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Disordered atomic column state in Fe-Mo alloys
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Changes in crystallographic features during thec— bcc+C14 structurg reaction have been investigated
for Fe-Mo alloys containing around 10 at. % Mo by transmission electron microscopy. The metastable bcc
Fe-Mo alloys were annealed at the relatively low temperature of 1023 K in order to elucidate the details of the
structural change in the initial stage. The annealing led to the appearance of precipitates in the bcc matrix,
which did not have th&C14 structure even after 1000 h of annealing. The structure of the precipitate was
basically characterized by a disordered arrangement of distorted decagonal columns. The column was com-
posed of distorted icosahedral clusters connected one-dimensionally. In addition, annealing was found to cause
an increase in the number 6fL4 configurations for the local arrangement of these decagonal columns.
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[. INTRODUCTION lyze experimental results obtained in the reaction of the
Fe-Mo alloys. It should be noted that, although several stud-

Among various crystal structures, there exist the crystales on the reaction have been perfornied, the detailed
structures in the Laves phases, which are characterized @hange in the atomic arrangement for the formation of the

the arrangement of 12- and 16-fold-coordinationc14 structure compared to that of bec is not yet fully under-
polyhedrat?> Between these two types, the 12-fold- stood.

coordination polyhedra can be regarded as a distorted icosa-

hedral cluster. Recently, the tetrahedron involved in the 12-

fold-coordination polyhedron was found to have a covalent Il. EXPERIMENTAL PROCEDURE

nature’?"4 That iS, a three-dimensional network of covalent |ngots of Fe-Mo a”oys Containing around 10 at. % Mo

bonds has been found in the Laves structures. Our interest {jere made from F€99.99% and Mo (purity 99.9% by the
this system is focused on how the covalent network isar-arc-melting technique. The ingots were annealed at
formed from the metallic structure. In order to answer this1473 K for 2 h for solution treatment. Samples were cut
question, we have investigated the formation of two typicakrom the quenched ingot and annealed at 1023 K for 5 min,
Laves structures, that is, theP-12 MgZn,-type andcF-24 30 min, 100 h, and 1000 h respectively, followed by quench-
MgCu,-type structures, called th€14 andC15 structures, ing in ice water. Residual oxygen involved in the samples
respectively. As for theC15 structure, we already reported may play a role in the formation of the intermediate phase,
the appearance of the icosahedral atomic cluster with thgarticularly the quasicrystal, which consists of icosahedral
local covalent bonds during the beeC15 structural change gtomic clusterd? Annealing was then performed under
in Ti-Cr alloys® In the present work, we focus on t&14  yacuum conditions of about 3:010°° torr. The electron-
structure in Fe-Mo alloys. energy-loss spectroscop@&ELS) measurement confirmed
According to the reported phase diagram of Fe-Mo alloythat there was no signal due to oxygen atoms.
systenf the (bcc— bcc+C14) reaction is expected below The samples were observed using a JEM-3(B@ kV)
1200 K in Fe-Mo alloys with a Mo composition of around transmission electron microscope at room temperature. The
10 at. %. In order to understand the formation of &4  Ar-jon thinning technique was used to prepare specimens for
structure, we annealed _the metastable bcc alloys arourghservations. Among the alloys examined in the present
10 at. % Mo at the relatively low temperature of 1023 K. \york, we here describe the experimental data obtained from
Low-temperature annealing was adopted to allow a slow rethe Fe—10 at. % Mo alloy. This is because the experimental
action for obtaining each step in the initial structural changegata of the Fe—10 at. % Mo alloy are the same as those of
Although precipitates were found in the bcc matrix, observatnhe others.
tions made by transmission electron microscopy indicated As an aid to the understanding of our experimental and
that the slow reaction at 1023 K never |Ed to the equlllbrlumana|yzed resu|t3, we br|ef|y summarize the Crysta”ographic
C14 phase, even after 1000 h of annealing. The crystal strugeatures of the equilibriun€14 structure. Figure 1 depicts
ture of the precipitate was characterized by a Qisordered afhe [11- 0| projection of theC14 structure and the corre-
rangement of distorted decagonal columns with a columryonding calculated diffraction pattern, together with a sche-
axis along the[110]g direction. Note that the subscri@  matic diagram of the distorted decagonal atomic columns
denotes the bcc structure. In this paper, we describe and aniavolved in it. The subscrip€ denotes th&C14 structure. In
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. . . . : 0.2 um
. . - . . . . FIG. 2. Bright field image taken from_the 30-min annealed
« o 0004 4 . sample. Electron incidence is parallel to {l0]g direction.
. . - L . - L]
L L L - . . e el
5 & & N % & B obtain each step in the initial stage of ttlcc— bcc+C14)
. o 0000 o, 300 reaction. Precipitates were found to appear in all samples
e o » © & o o annealed for 5 min, 30 min, 100 h, and 1000 h. A bright
. e . . field image exhibiting the precipitates in the 30-min annealed
. R . . sample is, as an example, shown in Fig. 2. The electron
¢ ® e * incidence of the image is parallel to th#10]g direction of

the bcc matrix. In the image, we see the precipitates having
various sizes, which are observed as a rather uniform region
FIG. 1. Schematic diagram ¢11-0c projection, together with  of lower contrast in the bcc matrix. The size of the precipi-
a distorted decagonal atomic column. Covalent tetrahedra are déate indicated by the arrow is, for instance, estimated to be
picted by the gray regions in both figures. The corresponding calabout 300 nm in length and about 50 nm in width. In addi-
culated diffraction pattern of th€14 structure is also shown in the tion, rotation of the sample indicated that every precipitate
lower part of the figure. has a platelike shape with the normal direction parallel to
one of the(110yg directions. It should further be noted that
the figure, small and large circles indicate the Fe and Mahe microstructure shown in Fig. 2 is basically the same as
atoms, respectively. The atoms shown by open and closegose in the other samples with different annealing times.
circles are situated a=0 or 1/2 and az=1/4 and 3/4, Concretely, the size of the precipitates was almost unchanged
respectively. The direction is parallel to th¢11-Qc direc-  in the annealing in spite of their increasing numbers. We
tion. The covalent tetrahedra consisting of four majority Febelieve that this change in the annealing is a characteristic
atoms are also shown by the dark gray regions in both théeature of the initial stage of théocc— bcc+C14) reaction
projection and the diagram. Note that, according to the strucin the Fe-Mo alloys, as has been discussed by Hornbdgen.
tural data reported by Sintet al.® the covalent bond length  The characteristic change in electron diffraction patterns
in the tetrahedron was calculated to be about 0.237 nm. Iaf the precipitate formed during annealing was found in the

the upper right diagram, the distorted decagonal column i 1101 incid for the b trix. Fi
characterized by a one-dimensional array of 12-fo|d-f ls incidence for the bee matrix. Figuresas-3(c) are,

coordination polyhedra: that is, the distorted icosahedrajeSPectively, threg110]g diffraction patterns of the precipi-
clusters, along thg11- 0l direction. TheC14 structure can t&tes in the samples annealed for 5 min, 30 min, and 1000 h.
then be regarded as the ordered state of these decagonal c)-the (@) pattern of the precipitate in the 5-min annealed
umns, which are indicated by the thick solid lines in thesam_ple, there are many reflt_ect|ons with weak intensities, in
projection. The characteristic feature of the decagonalf"dd't'on to the strong reflections due to the_bcc matrix. The
column arrangement in th&14 structure is that the centers Notable feature of the weak reflections is trl";‘t' In two
of the four neighboring columns are located so as to form écatterlng_-langle regions of s#tr=(0.21 nm™ and
rhomboid tile, denoted by the thick dotted lines. From thesd0-13 NM™", ten pairs of two reflections indicated by ten
structural features, ten strong reflections indicated by the adouble arrows are arranged with a pseudodecagonal symme-
rows in the diffraction pattern are arranged with pseudodelry With respect to the origin 000, although two of the ten
cagonal symmetry, as is shown in the lower diagram. reflections around the former sifix=(0.21 nm™ are lo-
cated at the same positions of the 3 Hhd 110z bcc reflec-
tions. In the 30-min annealed sample(bf, these 20 reflec-

In the present work, a relatively low-temperature annealtions are present with strong intensities, together with the
ing at 1023 K for the Fe—10 at. % Mo alloy was made toappearance of new weak reflections, as is indicated by ar-

Ill. EXPERIMENTAL RESULTS
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examination of these four patterns indicates that they can be
classified into two groups, that is, the patternganand(d),
and those in(e) and (f). The difference between these two
groups is that in the case @& and (f), for instance, the
reflections are present in the interior of the regions sur-
rounded by the white lines. We then tried to construct an
atomic-arrangement model consistent with the features of the
diffraction patterns. It turned out to be indicative of the ap-
pearance of the pseudodecagonal atomic column, which is
depicted in the center part of the stereographic projection.
The electron incidences of these patterns are also shown by
the arrows in the schematic diagram of the column and the
projection. Surprisingly, the angles among the electron inci-
dences are, within the experimental error, the same as those
expected from the ideal decagonal column. We conclude that
in the low-temperature annealing at 1023 K, the formation of
the decagonal atomic column occurs in the first step of the
structural change from the bcc structure.

The second step in the structural change is the appearance
of the SS reflections. Because tBereflections are particu-
larly observed in the relatively low-scattering-angle region,

sin#/x=(0.35 nm™, in the [110] pattern, the SS reflec-
FIG. 3. Electron diffraction patterns taken from samples an-tions would reflect the neighboring arrangement of the de-
nealed@ 5 min, (b) 30 min, and(c) 1000 h. Electron incidences of cagonal atomic columns. In order to elucidate the arrange-
(@), (b), and(c) are parallel to th¢110]g direction. ment, we took high-resolution micrographs of precipitates
found in both the 30-min and 1000-h annealed samples. It
was difficult to find any difference between these samples in

pattern cannot be identified as 1644 pattern. In spite of no the micrographs, although the spatial configuration analysis

Cl14 pattern, this change in the patterns suggests that tj.? th% c;o:umns gave us a certain difference, as will be men-
structural change in the precipitate occurs in two steps. Thato"€¢ fater.

is, the first steflFS) is characterized by the appearance of Figuré 5 shows micrographs obtained from the 30-min
reflections with the pseudodecagonal-symmetry arrangednealed sample. Two high-resolution micrographs of the
ment, while second stef8S brings about the reflections ~ S@Me precipitate in the sample are given in Fig) Sogether
andB. These two sets of reflections, respectively, are referre/ith their corresponding electron diffraction patterns. The
to as FS and SS reflections in this paper. electron incidences of the micrographs(a and (b) were,

As was mentioned above, the FS reflections characterizespectively, parallel and perpendicular to fid0]g direc-
ing the first step have only weak intensities in the 5-mintion along the column axis. The sample thickness was evalu-
annealed sample. We examined the position of the FS refleated to be about 10 nm in both images, while the magnitude
tions with the strong intensities in reciprocal space, using thef the defocus used was about =100 nm far and about
30-min annealed sample, in spite of the presence of weak S0 nm for(b). In the micrograph with the incidence parallel
reflections in the second step. Figure 4 shows a series @b the column axis ina), many bright dots are observed in
electron diffraction patterns taken from the precipitate in thethe whole area. The average distance between two neighbor-
sample annealed for 30 min at 1023 K, together with a scheing dots is estimated to be about 0.35 nm, but there appears
matic diagram of the decagonal atomic column and its proto be no regular arrangement of the dots. Note that, as will be
jection along the column axis. Six important electron diffrac-described later, each dot represents the center of a decagonal
tion patterns of the precipitate are arranged in thecolumn. Based on this analysis, the arrangement of the col-
stereographic projection in order to understand the orientaimns should be characterized by only their short-range or-
tion relationship among these six patterns. The electron incidering. In order to confirm this result, we look at the micro-
dence of each pattern is indexed in terms of the bcc matrixgraph with the incidence perpendicular to the column axis in
In the stereographic projection, tfi@10]s pattern in Fig. (D). Only a one-dimensional array of the bright dots can be
4(a@) is the same as that in Fig.(8 and exhibits the seen along th¢110]g direction, as is shown by the white
pseudodecagonal symmetry for the strong FS reflections. Aarrows in the micrograph. If the column arrangement had a
for the other patterns, the pseudodecagonal arrangement lofing-range character, on the other hand, a two-dimensional
is indicated by the ten arrows in Fig(b}. The patterns in micrograph. It is thus under;tood that, although the decago-
(©), (d), (&), and(f) are, on the other hand, found to show thenal columns are formed with the column axis along the
twofold arrangement of the strong FS reflections, togethef110]g direction, a long-range ordering of their arrangement
with the presence of streaks through the reflections. Carefudoes not occur even in the 1000-h annealed sample.

rows A andB. The reflectionsA andB are further found to
become sharp in the 1000-h annealed sample, butdhe
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pseudo 10-fold pseudo 10-fold 2—fold

FIG. 4. Series of_diffracion patterns obtained from the platelike precipitate in Fig. 2. Electron incidereggof (c), (d), (e), and(f)
are parallel to th¢110]g, [113]g, [001]g, [112]g, [111]g, and[110]g directions, respectively.

IV. DETERMINATION OF THE ATOMIC ARRANGEMENT same in both samples, we here show the analyzed results for
IN THE PRECIPITATES the 30 min annealed sample in Fig. 6. Figurés)-65(d) are,

. . respectively, an enlargement of the area in the micrograph of
In order to elucidate the detailed features of the column P Y 9 — grap

arrangement, we tried to determine the atomic positions it '9- X@ denoted by the white square, tf10]g projection

the precipitate. The positions of the atoms in the sample8f the atomic-arrangement model, the calculated micrograph
annealed for 30 min and 1000 h were analyzed by construcf the model, and the experimental and calculated diffraction
ing the atomic-arrangement model consistent with their highPatterns. The electron incidence in this case was parallel to
resolution micrographs and corresponding diffraction patthe [110]g column axis. In the projection of the model, the
terns. As the determined arrangements were basically therojected positions of one centered and ten surrounding at-
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‘
calculated ~ experimented

FIG. 6. (a) High-resolution electron micrograph obtained from
the 30-min annealed sample, together wiiha structural model of
the corresponding region. The micrograph is an enlargement of the
region enclosed by the white square in Figg)5In (c) and the left
side of (d), the calculated micrograph and the Fourier-
transformation pattern of the structural model are shown, respec-
tively. In order to easily compare the Fourier-transformation pattern
with the experimental one, the pattern in Figbpis also shown in
the right side of(d). The simulation of the micrograph was carried
out under the conditions of —100-nm defocus and 10-nm thickness.

and that the array of columns is basically random. Further-

more, the[110]g diffraction pattern for the model was cal-
culated by its Fourier transformation to confirm the validity
of the proposed arrangement. The calculated and experimen-
tal patterns are, respectively, shown on the left and right
sides of Fig. &). The calculated pattern well reproduces the
major features of the experimental pattern even in the large
scattering-angle region. The reproducibility confirms that the
model is appropriate. Based on the model, a check of column
) _ ) _shape reveals that they are not ideal decagonal prisms, which
FIG. 5. High-resolution electron micrographs of the plate-like .55 g ggested on the basis of the diffraction patterns in Fig.
precipitate in the 30-min annealed sample wih[110]g and(b) 4. This implies that the ideal decagonal column is just an
[_110]3 incidences, together with the corresponding electron diﬁrac'average shape in a large area. The proposed model suggests
tion patterns. that the atomic arrangement in the precipitate is basically
characterized by a disordered array of the distorted decago-
oms in each column are, respectively, denoted by the closagal columns having different shapes.
and open small circles, and those of the ten atoms are con- Although theC14 structure as an ordered structure of the
nected by the thin solid lines in order to show the shape otolumns was not obtained, some change in the local arrange-
the decagonal column. The neighboring centered atoms araent of columns in the precipitate appeared during the sec-
also connected by thick lines to better visualize the columrond step of the annealing process. In order to understand the
arrangement. The calculated micrograph used a defocus ahnealing effect, the local arrangement of the columns in the
—-100 nm and a specimen thickness of 10 nm. It was foun@0-min and 1000-h annealed samples were analyzed on the
that the calculated micrograph in Fig(c produced white  basis of the determined atomic positions. In particular, we
dots, the positions of which were exactly the same as botfocused on the spatial configuration of neighboring columns
those of the bright dots in Fig.(& and those of the closed around a centered column. This is because the SS reflections
circles in Fig. §b). This agreement clearly indicates thatin the second step, particularly th@ reflections, appear
each bright dot represents the center of a decagonal columaround sind/A=(0.35 nm~%, the inverse of which almost
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‘ | FIG. 8. (&) Two-dimensional andb) three-dimensional dia-

0 20 40 60 80 grams of determined displacement from the bcc structure for the
formation of a pseudodecagonal column. Ten possible positions of

(b) Proportions of the local atomic configurations (%) . ! - X
the neighboring atomic column are shown(@.

FIG. 7. () Two Cl4-type local configurations of the columns.
(b) Proportions of the local configuration of 30-min and 1000-h electron diffraction patterns arranged on the stereograph in
annealed samples. Fig. 4 clearly indicated that there is a specific orientation
relationship between the bcc structure and the decagonal col-

corresponds to the distance between two neighboring colmn. For example, the column axis was found to be parallel
umns. Two configurations in th€14 structure are depicted to the[110]g direction. Based on this relationship, we pro-
in Fig. 7(a). In the case of the 30-min annealed sample inposed the atomic displacement for column formation from

Fig. 6a), for instance, the centered column is surrounded byhe pec structure. ThEL10]g projection of the displacement
five neighboring columns, as is shown inside the white large,ronosed here is depicted in Figag together with its three-
circles. This configuration is different from that of 4  gimensional diagram. As shown in these figures, the shifts of
structure in Fig. 7@). We then counted the number of the e atoms are simple and small. In particular, the atoms de-

C14 configurations in the atomic-arrangement models, alyteq bya andB are displaced to the middle positions on the
though the determined model for the 1000-h annealed . . L
sample is not shown in this paper. In the count, configurac®lUmn axis between two neighboriri@10)g planes. The
tions lacking one of the six neighboring columns in Figg)7 ~ atoms byC are, on the other hand, shifted only in #i€10)g
were also regarded as@il4 configuration. The results for planes to form the pentagonal arrangement. As a result of

200 configurations in the 30-min and 1000-h annealedhese shifts, the 12-fold-coordination polyhedron is formed,
samples are shown in Fig(l). From the figures, it can be but is severely compressed along {Hel0]g column axis.
seen that the number @14 configurations in the 1000-h The distance between thieand B atoms along the column
annealed sample is slightly larger than that in the 30-mimaxis was estimated to be about 0.237 nm from the diffraction
annealed sample. It thus seems that annealing at 1023 K stgatterns in Fig. 4. Interestingly, this distance is exactly iden-
tistically results in a tendency toward increasing &4 tjcal to that between the Fe atoms in the covalent tetrahedron
configurations. for the C14 structure, as was mentioned earlier. The spatial
configurations of the columns, which are predicted from this
atomic displacement, are further depicted in Fig:)8There
Based on both the experimental data and the analyzeare ten possible positions of the columsumbered 1
results obtained in this study, we first propose an atomicthrough 10 in the figunefor the neighboring columns around
displacement model for the formation of the decagonal colthe centered column, denoted by 0. Because of the volume of
umn. In addition, the stability of the decagonal column isthe column, it is obvious that all neighboring columns cannot
also discussed in terms of the formation of covalent bonds itbe formed at the same time. A set of the neighboring col-
alloys. umns such as the 1, 3, 5, 7, and 9 columns and the 1, 3, 5,
The decagonal atomic column is directly formed from theand 8 columns are then possible as a spatial configuration.
bce structure in the first step of the structural change. Thélote that these possible configurations are not identical to

V. DISCUSSION
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the C14 configuration, but that the 1, 3, 5, 7, and 9 configu-tion, that is, the low temperature annealing at 1023 K.

ration is, for instance, seen in the atomic arrangement of the Finally we briefly discuss the role of the Mo atoms in the
30-min annealed sample, Fig.(bp. This supports our decagonal-column formation. As was mentioned above, the
atomic-displacement model as appropriate for the shortappearance of the decagonal column is directly associated
range column arrangement found experimentally. Thus, thjith the formation of the Fe-Fe covalent bonds along the
subsequent annealing should lead to conversion taCthe  cojumn axis. It then seems that the Mo atoms occupying the
configurations. However,_only a tendency for an increase iyyrrounding positions of each columns do not play any role
the number ofCl14 configurations was suggested in thei, the column formation. In order to form the covalent bond,

preﬁ?nt inal_ysils. iain of the f . f the di dd however, it is necessary that charge transfer takes place be-
e physical origin of the formation of the distorted de- yy een  atomic species with different values for

cagonal column in the low-temperature annealing is NOWlectronegativity®4 That is, if the Mo atom is absent, the

considered. As was mentioned earlier, B&4 structure is .
characterized by a three-dimensional network of the covalencfharge transfer cannot occur and the Fe-Fe coyalent bond is
ot then formed. In this sense, the Mo atom is needed to

tetrahedra composed of four small, majority Fe atoms. In th : )
present study on thébcc— bcc+C14) reaction in Fe-Mo 10 the decagonal column in the bedbcc+C14 reaction.

alloys, on the other hand, the distorted decagonal column

was first formed in the annealing. This clearly suggests that V]. CONCLUSION

the development of the network of covalent bonds should

involve some steps in the structural change. In order to un- The purpose of our study, using low-temperature anneal-
derstand the physics of the decagonal-column formation ifng of metastable bcc Fe-Mo alloys at 1023 K, is to elucidate
the development of the covalent bond, we examined th&vhich step is involved in the initial stage of the becC14
crystallographic features of the column, which is shown instructural change. The present experimental data indicate that
both the inset of Fig. 4 and Fig(l§. The important feature there are two steps in the initial stage. That is, the formation
of the column is that the shortest bond, with the length ofof the decagonal atomic column with a covalent chain along
about 0.237 nm, is present along the column axis. The lengtfhe column axis occurs in the first step. In the second step,
is the same as that between two neighboring Fe atoms in tHge local arrangement of the decagonal columns tends to
covalent tetrahedron in Fig. 1. This presumably suggests thg@hange into theC14 configuration. The change in the ar-
the appearance of the decagonal column results from the forangement is presumably associated with the local develop-
mation of the covalent chain along the column axis. Thus inment of a network of coherent covalent bonds. That is, the
the bcc—C14 structural change, the covalent chain isbcc—bcc+C14 structural change in the Fe-Mo alloys is un-
formed in the first step of the development of the covalenderstood to start with the formation of the decagonal column
bond. The conversion of the initial spatial configurations towith the covalent chain along the column axis.

the C14 configuration must then be associated with the local

development of a coherent network of the covalent tetrahe-

dra. On the other hand, judging by the lackGif4 structure, ACKNOWLEDGMENT
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