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Study of the « to B Transformation in

Boron

P. RUNOW

I1. Physikalisches Institut der Universitidt zu Kéin, Germany

The transformation of x-rhombohedral to S-rhombohedral boron was studied on a heating
stage in an electron microscope. It was possible to freeze in three metastable phases.
The orientation relationships of parent-, and product-phases were revealed by electron
diffraction. Models were developed to explain the different transformation steps.

The end-product of the transformation showed the lattice spacings of perfect
B-rhombohedral boron but it was deduced that the unit cell of the transformed material
had a deficiency of 9 atoms compared with the 105-atom cell of perfect S-rhombohedral

boron.

1. Introduction
The largest single crystals of boron available at
present are those of the S-rhombohedral
polymorph (“B-boron’), on which therefore
most of the previously published experimental
work has been done [1-4]. The interpretation of
these results is extremely difficult because of the
complex structure [5, 6] of this modification. On
the other hand the a-rhombohedral polymorph
(‘“‘a-boron’’) has a relative simple structure with a
well-known bonding [7]. Unfortunately the
largest crystals of a-boron available at present
have dimensions less than 0.2 mm [8]. Therefore
only little experimental work has been done on
this polymorph [2]. It is known that a-boron
transforms irreversibly into B-boron at elevated
temperatures [7]. Hence it seemed interesting to
study the a — j transformation and to deduce
its mechanism as far as possible from the results
on small crystals. If and when larger crystals of
a-boron become available the limited informa-
tion obtainable from small crystals should serve
as a useful starting point for further studies.
The transformation was performed inside an
electron microscope (Siemens Elmiskop I A) and
examined by taking electron diffraction patterns
and micrographs. X-ray methods could not be
applied because of the smallness of the a-boron
crystals and the small X-ray scattering factor of
boron.

2. Experimental
The a-boron used in this study was supplied by
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the Institute of Inorganic Chemistry of the
University of Munich. The preparation and
preliminary electron microscopic examinations
are described in [9].

For the heating experiments only those
a-boron crystals which showed no fault contrast
were used. The specimens, preferably in the form
of flat needles, were placed in the Siemens
heating stage on molybdenum grids where they
were fixed by natural adherence. The tempera-
ture obtainable with the heating stage (about
1000° C) turned out to be insufficient to cause the
transformation into B-boron and additional
temperature increments were obtained by direct
electron beam heating. The specimen tempera-
ture was estimated from the known beam current
and focusing conditions and the calculations
checked with the known melting point of silicon
(see appendix). In order to obtain a uniform
illumination only the defocused condenser I was
used. In a second series of experiments the
influence of a temperature gradient was exam-
ined by shock-heating using merely the focused
condenser II.

Because the results were mainly obtained by
electron diffraction, the various factors limiting
the accuracy of electron diffraction measure-
ments of lattice spacings were examined. The
determination of the diffraction constant A'L was
performed by indexing the diffraction patterns of
the known a-boron structure before heating.
Errors caused by different specimen positions
when using standards for calibration were thus
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avoided. Care was taken of the effect of spikes in
the reciprocal lattice and deviations between
“Ewald plane” normal and beam direction.
Furthermore, the variation of the diffraction
constant with the azimuth angle in the photo
plate, resulting from a non-compensated axial
astigmatism, wastakeninto account. Owing to the
shape of the diffraction spots, which were
elongated as a result of the strain in transformed
specimens, the measurement of spot distances
was limited to an accuracy of 1.25%,. The total
error in determining unknown lattice spacings,
including the calibration of the microscope, was
found to be less than 2.35%,.

3. Results

The results obtained from experiments with hot-
stage and additional beam heating (which
combination will be referred to as “furnace
heating”) were quite different from those with
heating merely by the focused electron beam
(“‘shock heating™). For this reason the two sets of
results are discussed separately.

3.1. Results with Furnace Heating

Fig. 1 shows a diffraction pattern of mono-
crystalline a-boron before heating which was
used for the determination of the camera
constant. A furnace temperature of 1000°C and
illumination with double condenser caused no
change in the pattern. When, however, the
defocused condenser 11 was used the extra spots
and deformations visible in fig. 2 occurred at a

beam current density of 1.7 x 10—® A/cm? This
corresponds to an approximate temperature of
1370°C (see appendix).

When the first extra reflections appeared, the
heating was interrupted. The diffraction pattern
(fig. 2), which was photographed after cooling
down, shows that an irreversible change had
occurred. Determination of lattice spacings from
fig. 2 yields the values given in table I, where the
indices were determined by comparison with
d-values calculated for perfect a- or S-boron.

TABLE | d-values obtained from fig. 2-specimen
heated to 1370°C.

(hkl) dri (R) dnir (B)
(measured) (calculated from
perfect structures)
002)# 4.45 4.403
a1n* 4.28 4.247
(001)* 4.04 4.066
222)% 3.97 3.968
(220)% 3.85 3.708
110)* 3.64 3,544
(112)* 2.57 2.545
(2248 2.45 2.520

It is striking that close to each a-reflection there
appears a corresponding B-reflection in second
order, whilst the first order is missing. The beam
direction in both structures is [110]. Except for
(111)=, (001)* and (002)# the reflections are
elongated to arcs about the beam direction as the
axis of rotation. This indicates bending of lattice

o (112.)\ o /

o
\ . 0 (004)
(111) / e -
/ .
—#0) / ~ °

Figure 1 Diffraction pattern from monocrystalline a-boron before heating, beam direction [170]* (x 3).
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Figure 2 This diffraction pattern occurred at a specimen temperature of &~ 1370°C, same area as in fig. 1, beam

direction: [170]%#",

planes belonging to the zone with axis [170].
The diffraction pattern in fig. 2 may be imagined
as the result of the super-position of a pattern
from a nearly perfect a-cell and that from a
B'-cell which has the same arrangement of
icosahedra as the a-cell, but has a greater angle
(65.45°) and half the edge length of the B-boron
rhombohedron. The fB'-cell may originate from
the a-cell by a simple bulging out of the a-rhombo-
hedron, because

ag () = 5.057A ~ 1/2a, (B) = 5.072A

Therefore eight fB'-cells form a unit with the
dimensions of the B-boron elementary cell. The
resulting thombohedron is edge, face and body
centred, when the icosahedra are regarded as
large elements with the same scattering ampli-
tude. The structure factor of this unit is:

F =0 (hkl) mixed or all uneven
MU\ #£ 0 (hkD) all even

Consequently the structure factor explains
that only planes of S-boron with even indices
appear in the diffraction pattern (fig. 2). This
may be regarded as a verification for the
postulated B'-cell.

Stereographic projection may be used to
illustrate the orientation relation between the
starting and product phases in fig. 2. Because the
reciprocal lattice vectors gy5,* and g,4,7 form
an angle near the limit of accurate measurement
(=~ 1°), this deviation was neglected and (001)=

assumed to be parallel to (001)%. Fig. 3a shows
the orientation relationship based on fig. 2;
fig. 3b that for perfect a- and B-cells having both
(001) and (110) common.

Renewed heating of the specimen up to the
temperature reached on first heating caused no
further change in the diffraction pattern. This
fact was characteristic of all intermediate stages
occurring in the transformation process. Only an
increase of the beam current (specimen tempera-
ture: x 1590°C) caused a distinctive change in
the periodicity of the pattern. Again the heating
was interrupted. The diffraction pattern in fig. 4
was taken from the same area as in fig. 2. The
measured d-values and indices deduced by
comparison with d-values calculated for perfect
a- and f-boron are listed in table II.

Whereas in fig. 2 (001)4, (111)%, (110)# and

TABLE |l d-values obtained from fig. 4 - specimen
heated to 1590°C.

(hkD) dm (R) de (A) dm — de °
(measured)  (calculated) d. 100(72)
©onNs  9.18 8.806 4.31
a1ns 7.95 7.937 0.16
(110)8 7.87 7.415 6.20
(112)8 5.12 5.041 1.59
atn* 411 4247 - 323
©001)*  4.13 4.066 1.57
110*  3.56 3.544 0.45
(112)% 2.51 2.545 — 1.37
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common (170) and (001) planes.
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Figure 3 (a) Angles between poles from the diffraction pattern in fig. 2. (b) For perfect - and B-cells having
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Figure 4 The a-system shows additional reflections from a 8”-phase originated at ~ 1580° C, beam direction [170]*'#”

their odd multiples are absent, the odd orders
are present in fig. 4. This indicates that the
postulated rhombohedron consisting of eight
B’-cells can no longer exist after heating to
1590°C. Because of the close similarity between
experimentally determined d-values and those
calculated for perfect B-boron, the product of
this second transformation step will be denoted
B". With the exception of dm = 4.11A the
measured d-values of the a-system lie within the
accuracy of measurement. Probably « and B"-
boron exert mutual elastic strains. This would
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explain the fact that the errors on d,q,# and
dy10” lie outside the estimated error of measure-
ment. The decrease in d;,,%, which is accompan-
ied by an increase of d,,,#, looks like a misfit
compensation, because both planes are parallel.

The orientation relationship of the two
patterns in fig. 4 is shown in fig. 5a. It can be
obtained if the S-poles in fig. 3b are rotated
48.5° clockwise about the [110] axis keeping the
a-system fixed (see fig. 5b). This rotation makes
(110)# parallel to (111)=.

Renewed heating with slightly increased beam
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current (specimen temperature: = 1640°C)
caused the a-pattern and the diffuse “streaks”
seen in fig. 4 to disappear (see fig. 6). An accurate
analysis shows that some of the lattice spacings
seen at the §”-stage have changed markedly (see
table III).

TABLE 11} d-values obfained after heating to 1640°C
{“afterwards”) compared with those resuit-
ing from .the previous (1590°C) treatment

(*'before”). :
BED  dm(A)  dn(A) Ay  ddum yoneo
(before) (afterwards) de 100(7%2)
©01) 9.18 9,23 8.806 -+ 0.57
{111y 795 8.35 7.937 + 5.04
{110y 7.87 7.78 7.415 - 1.21
112y 512 5.32 5.041 -+ 3.98

The product of this third step will be denoted
B’. Continued heating for 10 min at ~ 1640°C
showed no further striking changes in the
diffraction pattern but it was found that the
measured lattice spacings agree within the
accuracy of measurement with those calculated
for perfect B-boron (see table IV).

In electron micrographs of the different
transformation steps no fault contrast is clearly
visible, though faults must be present in the
transformed specimen without doubt. Perhaps
many of them are so closely spaced that the
contrast is not resolved. Qccasionally diffuse
striations were observed, which can be inter-
preted as unresolved stacking fault contrast. The

TABLE |V d-values obtained from a specimen heated
for 10 min at 1640°C.

(hkl) dm (A) de (A) dmd— de 100027
13

(o1 8.85 8.806 +0.51

(1n 8.09 7.937 + 1.93

(110) 7.35 7.415 — 088

(112) 5.08 5.041 +0.79

monocrystalline areas transformed from a- to
S-boron had dimensions up to 20 gm. In all
specimens areas could be found where the
growth of the B-phase was inhibited for unknown
reasons.

In order to check the hitherto somewhat
ambiguously assumed orientation relationship of
the a- and B’-phases, diffraction patterns with
different beam directions were necessary.
Because the heating-stage could not be tilted,
different specimens had to be used. All indepen-
dently transformed areas of the same sample
showed the same diffraction patterns suggesting
that always the same transformation mechanism
was working. The mechanism seems to be
independent of the crystallographic orientation
of the specimen.

The situation is especially clear if the incident
beam is parallel to [111], i.e. perpendicular to
the assumed axis of rotation [110], since the
planes (110) must remain parallel in both
phases. This case is shown in fig. 7 and table V.

It is striking that the measured value of d,3,?"

Figure 5 {8) Angles between poles from the diffraction pattern in fig. 4. (by Orientation relationship obtained from
fig. 3b by rotating the S-poles 48.5° clockwise about the [170]-axis keeping the a-system fixed.
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Figure 6 At a temperature of ~ 1640°C the «-reflections have disappeared, beam direction [11_0]/9’”.

TABLE V d-values measured and calculated for fig.7.

(hk) dm (A) de (A) dm — de 19000,
de

0018 9.12 8.806 +3.56

aT0)8 5.24 5.472 - 50

1118 4.64 4.648 - 0.17

110)e 2.62 2479 + 5.68

is 5.0% too small compared with the perfect
B-boron whilst d,3,* is 5.689, enlarged. This
means that both structures take identical atomic
distances along the [1 T0] rotation axis by means
of elastic strains. It is evident that not all planes
of a-boron remain in “reflecting positions”
whereas the diffraction pattern from the 5”-phase
shows numerous spots.

Fig. 8 shows the satisfactory agreement
between calculated and measured angles (comp.
fig. 7b) of a- and B”-boron planes. Additionally
are marked poles which belong to a diffraction
pattern with beam direction parallel to [102]
in the starting a-boron (see fig. 9).

The reproducible results from three beam
directions in the starting a-boron show that the
orientation relationship between a- and 8”-boron
may be described unambiguously by a 48.5°-
rotation of the previously formed S’-cell about
the common [110] axis.

3.2. Results with Shock Heating

With this kind of heating it was also possible to
cause a transformation of primary a-boron, but
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the orientation relationship between starting and
product phase was not reproducible, not even in
different areas of the same specimen. This means
that the shock heating of a small region produces
a complex state of strain in the specimen which
enables different transformation mechanisms to
work. In specimens in which a J-phase was
produced by shock heating no further noticeable
grain growth was observed, because differently
oriented B-grains hindered one another’s growth.

It was striking that in the transformation
product d-values were found, which exceeded
those for the perfect S-boron by 3 to 69,. An
unambiguous assignment was always possible
(fig. 10). An idea for the interpretation of these
enlarged d-values resulted from favourable beam
directions. Assuming a pseudohexagonal unitcell,
with two slightly different a-axes (a, = 10.94 A
a, = 11.40A), and the c-axis at[24.90A a little
extended compared to perfect -boron (cell-data
of the hexagonal unit of B-boron: a = 10.94A;
¢ = 23.81A), the determined d-values can be
explained satisfactorily (see fig. 10).

4. Discussion

The present studies succeeded in freezing in and
analysing different metastable products of the
solid state transformation a-boron — B-boron.
It is well known that the driving force in phase
transformations is the lowering of the free
energy. When, however, nuclei with boundary
surfaces have to be formed the consideration of
geometrical correspondence leads to Ostwald’s
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Figure 7 Diffraction pattern from the same area of the specimen (a) before heating, beam direction [111]* (b}

after formation of the f”-phase at atemperature of 1580°C.

step rule [10]. Probably this is the reason for the
existence of the observed intermediate products.
The interpretation of the results was difficult at
the beginning because the number and range of
existence of the different intermediate products
were unknown.

The first transformation step (a— B) was
interpreted as a deformation of every eight
a-boron units to a large unit having the cell
parameters of perfect 5-boron. The cell diagonal

is shortened hereby, while the edge length
remains approximately unaltered. Consequently
the bond distances in the (111)-plane are
enlarged. Fig. 11 shows lattice sites of icosahedra
before and after the transformation.

As possible phase boundaries of the two
modifications planes with small misfit are
favoured. Calculation suggests that three lattice
directions lying in (110) satisfy this condition
sufficiently:
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Figure 8 Stereographic projection showing the calculated
angles betwen poles in - and p”-boron after a 48.5°-
rotation of the 8’-cell about [170].

[0011 | = 5.057A;1/2-|[[001]4] = 5.072A
[110]7| = 8.852A;1/2-|[110]4] = 8.541A
[111]%| = 12.567A; 1/2- | [111]#] = 11.941 A

The form of the diffraction spots (see fig. 2) and
the small deviations found between measured
interplanar angles and those calculated for
perfect S-boron may be interpreted as a misfit
compensation on a (110) contact plane.
Altogether the geometrical correspondence
between starting and product phase is good
enough to favour this first transformation step in
the sense of Ostwald’s step rule. Thus the
(110)-plane seems to be particular and represents
probably a semi-coherent phase boundary.
Because of the poor fit along its normal axis
the formation of plate-shaped B'-nuclei is likely.
The working transformation mechanism can
be pictured as follows: because of the anisotropic
bonding in the a-boron structure, the elementary
cell will expand on temperature rise more in the
(111)-plane containing “delta-bonds” [7] than
along the edges of the thombohedron where the
bonding is covalent. Hereby the diagonal of the
rhombohedron is shortened, enlarging its angle
simultaneously because its edge length is
maintained. Probably no essential change in the
bonding structure occurs due to this deformation
because a breaking of bonds would cause a
rearrangement of icosahedra with more compli-
cated movements. By this expansion the distance
of icosahedra lattice sites in the (111)-plane is
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increased from 4.91 to 5.47A. Assuming that the
delta-bonds can continue to exist elongated by
109, an increase of icosahedra-diameter from
3.34 to 3.74A must take place. The average
diameter of icosahedra in perfect B-boron is
3.80A, calculated from atomic distances in an
icosahedron [6].

With further temperature rise the stability in
the (111)-plane gets lost, probably because the
delta-bonds endure no further expansion. The
unit cell rotates (preliminary description) 48.5°
about [110]. Hereby the planes (111) of a
strained a-unit and (110) of a strained S-unit
become parallel, d,,,* being 3.23 %, reduced and
dyqof 6.20% enlarged compared with the perfect
structures. Because the axis of rotation is [1710],
the (110)-planes are parallel but rotated around
their normal axis in both phases. Compared with
the perfect structures d,5,# is reduced from 5.472
to 5.24A whilst d, 1, is enlarged from 2.479 to
2.62A. Remarkably, after the rotation, the
relation dy5of = di1,* is valid. This means that
a one-dimensional correspondence occurs along
the axis of rotation. Planes parallel in both
structures do not come into question as possible
phase boundaries, because they show only poor
fit.

Naturally the assumed rotation of lattice
planes is only a formal description without any
physical reality. An atomic mechanism was there-
fore derived which yields the observed orienta-
tion relationship. In fig. 12 the “+” marked
icosahedra in a (1 1 0)-plane of the B’-phase move
along [010] into the positions marked by “# 7.
This may be achieved by gliding along a vector
a/2 [010] on neighbouring (001)-planes (a =
lattice parameter of the S'-cell).

Thereby the (110)-plane of £’ becomes
parallel to (111)* if the angle of 2° between
(111)* and (111)#, measured in the diffraction
pattern of fig. 2, is neglected. Because the
(001)-planes of the a- and B"-phase make an
angle of 48° the assumed glide mechanism is not
able to describe the observed orientation relation-
ship. This may be attained, however, when the
same glide mechanism works additionally on
(111)*planes along [112]. In order that (001)#”
can make the measured angle of 48° with
(001)%, the magnitude of the glide vector must
increase from plane to plane by 6.97A. This
corresponds fairly well to 3/4 | [T12]] = 7.11A.
The last-named glide mechanism also makes
(110)B" parallel to (110)* as required by the
diffraction pattern. Whether the two glide
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Figura 9 Diffraction pattern from the same area (a) before heating, beam direction [102]% (b) after formation of

B’-phase at a temperature of 1560°C.

mechanisms are really working successively is
not certain. However, diffuse streaks parallel to
g% and g,,,* in the diffraction pattern
(fig. 4) suggest stacking faults on these planes.
The results discussed so far show no evidence
for the formation of the two icosahedra-
agglomerates situated along [111], which are so
characteristic for B-boron [5, 6]. During the
transformation step B’ — ", however, some

icosahedra have probably left their lattice sites.
Whereas the structure factor of the B'-cell
allowed only even indices, (110) appears in the
B’-phase in odd and even orders (fig. 4). Possible
explanations for this observation may be
obtained by structure factor calculations. Assum-
ing that the icosahedra marked “I1”* and “9” in
fig. 11 are pushed from their sites in the §-ccll
into positions (X;, 3y, z;) and (x,, »,, z,) Where

507



P.RUNOW

N fﬁo’- o4&}

AT (10r2')+ (oga*) tot) ff‘gﬂ
arbitrary (ro29, .
(01-2) {003) 1109)
T
75 80 85 80 A

Figure 10 Histogram showing the frequency of experiment-
ally determined lattice spacings related fo an interval
Ad =01 A, Additionally marked are three kinds of
d-values.

- (hk.J), d-values of perfect B-boron, indexed with
hexagonal cell-data (a, = 10.94 A; ¢, = 23.81 A).

- (hk.1*), d-values assuming a hexagonal unit-cell with
a,=10.94 A; ¢, = 24.90 A,

-+ (h* k.J*), d-values assuming a pseudo-hexagonal
unit-cell with a, = 11.40 A; a, = 10.94 A; ¢, = 24,90 A.

they compensate mutually their contributien to
the structure factor, the observed selection rules
will be fulfilled.

When the o-reflections had disappeared at
= 1640°C d-values were found similar to those
obtained by shock heating, which were attributed
to an anisotropically strained unit cell. Possibly
the elongation of the c-axis and one of the
hexagonal a-axes is a hint for the beginning
arrangement of icosahedra-agglomerates in
c-direction. For this purpose all icosahedra,
which are not situated on corners and edge
middles, must leave their positions and collapse
in the interior of the cell. Whether the disappear-
ance of phase boundaries is sufficient or an
activation energy for this change of sites is
involved in the necessary temperature rise,
cannot be decided.

From the fact that it is possible to release the
anisotropically strained unit cell by annealing, it
can be concluded that an almost correct
arrangement of icosahedra-agglomerates is
attained by a diffusion-controlled process.
Because of the atomic balance, however, the two
agglomerates cannot c¢ach contain 28 atoms as in
the case of perfect B-boron [5, 6]. Looking at
fig. 11 it is clear that only icosahedra situated in
the centre of a plane can collapse into agglomer-
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T, (hexagonal)
Figure 11 Lattice sites occupied by icosahedra in x-boron
(@), after formation of the §’-phase {O).

ates, because corners and edge middles are
correct lattice sites in perfect S-boron. From
centres of planes 6 x 12/2 = 36 boron atoms per
unit are available for the formation of agglomer-
ates. These are increased by the 12 atoms of the
central icosahedron. So altogether 48 boron atoms
are available. On the other hand the unit cell of
perfect B-boron contains two agglomerates (each
28 atoms) and an isolated atom in the middle of
the cell. This means that 57 atoms are arranged
in the “interior” of the perfect S-boron-cell.
Consequently the complete elementary cell of
B-boron produced by transformation contains 96
atoms compared to 105 of the perfect structure
because 48 atoms can be situated on lattice sites
of perfect B-boron. Deviations from this perfect
cell concerning the icosahedra-agglomerates have
previously been reported by Hoard er al [5] in
B-boron, which was crystallised by rapid cooling
from the melt. No irregularities were found in the
84-atomic subunit which can be used to describe
the S-boron structure, with the exception of 21
“linking” atoms per unit cell [5]. This subunit,
consisting of a central icosahedron and 12
pentagonal pyramids forming the caps of 12
surrounding icosahedra seems to be character-
istic for B-boron. This complex can be built up
during the transformation when three half-
icosahedra from the positions marked 1 (5),
2 (6) and 3 (7) in fig. 11 collapsing into the
interior of the cell form three pentagonal
pyramids with their quasi five-fold axes parallel
to those of the icosahedron at 4 (8). One
icosahedron in the centre of the cell (at 9) could
bring about the linkage between the truncated
icosahedra. The results of this study suggest the
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Figure 12 Atomic mechanism producing the observed
orientation relationship between «- and 8”- boron in two
steps (a) first step (b) second step (explanation in the
text).

conclusion that the linking of icosahedra-
agglomerates can be modified in the S-boron
structure.

Knowing the orientation relationship of all
transformation products the orientation of the
transformed B-boron can be predicted from the
orientation of the starting a-boron. However, no
unique relationship can be stated between every
icosahedron position in the initial lattice and the
position it becomes in the final lattice.

Whereas the first and second transformation
steps (“‘expansion” + “‘rotation”) require a
co-operative movement of icosahedra maintain-
ing nearest neighbours correlations—and so
clearly show martensitic properties— the last
step (annealing of the anisotropically strained
unit cell) is at least partly diffusion-controlied.

For determination of the habit-plane and for
answering the question whether this is an
unrotated and either undistorted or isotropically
distorted plane, larger crystals of a-boron would
be required. Two-surface trace analysis would be

possible then, the thinning technique would be
easier and so more information from electron
micrographs could be obtained.
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Appendix
Estimation of Specimen Temperature
When the condenser II of the electron
microscope is defocused a large area is irradiated
in the object plane. Consequently the wires of the
grid supporting the specimen are heated consider-
ably above the furnace temperature.
In order to estimate the grid temperature two
simplifying assumptions were made:
1. The Gaussian intensity profile of the beam
current density jg was approximated by a
rectangular profile, the radius of the homo-
geneously irradiated area being x,.
2. Heat loss by radiation was neglected in
consideration of the high furnace temperature.
The grids were 0.025 mm in thickness, so that
the illuminated grid wires absorbed the whole
energy of the incident electrons. The density of
the thermal energy W, produced in the grid
wires per second is thus given by:
W,y = B ey Us . ! (W/em?)
e ¢
jB = beam current density (A/cm?); e, =
electron charge (A ' s); Ua = beam voltage (V);
t = thickness of grid wires (cm). This yields:
W,=4x 107 x jg (V/cm)
A
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A ; *S_._.
S\ 1l
\oov‘.-o

R= 1~15mm/r_ T
{ Radius o
the gr:.c\/F X=F} X=X Y
Te -
Furnace-
Tempenature

*_ Wox Exbx Xy

w? s =Wox Ko

Figure A Approximated temperature distribution in an
irradiated grid wire.
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Figure B Approximately calculated specimen temperature

marked in which transformations were observed,

The temperature of the wires of the irradiated
area may be approximated by the parabolic
temperature distribution in a homogeneously
heated rod, a standard problem in thermo-
dynamics. In the un-heated region the tempera-
ture falls off linearly due to thermal conduction
(see fig. A).

To a first approximation it can be assumed
that the temperature distribution is the same in
two intersecting wires. The temperature 7, in the
centre of the grid can thus be estimated with the
following relation:

We.x W
To=1T% + L}\J(Rmxo)-i-‘z—;xoz;

\id
AMG(T = 1400K) = (.98 (E:_m—deg)
= Tp + 4.08 x 107 x (R — 1/2x0) " jB (°C/A)

Near the supporting grid wire the specimen has
approximately the temperature of the grid, ideal
thermal contact proposed. In self-supporting
parts of the specimen, however, at a greater
distance from the grid wire the temperature may
be markedly higher. The stopping power dE/dz
of the specimen material and the thermal
conductivity as a function of temperature must
then be considered.

The calculations were tested by melting a thin
foil of silicon. Melting occurred at a beam
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using equation 2. Intervals of beam current density are

current density of jg = 1.63 x 10-7 (A/em?), the
radius of the illuminated area being x4 = 6.4 x
10-% (cm), furnace temperature 7¢ = 1000°C.

Using formula 2 the temperature of the Mo-
grid is T, = 1354°C. In the case of silicon the
additional temperature rise in the irradiated
specimen can be neglected. The result seems not
too bad considering the fact that poor thermal
contact between specimen and grid (the silicon
foil was pressed with a needle on to the grid) can
easily raise the temperature to the melting
temperature of silicon (1410°C).

In the case of boron the temperature depen-
dence of the thermal conductivity is not known,
so the calculated values can only approximate the
temperature of thin boron foils close to support-
ing grid wires (fig. B).
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