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INTRODUCTION

Compounds of beryllium with other metals are of great
scientific and practical interest, since many of them have
high melting points, relatively low specific gravity, high
hardness, and also specific nuclear characteristics, which
are united in a series of beryllides with specified proper-
ties.

Several equilibrium diagrams of beryllium-metal sys-
tems have now been investigated, the crystal structures of
many beryllide phases have been studied, some of their
physical, chemical, and technological properties have been
studied, and definite ideas are beginning to accumulate
about their crystal chemistry, electronic structure, and
chemical bonding, which makes it possible to sum up all
these investigations and to survey the information about
compounds of beryllium with metals which is scattered in
the literature.
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Fig. 1. Equilibrium diagram of the beryllium-copper system.

I. BERYLLIDES OF GROUP I METALS

A. BERYLLIDES OF THE ALKALI METALS

The reaction of beryllium with the alkali metals has
been little investigated1. Beryllium is stable up to 600°t
in molten lithium, sodium, and potassium, but starts to
dissolve at higher temperatures, owing to oxidation by the
oxygen present in these metals2. According to the data
given in a review1, with the alkali metals (other than
lithium) the size factor is so unfavourable that the proba-
bility of alloys being formed with beryllium, and also the
possibility of their being miscible in the liquid state, are
very small. Nevertheless, there have been reports 1 ' 3 of
the existence of potassium beryllide Be^, having MgCu2-
-type cubic structure and of its being apparently quite a
stable compound. There is no information about alloys of
beryllium with sodium, rubidium, or caesium4"6.

B. BERYLLIDES OF THE METALS OF THE COPPER SUB-
GROUP

B e r y l l i u m — c o p p e r s y s t e m . Alloys of beryl-
lium and copper have been studied in detail in connection
with their great practical value (the beryllium bronzes).
The equilibrium diagram of the Be-Cu system, first des-
cribed in detail by Hansen7 in the region from 0 to 35% Be,
was subsequently repeatedly investigated and refined8"14,
the results being surveyed in reviews1 '1 5 '1 8. Fig. 1 shows
the diagram of this system after Vol15. There are three
beryllide phases: CuBe in the region of the β phase,
CuBe2, and CuBe3 in the region of the δ phase; the exist-
ence of the phase CUgBe reported by Oesterheld17 has not
been confirmed by subsequent investigations *.

The diagram shown in Fig. 1 has been confirmed com-
pletely by studies of diffusion in the Be-Cu system18. It
was shown that the greatest diffusion coefficients and the
least activation energy correspond to phases γ and δ, that
is, to the approximate region of the compound CuBe.

The physical and chemical properties of the copper
beryllides (except for hardness) have hardly been studied
(Table 1). The hardness of the quenched alloys whose
compositions almost precisely correspond to beryllides10,
is relatively high and rises from CuBe to CuBe2, then falls
again slightly for CuBe3. All the beryllides have a homo-
geneity region, the breadths of which have still not been
found with sufficient accuracy. The properties (electrical
resistivity, Hall constant, carrier current mobility) of
copper-1.75 wt.% beryllium alloy, which is a mixture of
the a and γ phases, have been studied in detail19. The
resistivity of such alloys is ~ 7 μΩ cm.

It is difficult to prepare copper beryllides by melting
the components together, owing to the great loss of beryl-
lium at high temperatures; the best results are secured
by making use of previously prepared copper-beryllium
hardeners. The simplest method of making the beryllides
is by powder metallurgy: by sintering copper and beryl-
lium powders; according to Raub and Plate 2 0 the reaction
between the compressed powders has begun even at 678°.

The b e r y l l i u m — s i l v e r s y s t e m has been
studied17'21»28; Winkler22 obtained the most reliable
results, from which the diagram in Fig. 2 is constructed.
There are two beryllides in the system: AgBe2

 2 3 and
AgBea2

 24. Both these phases are cubic, but AgBe2 has a
rather wider homogeneity region. Powder metallurgy
is the most convenient method for obtaining silver beryl-
lides, especially hot pressing of mixtures of the powders.

B e r y l l i u m —gold a l l o y s were investigated by
Winkler •• and Chatterjee25»28; Fig. 3 shows the equili-
brium diagram of the Au-Be system according to Winkler M

and Fig. 4 the accurate phase diagram! of this system26.
The following beryllide phases have been found in the sys-
tem and identified by X-ray diffraction1»26: Au,Be (β),
Au2Be (y), AuBe (δ), AuBe3 (e), and AuBe5 (τ/), and also,
with great probability, phase AuBel2, which is stabilised
on replacing some of the Au atoms by W atoms M . At the
same time the existence of the beryllide Au4Be3, stated by

f Temperatures are in °C throughout this article, except when
°K is specifically mentioned (Ed. of Translation). $ α is a solid solution of Be in Au, θ a solid solution of Au in Be.
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TABLE 1. Properties of the beryllides of metals of the copper subgroup.

8«ryllidt

CuBe

CuBe,

CuBr3

AgBe2

AgBe12

Au3Be

Au,Be

AuBe

AuBe,

AuBe5

AuBejj

3e, wt. %

12.4

22.2

29.9

14.3

50.2

1.51

2.25

4.38

12.1

18.7

35.7

Structure

cab.

cab.

cub.

cob.

tetr.
tetr.
tetr.

cub.*

cub.·*
cub.

tstr.

Type

FeSi

MgCua

_

MgCu2

—

—

_

FeSi

—

MgCun ·**

-

p
Lattice parameters, A

a

2.703 ^

5.952 2 3 · 2 7

5.8872 3·2 7

6.3002 3

7.284'

—

6.1362 6

4.6682 8

—

6 0 9 7 25.29

7.24330

e

_

_

_

4.246
_

5.222
_

_

—

4.252

e/a

_

_

_

0.583
_

0.9
_

_

_

0.587

Density, g cm**

5.0 I 5

5.277

4.6 15

6.69 ^

3.191

_

13.5528

_

7 1 0 2 5 . 2 9

4.553 0

M.p., °C

- 920 1 5

—1140 1 5

~1220 1 S

~1180 2 2

—

595 a

-645 2 2

~ 7 3 0 2

_

-1150 2 2

Vickers hard-
nets, kgf mm4

3 1 1 "

5 1 7 "

4 3 5 l 0

—

—

_

._

_

* According to Chatterjee and Mines26, AuBe has a tetragonal lattice with c/a = 1.01.
** Diamond-type2e.

*** According to Chatterjee and Mines26, AuBe5 has a ZnS-type f.c.c. lattice with a = 6.098 A.
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Fig. 2. Equilibrium diagram of the silver-beryllium system.
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Fig. 4. Phase diagram of the gold-beryllium system,

Winkler, was not confirmed. The physical properties of
the gold beryllides have not been studied much; it is known
only that they exhibit great brittleness. Gold beryllides
are usually prepared by powder metallurgical methods,
particularly by hot pressing in a vacuum 31.

II. BERYLLIDES OF GROUP Π METALS

Χ, ο

Au ID 20 30 *0 50 SO 70 00 SO Be
200

Fig. 3. Equilibrium diagram of the gold-beryllium system.

A. BERYLLIDES OF MAGNESIUM AND THE ALKALINE EARTH
METALS

Many attempts to alloy beryllium with magnesium ^J 8 3

have failed, owing to the volatility of magnesium, and
success was achieved34»35 only by melting the metals in
hydrogen under a pressure of ~ 100 atm. Later Baker
and Williams3β obtained MgBe13, still the only compound of
this system; it decomposes into the elements in a vacuum
at 950°, and the authors showed that the eutectic between
this compound and magnesium melts at a temperature very
close to the melting point of magnesiumx»37. Beryllium-
magnesium alloys can be obtained by the methods of powder
metallurgy № — either by impregnating a pressed blank of
beryllium powder at 750° under argon, or by diffusion of
magnesium from magnesium foil around a compact pressed
from beryllium powder at 4.8 tf cm2; the diffusion is also
carried out at 750°.

B e r y l l i u m — ca lc ium a l l o y s have been obtained32

heating solid beryllium with molten calcium; a beryllium-
calcium compound CaBe,. was observed. This compound
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has been obtained39 by the reduction of beryllium oxide
with calcium and shown to be extremely stable.

Both the beryllides MgBe13 and CaBe13 are f.c.c, with
parameters 10.166 and 10.312 A respectively36. They are
isomorphous with NaZn13.

40

There is no information about beryllides of strontium,
barium, and radium.

B. BERYLLIDES OF METALS OF THE ZINC SUBGROUP

Beryllium-zinc alloys have not been obtained, owing to
the high volatility of zinc, even in argon under pressure " .
According to old information41, beryllium does not dis-
solve in mercury and does not form an amalgam with it.
It has been stated42 that an amalgam was obtained at the
mercury cathode on electrolysis of BeCl2-NaCl mixtures;
the possibility of the existence of the compound BeHg2

is suggested in this work. It was established43 that the
solubility of beryllium in mercury rises from 1.10 x 10~6%
at 100° to 4.5 x 10-5% at 800°. According to data given in a
review9, mercury had no action on a beryllium container
in 330 h at 315°. There is no information about, the inter-
action of beryllium and cadmium44.

ΙΠ. BERYLLIDES OF THE TRANSITION METALS

A. BERYLLIDES OF METALS OF SUBGROUP Dla (THE RARE-
-EARTH ELEMENTS

In addition to lanthanum and the lanthanides, the rare-
-earth elements also include scandium and yttrium, which
are close to the lanthanides as regards position in the
Periodic System and physicochemical and geochemical
features, although it is more correct to relate them to
the d transition metals of the third and fourth periods.

Scandium b e r y l l i d e s . By sintering mixtures of
fine scandium and beryllium (with 0.47% oxygen) powders
at 1250° and then grinding the sinters and resintering,
alloys of the Be-Sc system were obtained45 in which from
0.5 at.% Sc onwards X-ray diffraction shows a phase with
a structure of NaZn13 type, isomorphous with the phases of
analogous composition of yttrium and the lanthanides on the
one hand, and of zirconium on the other. The melting
point of ScBe13 is above 1300°. Further investigation of
the Be-Sc system46»47 showed the presence of two more
compounds; ScBe5 and Sc2Be17, analogous ιο the corres-
ponding beryllides of zirconium and hafnium.

Y t t r i u m b e r y l l i d e s . In the Be-Υ system, the
diagram of which has been constructed by Lundin48 (Fig. 5),
there is one compound YBe13 with m.p. ~ 1920° and of
NaZn13-type structure4 6 '4 9. Previously, the melting
point of YBe13 had been taken as 1600° ± 300°.50 The hard-
ness of this compound is 870 kgf mm"2 (on the Knoop
microhardness scale)50»51, or 1240 kgf mm"2 from mea-
surements49 with a PMT-3 microhardness tester (100 g
load). The compound is resistant to oxidation up to
1300°.51

B e r y l l i d e s of t h e l a n t h a n i d e s . All the
lanthanides form compounds MBe13 with beryllium49»52»53.
Gladyshevskii and coworkers M obtained the beryllides
MBe13 for all the lanthanides except Pm and Gd by melting
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Fig. 5. Equilibrium diagram of the beryl-
lium-yttrium system.

TABLE 2. Properties of the beryllides of the rare-earth metals.

Beryllide

ScBe5

Sc2Be17

ScBe13

YBe13

LaBe13

CeBeu

PrBe I 3

NdBe13

PmBe13

SmBeJ3

EuBe13

GdBe13

TbBe13

DyBe13

HoBe1 3

ErBei3

TuBe1 3

YbBe^

LuBe r a

Be,
wt. %

50.1

58.0

72.4

56.8

45.8

45.6

45.4

44.9

44.8

43.9

43.4

42.9

42.3

41.9

41.6

41.2

40.9

40.6

40.3

Structure

daCu,-type

Th,Ni.,-type
hex.*

NaZn u-type
cnb.

ditto

»

»

»

»

»

»

»

»

»

»

>

Lattice parameters, A

1 '
4.55*"·*'

7.61*"

10.10*'

10.2394 5·*·""'0

1 0 . 4 3 "

10.44 5 8

10.457*'

1 0 . 4 5 0 "

10.375*°

10.378 * ' · 5 6

10.3746 7

10.367"

10.390 5 3

10.356 6 5

10.33 5 6

1 0 . 3 2 5 "

10.28 6 5

10.300"

10.288 5 5

10.27 5 5

10.254"

10.251 5 6

1 0 . 2 3 9 "

10.2405 δ

1 0 . 2 2 5 "

10.220 5 5

10.210 " · "

1 0 . 2 0 "

10 .215"

10.199 5 3

10.192 5 5

10.182"

10.19 s ' · 8 0

1 0 . 1 7 3 "

10.177 6 6

3.50»*·"

7.50**

-

_

_

—
—

—
—
—
—
—
—
—
—
—
—
_

_
_
_
_

_

_
-

Density,

g cm*

-

-

-

2.57 4 7 "" 6 0

2 . 7 9 "

2 . 8 1 "

3 . 0 6 "

—

—

—

—

—

—

—

—

—

—

_

_
—

_
_

—

_
—

_

_

—

M.p., °C

-

-

>1300

1920 *··">

1600"

1720"·'··40

1720—1925"

_
—

_
_
—
—
--
—
_
—
—
—
_
_
—
—
—
—
—
—
_
_
—

* Or Th2Zn1T-type; and then the parameter is c = 11.25 A (the
two types are difficult to distinguish by X-rays).

distilled beryllium (99.8% purity) with metals of 95-Ϊ
purity in crucibles of BeO (or of ΑΙ,Ο, lined with BeO)
under argon in a Tammann furnace. An erbium beryllide
of the same composition was obtained earl ier **. Beryl-r
lides of a ser ies of lanthanides were obtained 5 5 by reduc-
tion of the oxides with beryllium in a vacuum at 1300°:

M2O3+29Be=2MBei3+3BeO.
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Yttrium and lanthanum beryllides have been obtained56

by sintering the metal powders with an excess of beryllium
in tantalum crucibles at 1180° for 2 h in a vacuum of not
below 5 x 1O"6 mmHg followed by removal of the excess of
beryllium by vacuum distillation at 1050° for 5 h.

In the same work the behaviour of YBe13 and LaBe13 in
a vacuum at temperatures up to 1550°K was investigated;
it was found that the two compounds are appreciably dis-
sociated above 1050° and equations were derived for the
temperature dependence of the vapour pressure of beryllium
over the beryllides during their thermal dissociation:

forYBe,,: logPm m = _ 1 6 4 2 0 + 8.30 (1040-1290°),

for LaBe,,: logPmm = - + 8.73 (1080-1270°).

Table 2 gives some information about the properties of
beryllides of the rare-earth metals.

B. BERYLLIDES OF METALS OF SUBGROUP IVa

Titanium b e r y l l i d e s . Misch23 obtained the com-
pound TiBe8 and showed that this beryllide crystallises in
the MgCiijj type. A systematic investigation of Be-Ti
alloys was made by Erlich62 on specimens obtained by
sintering mixtures of titanium and beryllium powders, the
sintering temperatures being: 1600° for alloys of empirical
formula TiBe0#4, 1300° for TiBe0>5, and up to 1500° for
TiBe1<0 and alloys richer in beryllium. Erlich thinks that
the composition TiBe0>5 corresponds approximately to the
eutectic of the system. X-Ray investigation of the alloys
with empirical formulae from TiBe0 1 to TiBe10 showed that
the solubility of beryllium in titanium is less than corres-
ponds to the composition TiBe0#1; the compounds have
according to Erlich's results, the compositions TiBe,
TiBe2, TiBe4, and TiBe10, of which the first and the two
last compounds have not been identified by X-ray diffrac-
tion. The compound TiBe evidently has a wide homo-
geneity region, since even the composition TiBe0 7 5 gives
an X-ray diagram identical with that of the alloy TiBe.
The TiBe2 phase has, according to Misch's data23, a
structure of MgCUj type with a parameter a = 6.427 A, and
this compound also has a certain region of homogeneity,
since the determination of the lattice parameter of this
phase in an alloy of conventional composition TiBe3 gave a
rather higher value, 6.45e A. Later, TiBe^ ω and
Ti2Be17

 M were obtained directly from the elements; they
are both hexagonal - the first of ThMn12 type (sub-type
TiBe12 with 48 atoms in the unit cell) and the second of
U2Zn17 type. Later these phases were the subject of
repeated investigations, which have been reviewed64, and
it is now accepted that TiBe12 is not hexagonal but has a
tetragonal structure of ThMnu type (analogous to the
structures of VBe12 and CrBe^), and that the TiaBe17 phase,
which had been thought to be rhombohedral68 or trigonal66

is really hexagonal64, with lattice parameters somewhat
different from those found by Paine and Carrabine №. The
TiBe12 structure, as shown by Gillam and Rooksby64

1 2

readily changes into the related TLjBe^ structure on loss
of some of the beryllium atoms. The part of the diagram
from Ti to TiBe2 was studied67 again in detail and the
compounds TiBe and TiBe2 were identified by X-ray diffrac-
tion; the general form of this part of the diagram was also
confirmed. Hence the existence of at least four titanium
beryllides, TiBe, TiBe2, Ti2Be17, and TiBe12, can now be
considered established. Two of these are discounted in

the hypothetical equilibrium diagram of the system con-
structed by the McQuillans « (Fig. 6), which now needs
considerable modification.

Erlich62 obtained titanium beryllides by sintering titan-
ium and beryllium powders and also by arc melting in
argon with a non-consumable tungsten electrode. Accord-
ing to Raub and Plate20 the reaction between titanium and
beryllium in powder mixtures starts at 800°. It is
reported 6 9 that TiBe2 is readily formed on heating briquettes,
pressed from beryllium and titanium powders, in argon
at 1200° for 1 h. TiBe2 is also made by vacuum hot pres-
sing70 under a pressure of up to 100 kgf cm"2 in graphite
dies coated with AL,O3.

Specimens of TiBeia with density 94%, obtained by
vacuum hot pressing have high resistance to oxidation at
1260° for 100 h.70 The high oxidation resistance of TiBe2

and TiBe12 has also been mentioned in a review M.

Table 3 gives some information about the properties of
titanium beryllides.
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Fig. 6. Equilibrium diagram of the beryllium-titanium sys-
tem.

TABLE 3. Properties of titanium beryllides.

Property

Be content, wt. %
Structure
Structural type

Lattice parameters, A
a
e
β / α

Density (X-ray), g cm"*

Melting point, °C
Gain in weight on oxidation at

1260° for 100 h, mg cm*1

Bend strength, kgf mm"*
1260°

1370°
1510°

Limit of proportionality, kgf mm"1

(1260°)
Superconductivity transition

temperature, °K
Emissivity (at 800-1800°,

λ = 650 μπι)

Beryllide

TiBe

15.8
hex.
—

3,20j«
3.69 J4

1.15

_

—

_

—

TiBe,

27.3
cub.

MgCut

6.42"··"·"
_

_
1800—1900

—

_

—

< 1 . 0 2 w

0 . 7 3 "

TI.Be,,

61.5
hex.

UsZnl7

7.35"*

7.26
0.984

_

—

—

—

TiBe,,

69.4

tetr.
ThMnu

7.36 M " *

4.195
0.571
2.26'°
1427'°

3.0'°

7.8"
2.5
1.9

1.4"

_

—

* See also Refs. 58, 65, 66, and 71.
** See also Refs. 63 and 65.

343



Vol.35 No.5 RUSSIAN CHEMICAL REVIEWS May 1966

Z i r c o n i u m b e r y l l i d e s . The first systematic
investigation of beryllium-zirconium alloys was made by
Hausner and Kalish74 on specimens made by powder metal-
lurgy. Lustman and Kerze7 5 constructed the Be-Zr
equilibrium diagram from the data of Hausner and Kalish74,
McGurty and coworkers76, and others, but it was investi-
gated again77, from the results of which work Fig. 7 has
been constructed. According to these results, the system
contains the compounds ZrBe2, ZrBee, and ZrBe9, which
are formed by peritectic reactions at 1235°, 1475°, and
1555° respectively, and ZrBe13, which melts congruently
at 1645°. Whereas the compositions of the beryllides
ZrBe2

 7 6 " 7 8 and ZrBe13

 4 M 7 are accepted as the result of all
the studies, the compositions of the beryllides with inter-
mediate beryllium concentrations are at variance. Thus
whereas some workers76»77 take the composition of a beryl-
lide as ZrBee (evidently the most reliable), another79

gives the composition as ZrBe5. The beryllide of com-
position ZrBe9, according to some76»77 obviously corres-
ponds to the most reliable composition Zr2BeI7. Evi-
dently, the composition ZrBe i e given in one paper76

is erroneous, and it obviously is the highest beryllide
ZrBe13 with beryllium impurity.

The zirconium beryllides Zr2Be17 and ZrBe13 — one of
the most refractory of the transition metal beryllides
(Table 4) — exhibit relatively high hardness; Fig. 8 shows
the temperature dependence of the hardness of ZrBe13.

59

There are marked differences in the hardness for ZrBe13

obtained by different authors: 1650 kgf mm"2 according
to Lewis59, 790 kgf mm"2 according to Chubb and Dicker-
son50, and 1130 kgf mm"2 according to Getz79.

At high temperatures (~ 1400-1500°), Zr2Be17 and
ZrBe13 show considerable resistance to oxidation79»80, but
over a certain temperature range they react rapidly with
moisture, which leads to their rapid oxidation and dis-
integration into powder81. According to this work81, hot-
-pressed ZrBe13 showed this effect in the range 593-927°,
but it is not observed below 538° nor above 982° in tests
lasting 100 h. In this connection there have been several
detailed investigations of the oxidation of ZrBe13 in the
medium-temperature range; they are cited in Getz'
review79. In particular, it has been shown that the oxida-
tion proceeds mainly inside the grain, although the oxida-
tion products are partly liberated at the grain boundaries;

TABLE 4. Properties of zirconium beryllides.

fi-us

Zr

Be, wt. %

Fig. 7. Equilibrium diagram of the beryllium-zirconium system.

Property

1

Be content, wt. %
Structure
Structural type 0

Lattice parameters, A
α
c
e/a

Density, g cm"*
Melting point, °C
Vickers hardness at 20°,

2.5 kg load, kgf mm"1

Knoop hardness (50 g load),
kgf mm

Gain in weight in oxidation
at 1260° for 100 h, mg cm*1

Depth of oxidation after
100 h, mm

1371°
1482°

Bend strength, kgf mm"3

20°

982°

1260°

1371°

1510°

Young's modulus, kgf mm"1

20°
871°

1260°
1371°

1510°
Elongation in bending, %

20°

871°
1371°
1510°

Limit of proportionality,
kgf mm

1260°

1370°
1510°

Ultimate compressive stress,
kgf mm"1

20°

871°

1371°
Impact strength, kgf cm*1

20°

1095°
Resistance to thermal

shock
1260°

Heat capacity per unit mass,

538°
1482°

Thermal conductivity,
cal β cm deg

760°
1370°
1385°
1482°

Coefficient of thermal
expansion (x 10*), deg"1

Electrical resistivity,
μΩ cm

27°
649°

1260°
Vapour pressure (x 10*),

mmHg
1260°
1371°

Beryllide

ZrBe,

2

16.5
hex.
AlBa

3 . 8 2 "
3.25
0.85

1200"

—

-

_

12.17 9**

5.2"***

_

_

_

_
—

_

_

—

—

—
—

—
—

«ZrBe,»

3

33.0
hex.

CaZn6

4.564 8 3

3.485
0.764

1530 "

—

-

_

_

_

_

_
_

—

—
—

—
—

Zr.Be,,

4

45.6
rhomb ohedral

UaZnX 7

7.548" 3*
10.997

1.457
3.08"
1980"
1750 " · ·«
1130"

—

-

0.0127 "• 8 0

0.0305 " · ί 0

17.5"
16.1"

27.7"

28.0"
19.0"
28.0"
17.2"
24.6"

~33 500"
~28 000"

18 300"
10500-21100"·"

7000"

0 . 1 "
0 . 1 "
0 . 3 "
1.1"

16.4"
7 . 1 "
2.6"

_

—

_

—

_
—
—

8.39"

—

—
—

1.4"
11.3"

ZrBe,,

5

56.3
f.c.c.
NaZn18

10.067"
—
—

2 72 s i . "
1927 "
2 0 0 0 "
1000"
1650 "

7QQ 60,51

7 . 8 "

0.0127 " · β 0

0.0330 " · β 0

17.5"
12.6"

19.8"

28.0"
19.8"
26.0"
12.6"
17.5"

~33 0O0"
~28000"

14100—28100"
14 000 " · "
7000"

0.05"
0.07"
0.25"
0.6 "

1.4 "
3.3 "
_

133"
105"

4 9 "

< 1.15"
0.115"

13,8 "

better than
for MgO at

0.38"
0.47"

0.067"·"

0.085"··»
0.082 "···*
0.0869'*

9.86"

16.4"

76.9"
100.4"

—
—

* For a pseudocubic cell a = 5.69 A.
** For ZrBe9.

*** For "Zr 2Be 1 3".
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TABLE 5. Properties of hafnium beryllides.

ZOO 300 400 SOO SOO 700
temperature, °C

Fig. 8. Temperature dependence of
hardness for some beryllides and
other heat-resistant materials. Load:
1) 26 g; 2) 100 g.

Property

Be content, wt. X
Structure

Structural type 0

Lattice parameters, A
α
c

c/a
Microhardness (100 g load), legf mm"1

Knoop microhardness, kgf mm*1

Melting point, °C

Berylllde

HfBe,

9.18
hex.
AlBj

3.788"

3.168
0.836

980 " · "
7 7 " *

1273 · ' *

HfBe,

20.2
hex.

CaZn,

4.534"

3.471
0.765
1340"·"

87"**
1270" **

Hf.Be,,

29.9
hex.

U8Zn17

7 . 4 9 9 "
21.905

2.921

1085 »· · '
98""·

I486 " * "

HfBe,,

39.7
cub.

NaZn13

1 0 . 0 1 0 "
—
—

1200 " · · "
—
—

* For the alloy with 10.0 wt. % Be.
** For the alloy with 20.0 wt.% Be.

*** For the alloy with 33.0 wt. % Be.

the stresses created by the formation of the oxides can
bring about the destruction of the beryllides. That this
takes place in the medium-temperature region is compared
with the fact that at 984-1093° ZrBe13 partly loses beryl-
lium, being converted into Zr2Br17 (a layer of which is
situated between the ZrBe13 and the oxide layer)81, which
has a thermal expansion coefficient quite different from
that of ZrBe13. The addition of 0.35-0.45 wt. % Al to
ZrBe13 brings about a sharp rise in its oxidation resistance
in the middle-temperature region, both in dry and in moist
(dew point 14°) air, at the cost of some deterioration
in high-temperature strength, and a marked increase in
room-temperature strength. It was shown in this work
that aluminium is very slightly soluble in ZrBe13 and much
more soluble in Zr2Be17, with which is evidently also
connected the beneficial effect of the additions of aluminium
on the oxidation resistance of the beryllide ZrBe18 in the
middle-temperature region. The rate of oxidation of
zirconium beryllides obeys a logarithmic law59'81, which
agrees with the protective nature of the oxide film.

According to Bookhand and others 8 2 the vapour pressure
above Zr2Be17 at 1200-1400° is relatively low, ~ 10"s mmHg.

Zirconium beryllides can be made by powder metallurgy
methods, either by sintering previously compacted mix-
tures of beryllium and zirconium powders74 in argon (the
reaction between zirconium and beryllium is reported20 to
start at 685°) or by hot pressing7 6 at 1600-1800°.

Beryllium-zirconium alloys have been made77 by fusing
the components in an argon arc furnace; a similar method
has been described51 for ZrBe13.

The same workS1 describes various methods for making
articles from ZrBe13 and some other beryllides (NbBe^,
MoBe2) — in particular, by vacuum (~0.1 mmHg) hot
pressing of mixtures of powders (200 mesh), the tempera-
ture being raised to 1500° over a period of 2-3 h, and then
held at 1550-1600° for 1-2 h (all the regimes are quoted
for cylindrical articles with a diameter and height of
~ 50 mm). Good results are also obtained by using casting
(induction heating) and extrusion at ~ 1620°.

Hafnium b e r y l l i d e s . The beryllium-hafnium
system is quite similar to the beryllium-zirconium system;
the existence of four compounds in it has also been estab-
lished 58,65,8β-88. HfBe2, HfBe5, Hf2Be17, and HfBe13. The

beryllide HfBe2 has a hexagonal lattice of the A1B2 type;
HfBe5 also has a hexagonal lattice, of the CaZn5 type; the
HfaBe17 phase is reported65 to have two modifications:
d-Hf2Be17, rhombohedral (a = 7.494, c =o 10.93 A), and
/3-Hf2Be17, hexagonal (a = 7.44, c = 7.38 A), but others
state 8 6 ' 8 7 that there is only a hexagonal type of Nb2Be,7

identical in type with U2Zn17 or Th^Zn^ Finally, HfBe13

has a cubic structure of NaZn13 type87. This work87 drew
attention to the fact that the lattice parameters of the
hafnium beryllides are less than those of the corresponding
zirconium phases; this is connected with the atomic radius
of hafnium (1.59 A) being less than that of zirconium
(1.60 A). The main information on the properties of the
hafnium beryllides is given in Table 5.

According to these data87 as the proportion of beryllium
in the compounds with hafnium is increased, the distance
between its atoms diminishes (HfBe2 2.179, HfBe5 2.17,
HfaBe17 2.14, HfBe13 2.07 A) but the distance between the
hafnium atoms increases, which indicates an increase in
the covalency of the bond between the beryllium atoms.

Hafnium beryllides can be obtained either by melting the
components together under argon in a high-frequency
(beryllium-rich) or arc (hafnium-rich) furnace86»87 or by
powder metallurgy methods, especially by hot pressing of
mixtures of the powders88 followed by annealing.

C. BERYLLIDES OF METALS OF SUBGROUP Va

V a n a d i u m b e r y l l i d e s . Misch23 found the exist-
ence of the beryllide VBe2 with a hexagonal lattice of MgZiig
type and parameters a = 4.385, c = 7.130 kX, c/a = 1.639,
with four molecules in the unit cell. Further investiga-
tions of the compounds in this system 8β~β1 confirmed the
existence of VBe2 and its structure, and also showed the
compound VBe^ with a tetragonal lattice of ThMn12 type.

The icosahedral configuration of the beryllium atoms in
this structure and also the decrease in the distance between
the beryllium atoms on going from VBe2 (2.25 kX) to VBe12

(2.19 kX) shows a considerable proportion of covalency in
the bond between the beryllium atoms.

The existence of VBe12 was further confirmed by Batch-
elder and Raeuchle 92, who gave values of the lattice para-
meters for single crystals which were different from those
quoted 8 β"β 1.
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Vanadium beryHides are obtained by melting the compo-
nents together in quartz containers in a resistance furnace
under argon (Table 6).

N i o b i u m b e r y l l i d e s . In the Be-Nb system the
existence of a compound NbBe^ with a face-centred tetra-
gonal lattice was established88'87»98 and then rhombohedral
Nb2Be17 was observed93. In addition there have been
reports of the existence of NbBea,

 91>M Nb3Bea,
9S NbBe5,

91>9β

of which NbBe2 and NbBe5 were accepted in the construction
of a tentative variant98 of the Be-Nb equilibrium diagram
(Fig. 9). This diagram, which has been described in
detail9 8 '9 7 was confirmed by additional investigation98 and
it was shown that the solid solubility of niobium in beryl-
lium is very small (considerably less than 0.7 wt.% Nb),
eutectic crystallisation of α-Be + NbBeu from the melt
takes place at 2.5 wt.% Nb, and the eutectic temperature
is close to the melting point of pure beryllium. Further-
more, it is stated that the phase NbBe12 may not be formed
as a compound with an open maximum melting point but by
a peritectic reaction between the melt and compound
Nb2Be17, which obviously throws doubt on the part of the
diagram in Fig. 9 between the phases Nb2Be17 and NbBeu;
this part requires further, more detailed investigation.

In a thermal diffusion study of the beryllium-niobium
system98 the temperature dependence of the diffusion co-
efficients was determined approximately for "NbBe8"
(Nb2Be17) and NbBe12:

D«NbBe., = 5.7xlO-9exp(—14 7A0/RT),

e,, =' 7.66xlO'4 exp (—32 000/RT)

TABLE 6. Properties of vanadium beryl-

l ides.

Property

Be content, wt. %
Structure
Structural type 0

Lattice parameters, A
a

e
e/a

Density, g cm"1

Baryllid·

VBe,

26.2
tetr.

MgZn»

4 . 3 9 4 "
7.144
1.639

—

VBe,,

68.2
tetr.

ThMnM

7.278» 1 '
4.212
0.579
2 . 3 7 "

* According to other results 8 8 ~ 9 1 , a

= 7.266 A, c = 4.195 A, c/a = 0.577.

2400

Nb

nut a
at. %

1400

1200

uoo· 4
or ̂

«IS

i |

Jfl
S

№ \

Ν» a
3 · , wt. %

A review of the data on the oxidation resistance of
beryllium-niobium alloys has been given in a monograph97;
that of the niobium beryllides proper has been investi-
gated99'79. The moderate oxidation resistance of the
beryllide NbBe2 and its alloys with niobium was demon-
strated97; the beryllides NbBe5 and especially Nb2Bej7 and
NbBe^ are stable to oxidation, but the effect of a diminu-
tion in this stability in the middle temperature region noted
for the higher beryllides of zirconium also occurs with the
niobium beryllides, but is not so sharply expressed79.

The niobium beryllides have relatively high hardness,
which increases with the beryllium concentration98"98;
Fig. 8 shows the temperature dependence of the hardness
of NbBeja (data taken from Lewis »), the hardness mini-
mum at 290° is still unexplained. The strength of the

TABLE 7. Properties of niobium beryllides.

Fig. 9. Equilibrium diagram of the

beryllium-niobium system.

Property

Be content, wt. %
Structure
Structural type ?

Lattice parameters, A
α .
c
e/a

Density, g cm"*
Melting point, °G

Seat of formation, kcal mole*1

Beat capacity per unit mass, cal g deg
538°

Thermal conductivity, cal cm"1 s"1 deg"1

760°
1482°

Coefficient of thermal expansion
(x 10 f) (27-1510°), d e g ^

Electrical resistivity,
uftem

27°
649°

1260°
Mlcrohardness, kgf mm

Knoop hardness (50 g), kgf mm"*
Vickers hardness

Young's modulus, kgf mm"1

20°
871°

1260°
1370°

1510°
Bend strength, kgf mm**

20°
082°

1260°

1370°

1510°
Elongation in bending. %

2<ς
871

1370°
1510°

Limit of proportionality, kgf mm"*
1260°
1370°

Ultimate compressire stress, kg mm
20°

871°
1370°

Impact strength, kgf cm

1260°

Depth of oxidation after lOOh, mm
1370°
1482°

Gain in weight in oxidation at
1260° for 100 h, mg cm

Baryllid·

NbBe,

16.2
hex.
—

4.465»·
7.302
0.628

2080 ·»

4.6±1.9»'

—

—

_

—

, —

—

-

__

—
—

—

— •

—

_

—

—

—

—

NbBe,

32.7
hex.

—

~1900·'

46.4±3.8»

—

_

—

_

—

—

—

-

—
—

—

—

—

_
—

—

—

-

Nb,Be t t

45.3
rhombohedral

ThjZn,,

5.599·»
α = 82.84°

3.28»»
1750 ·»·
1704»
20.5±2·'*

—

"~

0.0778»
0.0819 »

8.83"

1400»·
1430··
1000"

1060·»
1000»

30100»
~28000»

15500»
~17500»

9800»

21.7»
24.5»
49.1»
27.4»
44.2»
26.4»
25.2»
11.5»

0.1»
0.15»
2.0»

6.6»
2.5"

—

—

0.01525"
0.0483 »

2.6 *>

NbBe,,

54.0
tetr.

ThMnIf

7.376»»
4.258
0.577
2.88·»

1650·'
1700"·"

29.8±9.6"

0.39"

0.44»

0.0723»
0.0785»

9.36»

55.6»
166.7»
~200»
1200··
1900»·
1200»
1100"

~480··
500»

33 000"
28 000»
21100»
17 500»
14800»
14100**

13.4»
10.5»
31.5»
26.3»
31.5»
25.4»
13.4»
14.3»·

0.1»
0.1»
1.0»
η Afi

140»
91»
56»

θ!ΐ15»'

27.6··

0.0229»
0.0508»

1.7»

* For "NbBe8".
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niobium beryllides is of the same order as that of the
beryllides of other transition metals but at high tempera-
tures the strength is somewhat higher than that of other
beryllides. The heats of formation of all the beryllides
shown in Fig. 9 and the temperature dependence of the
diffusion coefficients for Be in Nb with formation of beryl-
lide phases have been determined96. Table 7 summarises
the properties of the niobium beryllides.

The niobium beryllides can be made by the methods of
powder metallurgy59*91. Cherkashin and coworkers91

sintered mixtures of the powders at 1000° in a protective
medium (molten sodium chloride) for 5-24 h, followed by
long (10 days) annealing at 400°. However, it is more
customary to obtain them by melting the components
together, for example, under argon in a high-frequency
furnace98.

TABLE 8. Properties of the highest tantalum beryllides.

Property

Be content, wt. %
Structure
Structural type 0

Lattice parameters, A
α
c
c/a

Density, g cm

Melting point, °C

Microhardness, kgf mm"2

Vickers hardness, Hv (load 2.5 kg)
Young's modulus, kgf mm

20°
871°

1260°
1370°

1510°
Bend strength, kgf mm"2

20°
982°

1260°
1370°

1480°
1510°

Elongation in bending, %
20°

871°
1371°
1510°

Limit of proportionality, kgf mm"2

1370°
1510°

Ultimate compressive s tress , kgf mm"
20°

871°
Depth of oxidation after 100 h, mm

1371°
1482°
1649°
704°
871°

Cain in weight during oxidation at 1260°
for 100 h, mg cm"2

Vapour pressure (x 10 ), mmHg
1260°
1366°
1371° _t

Heat capacity per unit mass, cal g deg
538°

1482°
Thermal conductivity, cal s"1 cm"1 deg

760°
1482°

Coefficient of thermal expansion
(27-1510°) (x 10"), deg"»

Electrical resistivity, μίί cm
27°

649°
1260°

Seryllide

Ta,Beu

29.7
rhombohedral

Th2Zn1 7

7 . 3 8 8 5 M S

10.74
1.458
5 . 0 5 "

1988 "
19gQ 6»
1120 6 8 ' 7 9

11207»

350007»
~28000 "

120005 9

~14000 "
91005»
7000 s»

2 1 . 0 "
2 8 . 1 "
54.7
39.3 7»

2 4 . 6 "

0 . 1 "
0.2'»
2 . 6 "

~ 5 "

0.0076"
0.0229"
0.076382***
0.0002584

0.0012582

—

1.7«2
5.6 8 2

5.2 8 2

0 . 2 2 "
0 . 2 6 "

0.0715 *>
0.0781"

8 . 7 2 "

—

TaBe,,

37.6
tetr.

ThMn12

7.33492"·100

4.267
0.582
4.18 9 2

18505 9· '9

729 7»

18 900'»
23 200 "
16 900 5»
23 8 0 0 "

9800 5»
7000"

21.7'»
—

3 7 . 2 "
3 0 . 2 "
25.3—37.4»»·

4.5**
1 8 . 2 "
18.66»

0 . 1 "
0 . 1 "
1 . 1 "
2 . 6 "

2.5—13.0"
2.5»9

~1O5 7 S

1 3 3 "

0.0127"
0.0229"

—

18.0 7 0

0 . 2 7 "
0 . 3 0 "

0.0732"
0.08977»

8 . 4 2 "

4 3 . 5 "
111.2"
133.4"

T a n t a l u m b e r y l l i d e s . The investigation of alloys
of beryllium and tantalum was started by Kaufmann and
coworkers u , and later Gladyshevskii and Kripyakevich *°°
found the compound TaBe12 with a tetragonal structure of
ThMn12 type (a = 7.322, c = 4.247 kX); simultaneously the
same compound was established in another study92.
Later, the compounds TagBe, TaBe2, Ta3Be2, TaBe3, and
TaaBe17 were reported58»65»179. The properties of the higher
beryllides TagBe17 and TaBe12 have been studied best —
they are refractory compounds with m.p. 1900-2000°,
resistant to oxidation; unlike the zirconium and niobium
beryllides, the tantalum beryllides are not subject to
catastrophic oxidation in the middle-temperature region79.
At high temperatures Ta2Be17 has a vapour pressure of the
same order as metallic beryllium82. Information about
the properties of the lower tantalum beryllides is limited
to what is known about their crystal structure 65. TaBe2

is cubic with lattice parameter ao= 6.51 A, Ta3Be2 is
tetragonal with a = 6.5, c = 3.32 A, TaBe3is rhombohedral
with a = 4.53, c = 20.95 A. The melting point of TaBe l2

is 1845° and its density 9.79 g cm" 3. 5 7 Table 8 gives the
properties of the higher tantalum beryllides. The Be-Ta
equilibrium diagram has not been studied.

Tantalum beryllides are obtained predominantly by
powder metallurgy methods 59>10C.

D. BERYLLIDES OF METALS OF SUBGROUP Via

C h r o m i u m B e r y l l i d e s . The diagram of the
Be-Cr system was constructed by Edwards and John-
stone 1 0 1 up to 30 wt. % Be and shows the existence of a
beryllide of composition CrBe2 (Fig. 10), which had been
found even earlier and identified by X-ray diffraction23'102.
CrBe2 is a phase of variable composition, homogeneous
(according to Cherkashin and coworkers91) in a region
extending at least from 70.9 to 77.5 at. % Be. A second
compound has been established90'92: CrBe12, which exists
in a narrow concentration region at beryllium concentra-
tions close to 92 at.%.91 This compound is denoted by the
symbol X in Fig. 10. Table 9 gives information about the
properties of the chromium beryllides.

Chromium beryllides have been made by melting the
components in pure argon91»101; they can also be obtained
successfully by powder metallurgy №.

'CO
1№

1700

mo

1400

Be, wt. %
1 6 S 10 16 10 25 30

Γ
\
Vj

a 1

1

cM!<,
Ν
. s

liqu

oe+Cr

id
/

-'"CrBijtllq

Cr

CrBi

Be2-

•X-

\

-

* For grain size 12 μπι.
** For grain size 45 μηι.

*** 10 h.

SOP n

CP to ~W Μ 40 SO fO 70 Be
Be, at. %

Fig. 10. Equilibrium diagram of the beryllium-
chromium system.
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TABLE 9. Properties

Property

Be content, wt. %
Structure
Structural type 0

Lattice parameters, A
a
e
c/a

Density, g cm"1

Melting point, °C

Emissivity (λ·=·650 nm,
800-1800°)

Microhardness, kgf mm"*
Gain in weight on oxidation at

1260° for 100 h, mg cm"2

of chromium beryHides.
Btryllid.

CrBe,

25.8
hex.

MgZn,

4 . 2 5 9 1 0 1

6.975
1.638
4 . 3 4 "

1 8 4 5 l 0 1

1 8 4 0 "

0 . 7 6 ' *
1 2 8 8 "

2 . 4 7 0

CrBei,

68.1
ι tetr.

ThMn u

7.2341·"""*1

4.176
0.577
2.44"—2.51 n

—

—
—

_

TABLE 11. Properties of the tungsten beryllides.

Property

Be content, wt. %
Structure
Structural type o

Lattice parameters, A

α
e
c/a

Density, g cm

Microhardness, kgf mm"1

Beryllid·

WBe,

8.95
hex.

MgZn,

4 . 4 4 6 "
7.289
1.63

2188 v o 7

WBei,

37.3
tetr.

rhMnw

7 . 3 6 2 "
4.216
0.573
4 , 2 5 "

1 1 4 5 " '

WBe,,

52.1
cub.

ZrZn,,

11.631 Μ Λ 0 *
—

1080 1 0 7 *

* For "WBe2 4

M .

Molybdenum b e r y l l i d e s . Only the molybdenum -
-rich part of the Be-Mo diagram (up to 7 wt. % Be) has
been constructedl. The existence of two compounds in the
system has been rather reliably established: MoBe2

 2 3 '1 0 S

and MoBeu 89,91,100,ιο4; „! o n e w o r k 103 the latter was given
the composition MoBe13, but this was later corrected by
Raeuchle and Batchelder1M and also by Gladyshevskii and
Kripyakevich 10°, who confirmed the composition MoBe12.
Furthermore, there is proof № of the compound Mo3Be with
a cubic structure of type O| with a = 4.89 A and also a
compound richer in beryllium MoBe20 with structure
O\{Tl) and a = 11.64 A. A later investigation105 con-
firmed the existence of this phase, but its composition was
described by the formula MoBe22 (instead of MoBe^) with a
structure of ZrZn^ type, parameter a = 11.634 A. The
compounds Mo3Be and MoBe22 have hardlv been studied,
therefore Table 10 gives the properties for MoBe2 and
MoBe12 alone.

Molybdenum beryllides can be made by melting the
components in BeO crucibles under argon in a high-fre-
quency furnace 10° and also by powder metallurgy M. The
diffusion reaction of beryllium in molybdenum has been
investigated108 and it was shown that the phases MoBe2,
MoBe12, and MoBe^ are formed: MoBe2 predominates up
to 1000°, a mixture of MoBe2 and MoBe12 from 1000° to
1150°, and the phase MoBe22 appears at higher tempera-
tures. The layer on molybdenum consists successively of

TABLE 10. Properties of molybdenum beryl-
lides.

Property

Be content, wt. %
Structure
Structural type 0

Lattice parameters, A
α
e
c/a

Density, g cm

Melting point, °C
Microhardness, kgf mm"1

Young's modulus, kgf mm
1260°
1370°
1510°

Gain in weight on oxidation at
1260° for 100 h, mg cm"2

Barytlld·

MoBe,

17.4
hex.

MgZn,

4.4421 0·
7.356
1.658
5.9210»
6 . 1 2 "

1840"
—

—

_

2.6

MoBe,,

53-2
tetr.

ThMn,

7 . 2 7 1 m

4.234
0.585
3.02"

—
~1700"'

9 5 0 " "

10500"
8400"

700"

—

Fig. 11. Equilibrium diagram of the
beryllium-tungsten system.

beryllide phases from the lowest beryllides to the highest;
the diffusion proceeds preferentially through the beryllide
layers.

Tungsten b e r y l l i d e s . In the beryllium-tungsten
system, analogous to the beryllium-molybdenum system,
the existence of the following beryllide phases has been
established with sufficient reliability: WBea,"»»1»1™
WBe12>

91'6*'100 and WBe,,,58»105, the main properties of which
are given in Table 11. Thermal diffusion has been
investigated107 in the Be-W system, the formation of three
phases being established: WBe2, WBe12, and WBe^; the
last is evidently identical with the phase WBe22 which has
been well identified by X-ray diffraction. According to
the results, all three phases have homogeneity regions:
the widest is the "WBe^" phase, WBe2 is narrower, and
WBe12 is the narrowest (Fig. 11). The temperature
dependence of diffusion coefficient in each phase has been
determined approximately:

, = 1.10x10"* exp(-3315/flT),
, = 2.36 exp(—66 950/RT),

= i.l75*10-sexp(—33 800/RT).

It is reported20 that on heating a compacted mixture of
tungsten and beryllium powders, reaction between them to
form intermetallic compounds begins at 880°; in the diffu-
sion interaction of beryllium powder with the compact
metal at 1100° for 4 h, all the beryllide phases are
formed107.

E. BERYLLIDES OF METALS OF SUBGROUP Vila

Manganese b e r y l l i d e s . The solubility of beryl-
lium in manganese is low11'108. According to some23»93

there is a beryllide MnBe2 of variable composition of MgZn,
structure type; this structure type was also described by
Hume-Rothery and Raynor10B. A second compound ββ»β1
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TABLE 12. Properties of manganese beryllides.

Property

Be content, wt. %
Structure
Structural type 0

Lattice parameters, A
a
e
e/a

Density, g cm**

Bwyllid·

MnBe,

25,4
he*.

MgZn,

4.239»
6.923
1.β32

MnBe,

55.9
cub.

MgCUj,

5.931 »»

_
—

MnBe,,

66.8
tetr.

ThMnw

7.276·»
4.256
0.585
2.40·*

has the composition MnBe, (at 400°) with a homogeneity
region which broadens with temperature (at 1100° this
region extends from MnBe, to MnBe13); this beryllide has
a cubic lattice of MnCu, type. Batchelder and Raeuchle9*
found the presence of a third beryllide MnBeI2r

It has been shown*0 that the reaction between compacted
manganese and beryllium powders starts at 800°; the
beryllides MnBe, and MnBe, have been obtained01 by melt-
ing the components in a quartz container under argon.
Table 12 gives information on the properties of manganese
beryllides.

Technet ium b e r y l l i d e s .
tion about technetium beryllides.

There is no informa-

Rhenium b e r y l l i d e s . According to Misch23, the
beryllium-rhenium system contains the compound ReBe2;
a beryllium-rich phase, which has been ascribed the com-
position ReBe,0, has been found56. Ijt is evident that the
true composition of this phase is ReBe,,, analogous to the
corresponding phases of molybdenum and tungsten105, with
a cubic structure of the ZrZn^ pubic type, lattice para-
meter» a = 11.64 λ

The composition of the phase ReBe,, has been estab-
lished u 0 ; this beryllide is made by heating mixtures of
rhenium and beryllium powders (in stoichiometric propor-
tions) in BeO crucibles at 1650° for ~ 5 min under argon at
a pressure of 0.5 atm. The lattice parameter is a =
= 11.561 A. In this beryllide the beryllium atoms form a
complex skeletal polyhedron.

The beryllide ReBe, has a hexagonal lattice of MgZn,
type with a =f 4.354, c = 7.101 A, c/a = 1.631T*

a ReBe, is
prepared by heating pressed mixtures of the powders of
the components under argon at 1200° and melts at a tem-
perature above 2000°. The emissivity of ReBe, at 800-
1600° (λ = 650 nm) is 0.80.7»

V 0/0 30 SO SO W № ?0 9S

Fig. 12. Equilibrium diagram of the beryllium-iron system.

Table 13 gives the main information about the properties
of the iron beryllides. The maximal solubility of Fe in Be
is 0.0092 at.% (5.46 wt.%) at the eutectic temperature
1225°.115

C o b a l t b e r y l l i d e s . After Koster and Schmid11β

who worked out the part of the Be-Co diagram up to 10 wt.%
Be, Venturello and Burdese proposed the complete diagram
of this system (Fig. 13).117 In accordance with this dia-
gram, the system contains the compounds CoBe23>U7>118

and Co5Be21,
117 however, according to Batchelder and

Raeuchle92 the lines of the X-ray diagram of this phase can

TABLE 13. Properties of the iron beryllides.

Property

Be content, wt. %
Structure
Structural type o

Lattice parameters, A

a
e

e/a

Density, g cm*'
Melting point, °C

Beryllid»

FeBe,

24.5
hex.

MgZn2

4.212 1 1 '
6.834

1.62

4 . 6 5 " '

1 4 8 Oni.iu

FeBe5

44.6
cub.

MgCu2

5.878 " '
_

_

3 . 2 7 2 1 U

~ 1 3 7 5 m - u a

FeBe,,

66.3
tetr.

ThMrii,

7.253"
4.232

0.583

2.45"
~ 1 3 Ο Ο 1 1 1 · 1 1 > > 1 "

F. BERYLLIDES OF METALS OF GROUP Vffl

1. Beryllides of Metals of the Iron Group

Iron b e r y l l i d e s . The equilibrium diagram of the
beryllium-iron system, constructed from published in-
formation1»»1»2 is shown in Fig. 12. Three beryllides
exist in the system: FeBe,, m » » 4 FeBee, "

s » u 4 and
FeBej,.9*»114 The beryllide FeBe, has high hardness and
is ferromagnetic u a with a Curie point at 643°.

The phases FeBe, and FeBe5 have wide homogeneity
regions114, the FeBe l f phase according to previous data m

has the composition FeBe12 and a hexagonal structure,
although Batchelder and Raeuchle9* conclusively confirmed
its composition as FeBea2 and a face-centred tetragonal
structure.

B», wt. %

°C 0. 3Ji 37.3S 100
ItUU

UOO

1200

WOO

urn

Co

\ A
\

- \4s

/
1
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/
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' r
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i;•iI!
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ι! ι
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Be, ot. %

Fig. 13. Equilibrium diagram of the beryllium-
cobalt system.
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TABLE 14. Properties of the cobalt beryllides TABLE 15. Properties of nickel beryllides.

Property

Be content, wt. %
Structure
Structural type 0

Lattice parameters, A
α
c
e/a

Density, g cm
Melting point, °C

Bcryllid·

CoBe

13.26
b.c.c.
CsCl

2.615 »«
—
—
—

1505

CoBe.

43.4
f.c.c

MgCu,

5.852·»

·

CoBe,,

65.1
tetr.

ThMn M

7.237 Μ
4.249
0.587
2.49·»

* The melting point of the "Co5Be21" phase is reported117

to be 1270°.
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Fig. 14. Equilibrium diagram of the beryllium-
nickel system.

be ascribed to CoBe12 and CoBe5, analogous to the corres-
ponding iron beryllides, which seems more probable. CoBe
is reported23 to have an ordered b.c.c. lattice and Co5Be21

has been investigated repeatedly χ»15>1β; Jahn119 has given
its equilibrium diagram in the most complete form (Fig. 14).
nents under inert gas in an electric resistance furnace.
Table 14 gives the main properties of the cobalt beryllides.

On heating mixtures of beryllium and cobalt powders,
reaction between them starts at 670°. 2°

N i c k e l b e r y l l i d e s . The beryllium-nickel systea
has been investigated repeatedlyx »«>1β; Jahn n e has given its
equilibrium diagram in the most complete form (Fig. 14).
According to this diagram the system contains the com-
pounds NiBe and Ni5Be21, which have not very wide homo-
geneity regions and melt congruently. The maximal solu-
bility of nickel in beryllium is 4.93 at. % at the eutectoidal
temperature, 1065°.115 The existence of Ni5Be21 is pro-
bably doubtful (as is the analogous compound in the Be-Co
system) but there have been no investigations in this direc-
tion and a phase of this composition has to be accepted at
present. The structures of NiBe and Ni5Be21 were investi-
gated by Misch113 and by Losana and Goria 12° and the
results of the latter workers are consideredx to be the
most reliable data on the lattice parameters. The NiBe

Be content, wt. %
Structure
Structural type ο
Lattice parameter, A

a
Melting point, °C

NiBe

13.31
b.cc
CsCl

2.621«·
1472 "»

Beryllld.

Nl.Be,!

39.21

NUZn,, (y-braes)

7.625 » ·
126? «»

phase is responsible for the precipitation hardening during
the aging of Be-Ni alloys121. Beryllium-nickel alloys are
made by me.lting in an inert gas or under a flux layer in
BeO or MgO crucibles " ; reaction between nickel and
beryllium powders is reported20 to start at 732°. Table 15
gives the properties of nickel beryllides.

2. Beryllides of Metals of the Platinum Group

Ruthenium b e r y l l i d e s . The existence of RuBe2

has been established23, but the precise composition and
structure of this compound have not been determined. The
compound Ru3Be17 has been observed119 on heating a mix-
ture of ruthenium and beryllium powders in a BeO crucible
under argon at 1480°. It was found to be f.c.c. with
a = 11.337 A, and to be isomorphous with the corresponding
osmium compound. Its melting point is =* 1635°.122

Rhodium b e r y l l i d e s . Misch23 indicated the
possibility of the existence of RhBe2 or another compound
with Rh: Be = 1:2; its X-ray diagram is analogous to that
of IrBe2.

Pal lad ium b e r y l l i d e s . Fig. 15 shows the equili-
brium diagram of the-beryllium-palladium system after
Winkler M. There is a large number of beryllides in this
system: there are five between palladium and the com-
pound PdBe and at least another two between PdBe and
beryllium; PdBe5 and PdBe^. According to Misch23,
PdBe has the ordered CsCl type of structure with a =
= 2.813 kX; these results were confirmed by Belov123.
PdBe5 has the MgCUa type f.c.c. structure (like FeBe5 ̂ J 2 4 )
with a = 5.969 A,24 pykriometric density 4.56, X-ray den-
sity 4.62 g cm'3. PdBe5 does not exhibit superconductivity
up to 0.30°K. Yet another phase has been reported24,

HBO

Fig. 15. Part of the equilibrium diagram of the
beryllium-palladium system.

350



Vol.35 No.5 RUSSIAN CHEMICAL REVIEWS May 1966

PdBe l2, isomorphous with MoBe,2, body-centred tetragonal,
with a = 7.271 A, c = 4.251 A, c/a = 0.585, X-ray density
3.18 g cm"3. The melting points are reported28 to be:
Pd3Be 960°, P^Be 1090°, PdgBe2 1250°, Pd4Be3 1330°,
Pd13Be12 1450°, and PdBe 1465°.

O s m i u m b e r y l l i d e s . According to Misch23,
osmium forms the compound OsBe2 with beryllium.

I r i d i u m b e r y l l i d e s . According to the same
author23, there is the compound IrBe2, the structure of
which has not been established,

P l a t i n u m b e r y l l i d e s . Platinum and beryllium
form the compounds Pt15Be and PtBe12. Pt15Be was ob-
served 1 2 4 and obtained by reducing a mixture of beryllium
oxide and platinum powder at 1150°; it is hexagonal with
a = 22.13, c = 27.12 A. The compound PtBe12 has 2 4 a face-
-centred tetragonal structure of MoBe12 type with a =
= 7.237, c = 4.252, c/a = 0.588, X-ray density 4.53 g cm"3.
Furthermore, in the same work M the possibility of there
being a beryllide PtBes was mentioned, f.c.c. with a =
= 6.004 A. According to older information23 there is also
a phase Pt5Be21 with the structure of a deformed y-brass
(y-Ni5Zn21 type). However, the beryllides whose exist-
ence has been found most probably and reliably are Pt15Be
and PtBe12.

G. BERYLLIDES OF THE ACTINEDES

T h o r i u m b e r y l l i d e s . The beryllium-thorium
equilibrium diagram, earlier worked out only partiallyx

has recently been supplemented considerably125 (Fig. 16).
This system contains the compound ThBe13 (92.86 at.% Be)
observed earlier by Baenziger and Rundle40. Babaeva and
Kuznetsova125 obtained it, like other alloys of the system,
by melting 99.3% beryllium with 99.7% thorium in an arc
furnace with a tungsten electrode and cooled copper
hearth; the atmosphere was chemically pure ar^on. This
compound is f.c.c. (NaZn13 type) with a = 10.395 A 4 0

(Babaeva and Kuznetsova125 give a = 10.383 A). TheThBe13

structure has been confirmed126. ThBe,, melts at

Ο 10 20 30 40 SO SO 10 SO 30 100
Th Be, at. % Be

Fig. 16. Equilibrium diagram of the beryllium-
thorium system.

~ 1930° 1 2 5 and has good resistance to oxidation in a stream
of dry air 7 9. The microhardness of ThBe13 is

 W 5 ~ 950kgf x
x mm"2. Reaction between compacted beryllium and
thorium powders starts at 705°. *°

U r a n i u m b e r y l l i d e s . The equilibrium diagram of
the beryllium-uranium system was developed mainly by
Buzzard127 and Hansen and Anderko's interpretation16 is
shown in Fig. 17. The system includes the compound
UBe13 with an NaZn13 type f.c.c. lattice. Reaction between
uranium and beryllium in the form of compacted powders
starts at 355°;20 the compound UBe13 can be isolated from
uranium-rich alloys by electrolytic dissolution in 10%
chromic acid.

However, the main methods of obtaining UBe13 are
powder metallurgy and vacuum induction melting118. In
the former, uranium (or uranium hydride UH3) and beryl-
lium powders are used and the mixtures are sintered at
950-1050° (when beryllium and finely dispersed uranium
powders are sintered in pure hydrogen the sintering tem-
perature usually is 1300° and sometimes it reaches 1550°).
Vacuum induction melting is done at 1130° (in a quartz
container in argon at 1 atm) with subsequent addition of a
10% excess of beryllium (to compensate for the loss of
beryllium by vaporisation) and brief homogenisation
annealing at 1200-1300°.128 For the preparation of com-
pact articles of UBe13, the products from sintering or
melting are finely ground, pressed in a hydraulic press
into blanks of the required shape, which are then sintered
in argon at 1550° to give articles with a density >

Table 16 gives the principal physical properties of
uranium beryllide; it must also be added that it exhibits
markedbrittleness l27. The microhardness for the "UBe12"
phase is reported59 to be 1300 kgf mm"2.

In chemical respects UBe13 reacts with oxygen more
slowly than do uranium carbides, nitrides, borides, and
metallic uranium itself; it is especially resistant to oxida-
tion at temperatures up to 500°. The oxidation at first
follows a linear law and then slowly, by an exponential law,
k = 1.98 x 108 exp (-26 200/RT) mg cm"2 s"1. UBe13 behaves
similarly with nitrogen, k = 5.lx 10* exp (-25 800/RT), and
with water vapour, k = 5.46 X 104exp (-25 800/RT). The
change in weight after treatment with water at 100° is
2.2 mg cm"2, in addition to which water brings about
rather marked intercrystalline corrosion of uranium beryl-
lide.
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Fig. 17. Equilibrium diagram of the beryllium-
uranium system.
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TABLE 16. Properties of uranium beryllide.

Property

Be content, wt. %
Structure
Structural type o

Lattice parameter, A
Density, g cm"'
Melting point, °C
Heat of formation, kcal mole"1

Thermal conductivity, cal cm"1 s*1 deg"1

100°
300°
500°
650°

Coefficient of thermal expansion x 10
(30°-.1000°), deg"1

Knoop microhardness, kgf mm
fused
sintered

UBeu

32.9
f.c.c.

NaZn"
10.256»
4.373 «

~2000 u»
37.8"»
39.31 !»

0.050 »»»
0.058
0-062
0.064

16.7 « 8

9 6 0 l i s

1155 " 8

N e p t u n i u m b e r y H i d e s . In the reduction of neptu-
nium fluoride by beryllium in a vacuum at 1100-1200°, the
compound NpBe13 (33.09% Be) was obtained130. This is
isomorphous with the corresponding phases of thorium
and uranium and is f.c.c. (NaZn13 type) with a = 10.266 (on
the beryllium side) to a = 10.256 A (on the neptunium side),
that is, there is some region of homogeneity. The melting
point is above 1400°.

P l u t o n i u m b e r y l l i d e s . Plutonium also forms a
compound with beryllium of composition PuBe13 (32.63% Be)
(Fig. 18) «ι-"»; it is f.c.c. (NaZn13) with a = 10.284 (on the
beryllium side) to a = 10.278 A (on the plutonium side)1 3 0

in the limits of the homogeneity region; according to
Konobeevskii131 a = 10.274 A. The microhardness of
PuBe13

 1 3 1 is 947 kgf mm"2, the density131'132 4.35-4.36 gx
x cm"3. The compound is an active source of neutrons131.
Its m.p. is 1600° and heat of formation 35.7 ± 3.3 kcalx
x mole"1.1 3 4 PuBe13 can be made by melting a mixture of
pieces of metallic plutonium and beryllium powder in BeO
crucibles under argon in a high-frequency furnace135.

The beryllide PuBe13 corresponds to the maximal
aeutron emission in the Be-Pu system, 67 x 106 neutrons x
kg"1 s- 1 136

A m e r i c i u m b e r y l l i d e s . Runnals and Boucher1S7

prepared a beryllide, AmBe13, by reducing AmF3 with
beryllium in a vacuum (the reaction starts at 900° and
proceeds rapidly at 1125°). Like the other beryllides of
this composition, it is f.c.c; a = 10.283 A (on the beryl-
lium side of the homogeneity region). Its m.p. is 1375°,
density 4.376 g cm"3 (according to a review138 4.35 g cm-3).
It has mainly been studied as a source of neutrons125.

IV. COMPLEX BERYLLIDES

In addition to two-component beryllides, several multi-
component complex beryllides have now been discovered and
investigated; they are of considerable scientific and prac-
tical interest.

Nowotny and coworkers88 discovered the ternary beryl-
lides ZrBeSi and HfBeSi, with lattices of the nickel arsen-
ide type (£8a). The compound ZrBeSi has a certain region
of homogeneity, within the limits of which the lattice para-
meters vary from a = 3.722, c = 7.232 A (at the silicon-
-rich side) to a = 3.718, c = 7.217 A (at the beryllium-rich
side); for HfBeSi the lattice parameters are equal§:
a =3.693, c = 7.135 λ

It has been found139 that there is a continuous series of
solid solutions between the compounds ThBe13 and UBe13 in
the Be-Th-U ternary system. An investigation of the
physicochemical properties of the solid solution of compo-
sition (Tho eUOil)Be13 showed140 that on oxidation in air at
482° the change in weight of specimens of this alloy is
from 0.234 mg cm~2 (oxidation time 8 h) to 0.623 mg cm"2

(oxidation time 24 h). The physico-technical properties of
alloys of (Th, U)Be13 with uranium have been described in
detail79.

A ternary compound of the idealised composition AlBeB
has been observed141 in the Al-B-Be system; it is a dark,
finely crystalline substance, which crystallises with an
antifluorite lattice, the sites of the metal atoms in which
are occupied by ordered atoms of Be and Al.

The lattice parameters vary between 4.952 and 4.925 A,
owing to the partial formation by this ternary beryllide of
solid solutions with Be2B.

In the Be-Co-Mn system142 a ternary phase of compo-
sition MnCoo «

Bei.2 i s found, with the structure of a cubic
Laves phase (MgCua type) and a = 6.20 A.

Several complex beryllide phases have been described in
reviews "s»!44. In ternary systems with participation of
binary beryllides the equilibrium has been described in the
systems Be-Fe-P 1 4 5 (Fe2P-FeBe2 and Fe3P-FeBe2 sec-
tions); Be-C-U 1 4 e (UC-BeaC section); Al-Be-Zr1 4 7

(ZrBee-Zr4Al3, ZrBee-ZrAL,, ZrBe2-ZrAL,, ZrBe13-ZrAl13,
ZrBe13-Al, and ZrAl3-Be sections); Be-Fe-Si 1 4 8 (com-
pounds were found: FeSiBe, melting congruently at 1160°
and FeSiBe3, melting congruently at 1240°); Be-Cu-
Mn 149,150 (Cu-MnBe2); Be-Cu-Ti1 5 0 (Cu-TiBe2 section);
Be-Co-Cu1 5 0 (Cu-CoBe section); Cu-CrBe '""
Cu-FeBe2

1 5 0; Al-Be-Cu151;
section).

andBe-Cu-Ni1 5 2 (Cu-NiBe

Pig. 18. Part of the equilibrium diagram
of the beryllium-plutonium system.

§ Presumably on each side of the homogeneity region (Ed. of
Translation).
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V. STRUCTURE AND PHYSICOCHEMICAL NATURE OF
THE BERYLLIDES

Hardly anything has been published about the principles
governing the formation of alloys of beryllium and of its
compounds with other elements, if one discounts the very
general contributions dealing mainly with the possibility of
the formation of solid solutions by beryllium153.

Because the beryllium atom is larger than the boron
atom Parthe 1 5 4 considers that the beryllides should not be
so refractory as the corresponding borides: he thinks that
the highest melting points should be expected from the
compounds of beryllium with the metals of the sixth period,
and bearing in mind the small number of valence electrons
of beryllium, with the metals of Groups V and VI, that is,
with tantalum and tungsten.

In considering the physicochemical nature of the beryl-
lides it is of prime importance to allow for the peculiar
electronic structure of the beryllium atom. The electronic
configuration of the beryllium atom is Is22s2; in the
formation of crystals, beryllium and compounds are
characterised by a single-electron s —/> promotion155 with
the formation of the electronic configuration Is22s2p. The
presence of sp valence electrons brings about the forma-
tion of relatively strong covalent bonds between the beryl-
lium atoms, both in the crystal lattice of the metal itself
and in the lattices of its compounds with other elements,
particularly with metals. In the last instance the tendency
of the beryllium atoms to form a covalent bond with one
another brings about a statistical diversion to this bond of
electrons from the M-Be and M-M bonds, which leads to
their corresponding weakening. Corresponding to the
formation of a covalent bond between the beryllium atoms,
the latter tend to associate in the crystal lattices of the
beryllides into more or less intricate structural complexes.

Above all, the peculiarities of the electronic structure
of the beryllium atom and its high capability for s -* p
promotion with the formation of a stable sp configuration of
the electrons shows in the properties of beryllium itself.
As the sp configuration is energetically somewhat more
stable than s2, then on thermal excitation the original
s2^sp equilibrium is shifted to the right and with the
prevalence of statistical weight of the sp configuration the
crystal structure of the beryllium can be changed, which
is also observed in reality 156H. The fact that the tempera-
ture of this a — β transformation is close to the melting
point of beryllium shows that the sp configuration is not
much more stable than the s2 configuration; this requires
a rather high temperature to create the prevailing statis-
tical weight of the sp states and the corresponding modifi-
cation transformation. Beryllium exhibits the highest
heat of fusion among the metals, which is undoubtedly
brought about by the presence in it of sp states; this
explains the high electronic work function of beryllium,
which is not characteristic for ordinary metals with s
valence electrons. The tendency of the sp configurations
already existing in beryllium to trap electrons and to the
formation of the sp2 and especially sp3 configurations,
which are more stable energetically, brings about both the
exceptional tendency of beryllium to contamination by
various impurities and the difficulty of removing them, and

1Ϊ Here, in accordance with the high energetic stability of
the sp configuration, the β modification of beryllium based upon it
is cubic, whereas the a modification which is based upon the s2

states is hexagonal, that is, has a lower symmetry.

also the high brittleness of the contaminated beryllium,
which in this state contains an electron configuration ana-
logous in energetic state and type to the electron configura-
tions in diamond, silicon, and germanium. The chemical
properties of beryllium, which tends, for example, to
form compounds of both basic and acidic type, are also
evidence of the dual nature of this element, which possesses
simultaneously the attributes of a metal (on account of the
s electrons) and of a non-metal (on account of the known
statistical weight of the sp states).

Just the presence of the sp states, which tend to be
stabilised into the states of a higher energetic order sp2,
sp3, determines the formation by the beryllium atoms of
complex elements of structure in compounds, especially
with partners, the atoms of which are donors of electrons.

A l k a l i m e t a l b e r y l l i d e s have the composition
MBê  (MgCua type, characterised by there being in each
octant a regular tetrahedron of beryllium atoms, so that
their centroids are at the centres of the octants)157. Hence
the stable tetrahedral configuration of beryllium atoms
corresponding to the electronic configuration sp3 is realised
in this structure, for the creation of which the abstraction
of electrons from an alkali metal is necessary. In turn
the ability of alkali metals to transfer electrons to the
Be-Be bond is determined by their ionisation potentials,
which decrease from lithium (5.37 eV) to caesium
(3.36 eV). Evidently therefore a beryllide has been ob-
served first for potassium11»158 which has a low ionisation
potential (4.32 eV) among those alkali metals whose com-
pounds have been longest and most carefully investigated
(Li, Na, K). Possibly, lithium and sodium beryllides
either are not formed at all, because of the high ionisation
potentials of these metals, or are formed under conditions
of strong excitation (high temperatures, strong electro-
static or magnetic fields, electrolysis); on the other hand,
the formation of rubidium and caesium beryllides should
proceed relatively easily and the fact that it has not yet
been observed may be due to the compounds of these rare
metals having been insufficiently studied.

On the other hand the possibility of the formation of
alkali metal beryllides can be interpreted by assuming that
in the formation of metallic crystals from alkali metal
atoms s2 configurations are formed from the valence elec-
trons of the atoms, whereas for the formation of the
beryllides the destruction of these configurations is neces-
sary, which is especially easy to complete for the alkali
metals starting with potassium owing to the partial pro-
motion of s electrons to the completely vacant d states.
Since this promotion increases with the principal quantum
number of the d states it is obvious that the most favour-
able conditions for the formation of a beryllide is with
potassium, for which this transition is sharply expressed
for the excitation of the s2 configuration but does not lead
to preferential promotion of the s electrons into the
d states, owing to the low principal quantum number of the
latter; therefore the transfer of some of the s electrons to
the beryllium atoms is possible.

The diversion of alkali metal electrons to the Be-Be
bond and the formation of covalently bound complexes of
beryllium atoms in the beryllide structures should confer
on the alkali metal beryllides the character of ionic-
-covalent compounds with strong asymmetric distribution
of the electron density — to sharp displacement of the
electrons of the bonds in the direction of the complexes of
beryllium atoms. Evidently this asymmetry should in-
crease with a fall in the ionisation potential of the metal
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and with a decrease in the statistical weight of the s2 con-
figurations; one should expect a parallel reduction in the
thermal stability of the beryllides in their disproportion -
tion with formation of groups of beryllium atoms in the
vapour state, probably in this instance analogous to the
groupings of carbon atoms in the disproportionation of
some carbides. It can also be suggested that in these
beryllides regions of homogeneity are almost absent or are
very narrow.

B e r y l l i d e s of t h e m e t a l s of the copper
s u b g r o u p . In the formation of the beryllides of the
metals of this subgroup there again appears a tendency for
beryllium atoms to form sp electronic configurations and
corresponding structural elements of beryllium atoms in
the lattices of the beryllides; this tendency is combined
with the existence of a. free s 1 electron of the metal which
is comparatively easily transferred to the beryllium atoms.
In this connection, copper (Zd10^1, ionisation potential
7.67 eV) readily forms beryllides CuBe, CuBe2, GuBe3

with a growing bridge structure of beryllium atoms in the
crystal lattices; in particular, whereas in the structure
of CuBe (closely resembling FeSi) the beryllium atoms are
isolated, in the CuBe2 structure they form regular tetra-
hedra situated in the vacancies of the octants of the MgCu2

structure, alternating with magnesium atoms, which are
arranged in a diamond-type structure157. The greater
ease of removal of electrons from the silver atom
{4d10Af°5s

1, ionisation potential 7.58 eV) facilitates the
formation of covalent bonds between the beryllium atoms
and shifts the concentration of beryllium in the correspond-
ing beryllides towards higher values AgBe2 and AgBe^.
Gold forms an even greater number of beryllide phases
(Table 1).

In considering the number and nature of the beryllide
phases formed by the metals of the copper subgroup, it
must be borne in mind that whereas for copper the s elec-
trons can be transferred to a partner without the destruc-
tion of the stable di0 configuration, with silver and gold the
completely vacant corresponding 4/ and 5/ states appear,
which can bring about partial abstraction of the electrons
from the d10 configurations with destruction of the latter,
and on going from silver to gold the probability of the
transfer of the d electrons to the / states should increase
owing to an increase in the energetic stability of the /
states with rise in the principal quantum number159. How-
ever, the energetic stability of the d10 configuration rises
simultaneously and to a greater extent, therefore metallic
gold, in particular, has a melting point higher than that of
silver, but lower than that of copper, for which (despite
the low principal quantum number of the d electrons) the
d electrons are not removed to the / states. In connection
with the breakdown of the di0 configuration of silver and
gold the loss of their stability due to the d -*•/ transitions
creates the possibility of both an increased transfer (com-
pared with copper) of electrons of beryllium to form
intricate structural complexes of them with high statistical
weight of the sp3 configurations, and also the possibility of
covalent association of the silver or gold atoms with a
tendency to the reduction of the destroyed d10 states, which
brings about for gold the appearance of the lower beryllide
phases Au3Be and AUgBef. Analogously, it is to be
expected that for silver also lower beryllide phases should
be observed.

t On the contrary, In the higher beryllides of the AuBe12 type
the statistical weight of the d5 configurations in the gold sublattice
is probably very great.

B e r y l l i d e s of m a g n e s i u m and the a l k a l i n e
e a r t h m e t a l s . In accordance with the peculiarities of
the structure of NaZn13 type in which the only beryllium-
magnesium compound (MgBe13) crystallises, some of the
beryllium atoms form icosahedra, the others are at the
vertices, the centres of the faces, edges, and in the centre
of the cell, and the magnesium atoms are isolated in the
centres of the eight cubes into which the cell is divided.
Hence in the MgBe13 structure the structural motif of
the beryllium atoms is particularly strongly expressed.

Beryllium, magnesium, and the alkaline earth metals
(calcium, strontium, barium, and radium) have the s2 con-
figuration of the outer (valency) electrons, which is capable
of being converted into the sp configuration by s —• p pro-
motion. As the stability of the sp states rises with fall
in principal quantum number of the sp electrons, the pro-
bability of the s -*p promotion with the formation of these
states is much greater, as was shown above for beryllium.
For magnesium, owing to the lower stability of the sp
states the probability of the s -**p promotion decreases,
nevertheless magnesium also retains the feature of a
certain dualism of properties, which leads to its separation
from the group of alkaline earth metals proper. On passing
further to calcium, this gradual fall in non-metallic pro-
perties is sharply accelerated with the appearance in
calcium of completely vacant 3d shells into which s elec-
trons can be transferred.

Hence the electronic transitions acquire the general
form expressed by the scheme d ^ s2 *=*• sp. Therefore
the lowering of the statistical weight of the sp configurations
at calcium is due not only to the increase in the principal
quantum number of its sp electrons, but mainly to s —- d
promotion, which sharply lowers the probability of that of
the s -*p. Since the stability of the electron configura-
tions which are converted into the d states increase's with
increase in the principal quantum number of the d elec-
trons, then on going from calcium to strontium, barium,
and radium the equilibrium d ^ s2 ^ sp is sharply dis-
placed in the direction of the formation of the confdura-
tions of d electrons with a diminution in the statistical
weight of the sp states; the metallic properties of these
elements rise correspondingly sharply.

Therefore in the compound MgBe13 the "more metallic" ί
magnesium emerges as a donor of s electrons and beryl-
lium as an acceptor with the formation of sp configurations.
The difficulty of making magnesium beryllide described
above (see p. 341) is probably explained not only and not so
much by the volatility of magnesium and the difficulty of its
concentration in the reaction space of the furnace, as by
the relative similarity of the electronic structure and
energetic states of the beryllium and magnesium, in parti-
cular, by the presence in both metals of the difficultly-
- excited sp electronic configurations. In this connection,
the calcium beryllide CaBe13 is formed much more easily
when it is also taken into account that the stable pairs of s2

electrons are destroyed in consequence of the s -* d pro-
motion. Therefore CaBe13 is also more stable in thermal
respects than magnesium beryllide.

It is possible that the absence of such phases for stront-
ium and the other alkaline earth metals is due not only to
their having been little investigated, but to the principal
considerations that as a result of the s -» d promotion
there is a strong bonding of the electrons and increasing
difficulty in their transfer to the beryllium atoms; this

t Obviously it would be even better to say "less non-metallic".
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difficulty should increase with increase in the principal
quantum number of the d electrons, that is, from strontium
to radium.

It should be noted that Laube and Nowotny 4 S connect the
formation of the structural type NaZn13 (AB13) with the
great difference in the atomic radii rA and TB , by showing
that this explains the existence of the phases AB13 for the
beryllides (A = Mg, Ca, Sc, Y, La, Ce, Zr, Hf, Th, U, Pu),
zincides (A = Na, Sr, Ba), cadmides (A = K, Rb), and for
the same reason such phases are unknown for the magnides,
where component Β would be magnesium. It is evident that
this purely "geometrical" standpoint does not reveal the
actual reasons for the formation of beryllide phases of the
type AB13.

B e r y l l i d e s of m e t a l s of the z inc subgroup.
The increase in the ionisation potentials (up to 9-10.5 eV)
compared with the metals previously considered and also
the existence of rather stable electronic configurations for
the atoms of these metals (type d10s2) greatly hinders the
transfer of electrons to beryllium, therefore it is evident
that corresponding beryllides have still not been observed,
if we rule out the indication of the possibility of the forma-
tion of an amalgam BeHg2 on electrolysis, that is, under
conditions when there is a rather strong excitation of the
mercury atoms (mercury cathode). Under ordinary con-
ditions of heating, the metals of the zinc subgroup are
almost inert towards beryllium.

Hence the difficulty or even impossibility of forming
beryllides of the metals of the zinc subgroup can most
probably be explained by the presence in the crystals of
these metals of a high statistical weight of the stable
s2 configurations, which should be destroyed for transfer
of some of the s electrons to the beryllium atoms. Such a
destruction is mainly possible on account of the s -»/
transitions with cadmium and mercury, which are also
realised with sufficiently strong excitation of the atoms of
the latter.

B e r y l l i d e s of the r a r e - e a r t h m e t a l s . It is
evident that the picture of the nature of the chemical bond
in the rare-earth beryllides is the same in principal as
for the beryllides of the alkaline earth metals, owing to the
high ionisation potentials (6-7 eV 1β0) and the existence of
paired outer s electrons for all the lanthanides. In this
context, all the r.e.e. beryllides form beryllide phases of
the same composition MBe13 with NaZn13 structure (as do
the alkaline earth metal beryllides), but scandium, as a
typical d transition metal, forms (in addition to ScBe13)
also phases of composition Sc2Be17 and ScBe5, which are
characteristic of zirconium and hafnium. However, the
formation of beryllide phases by the r.e.e. proceeds more
easily than that by the alkaline earth metals, apparently
owing to the higher energetic position of the 6s2 electrons,
and also the rather strong screening of the incomplete 4/
electron shells of the lanthanides. Nevertheless, it must
be suggested that their physical properties should differ
rather appreciably, owing to a difference in ability to make
/ -*• d electron transitions and the possibility of the estab-
lishment of 5d states (4/w — 4/w~1 W1)1·*»182, the proba-
bility of which should rise from gadolinium, on the one
hand to lanthanum, and on the other to lutetium. The
lattice parameters of the lanthanide beryllides MBe13 de-
crease almost monotonically with rise in atomic number55

in accordance with the well-known lanthanide contraction.
In this the usual breakdown of this monotonicity for europ-
ium and ytterbium is essentially not observed, for in the

beryllides all the lanthanides behave as formally bivalent
metals, and a high statistical weight of stable sp3 electron
configurations of beryllium atoms is formed.

Simultaneously, with increase in the number of elec-
trons in the / shell of the isolated lanthanum atom there
is a rise in the statistical weight of the stable f (for
elements with seven or less / electrons) or f14 (for
elements with more than seven / electrons) configura-
tions; correspondingly there should be a drop in the
fraction of electrons changing into a delocalised state.
Therefore for beryllides with a high statistical weight of
f7 and / 1 4 states under the condition of simultaneous
localisation of the beryllium valence electrons in stable sp
configurations, the appearance of an energy gap and the
corresponding semiconducting properties can be expected.
The energetic isolation of configurations of electrons
localised in the metal and beryllium atoms, with a corres-
ponding decrease in the fraction of non-localised electrons
leads to less breakdown of the lattice than would corres-
pond with the relatively high melting points of the lanthan-
ide beryllides, their high hardness, and also ability to
disproportionate on melting or vaporisation, as all these
features should increase with increase in the statistical
weight of the stable f or / 1 4 configurations respectively of
the atoms of the metal sub-lattice, as is actually observed
(Table 2).

It has been noted55 that the unit-cell volumes of the
beryllides MBe13 are larger, which is associated with their
high beryllium content (92.86 at.%), in which these volumes
do not correspond with the rule of the additivity of the
metal and beryllium volumes shown by Matyushenko1β3 for
the beryllides of all simple metals. In other words, since
the MBe13 beryllides fit the additivity rule for the volumes
of the components, then the volume of the beryllium atom
should be decreased by ~ 0.23 A3 for most beryllides. This
can be imagined to be the result of exceptional "close
packing" (localisation) of the electrons of the skeletal
beryllium atoms associated with the above-mentioned high
statistical weight of stable sp electron configurations.

It must be noted that for ScBe13 because of the high donor
capability of the poorly filled d shell of the scandium atom
the formation of the stable electronic configurations of the
beryllium atom is accompanied by the appearance of a
higher concentration of delocalised electrons, which should
involve a lower melting point for this beryllide, more
sharply expressed metallic properties, and a lower vapour
pressure in thermal dissociation, owing to the greater
fraction of electrons passing into the delocalised state and
to the more symmetrical distribution of the electron den-
sity in the lattice.

B e r y l l i d e s of t h e d t r a n s i t i o n m e t a l s . In
considering the physicochemical nature and the electronic
and crystal structures of the transition metal beryllides
with incomplete d electron shells, we must consider the
concept of the unimportant difference in distribution of the
charge of the d electrons in a metal crystal from that in
an isolated atom1β4, the possibility of the formation of
stable electron configurations of atoms of metals and non-
-metals159, the possibility of electron promotion and
transfer, and data on the distribution of electrons in the
crystals of transition metals into covalently bound and
delocalised 1 β 5 - 1 β 7 . The scheme of the bonds in the beryl-
lides can be represented in the general form thus:

M—Be
•I· ··
M—Be
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where M-Be is a predominantly metallic bond, effected by
delocalised electrons, the bond Be: Be of predominantly
covalent character, and the bond M+M mixed covalent -
-metallic. Evidently the fraction of the individual types of
bonds in metal beryllides depends firstly on the ability of
the d shells of these metals to accept or donate electrons
with the formation of one or another configuration of
localised electrons.

In accordance with ideas about the formation and break-
ing of stable electronic configurations which have been
advanced«β,ιββ,ιβο, 17β t h e s t a b l e s t a t e s formed by the d elec-
trons appear to be d°, d5, and d10, the greatest stability
being exhibited by the d5 conf iguration, and the energetic
stability of any configuration of the d electrons increases
with increase in the principal quantum number of the
d electrons.

For transition metals which possess in the state of
isolated atoms the d^s2 configuration of valence electrons
(scandium and yttrium) and also d2s2 (the metals of sub-
group IVa) the most probable is the transfer of some of the
valency electrons to partners with the formation of a high
statistical weight of the d° state and a fall in the statistical
weight of the d5 state §. On passing to the metals of Groups
V and VI (d^s2, d*sl, d4s2, d^1) with a number of d elec-
trons close to 5, the statistical weight of the d5 configura-
tions rises and there is a corresponding fall in the donor
and rise in the acceptor ability of the atoms, directed to
the completion and stabilisation of the d5 configuration.
For the transition metals with more than five electrons in
the d shell (Group VIE) the presence of two stable con-
figurations is characteristic: ds and d10, the statistical
weight of which changes to the benefit of the d10 states with
rise in the number of electrons in the d shell of the iso-
lated atom.

It must accordingly be expected that the transition
metals of Groups ΙΠ-IV will mainly tend to transfer valency
electrons to beryllium atoms with the formation in the
metallic sub-lattice of a high statistical weight of the d°
state, and in the beryllium sub-lattice of covalent groups of
beryllium atoms stabilised by valence electrons trans-
ferred by the metal atoms. With increase in the relative
concentration of beryllium atoms there will be a greater
transfer of metal electrons from the valence state in the
beryllium atoms which are combined in stable configura-
tions and there is an associated decrease in the concentra-
tion of delocalised free electrons, a corresponding de-
crease in the loosening of the lattice, and a rise in melting
point, hardness, and electrical resistivity (Tables 4 and 5).
It is noteworthy here that the melting points increase on
going from the titanium to the zirconium beryllides, and
then decrease for the hafnium beryllides; this is because
on going from titanium to hafnium there is a simultaneous
change in the stability and the statistical weight of the d5

configuration and the probability of the promotion of part
of the d electron density of zirconium and hafnium to the
/ state, whereas with zirconium there is evidently a known
optimum — with the rise in stability and statistical weight
of the ds state (leading to a fall is the concentration of the
delocalised electrons) for zirconium the process of d-*f
promotion is still not strong enough, leading to a fall in

the statistical weight of the d5 state, to a rise in the
weight of the d° state with a corresponding increase in the
concentration of delocalised electrons, resulting in loosen-
ing of the lattice.

Similarly, for the metals of Group V the formation of
beryllides should be connected with the breakdown of the
electron configuration of beryllium and the transfer of the
electrons to the transition metal atoms. However, owing
to the tendency of beryllium to form stable electron con-
figurations of type sp3, it is evident that the same process
of transfer of part of the valency electrons from the transi-
tion metal atoms to the beryllium occurs, but simultane-
ously strong covalent bonds are formed between the
transition metal atoms ι65""7, the more strongly the less
they are destroyed by the transfer of electrons to the
beryllium atoms. Therefore, for example, for the series
of niobium beryllides (Table 6) the melting points of the
corresponding phases do not decrease, but rise with in-
crease in the relative proportion of metal, or with de-
crease in the relative proportion of beryllium. The same
also occurs for the tantalum beryllides, and later in
Group VI for the beryllides of molybdenum and apparently
(judging by hardness)1f — tungsten. It is interesting that
tungsten and rhenium, which have quite stable and not
readily excitable rf5 states (formed by d electrons which
possess the highest principal quantum numbers, so that
in tungsten these states are formed even in the metal crys-
tal: d4s2 —- d5sx), form phases with the greatest relative
amount of beryllium MBe22, which is evidently connected
with the considerable ease of transfer to beryllium of their
s electrons of the stable d6 states formed by the localised
valence electrons.

For the transition metals having more than five elec-
trons in the d shell of the isolated atom it is possible for
both donor and acceptor properties to appear within wide
limits, which gives rise to a wide variety of possible com-
binations of the bond functions and a correspondingly large
number of compounds with beryllium, these being formed
specially with the platinoids. Here, in those instances
when the platinum metal is predominantly a donor, tending
to give some of its electrons with a corresponding increase
in the statistical weight of the ds configuration, phases with
a high relative concentration of beryllium are formed
predominantly (as for the transition metals of Groups IV-
VI), for example, for ruthenium (d7s1), osmium (des2),
and iridium (d7s2). When the metal is predominately an
acceptor, tending to acquire electrons and increase the
statistical weight of the d10 configurations, then phases
with a high relative concentration of metal and a low rela-
tive concentration of beryllium are formed, which in this
way is prevented from forming covalent groups because
the metal atoms do not transfer to it the additional elec-
trons. This occurs, for example, with palladium (d10) and
especially with platinum (^s1), for which phases are
formed with the lowest beryllium concentrations, right
down to Be : Μ = 1:15. Nevertheless these metals, be-
cause they retain the probability of forming a type ds con-
figuration, also form phases with a high relative concen-
tration of beryllium.

X-Ray crystallographic studies of the beryllides TiBe,
TiBe2, Ti2Be17, and TiBe12 have been made and they have

§ Using the results of the X-ray spectroscopic investigation of
crystals of transition metals "5-ιβΤ,ιτ^ the statistical weight of the
ds configurations can be estimated for the metals (%): Sc 18,
Υ 22, La 23, Ti 43, Zr 52, Hf 55, V 63, Nb 76, Td 81, Cr 73,
Mo 88, W 94.

1Γ The more so, as hardness in these compounds of metallic
type is determined by the concentration of delocalised electrons
and by the degree of asymmetry of the electron density distribu-
tion, as in metals 170.
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been compared with beryllium M>l71. As a result it was
found that for TiBe and TiBe2

 1 7 1 the valence electrons of
both atoms (titanium and beryllium) are delocalised, which
ensures an essentially metallic type of bond with a small
contribution from the donor-acceptor interaction of the
3d electrons of the titanium with the 2p electrons of the
beryllium. In Ti2BeJ7

 β β there is a marked weakening of
the degree of overlap of the energy bands of the valence
electrons of the components of the alloy and a substantial
increase in the role of the interaction between the beryl-
lium atoms, that is, apparently the appearance of strongly
covalent Be-Be bonds, which the authors ββ designate as the
difference in the "effective electronegativity" of beryllium
from the electronegativity of titanium, instead of the
practical equality of these quantities of the free atoms and
their similar values for the phases containing less beryl-
lium m . Hence the results of the X-ray studies of the
titanium beryHides confirm well the nature of the change
in the type of chemical bond with change in the relative
concentration of beryllium atoms in the titanium beryHides.

Unfortunately, there has been no investigation of the
superconducting properties of beryllium compounds which
would permit several important conclusions about the
electronic structure of these compounds to be drawn.

The dependence of the relative change in volume of
beryllides of various compositions AB# on atomic volumes
of components A has been investigated49'65 (Fig. 19). It is
evident that the increase in the Be : Μ ratio leads to a de-
crease in the fraction of the volume associated with one
atom of beryllium, that is, the significant growth in Be: Be
covalent bonds and the corresponding packing of the struc-
tural complexes of beryllium atoms are again confirmed.

With increase in the Be: Μ ratio there is a correspond-
ing increase in the coordination number of the Μ atoms:
for the compounds MBe2 (Laves phase type) the value 16 is
characteristic; for the phases MBe5 (CaCu5 type), MjjBe17

(Τ^Ζη1 7 type), and MBe12 (ThMnl2 type) 20; for the MBe13

phases (NaZn13 type) 24. However, the coordination
number of Μ for the MBe22 type phases is lower than in
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Fig. 19. Dependence of the relative change in
the volume of the beryllides ABe* on the
atomic volumes of the components:
1) ABe; 2) ABe2; 3) ABe5; 4) ABe8#5; 5)
6) ABe22.

MBe12 and MBe13, which agrees well with the formation
here of the most complicated complexes from the beryl-
lium atoms, which are structurally rather strongly iso-
lated from the metal atoms (which in their turn, have a
stable state with a high statistical weight of the ds con-
figuration).

The electrophysical properties of the transition metal
beryllides have hardly been studied at all, but the available
data show that the beryllides of metals with a higher statis-
tical weight of d° states and a correspondingly high con-
centration of delocalised electrons have the metallic type
of conductivity with a temperature coefficient of resistivity
which decreases with fall in the statistical weight of the
d° state and increase in the weight of the ds state. The
coefficients of thermal expansion of the beryllides tend to
decrease, which is due to the great strength and rigidity
of the bonds in their crystal lattices.

Hence the formation of covalent bonds, both between
the transition metal atoms and also between the beryllium
atoms, on simultaneous transfer of some of the valence
electrons of the components into a delocalised state is
characteristic of the transition metal beryllides. The
transition metal beryllides then can be classified as
covalent-metallic compounds with a wide variation
in physical and chemical properties within these limits
from being present in a predominantly covalent state (at a
high statistical weight of stable electronic configurations
of the metal and beryllium atoms) to metallic properties,
determined by the lower statistical weight of the stable
configurations and the large transfer of valence electrons
of the components into a delocalised state.

VI. PROMISING FIELDS OF USE OF BERYLLIDES

The high strength of beryllides at high temperatures,
especially of transition metal beryllides (Fig. 20), which is
about ten times that of ceramics, in conjunction with high
oxidation resistance and also high thermal conductivity
(which is twice that of high-temperature materials based
on oxides) suggests a promising use of beryllides as
materials for heat-resistant and other high-temperature
alloys with maximal operating temperatures up to 1700°.172

The industrial use of beryllide heat-resistant materials has
been described80. Thus, components of space vehicles
and guided missiles made from such materials are capable
of withstanding a temperature 1.5 times higher than the

ze

i

1 I

CO

Π
Fig. 20. Comparative strength of the beryl-
lides and other refractory metals (at 1370°).
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usual cobalt-, nickel-, and niobium-based alloys. The
combination of high strength with low specific gravity
(2.7 to 5-6) offers an especially promising use of beryllides
in aviation and rocket technology. The resistance of beryl-
lides to thermal shock at low rates of heat transfer and
high-temperatures — which are higher than for most metal
oxides, but lower than for graphite, fused silicon dioxide,
and TiC -based cermets — is important for these fields of
use; at high heat transfer rates the beryllides exhibit the
same resistance to thermal shock as ThO2, ZrO2, and
A1A.

The beryllides are of considerable practical interest for
nuclear energy and energetics. Thus the beryllide UBe13

is liquid alkali metals is of interest as a nuclear fuel in
heat liberating elements of the disperse type173. The Be-
UBe13 dispersion systems have also been described1'173.
The use of NbBe12, YBe13, and ZrBe12 as moderators has
been discussed m . The beryllide PuBe13 is used as a
neutron source, giving a stable yield of neutrons thanks to
the long half-life of plutonium131.

- - - o O o - - -

The peculiarity of the electronic structure of the beryl-
lium atom, which enables it to form either a metallic bond
by means of the valence s electrons, or covalent bonds, by
means of the sp electronic configuration, determines both
the dualism of the properties of beryllium itself, which
acts simultaneously as a metal and as a non-metal, or as
a semi-metal, and also the wide variety of compounds of
beryllium with other metals — the beryllides — and their
physicochemical properties.

In turn, the variety of properties ensures a wide poten-
tial field of use of this important and complex class of
chemical compounds, especially in the various branches of
high-temperature technology, nuclear physics, semicon-
ductor technology, and in catalysis.

The investigation of the nature of the chemical bond is
beryllides is of considerable importance for the develop-
ment of the principles of contemporary metal chemistry m

and the creation of new inorganic materials with previously
specified physico-technical characteristics.

1. G. E. Darwin and J. H. Buddery, "Metallurgy of the Rarer
Metals: Beryllium" (Translated into Russian), Inostr.Lit.,
Moscow, 1962.

2. D. W. White and J. E. Burke (Editors), "The Metal Beryl-
lium" (Translated into Russian), Inostr.Lit., Moscow, 1960.

3. E.JSnecke, "Kurzgefasstes Handbuch aller Legierungen",
Karl Winter University Verlag, Heidelberg, 1949.

4. M. Sittig, "Sodium: Its Manufacture, Properties and Uses"
(Translated into Russian), Gosatomizdat, Moscow, 1961.

5. A.F.Alabyshev, K. Ya. Grachev, S. A. Zaretskii, and
M. F. Lantratov, "Natrii i Kalii" (Sodium and Potassium),
Goskhimizdat, Leningrad, 1959.

6. F. M. Perel'man, "Rubidii i Tsezii" (Rubidium and Caesium),
Izd. Akad. Nauk SSSR, Moscow, 1960.

7. M.Hansen, "Der Aufbau der Zweistofflegierungen" (Trans-
lated into Russian), Metallurgizdat, Moscow, 1941, Vol.1,
p.281.

8. L. Losana and G.Venturello, Alluminio, 1Λ, 8(1942).
9. H. Silliman, in "Metals Handbook", American Society for

Metals, Cleveland, Ohio, 1948, p. 1176.
10. N. Kh. Abrikosov, Izv. Sektora Fiz.-Khim. Anal., Inst. Obshch.

Neorg.Khim. Akad. Nauk SSSR, 25, 1045 (1955).

11. A.R.Kaufmann, P.Gordon, and D.W.Lillie, Trans.Amer.
Soc. Metals, 42, 785 (1950).

12. G.V.Raynor, Inst. Metals Annotated Equilibrium Diagram
Series, No. 7 (1949).

13. A.Braun, Pro-Metal, 15, 762 (1962).
14. H.Thomas, Z.Metallk., 56, 31(1965).
15. A.E.Vol, "Stroenie i Svoistva Dvoinykh Metallicheskikh

Sistem" (Structure and Properties of Binary Metallic Sys-
tems), Fizmatgiz, Moscow, 1959, Vol.1; 1962, Vol.II.

16. M.Hansen and K.Anderko, "The Structure of Binary Alloys"
(Translated into Russian), Metallurgizdat, Moscow, 1962,
Vols.Iandn.

17. G.Oesterheld, Z.anorg. Chem., 97, 14(1916).
18. R.Reinbachand F.Krietsch, Z.Metallk., 54, 173(1963).
19. W.Koster and H.-P.Rave, Z.Metallk., 52, 252 (1961).
20. E.Raub and W. Plate, Problemy Sovremennoi Metallurgii,

No. 4, 102 (1952) (Translation into Russian).
21. H.A. Sloman, J. Inst. Metals, 54, 161 (1934).
22. O.Winkler, Z.Metallk., 30, 162 (1938).
23. L.Misch, Metallw., 15, 163 (1936).
24. F.W.von Batchelder and R. F.Raeuchle, Acta Cryst., 11_,

122 (1959).
25. G.P. Chatterjee and S. S. Sidhu, Phys.Rev., [2], 76, 175

(1949).
26. G.P.Chatterjee and J.Mines, Metals, Fuels, 10, 20 (1962).
27. L. Losana and N. Agliardi, Alluminio, i$, 125 (1939).
28. B.D.Cullity, Trans.AIME, 171, 396 (1947).
29. L.Misch, Metallw., 14, 897 (1935K
30. R. F.Raeuchle and F.W.von Batchelder, Acta Cryst., 8,

691 (1955).
31. H.Hirsch and J.Taub, U.S.Atomic Energy Commission

Publ.NMDDC-1333 (1964); cited in Ref.l.
32. W.Kroll and E.Jess, Wiss.Verbff.Siemens-Konzern, 10,

(2), 29 (1931).
33. R. J. M. Payne and J. L.Haughton, J. Inst. Metals, 4£, 363

(1932).
34. T.Luman, in "Metals Handbook", American Society for

Metals, Cleveland, Ohio, 1948, p. 1177.
35. V.A.Perelygin, "Trudy Tsentral.Gos.Nauch.-Issled. Inst.

Sbornik Rabot Metalloobrabotke i Splavam, 1930-34",
Moscow, 1937, p. 162.

36. T, Baker and J.Williams, Acta Cryst., 8, 519 (1955).
37. J.Williams, in "Progress in Nuclear Energy Series V:

Metallurgy and Fuels. Vol.1", Pergamon Press, London,
1956, p. 300.

38. J.Williams and J.Jones, B.P. 788239 (1955).
39. J. H. Buddery and R. Thackray, J.Inorg. Nuclear Chem., 3_,

190 (1956).
40. N.C.Baenziger and R.E.Rundle, Acta Cryst., 2, 258 (1949

[U.S.Atomic Energy Commission Publ.AECD-2506 (1948)
(Ed. of Translation)].

41. S.Bodforss, Z.phys. Chem., 124, 68(1926).
42. M. C.Kells, R. B.Holden, and C.I. Whitman, J. Amer. Chem.

Soc, 7j), 3925 (1957).
43. L.Kelman, W.Wilkinson, and F.Yaggee, U.S.Atomic

Energy Commission Report NANL-4417 (1950); cited in
Ref. 1.

44. D. M. Chizhikov, "Kadmii" (Cadmium), Izd. Akad. Nauk
SSSR, Moscow, 1962.

45. E.Laube and H.Nowotny, Monatsh., 93, 681(1962).
46. E.I.Gladyshevskii, P. I. Kripyakevich, Yu.B.Kuz'ma, and

V. S. Protasov, in Collected Papers, "Voprosy Teorii i
Primeneniya Redkozemel'nykh Metallov" (Problems in the
Theory and Use of the Rare Earth Metals), Izd. Nauka,
Moscow, 1964, p. 153.

47. V.S.Protasov and E.I.Gladyshevskii, Kristallografiya, £,
267 (1964).

48. C.E.Lundin, "Rare Earth Metal Phase Diagrams", Paper

358



Vol.35 No.5 RUSSIAN CHEMICAL REVIEWS May 1966

given at the Rare Earth Symposium, Annual Meeting of the
American Society for Metals, Chicago, 1959; cited in 77.
Ref. 58.

49. Ν. Ν. Matyushenko and G. F. Tikhinskii, Kristallografiya, 78.
8, 451 (1963).

50. W. Chubb and R. Dickerson, "The Preparation and Proper-
ties at Three Refractory Beryllides", Battelle Mem.Inst. 79.
Report NBMI-1327, March, 1959. 80.

51. D.A. Mannas and J. P. Smith, J. Metals, 14, 575 (1962).
52. E.I.Gladyshevskii, P. I. Kripyakevich, and D. P. Frankevich, 81.

"Voprosy Teorii i Primeneniya Redkozemel'nykh Metallov"
(Problems of the Theory and Use of the Rare Earth Metals), 82.
Izd. Nauka, Moscow, 1964, p. 149.

53. E. I. Gladyshevskii, P. I. Kripyakevich, and D. P. Frankevich, 83.
Kristallografiya, 8, 788 (1963).

54. B. Lav [possibly F. Laves (Ed. of Translation)], in Collected 84.
Papers, "Metallurgy of the Rare Earth Metals" (Translated 85.
into Russian), Inostr. Lit., Moscow, 1962, p. 162.

55. M. M. Matyushenko, V. N. Kiarev, and A. P. Svinarenko,
Ukrain. Fiz. Zhur., 8, 1266 (1963).

56. V.A.Amonenko, A.A.Kruglykh, V.S.Pavlov, and 86.
G. F. Tikhinskii, Izv. Akad. Nauk SSSR, Ser. Metallurgiya i
Gornoe Delo, No. 3, 158(1964). 87.

57. R.M. Paine, A. Stonehouse, and W. Beaver, WADC-TR-59-29
(1959); cited in Ref. 58. 88.

58. R. M. Paine and J. A. Carrabine, Acta Cryst., 13_, 680 (1960).
59. J.R.Lewis, J.Metals, 13_, 357(1961); translated into 89.

Russian in Problemy Sovremennoi Metallurgii, No. 6 (60),
98 (1961). 90.

60. K. Gschneider, Jnr., "Rare Earth Alloys", Van Nostrand,
Princeton, 1961. 91.

61. N. N. Matyushenko, V.N. Karev, and L. F. Verkhorobin,
Zhur.Neorg. Khim., 8, 1788(1963) [Russ. J. Inorg. Chem., 92.
928 (1963)].

62. P. Erlich, Z.anorg. Chem., 259, 1(1949). 93.
63. R. F.Raeuchle and R. E.Rundle, Acta Cryst., 6_, 107 (1953)

[U.S.Atomic Energy Commission Publ.ISC-125 (1951) (Ed. 94.
of Translation)].

64. E.Gillam and H.Rooksby, Acta Cryst., 17, 762 (1964). 95.
65. A.Zalkin, D. E. Sands, R.G.Bedford, and O.H. Krikorian,

Acta Cryst., 14, 63 (1961). 96.
66. E.E.Vainshtein, S. M. Blokhin, and P. I. Kripyakevich,

Dokl.Akad. Nauk SSSR, 142, 85 (1962). 97.
67. I. Obinata, K. Kurihara, and M. Simura, Titaniumu, 10,

No. 7, 160(1962); cited in Collected Papers, "Diagrammy 98.
Sostoyaniya Metallicheskikh Sistem" (Equilibrium Diagrams
of the Metallic Systems), 1962, Izd.VINITI, Moscow, 1964,
p. 12.

68. A. McQuillan and M. McQuillan, "Metallurgy of the Rarer 99.
Metals: Titanium", Butterworth, London, 1956.

69. T.I. Serebryakova and G.V. Samsonov, Informpis'mo IMSS, 100.
Akad. Nauk Ukrain. SSR, No. 99, Kiev. 1958.

70. Chem. Processing, 7, (8), 20 (1961). 101.
71. E.I.Gladyshevskii, P.I.Kripyakevich, M.Yu.Teslyuk, 102.

O. S. Zarechnyuk, and Yu. B. Kuz'ma, Kristallografiya, 6_,
267 (1961). 103.

72. B.W.Roberts, "Superconductive Materials and Some of
Their Properties", General Electric Research Laboratory, 104.
Schenectady, New York, 1963.

73. G.V. Samsonov, V. S. Fomenko, and Yu. B. Paderno, 105.
Ogneupory, No. 1, 40 (1962).

74. H.H.Hausner and H.S.Kalish, Trans. AIME, 188, 59 (1950). 106.
75. B. Lustman and F. Kerze, Jnr., "The Metallurgy of Zircon-

ium", McGraw-Hill, New York, 1955. 107.
76. J.A.McGurty, S.G.Gordon, and G. E. Klein, "Proceedings

of the Metallurgy and Materials Information Meeting", 108.
Report TYD 5061, April, 1951 [see also S.G.Gordon,
J.A.McGurty, G.E.Klein, and W. J. Koshuba, Trans. AIME, 109.

191, 637 (1951) (Ed. of Translation)].
V.S.Emel'yanov, Yu.G.Godin, A.I.Evstyukhin, and
A.A.Rusakov, Atomnaya Energiya, £, 33 (1960).
J.W.Nilsenand N. C. Baenziger, Acta Cryst., 7, 132 (1954)
[U.S.Atomic Energy Commission Publ.AECU-2728 (1953)
(Ed. of Translation)].
R.W.Getz, Reactor Materials, 6_, 61 (1963).
Chem. Eng. News, 3_9, No. 46, 65 (1961); see Atomnaya
Energiya, 13, No. 1 (1962).
E.A.Aitkenand J. P. Smith, J. Nuclear Materials, 6_, 119
(1962).
J.Booker, R.M.Paine, and A. J.Stonehouse, Reactor
Materials, 5, 28 (1962).
A.Zalkin, R.Bendford, and D.E.Sands, Acta Cryst., 12_,
700 (1959).
Atomnaya Energiya, 6_, 84 (1959).
E.A.Aitken, G.Hugh, and J.P.Smith, "Some High Tem-
perature Properties of Beryllium Intermetallic Compounds",
General Electric Laboratory, High Temperature Materials
Symposium, 7th October 1959; cited in Ref. 57.
P.I. Kripyakevich, M.A.Tylkina, and E.M.Savitskii,
Kristallografiya, 6, 117 (1961).
P.I.Kripyakevich, M.A.Tylkina, and E.M.Savitskii, Zhur.
Strukt.Khim., 2_, 424 (1961).
E.Rudy, F.Benesovsky, H.Nowotny, and L.Toth, Monatsh.,
92, 692 (1961).
E.E.Cherkashin, E.I.Gladyshevskii, and P.I.Kripyakevich,
Dopovidi, L'vivsTc.Derzh.Univ., No. 7, Part 3, 180(1958).
P. I. Kripyakevich and E. I. Gladyshevskii, Dokl. Akad. Nauk
SSSR, 104, 82 (1955).
E.E.Cherkashin, E.I.Gladyshevskii, P. I. Kripyakevich,
and Yu. B. Kuz'ma, Zhur. Neorg. Khim., 3_, 650(1958).
F.W.von Batchelder and R. F.Raeuchle, Acta Cryst., 10_,
648 (1957).
A.Zalkin, D.E.Sands, and O.H.Krikorian, Acta Cryst.,
.12, 713 (1959).
D.E.Sands, A.Zalkin, and O.H.Krikorian, Acta Cryst.,
12_, 461 (1959).
A.Zalkin, D.E.Sands, and O.H.Krikorian, Acta Cryst.,
1£, 160 (1960).
P.M.Arzhanyi, R.M.Volkova, and D.A.Prokoshin, Dokl.
Akad. Nauk SSSR, 150, 96 (1963).
D.A. Prokoshin and E.V. Vasil'eva, "Splavy Niobiya"
(Alloys of Niobium), Izd. Nauka, Moscow, 1964, p. 115.
N. D. Nagorskaya, L. V. Molchanova, M. V. Raevskaya,
A. V. Novoselova, I. F. Fridlyander, K. P. Yatsenko, and
L. K.Rogova, Metalloved. i Term. Obrabotka Metal., No. 6,
12 (1964).
G. L. Miller and F.G. Fox, J. Less Common Metals, 2_, 207
(1960).
E.I.Gladyshevskii and P.I.Kripyakevich, Kristallografiya,
2, 742 (1957).
A.Edwards and S.Johnstone, J.Inst.Metals, 84, 313 (1956).
M. I. Zakharova and P.I.Dal'nov, Zhur. Tekh. Fiz., 5_, 184
(1938).
S.G.Gordon, J.A.McGurty, G.E.Klein, and W.J.Koshuba,
Trans.AIME, 191, 637 (1951).
R.F.Raeuchle and F.W.von Batchelder, Acta Cryst., 8,
961 (1955).
P.I.Kripyakevich and E.I.Gladyshevskii, Kristallografiya,
8, 449 (1963).
N.N. Matyushenko, Izv. Akad. Nauk SSSR, Met. i Gorn. Delo,
No. 2, 167 (1964).
P.M.Arzhanyi, R.M.Volkova, and D.A.Prokoshkin, Izv.
Akad.Nauk SSSR, Met. i Toplivo, No. 6, 152 (1962).
E.M.Savitskii and C.V.Kopetskii, Izv.Akad.Nauk SSSR,
Met. i Toplivo, No. 4, 153(1962).
W. Hume-Rothery and G.V.Raynor, "The Structure of

359



Vol.35 No.5 RUSSIAN CHEMICAL REVIEWS May 1966

Metals and Alloys", Institute of Metals, London, 1954. 143.
110. D.E. Sands, Q.C.Johnson, A. Zalkin, O.H.Krikorian, and

K. L. Kromholtz, Acta Cryst., 15, 832 (1962). 144.
111. R. J.Teitel and M.Cohen, U.S.Atomic Energy Commission

Publ. AECD-2251 (1948).
112. A. Meger and P.Tagland, Compt.rend., 232, 1545(1951). 145.
113. L.Misch, Z.phys.Chem., B29, 42 (1935).
114. R. J. Teitel and M. Cohen, Trans AIME, 185, 285 (1949). 146.
115. S.Gilles, R.Ogilvie, and A.Kaufman, Trans.AIME, 215,

695 (1960). 147.
116. W. Koster and E. Schmid, Z. Metallic., 2_9, 232 (1937).
117. G. Venturello and A. Burdese, Alluminio, 20, 558(1951).
118. L. Brownlec, cited in Ref. 1.
119. E.Jahn, Z.Metallk., 40, 399(1949). 148.
120. L. Losana and C.Goria, Alluminio, 11_, 17(1942).
121. Yu.D. Tapkin, Yu.A. Bagaryatskii, and A.V.Gavrilova, 149.

Kristallografiya, No. 4, 560 (1961).
122. D.E.Sands, Q.C.Johnson, O.H.Krikorian, and K.L.Krom- 150.

holtz, Acta Cryst., 15, 1191 (1962).
123. N.V.Belov, Izv. Sektora Platiny Drug. Blagorod. Metal., 151.

Inst.Obshch.Neorg.Khim.Akad.Nauk SSSR, 18, 112 (1945). 152.
124. W. Brouger and W.Klemm, Z.anorg. Chem., 31£, 59(1962).
125. T.A.Badaeva and R. I. Kuznetsova, "Stroenie Splavov 153.

Torii-Berillii" (Structure of Thorium-Beryllium Alloys),
in Collected Papers, "Stroenie Splavov Nekotorykh Sistem
s Uraiiom i Toriem" (Structure of Certain Alloys with
Uranium and Thorium), "Trudy Instituta Metallurgii im.
Baikova" (Transactions of the Baikov Institute of Metal-
lurgy), Gosatomizdat, Moscow, 1961, p. 358.

126. W.C.Koehler, J. Singer, and A. S.Coffinberry, Acta Cryst., 154.
5_, 394 (1952). 155.

127. B. Buzzard, J. Res. Nat. Bur. Stand., 50, 67 (1953).
128. F.Thummler, Ber.deut.keram.Ges., No.2, 159(1963).
129. M.I.Ivanov and V.A.Tumbakov, Atomnaya Energiya, 7, 156.

33 (1959).
130. O.J.C.Runnals, Acta Cryst., 7, 22 (1954).
131. S. T. Konobeevskii, in "Sbornik Trudov Sessii Akademii 157.

Nauk SSSR po Mirnomu Ispol'zovaniyu Atomnoi Energii
1-5 Iyulya 1955 g., Zasedanie Khimicheskikh Nauk" (Col-
lected Works of the Sessions of the Academy of Sciences of 158.
the USSR on the Peaceful Uses of Atomic Energy, 1st—
5th July 1955, Chemical Sciences), Izd.Akad.Nauk SSSR, 159.
1955, p.362. 160.

132. A. S.Coffinberry and F.Ellinger, "Proceedings of the Inter- 161.
national Conference on the Peaceful Uses of Atomic Energy,
Geneva, 1955", United Nations, New York, 1956, Paper 826. 162.

133. A. A. Bochvar, S.T. Konobeevskii, V. I. Kutaitsev,
T. S. Menfshikova, and Ν. Τ. Chebotarev, in Collected.
Papers, "Yadernoe Goryuchee i Reaktornye Metally.
Vtoraya Mezhdunarodnaya Konferentsiya po Ispol'zovaniyu 163.
Atomnoi Energii. Doklady Sovetskikh Uchenykh" (Nuclear 164.
Fuel and Reactor Materials. Second International Con-
ference on the Peaceful Uses of Atomic Energy. Papers 165.
of Soviet Scientists), Moscow, 1959, Vol.3, p. 376.

134. L.Stewart, Phys.Rev., 98, 740 (1955). 166.
135. V.V.Akhachinskii and L. M. Kopytin, Atomnaya Energiya,

9, 504 (1960). 167.
136. V. I. Kutaitsev, "Splavy Toriya, Urana i Plutoniya" (Alloys

of Thorium, Uranium and Plutonium), Atomizdat, Moscow, 168.
1962.

137. O.J.C.Runnals and R.R.Boucher, Nature, 176, 1019
(1955). 169.

138. K.Q.Bagley, Nuclear Eng., 2, 461 (1957). 170.
139. T. A. Babaeva and R. I. Kuznetsova; see Ref. 125, p. 423.
140. V.W.Storhok, Reactor Materials, 5, No. 3 (1962).
141. H.Becher, Z.anorg. Chem., 317, 346 (1962). 171.
142. P.I. Kripyakevich, Dokl.Akad.Nauk Ukrain. SSR, No. 8

1044 (1961). 172.

G. B. Bokii, B. K. Vul'f, and N. L. Smirnova, Zhur. Strukt.
Khim., 2, 74 (1961).
B.K. Vul'f, "Troinye Metallicheskie Fazy ν Splavakh"
(Ternary Metallic Phases in Alloys), Metallurgiya, Mos-
cow, 1964.
R. Vogel and G. Zurugmann, Arch. Eisenhuttenw., No. l i ,
701 (1955).
M.Burdick, H.Parker, R.Roth, and E.McGandy, J.Res.
Nat.Bur.Stand.., 54, 217 (1955).
V. S. Emel'yanov, Yu.G.Godin, and A. I. Avstyukhin, in
Collected Papers, "Metallurgiya i Metallovedenie
Chistykh Metallov" (Metallurgy and Metallography of Pure
Metals), No. 2, Atomizdat, Moscow, 1960, p. 58.
R. Vogel and H.Geske, Arch. Eisenhuttenw., 3^, 319
(1960).
M.V.Mai'tsev and Chou Shih-ch'ang, Izv.Vys.Ucheb.
Zaved., Tsvet.Met., No. 1, 138(1960).
Chou Shih-ch'ang and M.V.Mai'tsev, Izv. Vys.Ucheb.
Zaved., Tsvet.Met., No.5, 133 (1959).
O.Nickel, Z.Metallk., 49, 57(1958).
Chang Pao-ch'ang, Izv.Vys.Ucheb. Zaved., Tsvet.Met.,
No.l, 138 (1958).
G.V.Raynor, "Berillii, Ego Splavy i Τeoreticheskie
Printsipy, Otnosyashchiesya k Obrazovaniyu Splavov s
Berilliem" (Beryllium, Its Alloys and Theoretical Prin-
ciples, Relating to the Formation of Alloys with Beryl-
lium), in Collected Papers, "Berillii" (Beryllium), No. 2,
Inostr.Lit., Moscow, 1953, p. 117 (Translated into
Russian).
E.Parthe, Powder Met. Bull., 1, 138(1956).
M. G.Veselov, "Elementarnaya Kvantovaya Teoriya
Atomov i Molekul" (Elementary Quantum Theory of Atoms
and Molecules), Fizmatgiz, Moscow, 1962.
V.A.Amonenko, V. E. Ivanov, G. F. Tikhinskii, V.A. Fin-
kel\ and I. V. Shpagin, Fiz. Metallov i Metalloved., 12,
865 (1961).
G. B. Bokii, "Vvedenie ν Kristallokhimiyu" (Introduction to
Crystal Chemistry), Izd.Moskov.Gos.Univ., Moscow,
1954.
M.von Stackelberg and F.Quatram, Z.phys.Chem., B27,
50 (1934).
G.V. Samsonov, Ukrain. Khim. Zhur., No. 12, 1233 (1965).
G.A.Krestov, Radiokhimiya, 5_, 258(1963).
G. V. Samsonov and V. S. Neshpor, Dokl. Akad. Nauk SSSR,
122, 1021 (1958).
G.V.Samsonov, "Tugoplavkie Soedineniya Redkozemel'nykh
Metallov s Nemetallami" (Refractory Compounds of the
Rare Earth Metals with Non-Metals), Izd. Metallurgiya,
Moscow, 1964.
N. N. Matyushenko, Kristallografiya, 7, 701 (1962).
"Theory of Ferromagnetic Metals and Alloys" (Translated
into Russian), Inostr.Lit., Moscow, 1963.
M. I. Korsunskii and Ya. E. Genkin, Dokl. Akad. Nauk SSSR,
142, 1276 (1962).
M. I. Korsunskii and Ya. E. Genkin, Izv. Akad. Nauk SSSR,
Ser. Fiz., 2_8, 832 (1964).
M.I. Korsunskii and Ya. E.Genkin, Izv. Akad. Nauk SSSR,
Neorg.Materialy, 1, 1071 (1965).
L. E.Orgel, An Introduction to Transition Metal Chemis-
try: Ligand-Field Theory" (Translated into Russian), Izd.
Mir, Moscow, 1964.
E.Dempsey, Phil. Mag., 8, 285 (1963).
G.V. Samsonov, in Collected Papers, "Metody Ispytaniya
na Mikrotverdost' i Pribory" (Methods of Microhardness
Testing and Apparatus), Izd.Nauka, Moscow, 1965, p. 59.
E.E.Vainshtein, E. A. Zhurakovskii, and I. B. Staryi, Dokl.
Akad. Nauk SSSR, 13b, 642 (1960).
A. J. Stonehouse, Mater.Design Eng., 55, 84(1962).

360



Vol.35 No.5 RUSSIAN CHEMICAL REVIEWS May 1966

173. F. Eisenkolb, "Fortschritte der Pulvermetallurgie",
Akademie Verlag, Berlin, 1963, Vol.II, p. 851.

174. "Metallography of Reactor Materials. Survey by Battelle
Memorial Institute", Book 3, "Materials for Moderating,
Reflector, and Control Assemblies" (Translated into
Russian), Atomizdat, Moscow, 1962.

175. 1.1. Kornilov, "Metallidy i Vzaimodeistvie Mezhdu Nimi"
(Metallides and Reactions between Them), Izd.Nauka,
Moscow, 1964.

176. I.V.Bersuker and A.V.Ablov, "Khimicheskaya Svyaz'ν
Kompleksnykh Soedineniyakh" (The Chemical Bond in
Complex Compounds), Izd. Akad.Nauk Moldav. SSR,
Kishinev, 1962.

177. A. Z.Men'shikov and S. A.Nemnionov, Fiz.Metallov i
Metalloved., 19, 57 (1965).

178. H. J. Goldsmid and W. M. Ham, J. Less Common Metals,
10, 57 (1966).

179. E.Ganglberger, E.Laube, and H.Nowotny, Monatsh., 96_,
242 (1965).

Institute for the Problems of
Metallography, Academy of
Sciences of the Ukrainian SSR

U.D.C. 547.979:541.636.761

THE COLOUR OF DYES AND STERIC
HINDRANCE IN THEIR MOLECULES

A.I. K i p r i a n o v , G.G. D y a d y u s h a ,
and F.A. M i k h a i l e n k o

Steric hindrance in the molecules of organic dyes has a
marked influence on their colour, ability to fluoresce,
solubility, and many other physical and chemical proper~
ties. The presence of steric hindrance in the molecule
quite often makes a dye unsuitable for practical application.
With direct dyes the rule exists 1»2 that factors — includ-
ing steric hindrance — which disturb bond conjugation
weaken the affinity of the dye for the fibre, and may result
in complete loss of this affinity. Moreover, steric
hindrance lowers the intensity of absorption, so that dyes
having non-planar molecules yield weaker colours3.
Steric hindrance in the molecules of cyanine dyes sharply
diminishes their ability to sensitise a silver halide emul-
sion4. Thus the problem of steric hindrance in the mole-
cules of organic dyes is of great practical importance.

The chief method for detecting steric hindrance in dye
molecules, as in other organic compounds, consists in
examining their absorption in the visible or the ultraviolet
region of the spectrum.

The absorption spectra of organic compounds depend to
a considerable extent on the spatial arrangement of the
atoms in their molecules, and sometimes this factor is
dominant. The intense and longer-wavelength absorption
bands typical of dyes (Burawoy's Κ bands5) are associated
with π-?:* electronic transitions, and are caused by the
presence in the molecule of an extended system of con-
jugated double and single bonds, the chromophore6.
Henceforward we shall confine our discussion to these
bands.

Hiickel7 and Pauling8 showed that the maximum con-
jugation of multiple bonds is achieved when the molecule
has a planar structure, since the axes of the p orbitals
are then parallel, and the orbitals overlap to the maxi-
mum extent. This theoretical conclusion was sub-
sequently confirmed by the X-ray examination of a large
number of compounds containing systems of conjugated
bonds {trans-stilbene, phthalocyanines, cyanine dyes,
etc.).

According to the conclusions of quantum-mechanical
theory and the results of X-ray structural analysis, the
principal structural features of an organic dye molecule
are: (1) atoms forming part of the conjugated bond sys-
tem lie in the same plane; (2) the angles between the
bonds involving atoms in the conjugated chain are close to
120°; (3) double bonds in conjugated chains are usually
arranged in trans -trans -positions; and (4) the lengths of
bonds between directly linked atoms in the conjugated
chain lie within the range 1.34-1.48 A (the lengths of
bonds between carbon atoms in buta-l,3-diene).

These rules may break down when bulky substituents
are present in the conjugated system or adjacent to it.
The departures from the normal geometry of the molecule
are due to steric hindrance and the mutual repulsion of
atoms which are not directly interlinked. If normal
angles and a planar structure had been preserved in the mole-
cule, these atoms would have been very close together.

Repulsive forces fall off very rapidly with increase in
the interatomic distance. When the latter exceeds the
sum of the van der Waals radii, repulsion between the
atoms dies away. The van der Waals radii correspond to
the minimum distances between atoms in various molecules
and molecular crystals, and can be determined from X-ray
data.

According to Kitaigorodskii9 the van der Waals radii of
atoms and radicals remain constant to within 0.01 A on
passing from the molecule of one substance to that of
another. The van der Waals radii of several atoms and
radicals, determined by the above method, are listed in
Table I.1 0

It must be remembered, however, that, as a result of
some compression of the electron clouds, atoms can
approach, without any considerable consumption of energy,
to distances less than the sum of the van der Waals radii.
Magatn introduced the concept of "effective" radii of
atoms and radicals as a limit closer than which atoms
could not approach. These effective radii or radii of
action depend on the temperature in the sense that the
higher the temperature the greater the energy of the
colliding atoms, and the more strongly are they deformed
on collision.

Although repulsive forces begin to act at distances equal
to the sum of the van der Waals radii, the radii of action
are in practice more suitable for detecting steric hindrance

TABLE 1.
Η 1.20 A
C 1.80 A
Ν 1.50 A
Ο 1.40 A

S 1.85 A
CH3 2.00 A

(CeH5) 1.70 A*

* Half the thickness
of an aromatic ring.
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