ion-implantation technique comes to
be used for various materials to improve their physical proper-
ties around the surface. However, the ion-implantation intro-
duces not only impurities which are ion-implanted foreign atoms
but also a large amount of lattice defects. The introduction of
the impurities and defects would induce the problems such as
their migration, interaction, clustering and formation of non-

119S

equilibrium phase. For the study of n implantation into
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metals, 119Sn CEMS will provide a microscopic information on

the behavior of the implanted Mossbauer atoms and their envi-
ronment in target metals. Especially, in the <case of the

implantation into Fe metal, the microscopic information of target

57Fe atoms can also be acquired by 57Fe CEMS.
3.1.2 Experimental procedure
1) 119Sn implantation into Ni and Fe
The targets for 119Sn ion-implantation were chosen to two
metals of Ni and Fe. The target foils of 45 ym were prepared

by cold-rolling of high purity rods of 5 mm in diameter sup-
plied by Johnson Matthey Chemicals Ltd. The purity of each
metal is 99.998 % up for Ni and 99.99 % up for Fe. The rolled
foils were electrolytically etched to about 40 um in thickness by
using the electrolytic solution of H,SO, : H,O = 3 : 2 for Ni and

2774 2
HC10 : CH,COOH : CH.OH =10 : 1 : 1 for Fe in volume fraction.

3 3

These foils were annealed by suitable ways for each element.
The Ni foils were annealed for 8 hrs at 1173 K in the silica
tubes under vacuum. The Fe foils were annealed for 2 hrs at
1173 X 1in the flow of wet H2 gas. As a final step of the
target preparation, these annealed foils were electrolytically
etched for about 10 s to remove the surface contaminations.

The ion-implantation was performed by using a Cockcroft-
Walton accelerator at Electrotechnical Laboratory, Agency of
Industrial Science and Technology, Tsukuba, which is shown in

Fig. 3.1-2. The ion-implantations were performed with acceler-

ating energies of 100, 200, 300 and 400 keV and the total doses
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of the implantation were 5x1015, 1x1016 and 5x1016 ions/cmz.

The foils were mounted on the copper base sample holder
inside of the target chamber using an electrically conductive
paste. After the implantations, the foils were removed from the
copper base dissolving the paste by acetone.

The implantations were done at room temperature. The tem-
perature of the foils was not measured during implantations,
because the electric noise arising from the ion collision made
impossible to measure the temperature by the thermocouple.
However, the temperature of the copper base where the foils were
mounted Jjust after implantation was below 323 K in all cases.
The maximum rise of the temperature of the foils during implanta-

tion would be lower than 50 K.

2) CEMS measurements

119Sn CEMS measurements were performed at room temperature
by using the gas flow type electron counter which was newly de-
veloped to gain the higher efficiency of count-rate. About 3
cm3/s flow of Q gas (99 % He + 1 % CH4) was used for the detec-
tion gas during CEMS measurements. All CEMS spectra were re-
corded by the combination of a velocity transducer and a multi-
channel énalyzer operated in time mode. The transducer was
driven under the constant acceleration mode. The back and forth
motion of the transducer changes the distance between the source
and the detector and this leads to the change of the counting
rate of the effective y-ray detection at each Doppler velocity.

By this effect, the base line of the spectrum will be curved like

a gquadratic 1line. In order to reject the convex of the base
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line, the transducer was driven by the triangular wave function.
Under this condition, the spectrum is constructed by two contin-
uous spectra whose base lines are symmetrically gquadratic lines
of up and down convex. The spectrum whose base line is flat
can be obtained by folding the spectrum at a certain channel.
The optimum folding point of the spectrum is searched by the
compﬁter with accuracy of 1/100 channel. The spectra before and
after the folding procedure are shown in Fig. 3.1-3.

119mSn in CaSnO3 was used as a Mossbauer <y-ray source and
the =zero Doppler velocity was defined to be the center shift
value of BaSnO3 at room temperature. All CEMS spectra were ana-
lyzed by least-square-fitting assuming the thin foil approxima-
tion.

In the case of the 119Sn implantation into Fe, 57Fe CEMS
measurements were also performed in order to investigate the

microscopic state of the target Fe atoms implanted by 119Sn

These 57Fe CEMS spectra were compared with corresponding 119Sn

spectra and the influence of 119Sn implantation on the target Fe

atoms was discussed. The method of 57Fe CEMS measurements is

same as that of 119Sn CEMS, but 25 mCi 57Co in Rh was used for
Mossbauer <y-ray source and the Doppler velocity scale was cali-

brated by using a spectrum of g -Fe at room temperature.

3) X-ray diffraction measurements
The surface structures of specimens were measured by X-ray
diffraction and compared with the results from CEMS measurements.

The diffractometer of Rigaku RAD-1A was used for these X-ray

diffraction measurements.
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4) Computer simulation of 1198n depth distribution using

TRIM3D code
In order to discuss the depth distribution of implanted Sn

119S

atoms, n CEMS spectra were compared with the results from

TRIM3D computer simulations). TRIM3D code has been developed
for the calculation of the radiation damage by the energetic
particles. The method of the calculation is constituted by the
repetition of the history that one incident particle loses its
energy by c¢ollisions with the target atoms. The particle is
implanted into amorphous structured target to concern the random
collision of the particle in the target. In TRIM3D code, it is
assumed that the incident particle loses its energy by elastic
collision to target atoms and by electronic excitation independ-
ently. When the energy of the particle becomes smaller than the
cut-off value that is chosen about 5 eV or the particle goes out
from the target, one cycle of +the calculation is finished.
After a set number of the repetition of this cycle, the radia-
tion damage energy and the number of the stopped particles are
calculated by the summation over the all cycles at various depth.
TRIM3D computer simulation is widely used for the information of
the radiation damage by energetic particles.

10000 cycles of particle histories were actually‘calculated
for each simulation of the 1198n implantation. The values of 25
and 22 eV were used for the displacement threshold energy of

7)

metallic Ni and Fe ’. The cut-off energy was chosen to 5 eV in
all simulations. The depth distributions of implanted 119Sn
atoms were presented by the number of Sn atoms stopped at each

depth from surface having a 5 nm layered intervals. The local
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Sn concentrations were also calculated on the assumption that
all implanted Sn atoms occupied the substitutional 1lattice

sites of the targets.

5) MOssbauer measurements of Ni-Sn and Fe-Sn alloys

In order to compare with the CEMS spectra of 1198n implanted

Ni and Fe, the transmission Mossbauer measurements were performed
for the Ni-Sn and Fe-~Sn alloys.

Figure 3.1-4 shows the phase diagram of Ni-Sn systemB).
The maximum solid solubility of Sn into Fe is about 10.4 at.% at
1403 K and the intermetallic compounds are formed at 25, 40 and
57.1 at.% Sn. Ni-0.9, 3.2, 5.1, 6.9, 8.6 and 10.4 at.% Sn solid

solutions, Ni,Sn and Ni,Sn

3 3772

from melts. The ingots from these compositions were melted by

intermetallic compounds were prepared

the arc furnace and annealed for 100 hrs at several temperatures

in the silica tube under vacuum. After annealing, the powder
specimens were made of these ingots and annealed for 12 hrs in
the evacuated silica tube. For the so0lid solution treatment,

the powder specimens were quenched into iced water and the other
specimens for intermetallic compounds were cooled in air. The
structures of these powders were checked by X-ray diffraction
measurements.

8)

The phase diagrams of Fe-Sn system is shown in Fig. 3.1-
5. By using a similar process to the preparation of Ni-Sn alloy
specimens, Fe-1.2, 3.5, 4.8, 5.9 and 8.2 at.% Sn solid solutions
and FeSn intermetallic compounds were prepared from melts.

Transmission MoOssbauer measurements were performed by the

combination of a velocity transducer and a multichannel analyzer
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operated in time mode. 119mSn in CaSnO3 was used for the Y-ray
source and 0 mm/s in the velocity scale was relative to the
center shift value of BaSnO3 at room temperature. The spectra
were fitted by the least-square-fit procedure assuming the thin
foil approximation.

In the case of Fe-Sn alloys, 57Fe Mossbauer measurement was
also carried out. 57Co in Rh was used for the yY-ray source and
the velocity scale was calibrated by the metallic iron at room

temperature.

6) Analysis of hyperfine field distribution

For the information to the magnetic property of the implant-
ed 119Sn and target atoms, the hyperfine field distribution was
determined us;pg the continuous distribution function which is
given by the Fourier series expansion. The Mossbauer spectrum
showing a broad distribution of the hyperfine field was decom-
posed into the power spectrum by the Fourier series and the

probability at each hyperfine field was calculated from the

coefficients of Fourier expansion.

3.1.3 Results and Discussion
1) 119Sn implanted into Ni
a. Ni-Sn alloys
Figure 3.1-6 shows the 1198n TMS spectra of ©Ni-Sn solid
solutions measured at room temperature. The spectra of the Sn

concentrations below 6.9 at.% seem to be constructed by one

doublet peak. These doublet-like-peaks are magnetically-split
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6-line patterns whose subpeaks are well overlapped because of the
small splitting by the hyperfine field compared with the natural
line width of the j195n spectrum. The spectrum of the Sn
concentration below 8.6 at.% is analyzed by one 6-line pattern
and the spectrum of 10.4 at.% Sn is analyzed by one singlet peak.

The values of the isomer shift are ranged from +1.50 mm/s to
+1.54 mm/s and these are hardly changed by the Sn concentration.
The magnitude of the hyperfine field decreases from 19.6 kG with
an increase of the Sn concentration and fell in zero when the Sn
concentration exceeds 10 at.%. This result coincides with the
fact that Curie temperature of Ni-Sn solid solution falls with
an increase of Sn concentration and the critical concentration
where Curie temperature equals room temperature must be around
10 at.% 9).

The isomer shift values of these peaks are well agreed with
those of the substitutional Sn atoms reported previously and the
magnitude of hyperfine field of 19.6 kG at the Sn concentration
of 0.9 at.% is also agreed with that of the Sn dissolved into Ni
matrix10’11).

At the Sn concentration of 5.1 at.%, the full width at half
maximum of the peak is 1.42 mm/s and this is much larger than the
line width observed from B-Sn foil, 0.83 mm/s. This fact might
suggest that the existence of another extra-component in the
spectrum. But the further analysis of the spectrum wusing an
additional component has not been successful because of the no
improvement in chi-square value.

The TMS spectra of Ni3Sn and Ni3Sn2 intermetallic compounds

are shown in Fig. 3.1-7. The spectrum of Ni3Sn is quite similar
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to the spectrum of Ni-10.4at.%Sn solid solution and these two

phase cannot be distinguished by Mossbauer spectra. The struc-

ture of Ni3Sn is Mg3Cd (D019) type so that X-ray diffraction
2)

measurement is a good method to distinguish these two phases1 .

b. 119Sn CEMS spectra

119Sn CEMS spectra measured for the specimens implanted by

19 with the dose of 5x1016 ions/cm2 are shown in Fig. 3.1-8.
Each spectrum obviously consists of some components, but, widely
split peaks which are attributed to the vacancy associated Sn

atoms observed in source experiments13’14)

reported previously
is not found in the observed spectra.

These spectra can be analyzed using two components. One is
a ferromagnetic component (6-line pattern) and the other is a
paramagnetic component (singlet peak). In this analysis, the
amount of the ferromagnetic component increases with the increase
of the accelerating energy. The value of isomer shift is around
+1.51 mm/s for all peaks and this value is in good agreement with

that of substitutional Sn in Ni13’14)

, which is shown in Fig.
3.1-6. The magnitude of the hyperfine field is ranged from
13.8 kG to 14.5 kG and increases with the increase of the accel-
erating energy. So that, the ferromagnetic component in Fig.
3.1-8 is due to substitutional Sn in Ni-Sn solid solution where
local Sn concentration is less than 10 at.%. The isomer shift
values and the magnitude of hyperfine field suggest that the
implanted Sn atoms are substitutional impurities in Ni-Sn solid

solution. It is rather difficult to determine whether the

paramagnetic component arises from substitutional Sn in Ni-Sn
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solid solution, of which Sn concentration is more than 10 at.%,
or 8Sn in Ni3Sn intermetallic compound, because these Mossbauer
spectra show the nearly identical hyperfine interaction parame-
ters and cannot be distinguished to each other. X-ray diffrac-
tion measurements for the specimens implanted with the accelerat-
ing energy of 100 and 200 keV in Fig. 3.1-9 <clearly show the

5)

peaks of Ni_.Sn intermetallic compound1 r so that a large part of

3

the paramagnetic component must be due to Sn in Ni,Sn intermetal-

3

lic compound.

c. TRIM3D computer simulation

TRIM3D computer simulation is applied to the case of Sn
implantation into Ni and the obtained results are shown in Fig.
3.1-10. The vertical scale at the left hand side indicates the
depth distribution of Sn implanted into Ni and the right hand
side scale the 1local Sn concentration. The hatched area, where
local Sn concentration is lower than 10 at.$%, increases with the
increase of the accelerating energy. The contribution of the
hatched area to whole histogram depends on the energy of ions.
The dependence of the hatched area on the acceleration energy is
similar to that of the area contribution of the ferromagnetic
component in Fig. 3.1-8. The ratio of hatched area to the whole
histogram in Fig. 3.1-10 is in good agreement with the ratio of
6-line area to the whole spectrum in Fig. 3.1-8.

X-ray diffraction patterns indicated that Ni3Sn intermetal-
lic compound must exist at around the depth of the non-hatched
area in Fig. 3.1-8. However, Sn concentrations of non-hatched

area are much 1less than 25 at.%, that is the composition of
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NiBSn, except for the case of 100 keV.

This conflict can be explained by assuming that the local
diffusion of Sn atoms occurs during the implantation in the area
where Sn concentration is larger than 10 at.%. The diffusion
may be the radiation assisted one, since the normal substitution-

al impurity diffusion cannot appreciably take place blow 320 K

which is the measured highest temperature of the specimen during

the ion bombardment. At 320 K, a vacancy in Ni is expected to
jump only 10_10 times a second by the calculation wusing the
value of migration energy, 1.5 eV16).

In the above analysis, each CEMS spectrum 1is decomposed
into two components. The analysis by the decomposition into
several kinds of 6-lines for the ferromagnetic component gives
similar chi-square values to those obtained by two coémponents
analysis. The random collisions of the implanted particle with
the target atoms give rise to the depth and the concentration
distribution of the implanted particles, which is shown in the
TRIM3D computer simulation as shown in Fig. 3.1-10. This leads
to the idea that hyperfine field of the ferromagnetic component
in Fig. 3.1-8 must have a distribution.

The satisfactory analysis of CEMS spectra using only two
components as mentioned above can be understood by that the
hyperfine field distribution of the Sn atoms implanted into Ni is
considerably narrow as compared with the natural line width of Sn
nucleus.

One could reproduce the observed CEMS spectrum by using the
concentration distribution calculated by TRIM3D code, as in

Fig. 3.1-10, combined with the Mossbauer parameters obtained
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from the measurement on various Ni-Sn alloys. Nevertheless, as
a simplest way of analysis, the ferromagnetic component in the
CEMS spectrum at the bottom of Fig. 3.1-8 (with accelerating
energy, 400 keV) is decomposed into four subcomponents. The
result well agrees with that of TRIM3D calculation except the
subcomponent corresponding to the low Sn concentration around 4
at.% which has a larger area ratio than that by TRIM3D calcula-
tion. This discrepancy could arise from the secondary effect
such as the diffusion of Sn atoms after implantation, which
TRIM3D computer simulation does not take into account. This
effect becomes important in the case of high doses such as 5x1016
ions/cmz.

The dose dependence of CEMS spectra is also observed. In
the case of the dose of 1x10'° ions/cmz, CEMS spectra in Fig.
3.1-11 consist of only ferromagnetic components. These spectra
reflect the result of TRIM3D computer simulation which shows
maximum local Sn concentration is about 6 at.% leading to the
formation of ferromagnetic Ni-Sn solid solution. The magnitudes
of hyperfine field are larger than those at the dose of 5x1016
ions/cm2 because of the low Sn concentration. The magnitude of
the hyperfine field is related to the mean value of local Sn
concentration. At the lowest dose of 5x1015 ions/cmz, each CEMS
spectrum shows the larger hyperfine split 6-line pattern because
of the lower Sn concentration. Thus, the dependence of CEMS
spectra on the decrease of the dose is well explained by the
reduction of local Sn concentration.

The vacancy-associated lines reported in the source experi-

ments are not observed in any CEMS spectra. The dose of the
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source experiments in ref. 14 is 5x1013 ions/cmz. That is much

15 ions/cm2 in this study.

smaller than the least dose of 5x10
At the dose of 5x1015 ions/cmz, the local Sn concentrations are
more than 1 at.s%. The conditions in the target of this study
are quite different from those of the source experiment so that
defect associated lines could not be observed in this study.

2) 1198n implanted into Fe

a. Fe-Sn alloys

Figure 3.1-12 shows 1198n TMS spectra of Fe-Sn solid solu-
tions whose Sn concentrations are 1.2, 3.5, 4.8, 5.9 and 8.2
at.%. The spectrum of Fe-1.2at.%Sn solid solution consists of
only one 6-line pattern. This component is due to the Sn atom
dissolved into Fe matrix, since the value of the isomer shift of
+1.54 mm/s and the magnitude of hyperfine field of 85 kG are
agreed with the values for isolated Sn in bcc Fe11’17'18'19).

At higher concentrations of 3.5 and 4.8 at.%Sn, the spectra
are decomposed into two kinds of 6-line patterns having the same
line width. This analysis is well agreed with the results from
the hyperfine distributions analysis in which the distributions
have two peaks at the hyperfine field of about 60 and 85 kG as
shown in Fig. 3.1-13. The values of the isomer shift and hyper-
fine field obtained from the larger split 6-line pattern are
+1.53 and +1.57 mm/s and 81 and 85 kG respectively. These
values well agree with those of the Sn atom dissolved into Fe.

The values of the isomer shift and hyperfine field for the

smaller split 6-line pattern are 1.43 and 1.51 mm/s and 63 and 64
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kG. The isomer shift values are almost same to those of larger
split peaks. The hyperfine fields are smaller than those of the
larger split 6-line pattern by about 20 kG. These values are
close to 1.44 mm/s and 60 kG, evaluated for the Sn atom having

one Sn atom at the first neighbor sites by 119Sn TMS measurements

of Fe-Sn solid solutions19).

The probability to find a Sn atom having n Sn atoms at the
first and second neighbor lattice sites in becc lattice is calcu-
lated by the following equation.

P(n)=,,C_(1-x) {1 77)"
where x is atomic ratio of Sn atom in the Fe-Sn solid solution.
The calculated values of P(n) and the areal contributions of each
component in TMS spectra of Fe-1.2, 3.5 and 4.8 at.% Sn solid
solutions are listed in Table 3.1-1. The values of P(0) well
agree with the areal contributions of the larger split 6-line
pattern to whole area at the Sn concentrations of 1.2, 3.5 and
4.8 at.s%. So that the larger split 6-line patterns are due to
the ©Sn atoms having no Sn atoms at the first and the second
neighbor lattice sites and the smaller split peaks are due to the
Sn atoms having more than one Sn atom at those sites.

At the Sn concentration higher than 5.9 at.%, the hyperfine
field distributions become to be wide from low field up to high
field continuously and show no clear peaks in spectrum. At the
Sn concentration above 7 at.%, all of the Sn atoms in Fe-Sn solid
solutions have at least one Sn atom at the first and the second
neighbor lattice sites. In such case, the magnetic state of

the PFe-Sn so0lid solution will wholly differ from that of the

dilute Fe-Sn solid solutions, whose TMS spectra can be explained
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Table 3.1-1.

(a) and the smaller split 6-line pattern (b) in the

spectra

The areal contributions of the larger split 6-line pattern

of Fig.

3.2-12 and the calculated values of P(n), the probability to find a Sn

atom having n Sn atoms at the first and second neighbor lattice sites.

ggncent.(%) 6-line(a) 6-1line(b) P(0) P(1) P(2)
1.2 1.00 - 0.844 0.144 0.011
3.5 0.74 0.26 0.607 0.308 0.073
4.8 0.51 0.49 0.502 0.355 0.116
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by the local Sn configuration.
Figure 3.1-14 shows the 119Sn and 57Fe TMS spectra of the
FeSn intermetallic compound measured at room temperature. Both

TMS spectra are well analyzed by the superposition of the two 6-

line patterns. 57Fe Mossbauer parameters obtained are agreed
with the values previously reportedzo). In the case of the
9%,  M8ssbauer measurement, the Mossbauer parameters quite

different from those in ref. 20.

b. 119Sn CEMS spectra

Figure 3.1-15 shows 1198n CEMS spectra of 119Sn implanted
into Fe at the acceleration energy of 100, 200, 300 and 400 keV

16 ions/cmz. The strong peaks corresponding

and the dose of 5x10
to bcc structure were observed in the X-ray diffraction{patterns
of these specimens (Fig. 3.1-16). The quite weak peak by Cu-K,
radiation was observed at 43.61° in the diffraction pattern
obtained from the specimen with the acceleration energy of 100
keV and at 44.27° in that of 300 keV, respectively. The inten-
sity of these peaks was so small that the origin of these peaks
could not be defined only by the X-ray diffraction measurement.
At the energy of 400 keV, the CEMS spectrum is symmetrical
for the centroid of the peaks and similar to those of the dilute
Fe-Sn solid solutions. The spectrum is well reproduced by the
two 6-line patterns having different hyperfine fields. The line
widths of two components were restricted in the same value,
Hyperfine field distributions shown in Fig. 3.1-17 make it sure
that this spectrum is composed of two kinds of the ferromagnetic

components, whose hyperfine field values are about 60 kG and 82
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Fig. 3.1-14.
measured at room temperature. In both cases, the spectra are well ana-
lyzed by the two kinds of 6-line patterns, as shown by broken lines in

the spectra. The velocity scale is relative to 0-Fe at room temperature

119

and 0 mm/s of Sn TMS is determined by BaSnO3 at room temperature.
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kG, respectively.

The isomer shift and hyperfine field values of the larger
split components are +1.54 mm/s and 82 kG, respectively. These
values are well agreed with those for the substitutional Sn atoms

21’22). These values

in Fe obtained from the source experiments
are also similar to those of the substitutional Sn atoms having
no Sn atoms at the first and the second neighbor lattice sites,
obtained for the Fe-Sn solid solutions.

Magnitudes of the hyperfine field are 60 kG for the smaller
split 6-1line patterns. This value is similar to 64 kG of the Sn
atoms having another Sn atoms at the first and the second neigh-
bor lattice sites of Fe-Sn solid solutions. However the isomer
shift value of this component is +1.64 mm/s. This is larger
than the value of the correspgnding components in the TMS spectra
of Fe-Sn solid solutions.

The CEMS spectrum obtained from the specimen implanted by
the acceleration energy of 200 and 300 keV was well analyzed by
two kinds of 6-line patterns and two kinds of singlet peaks.
The 6-line patterns in these CEMS spectra are same to those in
the CEMS spectrum obtained from the specimen implanted by the
acceleration energy of 400 keV. The singlet peak located at the
smaller velocity side has the isomer shift about 0 mm/s. This
value corresponds to the Sn4+ state. The value of the isomer
shift for another singlet peak located at the larger velocity
side is about 3.3 mm/s, that is close to the value for B-Sn of
2.53 mm/s.

For the implantation with the acceleration energy of 100

keV, the 119Sn CEMS spectrum obtained is quite different from
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the other three spectra in Fig.3.1-15. This spectrum was simi-
larly decomposed into two kinds of 6-lines and two kinds of
singlet peaks to the spectra obtained from the specimens implant-
ed by the acceleration energy of 200 and 300 keV. The intensi-
ties of the singlet peaks much increased compared with those in
the spectra obtained from the specimen at the acceleration energy

of 200 and 300 keV. At the low acceleration energy of 100 keV,

the implanted 1198n atoms stop at the very shallow part of the

target and the local Sn concentration becomes considerably higher

than the case of the acceleration energy 300 and 400 keV. The

higher concentration of the implanted 119Sn atoms would enhance

the formation of the Sn4+ state and some states close to B-Sn.

However, the components associated with the vacancy, which

were observed in the source experiments13’22), are not observed

in any spectra. This is because of the much higher dose of this

study than the source experiments.

c) 57Fe CEMS spectra

In the case of the 119Sn ion-implantation into Fe, the

microscopic information for Fe atoms of the target can also be

obtained by 57Fe CEMS measurements. Figure 3.1-18 shows 57Fe

CEMS spectra obtained from the o-Fe foils after the 119Sn

implantations at the dose of 5x1016 ions/cm2 and the accelera-

ion-

tion energies of 100, 200, 300 and 400 keV.

In all CEMS spectra, a minor 6-line pattern was observed
additionally to the main 6-line pattern whose isomer shift wvalue
and hyperfine field magnitude are almost 0 mm/s and 330 kG.

This main 6-line pattern is arising from the a-Fe of the target.
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tions. Both of the Sn implantations and the CEMS measurements were

performed at room temperature. These spectra are well analyzed by two
kinds of 6-line patterns, as shown by broken lines in the spectra.

Velocity scale is relative to 0-Fe at room temperature.
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The isomer shift and hyperfine field values of minor 6-line
patterns are about +0.20 mm/s and 320 kG. These values are a
little 1larger than 0.06 mm/s and 310 kG, evaluated for the Fe
atom having one Sn atom at the first neighbor lattice sites by
TMS measurements of Fe-Sn solid solutions19). The small quadru-
pole splitting about +0.2 mm/s is also observed in these minor
6-line patterns. Judging from the results of the corresponding
119Sn measurements, the minor 6-line patterns are due to the Fe
atoms having substitutional Sn atoms at the first and second
neighbor lattice sites.

The sharp peaks arising from the intermetallic compounds,
such as FeSn spectra as shown in Fig. 3.1-14, were not observed
in any 57Fe CEMS spectra. In the 1195n CEMS spectrum obtained
from the specimen with the acceleration energy of 100 keV in Fig.
3.1-15, additional singlet peaks to the 6-line patterns of the
dissolved Sn into Fe were clearly observed. So that the im-
planted Sn atoms would form the clusters or oxides by themselves
at the regions of the high Sn concentration in «oa-Fe target.
These clusters and oxides may not contain Fe atoms. In the
case of the 119Sn implantation into Ni, however, Ni3Sn interme-
tallic compounds have been formed at the regions of the high Sn
concentration. This different behavior of the implanted Sn
atoms in the different target spices may depend on the different
defect structure and different mobility of the vacancies in each
target.

Substitutional Sn atoms implanted into Ni 1lattice cannot

move after implantation because of the nearly no mobility of the

vacancies 1in Ni at room temperature. If Ni3Sn intermetallic
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compounds are once formed, these will not be dissolved because of
little mobility of vacancy in Ni metal at room temperature. It
is mentioned that the formation of Ni3Sn intermetallic compounds
at the implantation is associated with the radiation enhanced
diffusion of Sn atoms. But the radiation enhanced diffusion
would not affect to dissolve the formed Ni3Sn intermetallic
compbunds.

Sn atoms implanted into Fe can move even aftér implanta-
tion because of the large mobility of the vacancy in Fe at room
temperature. On the implantation at room temperature, the
effective temperature around the damaged regions would be consid-
erably higher than the room temperature. At this condition, the
formation of the Fe-Sn solid solutions would be preferred rather
than the FeSn intermetallic compound though it is the equilibrium
phase at the room temperature. It implies that the local free-
energy of solid solution is lower than that of the intermetallic
compound because of the larger configurational entropy of the
solid solution than intermetallic compounds during implantation.
So the peaks of the FeSn intermetallic compound were not observed
in 57Fe and 119Sn CEMS spectra in the case of the 119Sn implanta-
tions into Fe. Moreover, at the regions of the high Sn concen-
tration, excess Sn atoms over the maximum solubility of Sn in Fe

would form the oxides and clusters of Sn atoms containing no Fe

atoms, rather than Fe-Sn intermetallic compounds.
d) TRIM3D computer simulation

TRIM3D computer simulations were carried out and their

results are shown in Fig. 3.1-19. The vertical scale of the

85



, : 4130
o TRIM3D computer simulation
— "9°Sn implanted into Fe
20r
5x10'® ions/cm? 120
'O ~ N l O
L 100keV
% of 0 -
[ 115 =
- O
c 1Ot o n
= 410 -
=2 [ o
b ~T —
1 - O
5 0 200keV 1s 2
&) o
o
c 0O O &
&’ O
- or  TH 10
— 7 c
] wn
[ ] 2
of 300 keV 15
0 )
—
] ) 110
r_(_—‘ —
5t
400keV s
T L T T T O
O 20 40 60 80 100 120 140
Depth (nm)
Fig. 3.1-19. 1198n depth distribution of 119Sn implanted into Fe
calculated by wusing TRIM3D code. The scale of the right hand side
indicates the local Sn concentration evaluated by assuming that 1198n

atoms occupy the substitutional sites of Fe matrix.

86



left hand side indicates the depth distribution of Sn implanted

into Fe. The right hand side scale indicates the local Sn con-

centration calculated by assuming all implanted 119Sn atoms are

dissolved into a-Fe and occupy the substitutional sites of a-Fe.
To compare the results from the TRIM3D computer simulation

with the CEMS spectra, it must be considered that the detectable

efficiency of 57Fe CEMS rapidly decrease with an increase of the

depth comparing with the case of 1195n CEMS. This is due to the

different energy of the conversion electrons between 57Fe and

119Sn CEMS. The energy of the mainly detected conversion elec-

119S

trons in 57Fe and n CEMS are 7.3 and 19.6 keV, respectively.

Figure 3.1-20 shows the 119Sn depth distribution which 1is

the distribution as the lowest figure in Fig. 3.1-19 and smoothly

curved lines indicating a dependence of the detectable efficien-

cy of 57Fe and 119Sn CEMS as a function of the distance from

surface23’24). For the small energy of the detected electrons

in 57Fe CEMS, the detectable efficiency of 57Fe CEMS rapidly de-

creases with the depth and it is nearly zero at the depth of 160

119S

nm. On the other hand, the efficiency of n CEMS quickly

decreases to the depth of 30 nm but it becomes nearly constant at
the depth from 30 nm to 160 nm. So that the change of the

detectable efficiency by the depth must be taken into account as

a weight function when the 1198n depth distributions in Fig.

3.1-19 are compared with the CEMS spectra, especially in the case

of 57Fe CEMS.

The 119Sn atoms in the regions of the Sn concentration over

7 at.%, where is hatched in Fig. 3.1-20, has at least one Sn

atom at the first and second neighbor lattice sites. The 119Sn
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atoms in this region will correspond to the 6-line pattern having
the smaller split 6-line pattern in the bottom spectrum of Fig.
3.1-15. In the same way, 57Fe atoms in this region will corre-
spond to the minor 6-line pattern in the bottom spectrum of Fig.
3.1-18. The corrected areal ratio of the hatched regions in
Fig. 3.1-20 by concerning the detectable efficiency of 57Fe CEMS
is 26 % and close to 10 %, which is the areal contribution of
the minor component in the bottom spectrum of Fig. 3.1-18. The
corrected areal ratio by using the detectable efficiency of
1198n CEMS is 56 % and close to 43 %, that is the areal contri-
bution of the weak split 6-line pattern in the bottom spectrum of
Fig.3.1-15.

In the case of the 1198n CEMS spectra, the increase of the
components corresponding to the oxide and clusters of Sn atoms
with the decrease of the acceleration:energy is due to the in-
crease of the regions where local Sn concentration are over the
maximum solubility of Sn in Fe. But the areal contributions of
the oxides and cluster components in 1198n CEMS spectra could not
be explained quantitatively by the Sn depth distributions evalu-
ated from TRIM3D simulations in the case of the specimens at the
acceleration energy of 100, 200 and 300 keV. Also 57Fe CEMS
spectra obtained from these specimens could not be explained by
the Sn depth distribution in Fig. 3.1-19. These are because of

the formation of the oxide and clusters of Sn atoms by them-

selves.

3.1.4 Conclusion

CEMS measurements have been applied to study the microscopic
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19Sn into Ni and Fe metals. The follow-

behavior of implanted !
ing conclusions are obtained from the analysis of the CEMS spec-
tra and the comparison with the results from TMS and X-ray
diffraction measurements and TRIM3D computer simulations.

In the case of the 119Sn implantation into Ni, the implant-

ed 1198n atoms are divided into two states. One is the substi-
tutional Sn atoms dissolved into the Ni matrix and the other is
the Sn atoms in the Ni3Sn intermetallic compound. These states
of the implanted Sn atoms are determined by the local Sn concen-
tration. The Ni3Sn intermetallic compounds are formed where the
local Sn concentration excesses 10.4 at.%, which is the maximum
solid solubility of Sn in Ni. The formation of Ni3Sn interme-
tallic compound is associated with the radiation enhanced diffu-
sion concerning from 1little mobility of the vacancy in Ni at
room temperature. The dependence of the CEMS spectra on the
dose and acceleration energy is well understood by the change of
the distribution of the local Sn concentration.

In the case of the 119Sn implantation into Fe, the implant-
ed Sn atoms are divided into the dissolved Sn atoms into Fe
matrix and the Sn atoms constructing the oxides and clusters by
themselves. At the implantation of the acceleration energy of
400 keVv, the implanted Sn atoms is dissolved into ¢-Fe and both
57Fe and 1198n CEMS spectra are well explained by the 1local Sn
concentration.

At the implantation of acceleration energy of 100, 200 and
300 keV, oxides and clusters of Sn atoms were formed additionally

to the dissolved Sn atoms into Fe. The formed oxides and clus-

ters do not contain Fe atoms. This is quite different from the
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fact that Ni_.Sn intermetallic compounds were formed by the Sn

3
implantation into Ni. This different behavior between the
implanted Sn atoms into Fe and Ni may be originated from the
difference of the defect structure and the mobility of the vacan-
cy in Fe and Ni at room temperature.

These results demonstrate that CEMS is a powerful method to

study the behavior of the implanted atoms, especially to discuss

the depth distribution of the implanted atoms.
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3.2 Work hardening of Hadfield steel

3.2.1 Hadfield steel

An austenitic high-manganese steel which contains 12 - 14
wt.% of manganese and 0.8 - 1.2 wt.% of carbon is well known as
Hadfield steel named after 1its inventor. The remarkable
hardening at the wo#ked surface of Hadfield steels is demon-
strated in Fig. 3.2-1. The values of micro Vickers hardness
near surface of these steels are nearly three times 1larger than
those of inner parts; From this remarkable hardening, Had-
field steel has been used widely as an abfasion resistant steel,
such as the jaw of a power shovel and the crossing of rails.
Moreover, the application of Hadfield steel to the structural
materials of 1linear motor cars and nuclear fusion reactors 1is
attempted owing to its ndnmagnetic property1’2).

There are a lot of reports to discuss the mechanism for the
remarkable work hardening of Hadfield steel. In the earlier
reports, the transformation of austenite to a' martensite3’4)
was given for the reason of work hardening of Hadfield steel, but
the formation of a' martensite after cold-working has not been
confirmed experimentally. Other reasons for work hardening of
Hadfield steel, such as the formation of carbidess), the fragmen-
tation of the grain boundary into small crystallites or

blocks6’7), the formation of twin58—10), the interaction between

solute carbon atoms, the stacking faults11)

€ martensite12'13), etc. are reported. In spite of these ef-

and the formation of

forts, there is no explicit interpretation for the mechanism of

work hardening of Hadfield steel. Recently, Mossbauer spectros-
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Fig. 3.2-1. Micro Vickers Hardness at various depths near the surface

of high-manganese carbon steels, Hl and H2.
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copy applied to the microscopic investigation of high-manganese

4)

steels. Dastur and Leslie1 reported that the Mossbauer spec-
tra showed no change between before and after the tension of
specimens at several temperatures,. They concluded that work
hardening of Hadfield steels is caused by dynamic strain aging
effect, which <cannot be detected by Mossbauer measurement.

Saeki et al.15)

applied Mossbauer measurements to study the
increase of the magnetic permeability of high-manganese steels
containing Cr by cold-rolling and heat-treatment. They conclud-
ed that the increase of the magnetic permeability is responsible

' martensites. Huffman and Ouchi16) ob-

for the formation of «a
served ¢ martensite in cold-rolled Hadfield steel by Mossbauer
measurements at a low temperature, but did not observe o' marten-
site.

On the above investigations, the specimens used were de-
formed by - the tensile deformation or the cold-rolling of the
whole part of specimens, whose conditions are not similar to the
conditions at practical use of Hadfield steel. In the present
study, CEMS was applied to the measurement of microscopic proper-
ty near the surface of Hadfield steels worked by shot-peening or
sand Dblast treatments, whose conditions are just similar to the
practical |use. Since the X-ray backscattering Mossbauer spec-
troscopy (XBMS) provides the microscopic information of non-
deformed deeper area from the worked surface in contrast to the
CEMS, XBMS measurements were also performed using the same speci-
mens with the CEMS measurements. The mechanism of work harden-
ing of Hadfield steel is discussed by comparing the results from

CEMS and those from XBMS. In addition, the transmission
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M8ssbauer measurements (TMS) at room temperature and 20 K were
carried out for the foil specimen of Hadfield steel prior to and
after heavy rolling in order to clarify the formation of & mar-

tensite.

3.2.2 Sample preparation and experimental procedure
" The chemical compositions of high-manganese steels inves-
tigated in this study are listed in Table 3.2-1. All of the
specimens were melt in air and annealed for 3.6 ks at 1423 K.
Ingots of H1, H2 and H3 were hot-rolled down to 11 mm in
thickness and cut in 20x20 mm square. These specimens were
subsequently annealed for 1.8 ks at 1323 K and then quenched into
water. One of the specimens was shot by small steel balls
( shot-peening treatment ) to harden its surface layers. Before
the above tfeatments, the’specimen surfaces were pickied using
some acid. Ingots of specimens of A and B were prepared by the
same heat treatment as the épecimens of H1, H2 and H3, but the
specimens were cut into 0.5 mm in thickness and 20 mm in diameter

and were sand-blasted for the surface work hardening.
For the specimen of H3, some foils whose thickness was
about 110 uym, were cut out from the unshotted block and cold-
rolled down until about 40 pm. One of these foils was annealed

for 1.8 ks at 1323 K in silica tube under wvacuum and then

quenched into water. This was used as an original foil speci-
men. These foils were used for 57Fe TMS at room temperature and
20 K.
57 _
The Fe CEMS measurements at room temperature were per-

formed by wusing a newly developed gas proportional electron
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Table 3.2-1. Compositions

(wt.%).

of Hadfield steels used in the present

specimen Mn C Si S Al
A 12.0 1.1 - - -
B 15.0 0.75 - - -
H1 13.35 0.45 0.11 .005 0.0057 | 0.006
H2 13.36 0.84 0.11 .005 0.0064 | 0.006
H3 13.25 0.82 0.1 .005 0.0059 [ 0.006
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counter in order to achieve the higher counting rate. The

electron counter was operated in flowing Q gas ( 99 % He + 1 %
C4H10 ) about 3 cm3/min during all CEMS measurements. In the
case of 57Fe XBMS, the gas proportional X-ray detector which has

the similar construction to the electron counter was used with 3
cm3/min flow of PR gas ( 90 % Ar + 10 % CH, ).

All Mossbauer spectra were measured with a combination of a
velocity transducer and a multichannel analyzer operating in a
time mode. In every Mossbauer measurements, 25 mCi 57Co in Rh
at room temperature was used for the 14.4 keVv Mossbauer Y-ray
source and Doppler velocity scale was calibrated using a spectrum
obtained from the metallic iron at room temperature. These
MOssbauer spectra were analyzed by the least-square-fit assuming
the superposition of Lorentzian lines (thin foil approximation).
The X-ray diffraction meééurements were also performed to

determine the structure around the surface of specimens.
3.2.3 Results and discussion

1) Comparison of CEMS and XBMS spectra

Typical 57Fe CEMS spectra of Hadfield steel of A before and
after working are shown in Fig. 3.2-2. Only one singlet 1like
peak is found in the spectrum of each specimen. For the
detailed analysis, the CEMS measurements were done under magni-
fying the Doppler velocity scale near 0 mm/s. Figure 3.2-3
shows the CEMS spectra obtained from the specimen A, magnify-

ing the Doppler velocity scale near 0 mm/s of Fig. 3.2-2. The

existence of a minor peak additionally to the singlet peak is
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found as shown in Fig. 3.2-3. The spectra in Fig. 3.2-3 can
be well reproduced by the superposition of one singlet peak and
one doublet peak except for the specimen of B, which was decom-
posed into one singlet peak and two doublet peaks.

Similar spectra in Fig. 3.2-4 to CEMS spectra in Fig. 3.2-3
were acquired by XBMS and analyzed into the same components as
those of CEMS spectra. It should be noted that the full
width at half maximum (FWHM) of the doublet peak constrained to
be the same with that of the singlet peak in above analysis.

Comparing the CEMS or XBMS spectrum between before and after
working, the shape of Mossbauer spectra did not change distinctly
in any specimens, so that Mossbauer spectra recorded after work-
ing were decomposed into same components as those before working.

At room temperature, TMS spectra of H3 as shown'in Fig.
3.2-5" hardly changed between before and after rolliﬁg. These
spectra are quite similar to XBMS spectra. At 20 X, the spec-
trum as shown in Fig. 3.2-6 was a broad and complex one because
of the mixed hyperfine interaction of electric gquadrupole and
magnetic dipole interactions. Electric field gradients are due
to the near neighbor interstitial carbon atoms and the magnetic
splittings are due to the antiferromagnetic order of iron atoms
in the high-manganese steel at low temperatures. An additional
paramagnetic component was found in the spectrum after rolling as
shown in Fig. 3.2-6, which is clearly seen in the differential
spectrum shown at the bottom of Fig. 3.2-6.

Mossbauer parameters obtained from the two components fit-

ting procedure are listed in Table 3.2-2.
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Table 3.2-2.

Mossbauer parameters of CEMS, XBMS and TMS spectra meas-—
ured at room temperature. I.S. is isomer shift relative to @-Fe at
room temperature, Q.S. is electric quadrupole splitting
1/2¢%qQ(1+ n%/3)/2.

* An additional doublet peak corresponding to oxide.
Singlet Doublet
method specimen I.S. (mm/s) I.S. (mm/s) Q.S. (mm/s) Area (%)
A original -0.074(3) 0.01(1) 0.604(7) 29(2)

worked -0.053(3) 0.04(1) 0.579(8) 27(2)

B original | -0.088(3) 0.007(7) 0.544(4) 15(2)
CEMS worked” -0.09(1) -0.04{2) 0.48(2) 26(2)
H1 original | -0.090(3) 0.00(1) 0.54(1) 9(1)

worked -0.094(3) 0.08(3) 0.53(2) 8(1)

H2 original -0.080(2) 0.013(8) 0.598(6) 19(1)

worked -0.083(5) 0.02(2) 0.581(9) 20(1)

A original | -0.001(4) 0.07(2) 0.52(1) 54(3)

worked -0.014(7) 0.07(2) 0.51(1) 57(4)

B original -0.043(3) 0:04(2i 0.53(2) 41(3)
XBMS worked -0.020(7) 6.08(3) 0.50(2) 53(3)
H1 original -0.102(5) -0.06(3) 0.56(3) 19(6)

worked -0.109(4) -0.02(86) 0.56(6) 21(6)

H2 original -0.085(5) -0.06(3) 0.57(S) 29(5)

worked -0.052(4) 0.00(2) 0.55(4) 34(4)

™S H3 original | -0.080(7) -0.036(9) 0.585(5) 50(1)

rolled -0.089(4) -0.037(7) 0.586(6) 47(1)

105



2) Effects of working on Mossbauer spectra

The singlet peak observed in CEMS spectra of Fig. 3.2-2 1is
responsible for the paramagnetic property of austenitic high-
manganese steel. A widely spread sextet peak of ferromagnetic
phase such as o' martensite is not found in any spectra. If
o' martensite were formed by working, a ferromagnetic sextet peak
could appear in CEMS spectra of Fig. 3.2-2. Since no sextet
peak is observed in the spectra of the specimens after working,

' martensite has no

¢' martensite is not formed by working and o
relation to work hardening of Hadfield steel.

CEMS and XBMS spectra of the original specimens in Figs.
3.2-3 and 3.2-4 make it clear that the Fe atomic state 1in the
single austenitic phase before working is divided into two
states, corresponding to one singlet peak and one doublet peak.
This 1is Dbecause for the existence of the carbon atom at the

14,16,17)

octahedral interstitial site The carbon atom at the

near neighbor interstitial site distorts the cubic symmetry of
fcc Fe lattice and gives rise to the electric field gradient at

57

its neighbor Fe nucleus. Under certain electric field gradi-

ent, the first excited state of 57Fe nucleus is split into two by
the electric quadrupole interaction and such 57Fe nuclei will
appear as a doublet peak in the Mossbauer spectrum.

The values of quadrupole splitting, which is denoted by
the velocity difference between two tops of the doublet peak, are
ranged from 0.51 mm/s to 0.60 mm/s and are similar to 0.598
mm/s of Fe-16wt.%Mn-0.75wt.%C-1.7wt.3Cr reported by Huffman and

Ouchi16), but smaller than 0.63 mm/s of Fe-11.4wt.%Mn-1.13wt.%C

by Dastur and Leslie'®), 0.659 mm/s of Fe-12.3wt.3Mn-1.01wt.%C
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17)

by Sastri and Ray or 0.62-0.66 mm/s of Fe-C austenitic

steels18).

The doublet peaks in Figs. 3.2-3 and 3.2-4 correspond to the
57Fe atoms having some carbon atoms at the neighbor interstitial
sites and the singlet peaks are due to the ones having no carbon
atom at that site.

Areal ratio of doublet and singlet peaks in the spectrum
corresponds to the ratio of their products between their number
of iron atoms and recoil-free fractions, when the saturation

effects rising from the thick absorber19)

and the polarization
effects in hyperfine interactions can be neglected. Since
effective thickness for the CEMS measurements is always much
smaller than the case of XBMS and TMS measurements, the areal
ratio in CEMS spectra contains almost no saturation effect, but
in XBMS and TMS spectra, the saturation effects should be taken
into account. Detailed analysis containing the saturation
effects have been performed and Qill be reported in elsewherezo).
In present study, we used a thin foil approximation in which the
spectrum is assumed to be an overlapped Lorentz functions.
Under this approximation, the number of iron atoms and recoil-
free fraction for each component can be discussed from their
areal ratio in spectrum.

Assuming the random distribution of carbon atoms at inter-
stitial sites of fcc lattice, the probability P(n) to find
the iron atoms, which have n carbon atoms at the neighbor
interstitial sites, is given by

P(n)= 14cn(1-x)“4“n)xn

where x=c/(100-c).
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Where ¢ is the atomic concentration of carbon atom in austenite
fcc lattice. The number of 14 in the above equation corre-
sponds to the sum of the number of the first and the second
nearest octahedral interstitial sites of fcc 1lattice. The
values of P(n) for each specimen are tabulated in Table 3.2-3.

In order to determine the correct values of the areal inten-
sity ratio for each component in a spectrum, the difference of
recoil-free fraction in each component must be taken into account
when the 57Fe atoms corresponding to each peak are surrounded by
different environments. Recoil-free fraction, which is defined
by the probability to observe the zero phonon absorption of y-ray
by the 57Fe nucleus, depends on the local vibrational state of
the lattice at the probe 57Fe atom. It will become different
yhen the carbon atom occupies the near neighbor interstitial
‘site of probe 57Fe atoms. In the present investigation, howev-
er, the recoil-free fraction is supposed as the constant whether
the carbon atom exists or dose not exist at the near neighbor
interstitial site.

The values of areal ratio of the doublet peak to the whole
area are shown in Table 3.2-2 and it is found that P(0) of each
specimen well agrees with the areal ratio of the singlet peaks in
XBMS and TMS spectra. So the doublet peaks in Mossbauer spec-
tra are owing to the 57Fe atoms having more than one carbon atom
at the first or the second nearest interstitial sites. It
should be noted that the existence of the carbon atoms at the
neighbor interstitial sites causes the slightly larger isomer

shift wvalue of the doublet peak, which is shown by the center of

Doppler velocity of the two peaks, than that of the singlet. In
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Table 3.2-3. The values

interstitial sites in fcc lattice.

carbon atoms is assumed.

of P(n),

having n carbon atoms at the nearest and the

probabilities

of

the iron

atom

second nearest neighboring

Random distribution of interstitial

specimen P(0O) P(1) P(2) P(3) P(4)
A 0.477 0.363 0.128 0.028 0.004
B 0.606 0.309 0.073 0.011 0.000
H1 0.738 0.227 0.032 l0.003 0.000
H2 0.569 0.327 0.088 0.014 0.002
H3 0.579 0.323 0.084 0.013 0.001
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the case of CEMS measurement, the isomer shift values of singlet
peaks range from -0.094 mm/s to -0.053 mm/s and those of doublet
peaks from +0.00 mm/s to +0.08 mm/s relative to «-Fe at room
temperature.

The intensity of the doublet peak in CEMS spectrum of speci-
men A, H1 and H2 is nearly half of that in XBMS spectra for each
specimen. This reduction in intensity of the doublet peak,
which depends on the carbon concentration, suggests that the
decarburization occurred at the surface layers of specimens even
before workin921).

After working, the shape of CEMS or XBMS spectra is almost
same and hardly distinguishable with that of original one as
shown in Figs. 3.2-3 or 3.2-4 except for specimen B. An addi-
tional peak to one singlet: and one doublet peaks is observed in
CEMS spectrum of worked specimen B. The isomer shift and quad-
rupole splitting values of this peak were 0.46(3) mm/s relative
to q-Fe at room temperature and 0.72(4) mm/s respectively.
These values are close to the values of Fe-Mn oxide reported in
ref. 16 so that the oxidization at the surface of specimen B
occurred during the sand blast treatmént. The specimen B is
eliminated from the following discussion for its superposition of
the unexpected oxide component.

In each specimen, CEMS or XBMS spectra did not show any
appreciable change between before and after working. The dou-
blet peak intensity, which reflects the local carbon concentra-
tion, 1is almost same before and after working. This implies
that no carbide and no segregation of carbon atoms occurred

during the working treatment. The formation of carbides and
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carbon segregations is not the origin of work hardening of Had-
field steels.

X-ray diffraction measurements (Fig. 3.2-7) show that
€ martensite is formed in the specimen of H1 by working, although
the CEMS and XBMS spectra hardly changed by working. Mossbauer
parameters rising from € martensite and Y austenite of high-
manganese steels give quite similar values at room temperature.
The isomer shift value of an Fe-23.9at.%Mn steel, which does
not contain carbon and higher manganese concentration than
Hadfield steels, is -0.100(5) mm/s for Y phase obtained from
the foil specimen annealed at 1373 K and subsequently quenched.
On the other hand, the isomer shift value of that steel is
-0.115(3) mm/s for & phase obtained from the strongly cold-
rolled foil specimen. These values are measured at room tem-
perature. The dependence of isomer shift valuesiof both phases

2)

on manganese concentration is quite similar2 with each other.
On the Mossbauer measurement at room temperature, it is so
difficult to distinguish the peak of ¢ phase from the vy matrix
for their similarity of Mossbauer parameters that the evidence
for the formation of € phase could not be found by the room
temperature Mossbauer spectra of H1 after working.

From the fact that the less carbon high-manganese steels
than Hadfield steel easily transform from y phase to € phase by

working11’23),

the 1low carbon concentration of specimen H1,
nearly half of Hadfield steel composition, enhances the formation
of ¢ phase by working. The decarburization at near the surface

of other specimens, A, B and H2 suggests the possibility of the

transformation of € from Y. Although no peaks corresponding to
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B, H1 and H2 before and after working measured with Co-Kyq radiation.
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¢ phase have been detected in X-ray diffraction patterns of these
worked specimens, it is rather difficult to confirm that € trans-
formation did not occur in these specimens by working because of
the limitation in the sensitivity of X-ray diffraction measure-
ment. When ¢ phase 1is formed just near surface, the total
amount of € phase may be too small to be detected by our X-ray
diffraction measurement. Since y phase is known to be anti-
ferromagnetic at certain lower temperaturesz4'25), Mossbauer
measurements below its Neel temperature could be a good method to
identify the € phase from Y phase according to their differ-
ent magnetically split spectrum.

Figure 3.2-6 shows TMS spectra measured at 20 K for specimen
of H3. These spectra showed large difference between before and
after rolling. The differential spectrum between original and
rolled specimens is shown at the bottom of Fig. 3.2-6. This
differential spectrum exhibits clearly the existence of paramag-
netic component at near 0 mm/s which is due to the € phase.
Other peaks are observed at both side of € component in the
differential spectrum, but their origin is not yet clear.

In contrast with the absence of the change in spectrum shape
obtained at room temperature, the total area of CEMS spectra was
reduced to almost half by working. In the case of XBMS, there
was no appreciable reduction in total area after working. Two
explanations will be considered for the reduction of the total
area 1in CEMS spectra. One is the introduction of a plenty of
dislocations and stacking faults by working. The dislocation
and the stacking fault will change the local vibrational state

leading to the smaller recoil-free fraction than the defect-free



lattice. These defects might decrease the emission of reso-
nance electrons by the small probability of recoil-free resonant
absorption. The other is the effect of surface roughness of

6) and it

worked steels. CEMS has the high surface sensitivity2
may be affected by the topographical conditions of the surface.
The rough surface such as shot-peened or sand-blasted specimens
would scatter resonance electrons by its topographical roughness

and decreases the portion df electrons which can emerge from the

sample surface.

3) Stacking fault and € martensite in y austenite
After working, the values of electric quadrupole splitting
decrease by about 3 % compared to the original values in CEMS

1)

measurementsi White and Honeycombe1 have reported that wofk
hardening of Hadfield steel is responsible for the combination of
formation of stacking faults and the interaction of carbon atoms
with the dislocations and associated stacking faults. Consider-
ing their conclusion, the reason for the decrease of electric
quadrupole splitting value, which is the reduction of electric
field gradient at 57Fe probe atoms around carbon atom, is due to
the interaction of the interstitial carbon atoms with disloca-
tions or stacking faults introduced by working.

It is noteworthy that the hcp stacking can be obtained from
the fcc lattice through the formation of (111) stacking

fault327'28).

Figure 3.2-8 shows (111) planes of fcc structure.
A displacement of C plane by a/6[112] relative to B plane gener-
ates a stacking fault between B and C planes and then C plane

becomes same stacking to A plane, that is one of the hcp stack-
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(1

Fig. 3.2-8. Schematic view of the transformation of fcc structure to
hecp structure. A shear movement between two (1l11) planes, B and C, by
a/6[11§] of fcc generates an hcp type stacking fault structure in the
ABC stacking of fcc. The stacking fault changes the environment of the
carbon atom marked by A in the figure from the octahedral interstitial

site to the tetrahedral one.



ing. If this stacking fault occurs at every two planes,

€ martensite is formed by repetition of the hcp stacking.
Nishiyama et al.13) have found the stacking faults and thin

and plane £ martensite in worked high-manganese steels from their

16) also

electron microscopic observations. Huffman and Ouchi
identified the formation of € martensite in cold-rolled Hadfield
steel containing Cr by Mossbauer measurements at ligquid helium
temperature. Our Mossbauer results at 20 K well agree with
above reports and make sure the formation of € martensite by
working.

It has been already mentioned that the surface of Hadfield
steels 1is decarburized even before working and e martensite 1is
easily formed in low-carbon and high-manganese steels by working.
These facts lead to the idea that the introduction of a high
density of the stacking faults in the worked surface layers of
Hadfield steel enhances the formation of £ martensite through

the piling of these stacking faults. The influence on the

environment of carbon atom at interstitial site is divided into

two kinds when stacking faults are introduced in every two (111)
planes. One 1is the carbon atom sandwiched between the two
stacking fault planes and the other is out of them. In both

cases, the carbon atom occupies the octahedral interstitial site
in the initial fcc structure. The carbon atom between the
stacking fault planes changes its environment from the octahedral
to the tetrahedral interstitial site. In the case of the carbon
atom out of the stacking fault planes, the octahedral intersti-
tial site should be occupied in spite of the formation of

£ martensite. Neglecting the additional lattice deformation by



the interstitial carbon atom, the carbon atom sandwiched by
stacking fault planes moves with the distance of /3a/12 along
[T17] direction. The distance and the number of the nearest
iron lattice site around the carbon atom occupied at the tetrahe-
dral interstitial site decrease from a/2 to +3a/4 and 6 to 4
comparing with the case of the octahedral interstitial site.
The decrease of the electric quadrupole splitting by working in
Table 3.2-2 can be explained by these changes in occupancy of the
interstitial sites by carbon atoms.

Twin deformation is also possible to explain the decrease of

the electric quadrupole splitting. Because a twin structure can
be generated by (111) twin planes in fcc structure. Adler et
al.1o)

concluded from their tensile and compressive testing that
the strain hardening of Hadfield steel is owing tb the formation
of modified twin ( they called "pseudotwinning" for the existence

of the interstitial carbon atom in twin plane29’30)).

But, in
this study, the decarburization around surface of the worked
specimens and the certification for the existence of € martensite
in rolled foil specimen incline the reason for work hardening
around deformed surface of Hadfield steel to be the formation of
¢ martensite rather than twin deformation.

From above discussion, it is concluded that the work harden-
ing of Hadfield steel around surface results from the formation

of £ martensite through stacking faults introduced by working and

this process is enhanced by the decarburization around surface.

3.2.4 Conclusion

Applying the measurements of CEMS, XBMS ahd TMS to Hadfield



steels Dbefore and after working, following results have been
obtained.

Any ferromagnetic peaks are not observed in all of the CEMS
spectra obtained from worked specimens. This implies that a'
martensite is not produced by working and it has no relation to
work hardening of Hadfield steel.

The intensity of the doublet peak, which reflects the carbon
concentration, does not change through working in each specimen.
The carbon concentration dissolved into y-matrix did not change
through the working and it is suggested that any carbides and
carbon segregations have not been formed by the working, which
means that carbides and carbon segregations do not contribute to
work hardening of Hadfield steel.

Decarburization at near surface of the original specimen is
found from the reduction of intensity of the doublet peak in CEMS
spectrum compared with that of XBMS spectrum in each specimen.
So the surface layers of Hadfield steels are the low-carbon and
high-manganese steel which can transform easily from Y austenite
to € martensite through the introduction of stacking faults.
Also ¢ martensite is detected in the heavily cold-rolled foil
specimen by TMS at 20 K. Therefore the work hardening of
Hadfield steel around surface originates from the formation of
thin € martensites through the piling of the stacking faults
introduced by working. The formation of € martensites is most

probably promoted by the decarburization around surfaces.
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3.3 A1203 layers on Fe foil

3.3.1 A1203 deposition on Fe foil

Chemical vapor deposition (CVD) technique is widely used to
construct the coating layers on the substrate materials1). CVD
utilizes the thermal decomposition of materials at high tempera-
tures. For example, the thermal decomposition of Al(OH)3 is de-
scribed as the following reaction,

2Al(OH)3 — A1203 + 3H20.
In this case, A1203 is deposited on the substrate. Other
depositions of SiOz, GaAs, SiC, etc. are performed on the semi-
conductor materials.

In this section, A1203 layers were deposited on 0-Fe sub-
strates by CVD and the interface between the A1203 layer and
a~-Fe substrate was invesﬁigated by CEMS. The effect of the

annealing on the interface was also studied.

3.3.2 ©Sample preparation and experimental procedure

Commercially wused 20 um o-Fe foils (99.9 % up) were the
substrates of the depositions. These foils were cleaned up by
the ultrasonic cleaning with acetone. A1203 layers of 10, 20,
30, 50 and 60 nm were deposited on these foils by CVD technique.
The deposited foils with 10 and 50 nm of Ale3 layers were an-
nealed in high vacuum for 5 hrs at 873, 1073 and 1273 K. These
preparations were made at Manufacturing Development Laboratory,
Mitsubishi Electric Corporation, Amagasaki.

These foils were observed by 57Fe CEMS at room temperature

using the newly developed electron counter. All CEMS spectra
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were recorded by the combination of a velocity transducer and a

multichannel analyzer operated in time mode. 57Co in Rh was

used for Mossbauer Y-ray source and velocity scale was calibrat-

ed by using the spectrum obtained from a¢-Fe at room temperature.

The acquired spectra were analyzed by the least-square-fit assum-

ing the superposition of Lorentzian functions (thin foil approxi-
57

mation). The details of Fe CEMS measurements were same as

those of the former sections.
3.3.3 Results and discussion

1) As deposited specimens

Figure 3.3-1 shows the 57Fe CEMS spectra of the Fe foils
covered with the wvarious thickness of A1203 layers deposited by
CVD technique. The CEMS sbéctrum of the original d¢-Fe foil is
also shown in Fig. 3.3-1. The small singlet peak was observed

at the velocity around 0 mm/s in the spectrum obtained from the

original a-Fe foil. This peak would be due to the oxide at the

surface of the a-Fe foil. Only one 6-line pattern rising from
the o -Fe substrate was observed in the CEMS spectra obtained
from the A1203 deposited specimens. These spectra are almost

same to each other in spite of the change in thickness of coated
A1203 layers. However, the intensities of the second and fifth
peaks in the 6-line pattern slightly increase with the increase
of the thickness of A1203 layers.

The intensity ratio for each subpeak in the 6-lines depends

on the direction of the magnetic moments of Fe atoms to Y-ray.

When 6 is put as the angle between the magnetic moment and y-ray,
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Fig. 3.3-1. Room temperature 57Fe CEMS spectra of o -Fe foils covered
with the various thickness of A1203 layers deposited by CVD. Only o-Fe
component was observed. Velocity scale is relative to a-Fe at room

temperature.
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Table 3.3-1. Intensity ratio of 12/11, where I1 is the first peak

intensity and I2

is

Fig. 3.3-1, respectively.

the second peak intensity of the 6-line spectra in

Thickness {nm)

Original

10

20

30

60

I,/1,

1.14(2)

1.09(2)

1.10(2)

1.09(2)

1.11(2)
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the intensities of the subpeaks in a 6-line peak (I1, IZ’ ceey

2)

I6) are described by the following relation™ .

, 2 2
] 3 23053 Ig = 3:x:1:1:x:3 x=4sin“8/(1+cos”8)

In the case of § = 90°, the ratio becomes 3:4:1:1:4:3. The

I :IZ:I :I
intensity ratio of the 6-line peak in CEMS spectra obtained from
the original Fe foil is about 1:1.14:0.39:0.39:1.14:1. The
direction of Yy-ray is perpendicular to the surface of the Fe
foil so that the direction of the magnetic moments of Fe atoms
at the surface of the original a-Fe foil are almost parallel to
the surface.

In general, the magnetic moments of Fe atoms at the surface
tend to be parallel to the surface in order to lower the magnetic
anisotropy energy by the formation of the closed circuit of
spins, namely closure domaiﬂsB). The figure at the 1left hand
side in Fig. 3.3-2 shows the magnetic domain structure around the
surface of ¢ -Fe. |

CEMS has the.small detectable range about 10 nm from the
surface accoraing to the small straggling range of the electron
in solids. With the increase of the A1203 thickness, the de-
tectable range of CEMS shifts to the shallower part of the o-Fe
substrate than the original Fe foil, where the nearly all mag-
netic moments of Fe atoms are parallel to the surface (the figure
at the right hand side in Fig. 3.3-3). The increase of the
second and fifth peak intensities with the increase of the A1203
thickness would be explained by the shift of the detectable range
of CEMS to the shallower region of the a-Fe substrate with the
A1203 thickness.

However, the second or fifth peak intensity is largest when
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Fig. 3.3-3. The decrease of the range of o -Fe detected by CEMS with
the increase of the thickness of A1203 layer.
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the Fe foil is not covered with the A1203 layers, that is the
original Fe foil. This confliction can be interpreted by the
smaller magnetic domain structure of a-Fe at the interface to the
A1203 layer than the original Fe foil. The smaller domain size
exists at the surface, the larger volume fraction of the domains
where the magnetic moments are perpendicular to the surface
becomes to be detectable in CEMS (Fig. 3.3-2). The A1203 depo-

sition on the Fe foil would make the magnetic domain structure of

a-Fe around the interface smaller than the original Fe foil.

2) Effect of annealing

Figure 3.3-4 shows the 57Fe CEMS spectra of the Fe foils
coated with 10 nm of A1203 layers after annealing for 5 hrs at
873, 1073 and 1273 K. The spectrum of the as deposited specimen
is also shown in Fig. 3.3-4. In the CEMS spectra obtained from
the specimens after annealing at each temperature, a weak para-
ﬁagnetic singlet peak was observed additionally to the ferromag-
netic 6-line pattern of the o-Fe substrate. The areal contri-
bution of this component increased from 5 to 11 % with the in-

crease of the annealing temperature from 873 to 1073 K. But it

decreased to 5 % as rising the annealing temperature from 1073 to

1273 K. The isomer shift values of these singlet peaks are
about 0.25 mm/s and they are close to the value of Fe3+ ionic
state4).

Figure 3.3-5 shows CEMS spectra of the Fe foils with 50 nm
of A1203 layers annealed for 5 hrs at 873, 1073 and 1273 K and
the as deposited Fe foil. An additional small singlet peak was

observed at the velocity of around 0 mm/s in the CEMS spectrum
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Fig. 3.3-4. 57Fe CEMS spectra of a-Fe foils covered with 10 nm of the

Ale3 layers after annealing for 5 hrs at various temperatures. Addi-
tional paramagnetic components to the & -Fe component from the sub-
strate were observed around the velocity of O mm/s. The CEMS measure-
ments were performed at room temperature. Velocity scale is relative to
a -Fe at room temperature,
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Fig. 3.3-5. 57Fe CEMS spectra of a-Fe foils covered with 50 nm of the

A1203 layers after annealing for 5 hrs at various temperatures. Addi-
tional components to the a -Fe component from the substrate were ob-
served around the velocity of O mm/s. The CEMS measurements were per-—
formed at room temperature. Velocity scale is relative to o -Fe at room

temperature.
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obtained from the as deposited specimen. The similar peak was
not detected in the spectra of other as deposited specimens. It
is considered that the surface of the oa-Fe substrate had already
oxidized before the A1203 deposition in the case of the as depos-
ited specimen in Fig. 3.3-5.

The CEMS spectrum obtained from the specimen annealed at
873 K in Fig. 3.3-5 can be analyzed by the 6-line pattern corre-
sponding to the o-Fe substrate and the singlet peak. However
the areal contribution of the singlet peak is almost zero. The
CEMS spectrum of the specimen annealed at 1073 K in Fig. 3.3-5, a
doublet peak newly appeared near the singlet peak around the
velocity of 0 mm/s. The intensity of the singlet peak increased
with rising the annealing temperature from 873 to 1073 K. Only
doublet peak was observed additionally to the 6-line pattern éf
the @-Fe substrate in the CEMS spectrum obtained from the speci-
men annealed at 1273 K. The isomer shift values of the singlet
peaks are around +0.20 mm/s. These values are close to the

3+

value of Fe ions. The values of the isomer shift and the

electric quadrupole splitting for the doublet peaks are about 1.0

and 1.7 mm/s, respectively. These values are close to the
values of Fe2+ ions4’5).

In the case of the A1203 deposition with 50 nm thickness,
Fe3+ and Fe2+ ionic states were formed by annealing and their
formations depend on the annealing temperature. Annealing at

873 K, only Fe3+ ionic state was formed at the interface between
the A1203 layer and the a-Fe substrate. However, only Fe2+
ionic state was formed after annealing at 1273 K. This differ-

ence of the oxidized state of Fe atoms by the annealing tempera-
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ture has been discussed using a thermal equilibrium phase diagram

of Fe-0O system.

Figure 3.3-6 shows the phase diagram of Fe-O system. By
the annealing at 1273 K, a-Fe of the substrate is transformed
to y-Fe. The formation of Fe3+ ionic state may have some rela-

tions to the structural transformation of the substrate Fe metal.

If Fe atoms 1in the Y-Fe substrate cannot get into the A1203

layers, O atoms which can contribute to the oxidation of Fe atoms
are placed only at the interface. This condition would cause
Fe2+ ionic state because of the small amount of O atoms contrib-

uting to the oxidation. Annealing at 1273 K, Fe atoms would not

2+

mix into the A1203 layers and Fe ionic state was generated by

the annealing.

If Fe atoms in &-Fe can get into the A1203 layers, the

larger amount of O atoms than the case of the o~Fe substrate

contribute to the oxidization of Fe atoms, which leads to Fe3+

ionic state. By annealing at 873 K, Fe atoms would mix into the
A1203 layers and Fe atoms were oxidized to Fe3+ ionic state. By

2+ 3+ . .
and Fe ionic states were

annealing at 1073 K, both of Fe
formed at the interface for the intermediate condition between
the annealing at 873 and 1273 K.

The formation of these two ionic states also depends on the
thickness of the A1203 layers. In the case of the A1203

tion of 50 nm, Fe2+ and Fe3+ ionic states were generated by the

deposi-

annealing and their amounts were changed by the annealing temper-
ature. Only Fe3+ ionic state was formed by the annealing at 873
K and only Fe2+ state was formed by the annealing at 1273 K. On

the other hand, in the case of the deposition of 10 nm, only Fe3+
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ionic state was generated by the annealing at any temperature.
But its amount decreased with the increase of the annealing
temperature from 1073 to 1273 K. The inherent property of the
thin deposited layers might suppress the formation of Fe2+ ionic
state during the annealing. The further experiments are neces-
sary to clarify the relation between the thickness of the A1203

layers and the oxidation behavior of the Fe atoms at the inter-

face.

3.3.4 Conclusion

The interface between the deposited A1203 layers and a-Fe
substrates was studied by CEMS and following results are ob-
téined.

The interface between an o-Fe foil and deposited A1203
layers is clear and A1203 and Fe atoms do not mix with each
other. The size of the magnetic domain of a-Fe substrate Dbe-

comes to be small by the A120 deposition.

3
After the annealing of the deposited foils having 50 nm

203 layer, Fe2+ and Fe3+ ionic states were observed at the

Al
interface of the deposition. But only Fe2+ state was formed by
the annealing at 1273 K and only Fe3+ state was formed by the
annealing at 873 K. The difference of the oxidative behavior
between the annealing at 873 and 1273 K may be explained by the
structural transformation of the substrate Fe metal.

In the case of the A1203 deposition of 10 nm, only Fe3+
ionic state was observed by the annealing at any temperature.

The mechanism of this behavior has not been clear yet.
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3.4 NAd-Fe-B permanent magnet (NEOMAX)

3.4.1 Nd-Fe-B (Nsze14B) permanent magnet

Nd-Fe-B permanent magnet (NEOMAX) has the excellent maximum
energy products over 290 kJ/m3 compared to other permanent
magnets (Fig. 3.4-1). This magnet was invented by Sagawa et
al.1) in 1983. The lower production cost of this magnet than
other rare-earth cobalt permanent magnets such as SmCo5 and

Sm2Co17 is also one of the benefit of this magnet.

The typical composition of the Nd-Fe-B permanent magnet is

around Nd:Fe:B = 15:77:8 in atomic ratio. The main component
of the Nd-Fe-B permanent magnet is a Nsze14B ternary intermetal-
lic compound, whose structure is tetragonal as shown in Fig.
3.4-22/3),

The master alley of this magnet is prepared by using a high
frequency induction furnace. The master alloy is ground to the
powder of about 3 um in diameter. This powder is press-formed
under the magnetic field to achieve the good alignment of the
magnetic domains. The formed plate is sintered at 1370 K in Ar
gas atmosphere. After the polishing of the surface, the heat-
treatment for 1 hr at about 1173 K is performed and subsequently
a guenching treatment is carried out.

After these heat-treatments, the magnetic properties at the
surface of the Nd-Fe-B permanent magnet quite differ from that of
the inner parts. It is reported that the coercive force of
Nd-Fe-B magnet around the surface is considerably smaller than
that of the inner parts4'5).

In this section, CEMS was applied to study the magnetic
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properties at the surface of Nd-Fe-B permanent magnet in order to
clarify the reason for the decrease of the coercive force around

surface.

3.4.2 Experimental procedure

The plates of Nsze14B alloys were supplied from Sumitomo
Special Metals Co., Ltd, Mishimagun, Osaka. The dimensions of
the plates were about 15x15x2 mm3. Two kinds of the specimens
were prepared having different alignments of the c-axis of the
crystal. One specimen has a perpendicular alignment of the c¢-
axis to the surface and the other specimen has a parallel align-
ment of the c-axis to the surface. At room temperature, the
direction of the magnetic moments of Fe atoms is parallel to the
c—axis6). For these two specimens having different c-axis
alignments, further different kinds of preparations were per-
formed. The surface of one plate was polished and the other
was heat-treated after the polishing process. The heat-treatment
was performed for 1 hr at 1173 K in vacuum of 1x10—6 Torr and
cooled down to room temperature at a cooling rate about 100
K/min.

57Fel CEMS measurements were performed for these plates at
room temperature using the newly developed electron counter. The
direction of y-ray was always normal to the surface of the speci-
mens in all of the 57Fe CEMS measurements. The powder specimen
of the Nsze14B permanent magnet was also measured by 57Fe TMS at
room temperature. All of the Mossbauer spectra were recorded by

the combination of a multichannel analyzer operated in time mode

and a velocity transducer. 57Co in Rh was used for the Mossbauer
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y-ray source and velocity scale was calibrated using the spectrum
obtained from a-Fe at room temperature. The obtained spectra
were analyzed by the least-square-fit assuming the superposition
of the Lorentzian functions (thin foil approximation). The
details of 57Fe Mossbauer measurements are same as those de-

scribed in the former sections.

3.4.3 Results and discussion

1) As polished specimens

Figure 3.4-3 shows the 57Fe CEMS spectra of as polished
specimens whose alignments of c-axis are perpendicular (a) and
parallel (b) to the surface, respectively. Figure 3.4-4 shows
the TMS spectrum of the powder specimen of Nsze14B magnet. The
TMS spectrum is well analyzed by the six kinds of 6-line pat-
terns6’7). In this analysis, the line width was restricted in the
same value and all 6-line patterns had the same intensity ratio.

The CEMS spectra in Fig. 3.4-3 are similar to the TMS spec-
trum in Fig.3.4-4., These CEMS spectra can be well reproduced by
the six 6-line patterns having identical values of the isomer
shift, electric quadrupole splitting and hyperfine field to those
in the TMS spectrum of Fig. 3.4-4, but having the different
intensity ratio of the 6-line patterns. The areal contribution
of each 6-line pattern in the both CEMS spectra is almost same to
that of the TMS spectrum. These suggest that the chemical state
at the surface of the Nsze14B compound is not different from

that of the bulk after polishing the surface.

However, the intensity ratio of the 6-line pattern in the
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CEMS spectra is quite different from that of the corresponding
pattern in the TMS spectrum. It is caused from the different
alignment of the c-axis between the platelet specimens for CEMS
measurement and the powder specimen for TMS.

The intensity ratio of a 6-line pattern depends on the angle

between the direction of the magnetic moments of the Fe atoms and

Y-ray. When the magnetic moments of Fe atoms are parallel to
the direction of Y-ray, the intensity ratio of the 6-line
pattern becomes 3:0:1:1:0:3. When the magnetic moments of Fe

atoms are perpendicular to the direction of Y-ray, the intensity
ratio becomes 3:4:1:1:4:3. When the magnetic moments of Fe
atoms are random to the direction of y-ray, the intensity ratio
becomes 3:2:1:1:2:38), that 1is close to the case of the TMS
spectrum obtained from the powder specimen in Fig. 3.4-4.

The intensity ratio of the 6-line pattern in the spectrum
(a) of Fig. 3.4-3 is <close to 3:0:1:1:0:3. It suggests Athat
the most of magnetic moments of Fe atoms are perpendicular to the
surface because the incident direction of y-ray is normal to the
surface of the specimen. On the other hand, the intensity
ratio of the 6-line pattern in the spectrum (b) in Fig. 3.4-3 is
close to 3:4:1:1:4:3. 1t suggests that most of the magnetic
moments of Fe atoms are parallel to the surface. Since the
magnetic moment of Fe atom in the Nd-Fe-B magnet at room tempera-
ture is parallel to the c-axis, the c-axis around the surface of
the specimen is perpendicular to the surface for the case of the
spectrum (a) and parallel for the spectrum (b). So the alignment
of the magnetic moments of Fe atoms around the surface is same as

that of the inner bulk even after polishing the surface, namely
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the magnetic structure around surface is same as that of the

inner part of the bulk.

2) As heat-treated specimens

Figure 3.4-5 shows the 57Fe CEMS spectra obtained from the
heat-treated specimens whose alignments of the c¢-axis at the
press-forming process are perpendicular (a) and parallel (b) to
the surface.

Comparing with the TMS spectrum observed from the powder
specimen in Fig. 3.4-4, only one 6-line pattern is observed in
each CEMS spectrum in Fig.3.4-5. The isomer shift and hyperfine
field values of this 6-line pattern are 0 mm/s and 330 kG, re-
spectively. Those values are agreed well with the values of Q-
Fe. This means that the surface layers of Nd-Fe-B permanent
magnet consist of only a-Fe after the heat-treatment. The other
elements of Nd and B would be decomposed completely from the
Nsze14B compound at the surface layers and form their own oxide
phases during the heat-treatment.

The intensity ratio of the 6-line pattern of the spectrum
(a) was determined to be 1:0.86:0.35:0.36:0.82:1.00 by the fit-
ting procedure using one sextet peak. On the other hand, the
intensity ratio of the 6-line pattern of the spectrum (b) was
also determined to be 1:0.82:0.35:0.35:0.81:1.03 by the same
way. These ratios are far from 3:0:1:1:0:3 or 3:4:1:1:4:3,
which are the expected values from the alignments of c-axis at
the press-forming process. These ratios are rather close to
3:2:1:1:2:3, which corresponds to the case of the random align-

ment of c-axis. So that the surface layers of Nsze14B com-
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pounds after the heat-treatment would be covered with the random-
ly aligned small clusters of qa-Fe. The thickness of the a-Fe
layers will be over 100 nm, estimated from the detectable range
of CEMS measurement.

The intensities of the second and fifth patterns in the
spectrum (a) of Fig. 3.4-5 are slightly larger than those of the
spectrum (b). At the surface layers of heat-treated specimens,
the magnetic moments of Fe atoms in the specimen whose c-axis
stands up to the surface are rather parallel to the surface than
those whose c-axis is along to the surface. This is due to the
crystal structure of the Nsze14B compound as discussed as fol-
lows.

The Nsze14B compound has the layer structure along the c¢-
axis, constructed by the two layers of an Fe layer and a Nd-B
layer containing small amount of Fe atoms (Fig. 3.4-2). At the
alignment of the c-axis perpendicular to the surface, the Fe
layers in Nsze14B are parallel to the surface and q-Fe layers
will Dbe formed at the surface by the decomposition of Nd and B
atoms from the NdZFe14B compound. The magnetic moments of Fe
atoms at o-Fe layers would be parallel to the surface.

At the alignment of c-axis parallel to the surface, the Fe
layers in Nd2Fe14B compound are perpendicular to the surface and
needle shape a-Fe clusters will be formed on the surface by the
decomposition of Nd and B atoms from the compound. The magnet-
ic moments of Fe atoms in the og-Fe needle formed at the surface
would be perpendicular to the surface.

From CEMS measurements of heat-treated Nsze14B compounds,

it 1is suggested that the low coercive force at the surface of
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Nd-Fe-B permanent magnet is due to the decomposition of Nd and B
atoms from the Nsze14B compound and the formation of platelet

shape a-Fe and needle shape o-Fe clusters by the heat-treatment.

3.4.4 Conclusion

CEMS measurements were performed for the platelet specimens
of Nd-Fe-B permanent magnets before and after the heat-treatment.
Following results were obtained.

CEMS spectra obtained from the specimens without the heat-
treatment could be well analyzed by the same components as those
in the TMS spectrum obtained from the powder specimen. It
suggests that the chemical state of Nsze14B compound is not
different from the bulk state after the polishing of the sur-
face. The intensity ratio of the 6~line patterns in the CEMS
spectrum indicates the alignment of the c-axis at the surface of
as polished specimens without any heat-treatment. The align-

ments of the c-axis around the surface of as polished Nd4d,Fe

2Fe145
compounds without any heat-treatment are same as those obtained
at the press-forming process.

After the heat-treatment, only oa-Fe component was observed
in CEMS spectra. It seems that Nd and B atoms decomposed from
the surface 1layers and only Fe atoms remained at around the
surface by the heat-treatment. The surface layers of Nsze14B
compounds are covered with o-~Fe clusters after the heat-treat-
ment.

From the above discussion, the low coercive force at the
surface of Nd-Fe-B permanent magnet is due to the decomposition

of Nd and B atoms from the NdZFe14B compound during the heat-
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treatment. The surface of heat-treated Nd-Fe-B permanent mag-

nets is covered with o~Fe clusters.
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3.5 Fe-doped Y-Ba-Cu oxide superconductor

3.5.1 ¥Y-Ba-Cu oxide superconductor

YBaZCu307_y, which is so called 1-2-3 compound, has a super-
conducting critical temperature well above 90 K and so much
efforts have been devoted to investigate the physical, structural

1‘7). It

and chemical properties of this high-Tc Y-Ba-Cu oxide
is now well established that the crystal structure and the super-
conducting transition temperature, Tc, of this compound depends
on the oxygen concentration. There are two crystallographically
different Cu sites as shown in Fig. 3.5-1, those are Cul chain
site sandwiched by the two Ba layers and Cu2 planar site forming
a nearly two dimensional CuO2 sheet. When the Cul chain site
has four oxyden planar coordination, the compound has an ortho-
rhombic structure and shows a high—Tc superconductivity. When
the Cul chain site has oﬁly two oxygen coordination, the compound
has an tetragonal structure indicating a long-range antiferromag-

7)

netic order of CuO2 sheets and does not show any superconduc-
tivity. Oxygen arrangements around the Cul chain sites and the
disappearance of the antiferromagnetic long-range order of Cqu
plane are recognized as the important key to create the high—Tc
superconductivity of this compound.

Oxygen concentration of this compound depends sensitively on
the specimen treatments like an annealing temperature and the
atmosphere. It is also well recognized that the oxygen desorp-
tion occurred easily by the low temperature annealing in vacuum8)

and this compound is not always stable during the specimen han-

dling 1like a crushing from a disk shaped pellet into powder
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Fig. 3.5-1. Structure of YBazCu307. Cul chain and Cu2 planar sites are

shown as Cu(l) and Cu(2), respectively.
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specimen.

Hyperfine interaction studies utilizing the 57Fe Mossbauer
spectroscopy have been performed by several research groupsg—zs)
and reported a microscopic nature of the Fe-doped compounds. It
has been generally accepted that the Fe atoms mainly occupy the
Cul chain sites and has at least three different kinds of oxygen

coordination number around them8).

All of the 27

Fe Mossbauer measurements reported previously
have been performed using powder specimens under a transmission
geometry and there is no reports concerning CEMS measurements of
this compound using disk shaped pellet under a scattering geome-
try. In this section, the results from the CEMS measurements
using the disk shaped 1-2-3 compounds have been described and
compared with the <y-ray transmission measurements~ using the

powder specimens which were prepared by the crushing from disk

shaped pellet.

3.5.2 Sample preparation and experimental procedure
YBaZ(Cu1_xFex)307_y (x = 0.04, 0.06 and 0.10) specimens were
prepared by a wusual solid state reaction method using Y203,
BaCO3, Cu0O and 57Fe enriched Fe203. All specimens were annealed
in air at high temperatures and slowly cooled down to room tem-
perature in air. All of the specimen have a tetragonal struc-
ture and show the superconductivity whose critical temperatures,
Tc’ decreases as an increase of the Fe concentration. Details
of the specimen preparation, the resistivity measurements and the
static magnetic measurements using identical specimens have been

24) 26)

reported by Oda et al. and Sakagami et al.
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For the TMS measurements, the powder specimens were used and
for the CEMS measurements the disk shaped specimens having the
same Fe concentrations were used.
57Fe MOssbauer measurements were performed using a combina-
tion of the transducer operated by a constant acceleration mode
and a multichannel analyzer as described in the previous sec-
tions. The powder specimens were measured by TMS at various
temperature. The disk shaped specimens were measured by CEMS at
room temperature, utilizing the newly developed electron counter.

57

The details of Fe Mossbauer measurements should be referred to

the former sections.

3.5.3 Experimental results and discussion
Figure 3.5-2 shows the 57Fe Mossbauer spectra at room

temperature obtained from YB; Cu2.88Fe0.1207—y superconductor.

2
Upper figure shows a CEMS spectrum and a TMS spectrum is shown in
lower figure. These spectra are well analyzed by the superposi-
tion of three different kinds of the gquadrupole-split doublets
which are denoted as D-1, D-2 and D-3 as shown in Fig. 3.5-2.
Isomer shift values of D-1 and D-2 are nearly 0 mm/s and of D-3
is 0.27 mm/s relative to bcc Fe at room temperature and do not
show any appreciable difference between CEMS and TMS spectra.
The magnitude of the quadrupole splitting are determined as 2.0
mm/s for D-1, 1.2 mm/s for D-2 and 0.5 mm/s for D-3 components,
respectively, and these values do not also show any appreciable
difference between CEMS and TMS spectra. It implies that the
chemical states of Fe atoms at the sufface are identical to the

states in the bulk.
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Fig. 3.5-2. Fe CEMS spectrum (upper figure) and > Fe TMS spectrum
(lower figure) obtained from x = 0.04 specimen at room temperature.
Three different kinds of quadrupole-split doublets are shown by the
broken 1lines and denoted by D-1, D-2 and D-3. Velocity scale is rela-

tive to a-Fe at room temperature.
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Figure 3.5-3 and 3.5-4 show the CEMS and TMS spectra ob-
tained from the specimens of x = 0.06 and x = 0.10, respectively.
Isomer shift values and the magnitude of the quadrupole splitting
determined from the CEMS spectra are again identical to the TMS
spectra suggesting the identical chemical states of the Fe atoms
at the surface to the bulk, However, the intensity ratio in D-1
component obtained from CEMS spectra differs from that of TMS
spectra. The D-1 component has been interpreted as the spectrum
component corresponding to the Fe atoms at Cul chain sitess'21).
The intensity ratio in the quadrupole-split doublet of D-1 compo-
nent, 12/11, in which I2 is the intensity at faster velocity side
and I1 is the intensity at the slower velocity side in the spec-
trum, is shown as solid circles in Fig. 3.5-5 as a function of
the Fe concentration, x, togethgr with the results from D-1
components in TMS spectra which are shown as épen circles in the
figure. The intensity ratio in the quadrupole-split doublet
depends on the angle between the <y-ray propagation direction and
the principal axis of the electric field gradient27).

Figure 3.5-6 shows the results from X-ray diffraction
pattern and clearly shows the preferred orientation of c-axis to
the perpendicular direction to the surface for the disk shaped
specimens, since the intensity of (005) is enhanced for the disk
shaped specimens compared with that of the powder specimens.
Since the X-ray diffraction pattern showed the preferred
orientation of the c-axis of a perpendicular direction to the
surface, the present CEMS measurements suggest that the principal

axis of the electric field gradient is most probably parallel or

perpendicular to the c-axis depending on the sign of the electric
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Fe-doped 1-2-3 compounds. Upper patterns are for disk shaped specimens
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field gradient for D-1 component.

3.5.4 Conclusion

Conversion electron Mdssbauer measurements have been
performed using disk shaped Fe-doped 1-2-3 compounds and a newly
developed electron detector in order to understand the difference
in chemical states of Fe atoms at the surface and the bulk.

Mossbauer parameters determined from both of CEMS and TMS
spectra for D-1, D-2 and D-3 components did not show any appre-
ciable difference except for the intensity ratio in D-1 compo-
nent. The intensity ratio of the D-1 component is affected by
the existence of the preferred orientation of the c-axis to the
surface of the disk shaped specimens and suggested that the
principal axis of the electric field gradient is’ parallel or

perpendicular to the c-axis for the D-1 component.
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CHAPTER IV. SUMMARY

The newly designed electron counters have been developed and
CEMS measurements have been applied to the several kinds of
materials using these counters in order to demonstrate the
benefits of CEMS to study the physical and chemical properties at
the surface. The following results have been obtained from the

experiments in this study.

1) Excellent signal to noise ratio of CEMS spectrum can be
achieved by the development of the new electron counter designed
for the CEMS measurement at room temperature. The CEMS measure-
ment at 100 K is also possible by using the new counter designed

for the low temperature CEMS measurement.

2) CEMS was applied to study the behavior of the 119Sn implant-

ed into Ni and Fe at room temperature.

In the case of the 119Sn implantation into Ni, 119Sn CEMS

spectra of implanted 1198n atoms into Ni are interpreted by the

two different kinds of contributions. One is the dissolved 119Sn

atoms into Ni which occupy the substitutional sites of Ni matrix.
The other is the 119Sn atoms in Ni3Sn intermetallic compounds,

which would be formed by the radiation enhanced diffusion of

119Sn atoms. These two states of implanted 1198n atoms depend
on the local Sn concentration. The acceleration energy and dose
dependence of 1195n CEMS spectra is also well explained by the

change of the local Sn concentration.

In the case of the 119Sn implanted into Fe, the formation of
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the intermetallic compound of Fe and Sn was not observed. The
implanted 119Sn atoms are dissolved into Fe and occupy the sub-
stitutional site of a-Fe matrix at the region of the low local Sn
concentration. At the region of the local Sn concentration over
the maximum solid solubility of Sn in Fe, the oxides and cluster
of Sn atoms are formed without containing Fe atoms. This phe-
nomenon 1is quite different from the 119Sn atoms implanted into
Ni, which formed Ni3Sn intermetallic compounds at the region of
the high Sn concentration. The behavior of implanted Sn atoms
may be influenced by the defect structure introduced by the
implantation and the mobility of vacancies in Fe and Ni metals
at room temperature.

3) CEMS was applied to the'study of the work hardening around
the surface of Hadfield steel. From CEMS measurements, o'
martensite, carbides and segregations of carbon atoms were not
detected in the CEMS spectra obtained from the specimens after
working. The decarburization around surface was found by the
CEMS measurements and the formation of ¢ martensite was observed
in the transmission Mdssbauer spectrum of the cold-rolled speci-
men measured at 20 K. From these results, it is concluded that

the remarkable work hardening of Hadfield steel results from the

formation of the thin € martensites.

4) The interface between the Al,0, deposited by the chemical

273
vapor deposition technique and o-Fe substrate was investigated
by 57Fe CEMS. At the interface between A1203 layer and q-~Fe

substrate, Fe atoms do not mix to each other after deposition.
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After annealing the deposited specimens, the two kinds of the
ionic states of Fe2+ and Fe3+ were observed in CEMS spectra.
However Fez+ state was only observed after annealing at 1273 K.

At 1273 K, a-Fe as the substrate transforms to y-Fe so that this

transformation would affect the formation of Fe2+ ionic state.

5) The surface layers of Nsze14B compounds were studied by

57Fe CEMS. The CEMS spectra of as polished specimens are

similar to the transmission MOssbauer spectrum of the powder
specimen as the bulk. It suggests that the chemical state at
the surface of the Nsze14B compound is not different from that
in the inner bulk even after polishing the surface. The align-
ment of c-axis around the surface is also same to the original
alignment at the press-forming process in spite of the polishing
of the surface. After the heat-treatment of the specimens,
only ¢-Fe component was observed in any CEMS spectra. The small
coercive force around the surface of the Nd-Fe-B permanent magnet
after the heat treatment is responsible to the decomposition of
Nd and B atoms from the surface and the formation of a-Fe
layers during the heat-treatment. CEMS measurements clearly

showed that the surface of the heat-treated Nd-Fe-B permanent

magnet is covered with a-Fe layers.

6) The 57Fe CEMS measurements were performed for the disk
shaped pellets of Y-Ba-Cu oxide superconductors doped by 57Fe.
Comparing the 57Fe CEMS spectra with transmission Mossbauer

spectra, it is suggested that the chemical state of Fe atoms

around the surface are identical to that of the bulk. The
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intensity ratio of the component corresponding to Fe atoms at the
Cul chain sites indicates that the principal axis of the electric
field gradient is most probably parallel or perpendicular to the

c-axis, depending on the sign of the electric field gradient.

Above results demonstrate clearly that the CEMS is a gquite

powerful technique to study the physical and chemical properties

at the surface of materials.
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