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Abstract

Iron impurities influence the sintering process of the BeO ceramic, its physical–chemical and performance characteristics. These
impurities may concentrate in different areas of products during sintering and cause their coloring. The state of iron impurities in

white-, gray-, and dark-color samples of a commercial BeO ceramic was studied by the methods of Mössbauer spectroscopy, elec-
tron paramagnetic resonance, and X-ray analysis. It was found that the total concentration of the iron impurity was smaller in the
white samples than in the gray and blacks samples of the BeO ceramic. The white samples contained iron mostly in the form of a-
Fe2O3 oxides or metallic iron. A higher intensity of the ceramic coloring corresponded to an increase in the iron concentration of

beryllium solid solutions and their carbide and intermetallic derivatives.
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1. Introduction

The beryllium-oxide-based ceramic has some unique
properties and is used in metallurgy, laser equipment,
ionizing radiation dosimetry, and modern electronics.
The study of the state of iron impurities in the BeO
ceramic is very significant since it is used on a progres-
sively wider scale in computers, radio and TV equip-
ment, military technologies, spacecraft, and other highly
dependable applications.
A chemical analysis of a commercial sintered BeO

ceramic showed that it contained Fe, Si, Al, Ca and C
impurities implanted from the initial BeO powder and
during the ceramic synthesis. The concentration of iron
impurities, which was between 8.10�3 and 1.10�1

mass%, was the largest. It was found that even a
small quantity of iron impurities had a decisive effect
on physical-chemical and operating properties of the
ceramic.
A number of studies, for example [1–7], have been

dedicated to the effect of iron impurities on physical-che-
mical properties and sintering of the beryllium ceramic.
The iron impurity shows the greatest promise since a
small addition of the iron impurity provides a high
density (0.01–0.3 mass%) of this ceramic. In accordance
with [4,5], if the iron concentration exceeds 0.4 mass%,
the sintering ability of the ceramic decreases because of
the formation of a new phase.
When the BeO ceramic is sintered in a graphite charge

in high-temperature furnaces outfitted with graphite
heaters, the higher iron oxide, which is present in the
initial BeO powder, is reduced as follows: a-Fe2O3 ! g-
Fe2O3 ! Fe3O4 ! FeO ! Fe. This scheme of reduc-
tion and an obstructed diffusion of the reducing gas
(CO) to the bulk of the sintered ceramic cause a spatial
differentiation of the reduction phases of the iron oxi-
des, leading to formation of Fe2O3/Fe3O4, Fe3O4/FeO
and FeO/Fe interfaces, which follow one another to the
center of the ceramic, and appearance of zonal dyeing.
In Refs. [6,7] have been analyzed the causes responsible
for an inhomogeneous structure and zonal dyeing
(white, gray and dark colors) of commercial products
made of the BeO ceramic, which did not contain delib-
erate additions of iron impurities. It was found that
different-size grains of the microstructure in the cross-
section of the products, which affected their perfor-
mance, were caused by iron impurities. Microcrystals of
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BeO in colored zones were 1.5–3.5 times larger on the
average than those in the white zone.
An examination by the methods of electron para-

magnetic resonance (EPR) and optical absorption
showed [6] that zonal dyeing and coarsening of grains in
the ceramic products were due to inclusions of Fe3+

ions in the crystal lattice of BeO and appearance of
surface formations on BeO single crystals. The process
of phase formation in a beryllium ceramic was studied
[7] by the method of magnetic susceptibility w. The field
dependence w(H) was observed at room temperature in
samples, which were cut from the white and gray zones
of one and the same product. This dependence sug-
gested the presence of ferromagnetic impurities prob-
ably in the form of g-Fe2O3 and Fe3O4 or their solid
solutions. The quantity of the ferromagnetic phase was
much smaller in white-color samples than in gray-color
samples. An analysis of the temperature dependence of
w, which was measured in a vacuum and an inert gas
atmosphere, showed that the white-color samples of the
ceramic contained, in addition to ferromagnetic oxides
(g-Fe2O3 and Fe3O4), some quantity of reduced metal-
lic iron, which was oxidized when the ceramic was
heated in a forevacuum (�1 Pa) at a temperature of
900 �C. The quantity of metallic iron was much smaller
in the gray-color ceramic than in the white-color cera-
mic. The ferromagnetic oxides transformed, but not
completely, to antiferromagnetic a-Fe2O3 when the
ceramic was heated in a vacuum or helium at 1170 K.
The samples had to be held for a long time at this
temperature to accomplish a complete transformation
to a-Fe2O3.
The EPR data were suggestive that the gray and dark-

gray samples included a superparamagnetic phase with
a strong Fe3+–Fe3+ exchange interaction probably of
clusters type Fe3+–O2–Fe3+ and Fe3+–O2–Fe2+ having
different dimensions [6,7].
The w values for the samples with an intense dark-

gray color were three or more times larger than w for the
gray sample and one order of magnitude larger than
those for the white-color sample. One might assume
that the dark-gray samples of the ceramic contained
iron bound to some compound (surrounded by ions of
another element) and/or compounds whose structure
could not be determined [7].
The Mössbauer spectroscopy method was used to

determine most fully the phase composition of iron
impurities in the BeO ceramic, which was colored differ-
ently after sintering. In addition, the methods of X-ray
diffraction analysis and EPR were used in this study.
2. Samples and measurement technique

Samples from different lots of a commercial BeO
ceramic including iron impurities (entrapped in the
ceramic from the initial BeO powder or during techno-
logical stages of the ceramic production) were analyzed.
The samples were colored differently (white, gray and
black). They were prepared using a standard ceramic
technology (batch A: semi-dry compaction or slip-cast
molding; batch B: a film technology). The samples were
sintered in a high-temperature vacuum box furnace
with graphite heaters at a temperature from 1830 to
1920 C.
The samples were tested for transparency to the

Mössbauer radiation (14.4 keV) from a�100 mKu
57Co (Cr) source. The absorbing samples were stacked
up so that the ratio between the transmitted Möss-
bauer radiation and the background was the same.
Therefore, it was possible to estimate the quantity of
iron in the samples from the ratio of integral intensities
of the spectra. The measurements were made using the
same geometry with a 25-mm collimator. The concen-
tration of the 57Fe resonance isotope in the impurity
iron corresponded to the natural concentration of
�2–3%.
The measurements were made in three ranges of the

velocity scale: �10. . .+10 mm/s, �5. . .+5 mm/s, and
�3. . .+3 mm/s. The third range was necessary for a
more detailed analysis of the structure of the main
part of nonmagnetic components in the Mössbauer
spectra.
Since the concentration of the 57Fe isotope was

small, a ‘‘DISTRI’’ software package, which improved
the spectra resolution (reconstruction of the density
functions of the Mössbauer parameters) by means of a
regularization procedure, was used. The density func-
tion of the centers of gravity of absorption resonance
lines P(V) was reconstructed. An elementary absorp-
tion line was a Lorentzian with internal lines of the
Zeeman sextet of the reference iron being �0.20 mm/s
wide.
The P(V) function was approximated by a linear com-

bination of modified Gaussian lines to determine indivi-
dual distributions corresponding to different atomic
configurations of iron in the structure of the test samples.
The P(V) data were used for modeling and direct cal-

culation of subspectra with the corresponding Möss-
bauer parameters by the method of the least misfit (the
‘‘SPECTR’’ program) between the theoretical and
experimental spectra.
Paramagnetic impurities in the samples were deter-

mined at room temperature using the EPR method.
Signals corresponding to Fe3+ ions in different states
were recorded.
An X-ray diffraction analysis of dyed samples of the

BeO ceramic was performed on a ‘‘DRON-2’’ dif-
fractometer. The X-ray installation was adjusted to a
maximum sensitivity, which ensured recording of small
quantities of impurity phases as compared to the quan-
tity of BeO.
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3. Experimental results

According to the EPR data, the spectroscopic para-
meters of the black samples from the batch B, which
were not exposed to ionizing radiation, were g=2.73
and �H=2030 G, while those of the gray samples from
the batches A and B were g=2.28 and �H=1210 G,
and g=2.26 and �H=1400 G, respectively. It was
found that the signals were due to Fe3+ ions in different
structural states. EPR signals were not detected in the
gray samples from the batches A and B.
Since the X-ray diffraction analysis provided a weak

sensitivity, a new phase corresponding to a small quan-
tity (2–3 mass%) of the Fe3C iron carbide was detected
only in the black samples of the BeO ceramic.
The structure of the Mössbauer spectra of the BeO

ceramic samples was determined. The measurements at
a velocity from �10 to +10 mm/s showed that the cen-
tral part in the form of a peak with a complicated
structure was prominent in the spectra of the white,
gray and black samples against a set of Zeeman split-
tings with a wide range of the fields (from the oxide
range to the iron one and smaller). The set of Zeeman
splittings in the spectra was poorly resolved, but gen-
erally had an analogous structure. The spectra exhibited
sextets with fields of iron oxides and metallic iron, and
sextets with intermediate fields, which were due prob-
ably to a relaxation in the oxide structure. The mea-
surements at a velocity from �10 to +10 mm/s showed
that the total surface area of the spectra recorded for the
gray samples was much larger (more than 2 times) than
the total surface area of the spectra obtained for the
white samples (Fig. 1 and Table 1). A higher integral
intensity of the spectra from the gray and black samples
and an improvement of the signal-to-noise ratio could
be explained by an increase in the total quantity of the
resonance iron in the samples. An increase in the inte-
gral intensity of the absorption spectra could be due
partly to a higher probability of the Mössbauer effect
[8,9]. The integral intensities of the Zeeman part of the
spectra from the white and gray samples differed little.
This part of the structure had the lowest intensity in the
black sample (see Table 1). The spectra differed mainly
in the ratios of the components present in their central
part. The integral intensity of the central part of the
spectra from the gray and black samples was at least 5
times larger than that obtained from the white samples.
The high-resolution (the interval of �3 to +3 mm/s)

measurements in the central part of the spectrum
showed that this part of the spectrum from the white
samples comprised an asymmetric ‘‘doublet’’. This
‘‘doublet’’ could be caused partly by relaxation pro-
cesses and the summation of contributions from internal
lines of superimposed sextets. However, random
(uncontrolled) variations of the ratio between the left-
and right-hand lines of the ‘‘doublet’’ depending on the
batch of the samples [see spectra a, b and density func-
tions P(V) a0, b0, Fig. 2] allowed assuming a contribution
to these lines from separate phases determined from the
Mössbauer parameters. The left-hand line had an iso-
mer shift (IS) approaching IS of metallic iron and its
intermetallic compounds, i.e. iron was in a low-spin
state characteristic of metallic compounds of iron hav-
ing good conductivity. The isomer shift of the right-
hand line referred it to iron oxides (a- and g-Fe2O3, and
tetrahedral sites in inverse Fe3�vO4 spinel).
The spectra from the gray samples preserved the

structure of the spectra from the white samples, but they
exhibited changes in their central part (see c–c0 and d–d0
Fig. 1. Gamma resonance spectra of differently colored samples of the

beryllium oxide ceramic (a—white, b—gray, c—black) in a large

interval of velocities (�10. . .+10 mm/s).
Table 1

Integral intensitiesa of components in the Zeeman and central parts of

the spectra
Part of

spectrum
White sample
 Gray sample
 Black sample
Batch A
 Batch B
 Batch A
 Batch B
 Batch B
Zeeman
 2/–
 2/–
 3/1
 2/1
 1/0.5
Central
 1
 0.8
 6
 8
 4
a The unity is assumed to be the surface area of the central compo-

nent in the white sample from batch A; the intensities of the general/

carbide components were distinguished for the Zeeman component.
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in Fig. 2). As the first approximation, the spectra were
described by an additional doublet 3 with IS equal to
0.34 mm/s, a quadrupole splitting (QS) equal to 0.28
mm/s, and other doublets with isomer shifts of the
wustite range (0.8–1.0 mm/s relative to a-Fe) and lar-
gely different QS. A doublet 7 with IS=1.17 mm/s and
QS=2.46 mm/s was prominent in the superposition of
the doublets shifted to the region of positive velocities.
Notice that similarly to the white samples, the spectra
from different gray samples of the batches A and B had
some specific features, which distinguished them from
the spectra of samples having a different color intensity.
Fig. 2. Gamma resonance spectra (a–e) and distribution functions P(V) (a0–e0) of differently colored (white, gray, and black) samples of the ber-

yllium oxide ceramic in a small interval of velocities from �3 to +3 mm/s: a–a0, b–b0—white samples from batches A and B respectively; c–c0, d–d 0—

gray samples from batches A and B respectively; e–e0—black sample from batch B.
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In the case of the gray samples, these specific features
included a large integral intensity of the doublets 4, 5
and 6. An additional group of doublets with velocities
shifted for 0.8–1 mm/s was represented on a much
smaller scale in the spectrum from the black sample (e–
e0 in Fig. 2). A specific feature of the black sample was a
predominant partial contribution from the doublet 3
and the first (metallic) component of the spectrum,
while the oxide Zeeman part was nearly absent. Sextets
with fields approaching b-FeBe2+x and Fe3C were pro-
nounced well too. Considerable quantities of a-Fe and
the Fe2O3 oxide were detected in all the spectra from the
white, gray and black samples.
4. Discussion

From the spectral analysis described above it follows
that the spectra of the white, gray and black samples, on
the one hand, are complex and different, and, on the
other hand, have a similar structure. In all the cases,
three groups of components of the iron-containing
structure can be distinguished in the spectra obtained
for the BeO ceramic. These groups include (1) compo-
nents corresponding to a low-spin ‘‘metallic’’ state of
iron (IS=�0.1 to 0.4 mm/s), (2) oxide compounds with
IS from 0.4 to 0.5 mm/s, and (3) oxides of the wustite
range with IS >0.8 mm/s. The first two groups com-
prise both sextets and lines without the Zeeman split-
ting. The third group is presented as a superposition of
quadrupole-splitting doublets.
The spectral components were calculated and inter-

preted assuming a common structure of the spectra,
additivity of separate components, and the possibility
that they make different contributions to the total inte-
gral spectrum. An a priori Mössbauer information
about possible phases and the structure in the system
under study was used.
Therefore, the spectra from the white samples,

namely, the first line (see 1 in a0, Fig. 2) may comprise a
paramagnetic structure of the carbon austenite, super-
paramagnetic iron, and e-FeBe5 beryllides [10–12]. The
left-hand line corresponds to g-Fe by IS [13]. It should
be noted that the spectra of the iron-containing struc-
ture included predominantly spectra of a- and g-Fe in
some ceramic sintering experiments. The presence of g-
Fe may be related to a high diffusion mobility of ber-
yllium and the carbon impurity, which diffuse to iron at
a high annealing temperature and stabilize para-
magnetic g-Fe solid solutions. The fact that the a-Fe
spectra contain components of solid solutions having
smaller effective fields points to the possible formation
of the whole set of compositions comprising the Fe–Be
system [10, 12]. The right-hand line, which corresponds
by IS to the interval of iron-containing oxides with the
Fe3+ valence [10–12], may result from relaxation phe-
nomena, amorphization, and the state of the interface of
the a-Fe2O3–g-Fe2O3 type in the structure [14–17] when
some iron cations are replaced by beryllium. The left-
and right-hand lines may be superimposed by lines of
doublets of Be(Fe) solid solutions and the higher FeBe12
beryllide [10]. Most iron in the white samples (see a–a0

in Fig. 2) is represented by Zeeman sextets of the a-
Fe(Be) ferromagnetic structure and, probably, iron oxi-
des, such as a-Fe2O3, Fe3�yO4, and g-Fe2O3 [18–21].
The doublets 4, 5 and 6 are nearly absent and the
doublet 7 is present in the structure of the white sam-
ples. A similar structure (the doublet 7) was observed
[22] when g-Fe clusters were oxidized in a heavily dilu-
ted Cu–0.2 at.% Fe alloy. As in [22], the doublet 7 may
probably be referred to the initial stage of internal oxi-
dation of near-surface iron clusters.
As was noted in the foregoing, many more iron atoms

are present in the structure of the gray samples, which is
described by the central part of the spectrum. As
regards the central part of the spectrum namely the
doublet 3, one may state that this doublet may be due to
BemFenCp compounds [10] and, probably, iron oxycar-
bides with a variable composition FexOyCz. Notice also
that a doublet having similar parameters was observed
in iron carbides, which were extracted from steels and
annealed [18]. In addition to this structure, doublets
analogous to wustite doublets [19] (see the doublets 4, 5,
6, 7 in c–c0 and d–d0, Fig. 2) are prominent. A more
complicated structure of the spectra may be explained
by iron impurities in beryllium and its oxides, i.e.
Be(Fe)O. Moreover, lines of the b-FeBe2+x and Fe3C
sextets stand out [12,18]. Thus, it is seen that carbon-
and beryllium-containing iron compounds are formed
and iron-bearing structures with a higher concentration
of Be appear in the gray samples. It was shown in the
foregoing that despite a general analogy, the spectrum
from the black sample contains a small number of sex-
tets of the oxide range (see e–e0 in Fig. 2) as distinct
from the spectrum of the white samples, and a small
fraction of the structure of the wustite range as distinct
from the spectrum of the gray samples. However, the
intensity of the lines corresponding to carbide- and ber-
yllium-containing iron compounds BemFenCp, and
Be(Fe)O, e-BeFe5, FeBex and g-FeC is enhanced con-
siderably in the structure of the black sample. In addi-
tion, sextets of b-FeBe2+x and the Fe3C carbide are
more intense than in the white samples.
Variations of the partial contribution from super-

position spectra are specified in Table 2 in order to trace
the possible relation between the structure of the central
part of the spectra and the intensity of the black color.
From Tables 1–4 it follows unambiguously that the total
quantity of iron in the structure of the beryllium ceramic is
not the only factor determining the intensity of the black
color. This conclusion is evident from a comparison of
the spectra obtained for the gray and black samples.
V.A. Shabashov et al. / Ceramics International 30 (2004) 1–7 5



A higher integral intensity of the gray samples is
distributed in Zeeman (oxide and a-Fe) parts of the
structure and the Be(Fe)O structure. The spectra of the
black samples are dominated by central groups of lines
1 and 2 and especially the doublet 3, which are due to
appearance of BemFenCp structures, higher FeBex ber-
yllides, and Be(Fe)O and g-FeC solid solutions. The
Zeeman part of the structure of the black sample also
contains mostly iron compounds with beryllium and
carbon, b-FeBe2+x and Fe3C. It is these components
that dominate in the spectrum of the black sample with
respect to both their relative and absolute values. The
appearance of this structure obviously depends on the
total quantity of iron in the ceramic sample, but,
probably, is determined mainly by thermodynamic con-
ditions of the ceramic sintering process. As a result, iron
does not substitute beryllium in the oxide, but forms
metallic solid solutions and compounds with beryllium
and carbon. In particular, considering the data reported
in Ref. [12], one may expect that iron carbides and ber-
yllides are formed during sintering if free iron and car-
bon are present in the initial material. This situation is
actually observed in the gray and black samples. A high
sintering temperature is conducive to decomposition of
carbides and beryllides, which is followed by formation
of a-FeBe and FeC solid solutions. Iron passes to the
beryllium oxide simultaneously. These processes are
typical of the white samples. Subsequent darkening of
the samples may probably be related to formation of
iron beryllides and carbides from solid solutions.
5. Conclusion

The total concentration of the iron impurity was
smaller in the white samples than in the gray and black
samples of the beryllium ceramic. The iron impurity was
present in these samples as oxides or metal iron. All the
samples contained some quantity of elemental (free)
iron. The appearance of the spectra, namely, the ratio of
resolved components and their total number correlate
with coloring of the samples.
A heavier coloring of the ceramic samples corre-

sponded to an increase in the beryllium concentration of
the iron solid solutions and their carbide and inter-
metallic derivatives. The gray and black samples con-
tained a ferromagnetic structure (in a sufficiently large
quantity). The quantity of the carbide phase in the gray
samples was smaller than in the black sample thanks to
formation of a large volume of a Be(Fe)O-type struc-
ture. An increase in ‘‘magnetization’’ of the black and,
especially, gray samples could be explained not only by
the presence of iron carbides and oxycarbides, but also
by a high concentration of ferromagnetic and super-
paramagnetic iron.
Variation of the intensity of the black color in the

ceramic samples correlated with an increase in the
volume of nonmagnetic structures of the Be(Fe)O type
and a high concentration of Fe3C.
From the Mössbauer spectra it followed that iron

impurities in the BeO ceramic could be represented by:

1. Ions substituting some Be2+ ions in the cation

sublattice of BeO;

2. Be–Fe intermetallic compounds;

3. Surface formations like Be–Fe–O, FeC, and
BemFenCp or iron oxycarbides FexOyCz;
4. Ferromagnetic and superparamagnetic structures
forming a separate phase and located on the sur-
face and boundaries of microcrystals and pores.
Table 2

Mössbauer parameters of non-Zeeman components in the central part

of the spectra (A/B) from the white samples
Spectral

components
1
 2
 3
 4 5
 6
 7
IS (�0.005),

mm/s
0.036/�0.034
 0.360/0.400
 –/0.345
 – –
 –
 –/1.170
QS (�0.01),

mm/s
–
 –
 –/0.32
 – –
 –
 –/2.46
Partial

contribution

A/B, (�10)%
55/20
 40/50
 –/10
 – –
 –
 –/20
Table 3

Mössbauer parameters of non-Zeeman components in the central part

of the spectra (A/B) from the gray samples in batch B
Spectral

components
1
 2
 3
 4
 5
 6
 7
IS (�0.005),

mm/s
�0.040
 0.327
 0.345
 1.024
 1.073
 1.060
 1.167
QS (�0.01),

mm/s
–
 –
 0.32
 0.25
 0.43
 0.96
 2.46
Partial

contribution

A/B, (�)%
10
 15
 10
 6
 21
 27
 10
Table 4

Mössbauer parameters of non-Zeeman components in the central part

of the spectrum from the black sample
Spectral

components
1
 2
 3
 4
 5
 6
 7
IS (�0.005),

mm/s
0.056
 0.327
 0.345
 1.024
 0.940
 1.060
 1.167
QS (�0.01),

mm/s
–
 –
 0.32
 0.25
 0.43
 0.96
 2.46
Partial

contribution,

(�5)%
24
 4
 46
 3
 10
 6
 6
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