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The FeBes,5,11 compounds and the a-Fe(Be) solid solution of BegFe_
system were synthesized by laser irradiation from a powder mixture.
The dependence of the phase structure on the initial sample composition
(r = 0.1-0.95) was studied. The phases were determined and studied by
means of Mossbauer spectroscopy and X-ray diffraction.

PACS numbers: 61.18.Fs, 61.10.—, 61.80.Ba

1. Introduction

Beryllium as a light metal has peculiar properties suitable for some future
nuclear or space applications [1]. Because of this interest, beryllium-coated iron
foils were studied [2, 3]. Despite some advance over the last century, the knowledge
about alloying of beryllium with other elements is still very limited.

Laser application offers additional possibilities of material synthesis. It is
suitable for processing and alloying the surface or thin layers. In this article the
study of formation of solid solution and compounds of the Be-Fe system, when a
thin powder layer is affected by laser irradiation, is presented. Laser alloying of iron
with other light elements, forming Fe-C and Fe-B system compounds, has been
already studied in Refs. [4, 5]. There are differences and similarities between these
systems. Boron and beryllium alloyed with iron form a lot of compounds. Fe-Be
system has a broad region of beryllium supersaturated solid solution in iron and
beryllium-rich compounds — FeBeg 511 and probably FesBe. The systems with
many possible compounds are interesting and favourable materials for studying
the distribution of constituents during a short pulse of laser irradiation.

(467)
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2. Experimental details

The samples were synthesized from a mixture of selected amounts of Fe and
Be powder. The average dimension of Be powder particles was (230 & 100) pm.
The particles of iron were much smaller, 1—4 um. A powder mixture with some
glue added was placed on the massive Cu substrate and flattened. The thickness
of a mixture layer was ~ 57 mg cm~2. For the irradiation, the Nd:YAG laser of
1.06 pm wavelength was used. The pulses were of 2 ms duration and of 150 Hz
repetition frequency. The average power of the laser was 250 W. The diameter of
the laser beam spot on the sample surface was approximately 1 mm. The velocity

of a scan of 1 mm s~ !

was chosen so that the same sample area was irradiated by
approximately 150 pulses.

The synthesized samples were studied by means of Mossbauer spectroscopy
using the 57Co(Rh) source. The phase structure of the samples was mainly defined
by Mossbauer spectroscopy. The X-ray diffraction studies using Cu K, radiation
allowed us to obtain the additional information on the phases very rich in beryllium

(Fig. 1).

Relative absorption

Fig. 1. X-ray diffraction spectra for the Fer 5sBeg2.5 sample.

Typical Mossbauer spectra are shown in Fig. 2a. The spectra are measured
at room temperature, except the additional spectrum of the sample of Beg.77Feg o3
composition, which is measured at a temperature of 125 K (cf. Fig. 3a). As the
samples consist of many ferromagnetic and paramagnetic phases, most of them of
nonstoichiometric composition, one of the best methods of the spectra analysis is
to use the distributions of hyperfine parameters.

The distributions of hyperfine parameters are found by the linear least square
fitting procedure, which is based on the singular value decomposition (SVD)
method [6]. The SVD method is favourable for solving the problem with many
parameters because it allows finding a stable solution even if the functions used
for the description are very similar. The sets of sextets f; and singlets fs,
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Fig. 2. Mdossbauer spectra (a) and their decomposition to the hyperfine magnetic field

P(H) (b) and isomer shift P(d) (c) distributions of Be,Fei;_, samples synthesized
by the laser: I — x = 0.25, I — x = 0.5, [Il — x = 0.7, IV — x = 0.77 at room
temperature. 1 — theoretical P(H) distribution calculated for the uniform distribution

of the Be concentration in a-Fe(Be) solution.

ZP

are fitted respectively to ferromagnetic and paramagnetic parts of experimental
spectra, where v is the velocity. Thus the hyperfine magnetic field distribution
P(H) together with the isomer shift distribution P(§) are found. To obtain the
quality distributions the number of parameters used in the description should
be much less than the number of spectra points [7]. Two sets of sextets of the
0.19 mm s~! linewidth with the hyperfine magnetic field step AH ~ 1 T are used
to describe the ferromagnetic part of Mdssbauer spectra (Fig. 2b). The first set
describes a-Fe(Be) solid solution. For this solution, the hyperfine magnetic field
varies within 23-38 T. For the second set of sextets, which describes FeBes phase,
the hyperfine magnetic field varies within 5-22 T. The isomer shifts ¢ for the sets
of sextets are determined iteratively by the usual nonlinear least square fitting
method using the separate linear isomer shift dependence

d; = 01 + const(H; — Hy)

) fi(Hi, 65,0) +ZP ,0), (1)

(2)
for each set.

To take into account the paramagnetic part of Mossbauer spectra in the anal-
ysis, the isomer shift distribution P(0) (Fig. 2¢) is added. It describes beryllium-
-rich compounds FeBes 11 (isomer shift range —0.4 mm st <6 < 0.6 mms?)
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and, for iron-rich samples, the products of iron reaction with atmosphere (isomer
shift range —0.4 mm s=! < § < 1.5 mm s~!). The application of the isomer shift
distribution instead of separate doublets or singlets is favourable here because it
does not require preliminary data about the compounds. The phases obtained
when iron reacts with ambient air are not in the scope of this study. They are
most probably very small particles of iron oxides. It is evident that the isomer
shifts in the range 0.6 mm s~ < § < 1.5 mm s~! (Fig. 2¢) could not be attributed
to iron—beryllium compounds. In this case, only the large quadrupole splitting,
which is characteristic of iron oxides, can explain the experimental isomer shifts
for iron-rich Be,Fe;_, samples. Only a small amount of beryllium-rich FeBes 11
compounds could be obtained when = < 0.25. On the basis of these assumptions
the paramagnetic part of Be,Fe;_, samples in the composition range 0 < x < 0.25
is mainly attributed to iron in the phases which are formed due to iron reaction
with atmosphere.

Though the distributions of hyperfine parameters are useful for the evalu-
ation of amounts of the phases and the qualitative analysis of the phases, they
are not suitable for the quantitative determination of the percentage of beryl-
lium in FeBestg. Therefore, the selected Mdssbauer spectra are decomposed into
alternative sets of subspectra. The Mossbauer spectra of Beg 77Feg 03 are decom-
posed into a set of subspectra for FeBes;y phase and a doublet for paramagnetic
phases (Fig. 3a). The values of the hyperfine magnetic field of the sextets used
for FeBea g phase are presented in Table I. The paramagnetic parts of Beg gFeg 1
and Beg g5Feg o5 spectra, measured at a low velocity (Fig. 3b), are successfully de-
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Fig. 3. Mbossbauer spectra of BeyFei_, (z = 0.77, 0.9, and 0.95) samples and
their description. The subspectra: (a): I — a-Fe(Be), II — paramagnetic phases,
A, B, C, D — subspectra of FeBea4¢ (Table I); (b): solid lines — doublets; (a) and (b)

dashed lines — inner lines of FeBesg.
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scribed by two doublets, including, for the spectrum of Bey gFeg 1, the inner lines
of sextets of FeBea gy compound, the form which is based on the results of P(H)
analysis (Fig. 3a).

TABLE I

The Mossbauer spectra description data for FeBea1y compound of Beg.77Feg 23 sample.
A, B, C, D are the regions of different stoichiometry. Hyperfine magnetic fields H and
their relative probability P correspond to subspectra of iron atoms having m iron atom
first neighbours.

Region A B C D

m 4 4 3 4 3 2 4 3 2

H, T |125K | 20.3 18.8 14.5 | 17.5 13.7 5.6 16.5 11.6 4.1
293 K | 19.6 17.8 13.7 | 164 12.9 5.3 14.7 11.3 3.9
P, % | 125K [ 34+5|13+3|7+3|8+3|10+4|8+4|6+£3| 73 T4
203K [ 31£4 | 17+£4 | 5+£3 |94 | 54 |7+£4 |73 |11£4| 8+4
0 0 0.33 0.63 =~

Taking into account a large thickness of samples with a large percentage of
iron for Mossbauer spectroscopy, the correction of phase amounts is made accord-
ing to the calculated dependences of an area of lines on the thickness of the sample.
This correction is significant for a-Fe(Be) solution of the samples containing more
than 50 at.% of Fe.

3. Modelling of phase structure

The phase structure in the samples after laser processing is determined by
means of Mdssbauer spectroscopy. To explain the obtained phase amounts, the
distribution of iron and beryllium atoms in the melt during laser irradiation should
be known. As the duration of a laser pulse is 2 ms, the entire time of laser
processing for each area (approximately 150 pulses) of the samples is & 0.3 s. It
is a very short time compared to processing time in the conventional metallurgy,
therefore high temperatures, even reaching the boiling point at the surface of
samples, are needed for synthesis of compounds from a powder mixture.

From the appearance of iron-rich samples it is evident that they were molten.
In beryllium-rich samples the powder is also agglomerated, and at least a partly
molten state during laser processing should be achieved. Nevertheless, it is evident
that for iron-rich samples the temperatures were higher than those for beryllium-
-rich ones.

Another confirmation of sufficiently high temperature in the samples is the
phase structure (Fig. 4). In iron-rich samples, temperatures higher than the
melting-point in the whole sample volume are achieved. The surface tempera-
tures can even reach the boiling point. As a consequence of high temperature
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in the Be,Fe;_, samples, in the composition range 0 < = < 0.4, a considerable
amount of the products of iron reaction with atmosphere is formed (Fig. 4). As the
samples melt, the concentrations of beryllium and iron atoms in iron—beryllium
phases (for atomic concentration cge + cpe = 1) during laser processing are deter-
mined by processes in the liquid metal when not only diffusion, but also convection
are important. Due to the complexity of the processes we will consider only the
efficient diffusion which takes into account all such processes. Usually, the diffu-
sion for a binary system is described by the equation of the mutual diffusion

Jde;
ot
where the mutual diffusion coefficient of beryllium in iron Dp, and that of iron
in beryllium Dpg, are different. There are not many data reported on the diffu-
sion coefficients for liquid metals. When such data can be found, they are rather
inaccurate, which is mainly related to the influence of buoyancy driven forces [8].
The aim of numerical modelling of diffusion is to show that the phase struc-
ture can be described by the efficient mutual diffusion of constituent atoms in the

— V((Dpecre + Drecie)Vey), (3)

samples. For the simplicity, a one-dimensional equation is used and the diffusion
is modelled in the spherical coordinates by

OcBe . Ocge 2
ot~ (Pre DBG)( (97")

[Dge + (Dre — De)ene =2 <r2 8cBe> . "

r2 or or

In the one-dimensional model it is assumed that larger beryllium particles are sur-
rounded by the iron layer of such thickness that the volumes of different materials
correspond to the initial composition. The average radius of beryllium particles
is 115 £ 50 pm. The size distribution of beryllium particles is included into the
model according to normal law. The concentrations obtained by numerical solving
of Eq. (4) are used to calculate the amounts of phases that are fitted to the ex-
perimental results. The model should also take into account the difference in the
temperature for samples of a different initial composition. Therefore, the depen-
dence of diffusion coefficients on temperature is approximated to the dependence
of diffusion coefficients on the initial sample composition x:

D = D=0 (1 — k. z). (5)

The best fit results, shown as the lines in Fig. 4, are obtained at the values
of following parameters: the efficient diffusion coefficient of beryllium in iron
Dpe = 2.9x 107 m? s~!, when concentration of beryllium cg, — 0 or for iron-rich
samples, the dependence on composition coefficient k£ = 0.988, and the ratio of dif-
fusion coefficients Dg./Dpe = 0.66. The value of the coefficient k close to unity
supports the conclusion that the average temperature for the beryllium-rich sam-
ples is lower and, therefore, the diffusion is much slower. The values of diffusion
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coefficients are average values calculated for the entire pulse duration. Neverthe-
less, the value of the efficient diffusion coefficient, 2.9 x 107 m? s~!, is much
higher than the values known for the solid state [2] and it should be attributed to

the efficient diffusion in the liquid state.
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Fig. 4. Phase structure of samples obtained by means of Mdssbauer spectroscopy and
theoretical curves obtained by the fit of the diffusion model to experimental data. The

right axis — the amount of iron in the products of the reaction with atmosphere.

The agreement of the phase structure experimentally found with diffusion
modelling results (Fig. 4) is quite good. The discrepancies can arise due to the
one-dimensional model that does not take into account nonuniform temperature.
In addition, the real distribution of particles is three-dimensional and random.

4. Results of the experiment and discussion

The Méssbauer subspectra with the hyperfine magnetic field within 23-38 T
(Fig. 2b), larger than the value for FeBey, 19.2 + 0.5 T [9], are attributed to
beryllium solution in iron a-Fe(Be), where the regions with the beryllium high and
low concentrations can be observed [10]. Beryllium-rich or supersaturated iron—
beryllium solution can be in an ordered form as FezBe (DOj ordering) or as B2
phase, where an atom percentage of beryllium can be 28-50 at.% [10, 11]. A wide
distribution of the effective magnetic field in our samples (Fig. 2b), when x > 0.3,
is similar to that obtained in [10]. Therefore, it is expected that a considerable
amount of beryllium in a-Fe(Be) solution can be found for the composition of
Be,Fe;_, samples when 0.3 < z < 0.6. As the samples are produced by the laser,
it is expected that after quenching a quite random distribution of beryllium atoms
in a-Fe(Be) solution is formed. For the description of Mossbauer spectra, two
nearest coordination shells of an iron atom with the number (m,n) of beryllium
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atoms are usually considered [10]. Then, the hyperfine magnetic field of an iron
atom is given by

H = H(0,0) + mAH; + nAH,, (6)

where AH; and AHs are changes in the hyperfine magnetic field, when the Be
atom replaces the Fe atom in the first and second coordination shells. A wide
hyperfine field distribution P(H) was obtained by us (thick line 1 in Fig. 2b II)
using a binomial random distribution of Be atoms in the a-Fe(Be) solution and
Eq. (6) when the beryllium concentration is uniformly distributed in its possible
range in the a-Fe(Be) solution, 0-50 at.%, and AH; = 2.6 T and AH, = 1.3 T.
As seen in Fig. 2b II, in addition to the region with uniform wide distribution
of Be concentration, some extra region with beryllium low concentration in the
a-Fe(Be) solution is required.

When = > 0.5, the samples are saturated with beryllium at a high con-
centration, and considerable amounts of beryllium-rich FeBes 511 compounds are
formed. For 0.6 < x < 0.8, the presence of hyperfine magnetic fields is evident
within 5-22 T. It indicates that FeBea1g is not stoichiometric and 6 > 0. Differ-
ent hyperfine magnetic fields were associated with the sites of iron atoms having
the different number of iron atoms in nearest neighbour sites [9]. The largest hy-
perfine magnetic field of 19-20 T at room temperature is associated with a site
having four nearest iron neighbours for the stoichiometric region of phase. When
0 increases, the hyperfine magnetic field decreases. The enrichment of FeBes g
compound with beryllium causes a substitution of iron atoms in the iron sublat-
tice. The probability of an iron atom to be surrounded by m iron atoms in first
neighbour sites is given by

Pan) = () (1= e, ™)

m
where c¢ is beryllium concentration in the iron sublattice.

The subspectra used for description of spectra of the Beg 77Feq.23 sample
with the highest amount of FeBesyg are shown for the spectrum measured at
125 K (Fig. 3a). The results of spectra decomposition for FeBesi g phase are
presented in Table I. Four areas of different compositions (different #) are used.
The hyperfine magnetic field H(m) of sextets (Table I) corresponds to the sites
having 4, 3, and 2 nearest iron neighbours [9]. Since the hyperfine magnetic field
values similar to those in [9] are used, the enrichment factor 6 for A, B, and
C areas (Table I) should be 0, 0.33, and 0.63, respectively. The region D with
0 ~ 1 is added, because it allows us to have relative probabilities of subspectra
more consistent with the values given by Eq. (7). A sufficiently good agreement
between the values of probabilities for the spectra measured at room temperature
and at 125 K supports the used model. Admittedly, the wide distribution of the
composition parameter 6 makes the determination of the probabilities of different
surroundings difficult because of overlapping of subspectra lines.
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The compounds, cubic FeBes and hexagonal FeBe;, are paramagnetic and,
by means of Mossbauer spectroscopy, can be determined by areas of singlets or
quadrupole doublets at the centre of the Mdssbauer spectrum. X-diffraction data
help us to identify beryllium-rich compounds in the samples (Fig. 1). It has been
found that there are cubic nonstoichiometric FeBes_15 [12], stoichiometric FeBes,
hexagonal FeBe;;, and residual Be. Some reaction products of beryllium with
atmosphere (BeO, BesNg, BegOgNy) were found, whereas the oxidation of iron
was not observed for the beryllium-rich samples. In the preliminary description of
Mbossbauer spectra (by distributions of hyperfine parameters), the paramagnetic
part was described by the isomer shift distribution (Fig. 2c¢). Though the param-
agnetic part for the Beg 77Feq 23 sample (Fig. 2a IV), which contains about 20% of
iron atoms, can be well expressed by a single doublet with the following parameters
— the linewidth I' = 0.32 mm s~!, the quadrupole splitting A = 0.23 mm s~*
the isomer shift = 0.16 mm s~ (all isomer shifts are referenced to metallic iron)
— it does not indicate that only a single paramagnetic phase could be found. Anal-
ysis of composite Mossbauer spectra that contain nonstoichiometric compounds is
difficult. In addition, as the data on beryllium-rich compounds FeBes, FeBe;; are

and

few, they really require a more detailed study.

The paramagnetic parts of Mossbauer spectra of the BeggFep; and
Beg.g5Feg.05 samples contain approximately 50% and 100% of iron atoms (Fig. 3a).
The spectra measured at low velocity (Fig. 3b) are slightly asymmetric, and, for
their shape approximation, two quadrupole doublets are needed. The parameters
of doublets are presented in Table II. A larger doublet has a slightly larger isomer
shift 0 and quadrupole splitting A.

TABLE II

Mossbauer parameters of paramagnetic Be,Fej_, compounds.

T Subspectra | Area, % | §, mms™' | A, mms~' | I, mms™!
0.9 1 40410 | 0.14 +£0.02 | 0.20£0.01 | 0.32 £0.01
2 60+ 10 | 0.234+0.02 | 0.24 £0.01 | 0.32 £ 0.01

0.95 1 13£7 ]0.13£0.02 | 0.204+0.01 | 0.32£0.01
2 87+7 | 0.234+0.02 | 0.26 £0.01 | 0.32 £0.01

Previously reported data on FeBes are the following: the quadrupole split-
ting A = 0.25—0.29 mm s~! and the isomer shift v = 0.16—0.22 mm s~* [13].
The quadrupole splitting A for iron impurity in beryllium at room temperature is
0.57 mm s~! and the isomer shift § = 0.12 mm s~! [14]. Evidently, on the basis of
quadrupole splitting the paramagnetic part of beryllium-rich samples (Fig. 4) could
mainly be attributed to cubic FeBes or nonstoichiometric analogue FeBes_15. This
conclusion is also confirmed by X-ray data (Fig. 1), where, for the sample composi-
tion with z = 0.925, X-ray lines of FeBes_15 phase are most intense. Consequently,
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a larger doublet in Fig. 3b is attributed to FeBes_15 phase. The second doublet
may be due to more iron-rich stoichiometric FeBes or due to the paramagnetic part
of FeBesy compound when 6 is large. However, at low temperature, 7' = 125 K,
the increase in ferromagnetic part of FeBeayg for the sample Beg 77Feg 23 is not
observed, as could be expected if a considerable amount of paramagnetic FeBes ¢
is observed at room temperature. Attribution of paramagnetic part mainly to
FeBes_15 phase does not contradict the presence of a small amount of FeBe;; and
the iron solution in beryllium because these compounds have a lower percentage
of iron.

The value of the isomer shift for paramagnetic FeBes or FeBes,y can be
explained by the Miedema theory [15-17]. According to the Miedema and van der
Woude model [16, 17], the isomer shift of iron in the binary system Fe—A (A=Be) is

Bee(cre) = S, (cre) [0.75(ps — fre) — 1.65 (”‘“)} (mms),  (8)

where ¢ is the electronegativity parameter, n is the electron density at the bound-
ary of the Wigner—Seitz cells of a pure element. For a solid solution, the surface
area concentration of A surrounding Fe, Sa, is given by

(1 cpe)Vi"*
ereVEl® + (1= cre)VA?

e

Sa(cpe) = 9)
Va and Vg are molar volumes. In the system with a strained structure the volume
mismatch term,

_ 0.615K o Va—Vre 8(5)
© 0615KA + Kpe Vie 6(InV)’
should be added, where K is the bulk modulus. The most frequently used value

of the isomer shift dependence on the volume 9(0)/9(In V'), obtained from high
pressure measurements, is 1.33 mm s~! [16].

Oy

(10)

For a solid solution corresponding to the percentage of constituents of FeBes
(cBe = 83 at.%) the surface area concentration is S = 0.79. Using this value in
Eq. (8), the value of the isomer shift § = dpe(cpe) is 0.28 mm s~*. For ordered alloys
and compounds, such as FeBes, the surface area concentration is higher, and the
isomer shift can approach the value of impurity of iron in beryllium. The analysis
of X-ray spectra (Fig. 1) indicates that instead of stoichiometric cubic FeBes with
a lattice constant of 5.889 nm the nonstoichiometric cubic FeBes_15 is mainly
observed. For FeBes_15, the lattice constant is 5.863 nm when the concentration
of iron is cpe = 6.8 at.%, and it increases toward 5.889 nm when cp, approaches
the stoichiometric value of 16.7 at.% [12]. The lattice constant of FeBes_15 is
lower because the material has more beryllium atoms in the same structure as in
FeBes, and therefore the strain toward iron atoms similar to that described by
Eq. (10) should arise. Applying the volume mismatch term 6, = —0.24 mm s~!,
the lower isomer shift limit 6 = 6pe(cpe)+3, = 0.04 mm s~! is obtained. Therefore,
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the introduction of strain can explain the experimental isomer shift values of the
paramagnetic part of Mdssbauer spectra in our experiment. Similar conclusions
on the isomer shift values, as for FeBes_15, should be valid for paramagnetic and
nonstoichiometric FeBeag. For FeBea g compound the surface area concentration
Sa is lower and, therefore, the isomer shift § is less than that of FeBes_15 phase.
Additionally, FeBey; compound could have the isomer shift very similar to that of
FeBes_15 compound.

5. Conclusions

Taking into account the dependence of the experimental conditions on the
initial composition of the samples, the phase structure can be explained by mutual
diffusion of constituent atoms in the molten or partly molten state. Efficient
diffusion coefficients, that are averaged for the whole volume at a high temperature
gradient and entire laser irradiation time, are higher than they could be obtained
for solid state. The analysis of Mdssbauer spectra parameters has shown that
the obtained FeBey ¢ and FeBes phases are nonstoichiometric and strained. The
composition of FeBes g and FeBes compounds varies in a wide interval.
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