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Results are presented of optical, scanning electron and transmission electron microscope
observations on some internally oxidised ferromagnetic alloys. The alloys investigated were
of nominal composition 0.058 wt % Si in Ni, 0.48 wt % Si in Ni and 0.17 wt %, Si in Co
66.2%-Ni 33.7%. The alloys were in polycrystalline form and in addition single crystals of
0.058 wt % Si in Ni were examined. The diffusion and oxidation rate constants are
calculated and the state of the oxide product as a function of (i) depth in the alloy,

(i) oxidising temperature and (iii) alloy composition is considered. The possibility of using
such systems as device material and as test material for theories of coercivity and

approach to magnetic saturation is considered.

1. Introduction

One of the major contributions to coercivity in
ferromagnetic materials is from domain wall-
inclusion interactions. Several theories for this
particular contribution have been put foward
[1-4]. Theapproach to magnetic saturation isalso
affected by inclusions [5-7]. An experimental test
of such theories should involve the preparation
of a well defined precipitate system in a ferro-
magnetic matrix. As suggested in a previous
publication [8] internal oxidation of binary
alloys containing small amounts of silicon is a
possible method of producing dispersed and inert
spheroidal non-magnetic precipitates. Several
workers have investigated internal oxidation
processes in solid and compacted Cu-Si alloys
[9-11] and Ni-Si alloys [12] in connection with
the dispersion-strengthening of materials. Trans-
mission electron microscopy was used by Ashby
and Smith [9] and replica electron microscopy
by Bolsaitis and Kahlweit [11] and Bonis and
Grant [12]. The work reported here isastructural
investigation of internal oxidation in Ni-Si and
Co-Ni-Si alloys with the aim of preparing the
optimum system for magnetic investigation. As
recently reported [13], such systems have possible
applications as a mechanically stabilised mag-
netic material.

Ferromagnetic alloys based on nickel were
chosen for this investigation because they
internally oxidise readily. A high proportion of
cobalt was used in one alloy in an attempt to
internally oxidise a system with a relatively high
saturation magnetisation value and Curie temp-
erature. A nickel content just greater than 32 wt
9 in this alloy suppresses the phase change from
an fcc to an hep structure which occurs in pure
cobalt at about 420° C and which may be
affected by precipitation of incoherent silica
particles. It is hoped to investigate at a later date
the internal oxidation process in Co-Si, with the
aim of studying any possible modification of the
dislocation-induced shear mechansim.

2, Specimen Preparation

If a dilute alloy, in which the solute (B) has a
greater affinity for oxygen than the solvent (A), is
heated in an oxidising atmosphere, oxygen may
diffuse into the alloy, react with solute B, and
cause an oxide of B to be precipitated in the
parent matrix. This process is called internal
oxidation and offers a convenient method of
obtaining a dispersed oxide in a pure metal
matrix.

Discs of 3 mm diameter, thickness 100 to 500
pm, obtained by spark-machining, were intern-
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ally oxidised for various times and at several
temperatures by heating them in a “Rhines
pack” [14], composed of two parts NiO-Ni,Os,
one part Ni and one part Al,Os, in a closed silica
tube. In the case of single crystal discs the faces
were cut parallel to a (100) plane. For the
cobalt-nickel alloy the pack used was composed
of two parts CoO-Co,0;, one part Co and one
part Al,O;. In this “Rhines pack™ the partial
pressure of oxygen is maintained at the dissocia-
tion pressure of the lowest oxide of the base
metal so that only the oxide of the less noble
solute clement can be formed. The discs were
thinned for transmission electron microscopy by
a jet electropolishing technique. In this method
the discs are jet-polished from both sides so that
an area at any required depth from the surface of
the specimen could be examined, the depth
measurements being made by optical microscopy.
Transmission electron microscopy was carried
out in a Hitachi HUI1A microscope at an
operating voltage of 100 kV.

The penetration depth of the oxidation front
was measured using an optical microscope after
the discs had been embedded in a plastic
material, sectioned, mechanically polished and
finally electropolished. The sectioned and electro-
polished discs were coated with a thin layer of
gold/palladium before examination in the Stereo-
scan scanning electron microscope.

3. Experimental Results
3.1. Single Crystal Ni-0.058 wt 9, Si Alloy

The rates of penetration of the oxidation front
for temperatures in the range 800 to 1200° C
have been measured. At 830° C the front is seen
as a distinct plane parallel to the specimen
surface but as the temperature, and so the rate of
penetration, is increased the front becomes less
well-defined making the depth measurement more
difficult. The variation of the square of the
depth of penetration with time for various
temperatures is shown in fig. 1. It is evident that
in this temperature range the rate of diffusion of
oxygen in nickel is markedly increased for small
increases in temperature. The temperature
dependence of the depth of the internally oxi-
dised zone in this and the other alloysinvestigated
was observed to follow a parabolic rate law of
the form

)ngexp(— %) (1)

where X is the thickness of the internally
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Figure 1 Relationship between time of oxidation { and
thickness of zone of internal oxidation X for the single
crystal nickel-0.058 wt 9 silicon alloy.

oxidised zone, ¢ is the time of oxidation, 7 is the
absolute temperature and B and C are constants
characteristic of a given alloy. Under conditions
similar to those which are assumed to exist in the
internal oxidation process (a concentration
gradient of oxygen from the surface region of the
alloy where the oxygen concentration is at the
solubility limit) Fick’s law may be written as
XZ

== @
where D is the diffusion coefficient of the
oxidation front at a particular temperature.
Equations 1 and 2 may thus be combined in the
form of the well-known diffusion law

D = Dcexp (— R%;) 3)

where here D¢ and Q/R are identified as B and C
of equation 1, Q is an activation energy for
diffusion and R is the gas constant. For this alloy
D¢ and Q are computed from a plot of In X?/t
against 1/T (fig. 2) as 9.67 x 10° cm?/sec and
7091 kcal/g atom respectively, as shown in
table I.

For the calculation of expected penetration
depths or oxidation times in internal oxidation
the rate law can also be expressed as

2
X a+b

lH'T:——T



STRUCTURE OF SOME INTERNALLY OXIDISED FERROMAGNETIC ALLOYS

%x10’3 -t
0’5 075 10

a Ni O-058wt%Si
® Ni O-48wt%Si
A NiCoO17wt%Si

InD

~201

—25

Figure 2 Relationship between the logarithm of the diffu-
sion coefficient D and the reciprocal of the absolutz
temperature 1/T for the three alloy systems investigated.

where a and b are constants [15, 16]. For
convenience these are also given in table T (X is
expressed in cm, ¢ in sec).

The size and shape of the amorphous silica
particles precipitated were found to be dependent
upon the temperature of oxidation and their
depth below the specimen surface. At all
temperatures the particles precipitated just below
the specimen surface are mainly spherical with a
size variation in the range 0.2 to 0.5 pm. The
average particle size increases with the depth of
penetration of the oxidation front, being 0.6 to
0.8 pm at 100 pm and approximately 1.0 pum at
200 pm. At 1200° C the particles have a much
broader size distribution than at any other
temperature. The particles produced at 830° C
have no definite shape whilst those produced at
920° C are cuboidal, those at 1000° C are a
mixture of cubes and spheres (fig. 3) and those at
1200° C are spherical (fig. 4). Thin films of silica
have been observed to form at all depths in
specimens oxidised at the lowest temperatures.
These films are in general amorphous although

infrequently they are crystalline, as determined
by electron diffraction.

An optical examination of the jet electro-
polished discs has revealed that the oxide is
preferentially precipitated on discontinuities, ¢.g.
twin-boundaries in the metal matrix.

Figure 3 Disc of single crystal nickel-0.058 wt % silicon,
internally oxidised at 1010° C, showing different shaped
precipitates. Transmission electron micrograph (T EM).

3.2. Polycrystalline Ni-0.058 wt % Si Alloy

Discs of this alloy were obtained from cold-
rolled slices of the single crystal, vacuum-
annealed at 600° C to give an average grain size
of 150 pm. Thepresence of grain-boundaries has a
considerable effect on the penetration rate of the
oxidation front. At 800° C the precipitation of
silica takes place mainly at grain-boundaties
which suggests that the diffusion of oxygen is
principally along these boundaries. Between 900
and 1000° C the rate of oxygen diffusion along
the boundaries is slightly greater than the rate of
diffusion in the grains. For a 25 h oxidation at
925° C the penetration depth of the oxidation

TABLE |

Alloy D¢ (cm?/sec) Q (kcal/g atom) a(°K) b

Ni—0.058 wt % Si 9.67 + 0.95 x 103 7091 + 2.28 3.55 + 1.14 x 10* 9.18 + 0.90
Ni-0.48 wt % Si 1.51 + 0.07 x 102 71.56 + 0.88 3.58 + 044 x 10* 7.32 +0.37
Ni-Co-0.17 wt % Si 3.72 4+ 0.25 x 10® 75.13 + 1.84 3.76 4+ 0.92 x 10* 822 +0.55
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Figure 4 Disc of single crystal nickel-0.058 wt % silicon,
internally oxidised at 1200° C, showing spherical silica
particles (TEM).

front is 125 um compared to 100 pm in the single
crystal.

In addition to the normal form of precipitate,
localised irregular networks of silica are observed
at depths greater than about 40 um. The optical
micrograph of fig. 5 shows these networks as
film-like structures at sites on the grain-bound-
aries. The silica particles formed in the grains are
mainly spherical with a size range 0.2 to 0.3 pm.
The cuboidal particles that are present have faces
parallel to particular planes in the nickel matrix,
e.g. they appear cubic in {100} oriented grains
and hexagonal in {111} oriented grains (see
figs. 3 and 8b). The particles in the grain-
boundaries are spherical or lenticular with a size
variation in the range 0.1 to 0.3 pwm dependent
upon the grain misorientation across the
boundaries. Optical microscopy reveals that
there is preferential precipitation on the grain-
boundaries, as can be seen in the low magnifica-
tion micrograph of fig. 3.

Above 1000° C enhanced grain-boundary
diffusion of oxygen occurs at the expense of
diffusion in the grains. At 1180° C the rate of
penetration of the oxidation front through the
grain is half that of the single crystal case. At this
temperature no localised networks are present
(fig. 6), the oxidation product being solely
sphericaland lenticular silica particles. Thesize of
the particles precipitated on the grain-boundaries
does not vary to any great extent with depth
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Figure 5 Optical micrograph of a disc of polycrystalline
rickel-0.058 wt % silicon, internelly oxidised at 925° C,
showing localised networks of silica and grain-boundary
precipitation (X 77).

Figure 6 Optical micrograph of a disc of polycrystalline
nickel-0.058 wt % silicon, internally oxidised at 1180° C,
showing preferential grain-boundary and twin-precipita-
tion (x 77).

below the surface but the dependence on
boundary misorientation produces a size vari-
ation of 0.1 to 0.5 um (fig. 7). The size of the
particles in the grains increases not only with
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depth but also with grain size. However, the
particles are smaller than in the single crystal
material, being ~ 0.2 um near the surface and
~ 0.5 pm at a depth of 100 pum for a grain of
average size. The preferential grain-boundary
twin-precipitation is clearly visitle optically
after the jet electropolishing (fig. 6).

Figure 7 Disc of polycrystalline nickel-0.058 wt % silicon,
internally oxidised at 1200° C, showing precipitation on
grain-boundaries (T EM).

If the average grain size is reduced to 50 um or
less by oxidising cold-rolled, unannealed alloy
the precipitation of the silica takes place mainly
at the grain-boundaries. For oxidation between
900 and 1000° C dense arrays of particles are
formed at the boundaries (fig. 82) and in certain
cases the precipitate is aligned in filaments across
the boundaries (fig. 8b). The localised network
formation which takes place in the large-grained
material is drastically reduced but structures,
which are similar in form to dendrites and to
structures observed in Cu-Si alloys internally
oxidised between 700 and 800° C [11], are
occasionally precipitated around the grain-
boundaries (fig. 9).

3.3. Polycrystalline Ni-0.48 wt %, Si Alloy
The rate of penetration of the oxidation front for
temperatures in the range 900 to 1300° C have
been measured. At all temperatures the frontisa
distinct plane parallel to the specimen surface and
the grain-boundaries have little or no effect on
the penetration depth. The variation of the
square of the depth of penetration with time for
various temperatures is shown in fig. 10 and the
constants of diffusion and oxidation, D¢, Q, a
and b for this alloy are shown in table I.

The structure of the oxidation product varies
with the depth of penetration, being firstly in the
form of spherical particles, whose size varies
from 0.2 to 2.0 wm, and then a mixture of

(a)

(b)

Figure 8a Thin foil of small grained nickel-0.058 wt % silicon, internally oxidised at 920° C, showing arrays of silica
particles across the grain-boundaries (T EM). b Thin foil of small grained nickel-0.058 wt 9 silicon, internally oxidised
at 900° C, showing filaments of silica across the grain-boundaries (TEM).
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Figure 9 Thin foil of small grained nickel-0.058 wt% silicon,
internally oxidised at 920° C, showing **dendrites” of silica
(TEM).
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Figure 10 Relationship between time of oxidation { and
thickness of zone of internal oxidation X for the nickel-0.48
wt 9, silicon and nickel (33.7%)~cobalt (66.294)-0.17 wt %
silicon alloys.

particles, filaments and networks of silica. The
depth of the particulate zone increases with
increasing temperature and the structure of the
precipitate below this zone becomes predomi-
nantly filamentary. At 950° C the particles extend
only to a depth of a few um while at 1280° C the
depth is approximately 75 pm. The grain-
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boundaries are saturated with precipitate and as
in the Ni-0.058 wt 9, Si alloy the networks form
around the boundaries but do not extend into the
grains to the same extent. Most of the silica is
precipitated as side-branched filaments which
have a length variation of 1 to 20 pm, a mean
diameter of 0.75 pm and are all parallel to each
other within a grain (fig. 11a, b). The ends of the
filaments and their side branches are rounded
and have approximately the same diameter as the
particles present. Selected area electron diffrac-
tion shows that these filaments lie in {100}
planes of the nickel matrix.

Thin films of amorphous silica have been
observed between the branches of the networks
below 1200° C, similar to those in fig. 9.

3.4. Polycrystalline NiCo-0.17 wt %, Si Alloy

The variation of the square of the depth of
penetration of the oxidation front with time for
temperatures in the range 900 to 1300° C is
shown in fig. 10 and the constants of oxidation
forthis alloy system are again tabulated in tablel.
The oxidation front is not as distinct as in the
Ni-0.48 wt 9 Si alloy because at some depth
below the specimen surface the structure of the
precipitate changes from particles to extended
structures of silica which are typically dendritic
in form (fig. 12a, b). The depth at which the
structure changes is temperature-dependent and
varies from about 25 pm at 1000° C to about
100 pm at 1300° C. The change in structure and
the slight enhancement of the oxygen diffusion
along grain-boundaries at the higher temperature
causes some uncertainty in the measurement of
the penetration depth.

Electron microscopy shows that the particle
size varies from 0.2 to 1.0 um, and that the mean
diameter increases from 0.5 wm at or near the
surface to 1.0 wm at a depth slightly less than that
at which the structure change occurs. The effect
of increasing temperature is to reduce the mean
particle size at any given depth. There is little
preferential precipitation of silica at the grain-
boundaries before the structure change and the
particles which are precipitated on the bound-
aries have a mean size which is approximately
half that of the particles precipitated in the grain.
The particle shape is spherical in the grain and
spherical and lenticular on the grain-boundaries.

The extended structures or “‘dendrites”
precipitated at the greater depths are shown in
fig. 12b and at these depths the grain-boundaries
are saturated with precipitate.
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4. Discussion

The values of D¢ and Q, obtained from fig. 2 and
presented in table I, for the three alloy systems
that have been studied, allow some probable
conclusions to be drawn on the factors governing
the growth rate of the internally oxidised zone.
It can be seen, from this table and the gradients
of the curves in fig. 2, that the values of Q for the
two Ni-based alloys are little different; thus it
would appear that solute concentration, at these
levels, has only a small effect on the activation
energy for interstitial diffusion of oxygen. The
small increase in Q for the higher silicon content
may be due to a contribution from a possible
impeding effect of precipitated silica. The rate of
advancement of the oxidation front is essentially
controlled by the value of D, at a particular
temperature. The decrease in D¢ for the higher
solute content alloy is due to the increased
absorption of oxygen, assuming that the solu-
bility and the diffusion rate of oxygen is un-
affected. The impeding effect of precipitated
oxidation product would also tend to reduce De.
A quantitative comparison of the two values of
D, cannot be made because the 0.48 wt 9, Si
alloy contains grain-boundaries which may
affect the advancement of the oxidation front.
Alsoit will be pointed out later that theprecipita-
tion of silica is a vacancy-controlled mechanism
so that the concentration of vacancies at, and the
rate of supply of vacancies to, the oxidation
front will be a determining factor in the rate at
which the oxidised zone grows. The value of Q
obtained for the Ni-Co-based alloy shows that
the energy barrier for oxygen diffusion is higher
than in the Ni-based alloys. As expected,
because of the smaller solute content, the
diffusion constant D¢ is greater than in the
Ni-0.48 wt % Si alloy. However, the oxidation
rate is less and it would appear that the increase
in activation energy is the main reason for this,
although grain-boundary and vacancy concen-
tration and mobility factors may make some
unknown contribution.

The formation of a highly dispersed oxide
product requires a large diffusion rate of oxygen
relative to that of silicon. As the smallest mean
particle size obtainable in the single crystal
Ni-0.058 wt % Si alloy is 0.2 to 0.5 pm it is
evident that the diffusion rate of oxygen is not
much greater than that of silicon. This is sup-
ported by the observations that the particle size
increases with depth of penetration and that an
increase in temperature results in an increase in
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the size variation.

The diffusion rate, Ds;, of silicon in a Ni-Si
alloy containing less than 1 wt % Si has been
calculated, from data abstracted by Smithells
[17], vsing a diffusion equation of the form

Q

RT’

to be 9.0 x 1071 cm?/sec at 1180° C. The diffu-
sion rate, Dy, for oxygen in nickel at 1180° C is
obtained as 5.9 x 10~7 cm?/sec from equation 3
of Rhines et al [15] by substitution of the value
X2/t =225 X 10-7 cm?/sec determined from
fig. 1. A ratio of Dg/Dg; is thus obtained as
0.65 x 108,

Previous work [9 to 11] has shown that a
dispersed oxide product is easily obtainable in
Cu-Si alloys. The ratio of the oxygen and silicon
diffusion rates in copper at 800° C has been
calculated to be of the order of 1.5 x 104, using
data given by Smithells [17] for silicon in copper
and by Bolsaitis and Kahlweit [11] for oxygen in
copper.

Silicon dissolves in nickel substitutionally and
oxygen is assumed to dissolve interstitially so
that when silicon and oxygen react to form silica
there is an increase in volume. Unless this volume
is accommodated by mass transfer of nickel
atoms, large compressive strains will develop in
the matrix around the silica particles making
them grow fastest along those directions in the
matrix which allow the smallest rate of increase
of strain energy. These are the <<100> direc-
tions in nickel [18]. It is assumed that when the
particles are spherical any strain which would
arise through an increase in volume is avoided
by the absorption of vacancies at the particle/
matrix interface, i.e. the strain anneals out as it
forms. Strains produced during cooling of the
alloy due to differences in thermal expansion
coefficient of the particles and the matrix are
minimised by furnace-cooling the specimens. No
evidence of strain contrast of the thermal
expansion type [19] has been observed in the
electron micrographs taken, in any Bragg
reflection. For spherical growth to be continuous,
a sufficient number of vacancies must diffuse to -
the particle from sources such as dislocations,
grain-boundaries and the surface of the speci-
men. However, the number of vacancies and
their rate of supply to a growing particle
decreases with decreasing temperature and
increasing depth in single crystal material. This
means that at sites well below the specimen

Dsi = Deexp —
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surface the concentration of vacancies is in
general not sufficient to allow uniform radial
growth, i.e. spherical growth. It is assumed that
in this situation the growth of the particles will
occur in certain preferred crystallographic
directions. Experimental evidence supports this,
in that for oxidation at 1000° C and below, the
particles become more predominantly a mixture
of cuboids and elongated cuboids with increasing
depth of oxidation and their faces bear some
simple relation to the crystal structure of the
matrix. In fact the faces of the cuboids are
parallel to {100} planes of the nickel (fig. 3).
When all the silica has been precipitated,
vacancies will still be supplied to the cuboidal
particles allowing them to minimise their surface
energy by rounding off into spheres. The
vacancy concentration and mobility at oxidising
temperatures of the order 800° C seem to be too
low to sustain directional growth and the
particles formed at this temperature have no
regular shape. This low vacancy concentration is
probably the reason for the silica film formation
in that such films can be regarded as being a
preferential growth in two <100> nickel
directions parallel to the oxygen front, as
opposed to the three-dimensional cuboid growth
for the higher vacancy concentrations. The
crystalline silica films formed at this teperature
must be partially coherent with the nickel matrix
and be due to precipitation in an extremely low
vacancy concentration. The precipitation of thin
films causes the minimum increase in strain
energy in the matrix [20, 21]. The identification
of these films is not as yet clear, but electron
diffraction suggests that some may have a
hexagonal, high temperature quartz or tridymite
structure.

In polycrystalline material with its additional
source of vacancies, e.g. grain-boundaries, the
shape of the particles in the grains is usually
spherical, although again some cuboidal forms
are precipitated at greater depths below the
specimen surface, for oxidising temperatures
below 1000° C. The grain-boundaries also have a
considerable effect on the oxidation rate of the
Ni-0.058 wt 9 Si alloy in that the diffusion rate
of oxygen along the boundaries above 1000° C is
several times greater than that through the grains.
This enhanced grain-boundary diffusion of
oxygen is similar to that reported by Schenck ez
al [22] in Fe-Si alloys. Thus silica preferentially
precipitates at the grain-boundaries because the
supply of the reagents, oxygen, silicon and

vacancies, is rapid. The size of the particles
precipitated on the boundaries increases with
increasing grain-boundary misorientation, pos-
sibly because of a corresponding increase in
vacancy concentration, but is never greater than
the average particle size in the grains and never
less than 0.05 um. The localised network growth
which is often extended in a plane parallel to the
oxidation front is assumed to occur at sites on
the boundaries where the vacancy concentration
is such that growth of existing structures is
preferred to nucleation of other particles. This
effect therefore occurs at the lowest temperatures
and greatest depths where the oxidation front
advances more slowly. The preferential precipita~
tion at the grain-boundaries reduces the amount
of silicon in the grains and so the size of the
particles in the grain is smaller than those
precipitated in the single crystal alloy at the same
temperature.

The formation of the arrays of particles in the
unannealed specimens is thought to be due to a
greater concentration of vacancies than of reac-
ting silicon and oxygen. The precipitation of
filaments, which are analogous to the elongated
cuboids in the single crystal material, would take
place when there is a low vacancy concentration.
The length of the filaments is usually less than
5 wm. The symmetry of the particle arrays and
filaments suggests a growth process related to
crystallographic directions in the grains or an
isotropic competition for the reagents which
produces a regular lattice of growth centres. The
filaments occasionally provide sites for the
growth of dendritic structures whose branches
seem to be similar to the filaments in that they
tend to grow in related directions (fig. 9). The
more pronounced particulate nature of the
precipitate in this unannealed alloy is consistent
with the fact that there are many more vacancy
sources.

The rates of oxidation in the Ni~0.48 wt % Si
alloy are, as expected, much less than in the
Ni-0.058 wt 9/ Si alloy. In fact the same oxida-
tion rates occur in the two alloys when the
oxidising temperatures differ by approximately
75° C. In the surface region, where the velocity of
the oxidation front and the vacancy diffusion
rate are relatively fast compared with the diffu-
sion rate of silicon, particles of silica are
precipitated but when the reaction front velocity
and the silicon diffusion become comparable the
majority of the oxidation product is of a large
scale filament type. Again it is assumed that this
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filamentary structure forms because of a lack of
vacancies. It is evident from fig. 11b that the
filaments in a particular grain are crystallo-
graphically oriented in one direction and their
branches are directed perpendicular to the main
filament. From this observation and electron
diffraction information it would seem that the
main filaments lie in the <<100>> nickel direction
nearest to the plane of the oxidation front and
their branches are in other <<100> directions.
Spheroidisation of the ends of the filaments and
their branches occurs when all the silica has been
precipitated and the vacancy concentration
increases again to the equilibrium value.
Preferential precipitation occurs at the grain-
boundaries to such an extent that they become
saturated with silica as shown on the boundary
in fig. 11b. The oxygen diffusing along the
boundaries is thus impeded and the oxidation
front advances asa plane, parallel to the specimen
surface.

The rates of oxidation in the Ni—Co-Si alloy
are less than those in the Ni-Si alloy containing
three times the amount of silicon which indicates
that the oxygen diffusion rate and/or the oxygen
solubility are less in the Ni—Co alloys than in
pure nickel. As the minimum particle size is
greater than 0.1 pm it is apparent that the ratio
of oxygen to silicon diffusion rates has a similar
value to that determined for the nickel alloy.
Figs. 12a and b show clearly the change in
structure of the oxidation product with depth,
and the intense grain-boundary precipitation at
the greater depths. The fact that there is little
preferential precipitation at grain-boundaries in
the surface region suggests that the oxygen
diffusion is not enhanced along the boundaries.
The dendritic forms are similar in shape to those
precipitated in the unannealed Ni-0.058 wt % Si
alloy but they bave much larger dimensions.
However, unlike the Ni~Si case, they are all
precipitated in the grains and are in no way
related to the grain-boundaries.

5. Conclusion

It is evident from the results of this work that a
well-defined precipitate system of spheroidal
silica particles can be obtained in Ni and Co-Ni
sections of thickness of the order 100 to 200 um
by internal oxidation at high temperatures. Such
a system has obvious application to an experi-
mental investigation of statistical theories of
coercivity and magnetisation. Particles vary in
size from about 0.2 pm to 0.5 to 1.0 pm in the
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low percentage silicon alloy and 0.2 um to 1.0 to
2.0 pm in the higher percentage silicon alloys.
Size distributions of this order will allow an
investigation of how the mean size and distribu-
tion of particles, varied by oxidising different
thicknesses of alloy, determine the coercivity and
the approach to magnetic saturation in these
systems.

The extended structures of silica, especially the
very regular dendritic and branching forms,
obtained throughout the high percentage poly-
crystalline silicon alloys oxidised at certain
temperatures and depths, would offer consider-
able resistance to domain wall motion by sub-
division of the alloy matrix into magnetically
discrete regions with dimensions ~ 15 pm and so
cause increased magnetic coercivity and ““square-
ness” of the hysteresis loop. The possible use of
internally oxidised or dispersion-strengthened
ferromagnetic alloys as device material in
situations where creep resistance is required, e.g.
in high temperature power systems, has been
suggested [13, 23]. Investigation of the magnetic
properties of dispersion strengthened Co, Fe and
Ni showed that such materials have promising
“soft” magnetic properties [13]. For high
temperature usea fairly high saturation magnetis-
ation value and Curie temperature are obviously
required and hence internally oxidised or disper-
sion strengthened Co, Fe, Co-Fe and Co-Ni
alloys are worthy of investigation.

It is hoped to extend this work to an investiga-
tion of internal oxidation in Fe and Co alloys and
to measurement of the magnetic properties of
these systems and of those reported on here.
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