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A13STIUACT

lhio report deals with the solid solubility of boron and of beryllium
in ttmrjten, together with the attendant problems corcerning the tungsten
rich borides and ber,-llides in equilibriuMi with W, and which are liable to
precipitate. Bx'ief supplementary data are given on the ;-C system, follow-
ing the previous investigation.

The study of the solubility of boron in tungsten shows this to be ap-
proxi:bately 0.2 atomic 'B at 25000C, decreasing with temperature. The
atomic nature of this solution presents a special, and it is believed,
novel problem, in that it can be interstitial and substitutional. W-W;• B
forms a eutectic system, the outectic temperature being about 26000 C. A
high boron compound '1B 4 has been observed.

In the tung, s.en - ber:'llit system which presented some special hazards
which are described, the solubility of Be in W is found to be approximately
5 atomic . Se at the eutectic teo::pcratre (• 21000C). The solubility limit
doe, not vary appreciably down to 18000C and decreases to about 3 atomic "
Be in t-he 1000/13000C range. The solid solution is substitutional, and lattice
spacing variations arc described. The equilibrating phase is We 2  (hexagonal
Laves utructure). The diberyllide precipitates from the primary (W,Be)
zolutdon and is shown to have itself a significant homogeneity range.

This technical documentary report has been reviewed and is approved.

I. PURLMUTTIZR
Chief, Physical Nctallurgy Branch
:;etals and Ceramics Divilsion
AF Materials Laboratory
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"EICITION 1. TUN;STEN-BO11ON SYSTEM

1. INTRODUCTION

The primary purpose of the work described was to determine the solid
,;olubility of boron in tungsten. Within certain limitations caused mainly by
the minuteness of the solubility, this end has been achieved, although
necessarily the work requires extension, as will be indica t ad. A major
question as to the atomic nature of the solubility arises however, and at,
attempt to resolve this problem will be described.

A limited study was carried out on ditungsten monoboride (W R), the
phase in equilibrium with the saturated solid solution. It is
shown to exhibit no polymorphism (as might have been possible), retaining

its tetragonal structure at all temperatures; the phase is also shown not to
possess a significant homogeneity range. In addition to the phases already
known in the W-B system, namely W2 B, WB, and W B v a new phase has been found
which proves to be the same as that recently rNported by Chretien and Helgorsky(l).
Further work would bc needed however on the exact chemical analysis of the
compound.

2. PREVIOUS WORK

No satisfactcry diagram for the W-B system gan be found apart from
knowledge on the borides themselves, e.g. Kiessling( 2 ) although Hansen(3)
suggests that it may be very similar to the Mo-B system which is known.
No figure is given for the solubility of B in Mo houever except that it i
said to be "very low"(4). More recent work by the Climax Molybdenum Co.?5)
however suggested a slight decrease in molybdenum lattice spacing through
boron solution, indicating that the boron dissolves substitutionally.

.Little seems to be known about the solubility of boron in tungsten.
Kiessling(4) merely reports ýht solubility to be very low, no spacing change
being detectable. Samsonov 61 however found a considerable lattice parameter
decrease from 3.1495 to 3.133 R indicating a substitutional solution. In
addition Samsonov reports that two phases could be seen metallographically in
slowly cooled alloys containing more than 0.9 atomic % B suggesting that the
solubility is of this order of magnitude.

A survey of available data about the solubility limits of boron in
the Group V and VI transition metals neighbouring tungsten shows that very
little indeed is known about any of these limits.

For tantalum, Kiessling reporto that boron expands the lattice
indicating an interstitial solution. A lOU B-Ta alloy quenched from 1270°C
had a lattice parameter of 3.314 kX showing an increase of 0.018 kX over
that for pure tantalum.

This wnnuseript released by Ihe- aut-hors Juno 1963 for publiesation as an
ASD Technieal Documentay Heport.
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The position concerning the tungsten borides is much clearer. Three
horiden are established:-

W2 B, tetragonal a 5.553 kX, Melting point 28000 C

Al-, tV" c - 4.730 kX (melts incongruently)

I WB, tetragonal a 3.109 kX, Meltirg point 2860 0C,
MoB type c 16.896 kX stable below 18500C

p WB, orthorhombic a 3.18 kX, 0
CrB type b = 8.4 Ud, stable above 1.50 k

v z 3.06 Ud

SW2B hexagonal a = 2.976 kX, Melting point 22000C
D ý8 type c -13.84 kX

in addition to these a fourth boride WB4 has been reportea W
though this has not been confirmed, until now.

3. JUMMU&

3.1 The xeperimentoa approaches uved *ere:-

3.11 X-ayEanal ko

(a) Lattice parameter meaaareomente on quenched low-boron
salice.

(b) Therl lattice expansion of pure tungsten and boron-
saturstd tungsten u:,,ng the X-ray high temperature
caMer (as explained below).

(c) Conetitutional exminrtion for the borldee.

(a) To detect the first traces of boride.

(b) To observe the mode of precipitation,. if ay.

to oearch for polyw'-h:y in V2 b

2



3.14 Liquidus determination within tiie W-W2B range (which appeared
previously unkown).

Note

Internal friction was tried in tha case of W-C alloys(20)
but proved unsuccessful. Its possible application to the

W-B problem will be discussed later. It is thougit however
that this aspect has not been exhaustively explorL.d and would
prove a fruitful field for further work.

3.15 Chemical Analysis

(S.e Appendix 1)

3.2 ALlov PreaMrtion

TNo methods of preparing W-B alloys were used. These methods
produce a boridised tungsten wIr in the one caef, and a small argon
arc melted fLW in the other. They Ire in pri.iciple similar to
those used in our previous work on W-C 20).

.".3 P.-aparstion of Wire Sincir•nI

The tur~eten wire of 0.025 cm. diameter was aupplped by the
Genera' lectric Co. Ltd. (Oeram) and hai the follo',*ir analysis
(weight per cwnt):-

Fe o, i I io C SiQ.o Al0

0.04U.005 0.01 0.01 0.01 0.001 0.01 0.005

Total pu,,ty 1099.9% V.

Small copper conta-ct tubes were fitted to each end of a 15 ca.
length of tMe wire dh~ch was arrang9d along the azls of a Pyrex
tube with sutis-*e eleetical connector.. The wire* L'uld thus
be heate4 by current to twmpers treo up .o 300°" in a stream of
high purity argon. A disappearing &ilaaent pyroxster was used to
masure the .perature. ,9e latter wea corrected for nor.-olack
body c~nditions and for he abeorbing power of the glass envelope.
rest retes of quenc,.ird werw obtained by cuttinC--off the ciuPnt
supply to tl. tires end 4 ncrawing the flow of argon.

3



The boron-containing specimens were made by coating the tungsten
wires with a slurry of finely divided W2 B. The amount of coating
compound applied was varied by weighed amounts so as to give final
wires of different compositions. The coated wires were held at
1i000C to promote adhesion and then at temperatures up to 30000C to
allow diffusion to proceed throughout the wire, yielding a
consolidated alloy. A typical microstructure is shown in Fig. 1.

The chemicaily pure W2 B powder -sed, supplied by Borax
Consolidated Ltd., had thn following analysis, by weight:-

B 2.9 0.1% (theoretical 2.69)

W 97.1 ± 0.1% ( " 97.11) Cl residue <0.1%.

The wires were heat-treated at various temperature levels
an d quemnhed in the Pyrex tube.

3.4 Preparation of Are-Mkited Irurpla

The tungster. powder, supplied by Nurex Ltd., had the
following analysis (weight per cent)z-

02 1e Ni Cr No

<0.20 <0.05 <0.02 C0.02 j0.03
Total purity* 99.7% V.

Vighed amounts of pure tungsten and ditungsten borid. powd-irs
were initially msied a4 compacted in a mall press at 10 t.s.., to
givw approximately ten Cram pellets. These wore pre-sinttred on
the water cooled copper hearth of a laboratory argon arc furnace with
non-consumable tungsten electrode.

During the sintering stage and alse initially during melting a
vapour das given off (aore noticeably for the case of the higer 8
alloy) which rondensed to a pink colo..'stlon on the walls of the
,-.nace mad on the observation port. As an incidental this oondented

phase was analysed by X-ray diffraction and pi-ovea to be a mixture
of tungsten and boon oxide D 0. bhe latter is oousietent with the
known scavengvng eff.,wt of boo on oxy0gn in tungsten. noted by
several authors, due to the ver/ hi•h heat of formtion of 82 03



It is thought that by this action the rather high initial amount of
oxygen present in the pure tungsten powder was reduced to a negligible
level in the final alloy. Each &Lloy was repeatedly melted and
turned over in the arc furnace and finally given a prolonged
heat treatment just below the solidus tempcrature.

Alloy powders were heat-treated in a tungsten boat at various
temperature levels and quenched on the hearth of the arc furnace.
The rate of quench thus achieved was however not as rapid as that for
the wires. Chemical analysis was carried out throughout, as in the
Appendix.

3.5 Hiah Temperature X-ray Work

The reason for using this approach was that of a su.pected
interstitial/substitutional change-over of B atoms with temperature,
which arose during the work; see later.

Preliminary experiments on the 19 tm. B.S.A. High Temperature
X-ray Camera (built in this laboratory) 7) showed that some
modiftications were desirable in order to achieve the highest precision
of lattice parameter measurement required. The principal factors
contributing to good resolution in high temperature work arv close
control of the specimen temperature and good X-ray and specimen optical
arraMmont. In addition high vacuum is also essential for a
reactivv metal such as tungsten.

The steps taken were as follows:-

A ftine collimeting system wva deigined, after some experimentation,
and this increased the resolution markedly, at the expense however
of exposure time. In order to offset this latter disedyantage
the aluminium toil diffree.ton windows used to retain the specimen in
vacuum and allow the X-ry* to expose the file were -*placed by
pre-ford 10i ca diameter berylliutm windows. ("Araldite" thenm-
setting resin proved useful in reeooving the initial difficulty of
obt.%ning a good high vacuum seal between the stainless steel collar
of the casrs perimeter and the beryllium windows.) A thin
beryllium disc similarlv replaced aluminium at the vacuum sel in
the collimator entry. A beryllium window was also fitted to the
Myman 100' X-riy set. :n this way it proved possible to reduce the
time of exposure by a factor of about 2.5. A 11 hours exposure at
50 .. me found to give sufficiently strong and well resolved
diffractimo limes.

lotating anode, to permit higho )t X-ray intensity and a further
reduation of epionure time.

5



ThIe 6hrttr exposure time albu eased the problem of maintaining
close temperature control of the specimen. Control was by a
conventional method modified to take account of the low resistbnce
(I ohm) of the hemispherical Ft furnace halves. Current was fed
into the furnace via one fixed and one variable step-down
transformer and a variable resistance. The resistance was switched
in and out of the circuit at the control point via a relay by an
Ether Transistrol Temperature Instrument controlled by the Pt/13% Rh-Pt
Thermocouple adjacent to the specimen in the camera. However even
at this stae� it was possible to control the specimen temperature
to only ± 5 C at best at 1000 C. This variation, caused by random
changes in furnace current during the exposure, was attributed to
fluctuations in mains voltage and it was considerably reduceui when
a voltage stabilizer unit was fitted. Finally the specimen
temperature could be held to _+ 1°C at 10000 C, and in some cases the
temperature varied by as little as 1 C throughout the exposure.
The vacuum was 0.025 microns, measured by ionisation gauge.

The result of these modifications wae that parameter
measurements at temperatarea up to 12000 C could be made to an
accuracy comparable with precision room temperature meaaurewanta.

3.6 Preopration of High Temierature X-my Sscimens and 'alibrptinn

A tungsten hair, made by dissolving down soaw of the pure
tungsten wire, was used as the fotndation for the two high temperature
apecimens; one basically a 1.2% D-W powder and the other pum
tunrsten. These were mixed with finely divided highest purity
periclase (MNO) to form a slurry, SM coated on to the hair. The
specimen was baked in vacuum at 50 C for two hours to drive of I the
water and consolidate it. Periclase was used as a binger beoause
its lattice spacing/temperaturo graph is accurately known . This
Internal calibration reoves the uncertainty caused by the position
of the thermocouple relative to the specimen in the camera.
In fact the difference between the indicated thermocouple teipernture
read by a potentiometer and the actual iacimen tempersiture can be
quite significant and is shown Craphicaliy in fig. 2. The specimen
temperature on this graph was obtainee by using the NgO lattice
parameters listed in Table 4 (see later) en, converting these into
tomperature by means of the known paraseter-tooperature relationship.

This NRO work formed the sub3ect )f a recent Interlaboratory Study on
Thermal bqansion orpnised by the UV '.- States •u••au of Pines, gwhich we
ýarticipated. The overall assessment appnmr*d in a recent report"i/.6!



4. RESULTS

4.1 Preliminarym Information

Preliminary parameter measurements on boridi3ed wires gave
spacings indistinguishable from those of pure tungsten. It was
concluded that the solubility of boron in tungsten is indied very
low and that the highest precision methods of measuring the lattice
parameters should be used.

An interesting early observation was that grain growth in
the tungsten alloys was not inhibited by addition of boron as it was
by carbon. This can be seen in the Debye-Scherrer photoghraph of
boridised and carburised wires shown in Fig. 3 (a) and (b).

4.2 The Liquidus TemDerature Determination

A series of fifteen alloys with boron contents in the range
0 to 33.1/3 atomic per cent were prepared and the liquidus
temperatures determined in the argon arc furnace. In this technique
the specimen was maintained in a half molten state and an optical
pyrometer focussed just inside the solid-liquid boundary. Systematic
errors arise due to the departure from black body conditions and the
wariation of emisaivity with composition. The first of these was
largely eliminated by calibration against similarly shaped standards -
preferably in materials comparable to that being investigated.
In this case pure tungsten, ditungeten boide., niobium and sirconium
were used. The correction curve was a straight line.
Reprducibility of the liquidus temperature measurements wa to

S20) C at 300WC.

The result (if these measurements is shown in Fig. 4. The V-V 8
System is a eute,'tic one with th, eutectic point located at a P

composition of about 23 atomic per crt boron. The outectic
tesperatur is at approximately 2600 C.

4.3 'attice ParaMeter Nemauwats

The room temperature X-ray ph,otoa s of the quenched specimens
both on the borld~sed wire. and on the powder samples were takei with
copper ke rudiation (wav,,ltogth YAl . 1.54001. Ka"2 = 1.54434 1)
using a 19 ca. Unia camira. The oara assembly ws allowed to
stand in position for a length of time before the exposure, in order
to equalioe the teq\erature t.tween he epocime and the eaviroeunt8
this was msrsd with •a m.eitive i.rcury-in-glase thenmeter



reading to 1/200 C. The camera was modified in order to increase i he
precision of measurement by adaptinr the Van Arkel method of film
mountinp and improving the location of the film round the perimete- of
the camera. A millimeter scale, calibrated at-ainst the similar
scale on the Cambridge comparator was imprinted on the film before
Aevelopment to correct for shrinkaee. Eacs film was measured twice
with the travelling, microscope capable of interpolation to 0.002 mm.
Afttr correction, the setting on a diffraction line could be repeated
to within 0.Ci mm. The Kal and a- reflectior.s of the (2?•), (321) and
(400) planes were measured and the parameter results for each were
plotted against the Nelson-Riley function 9 os29 + co8 2 8.

sinS I
The itraight line resulting, from this was extrapolated to
o 'o in the u:saal w; y to correct for systematic errors. The

results were as follows:-

4.31 The Wire Specimers

boridined tungnten wires ere quenched fror v~trious
temperatures as described previously and gave the lattiCe
parameters zt, out in Table 1 below. These wires were
saturated with boron as shown by the presence of fre djituig•st *t

boride dt-teoted under the microscopie and thun oh.uhld show the
maximum ;trirtmer chav.es due to boron in iolut ion at the:,
t.mperatur,,sO.

I8 I



TABLE 1

Lattice Parameters of Tunmgsten-Boron
Solid Solutions (Wire Specimens)

Quenching Lattice Reliability A a x 105

Tempsrature Parameter a x 105 (WX
( C) (kx) (kx)

1700 3.158 48 +_2 3
1800 45 ± 2 0
1900 48 +2 5
2000 47 ±2 2
2000 48 ±2 3
2000 51 ±2 6
2100 49 ±2 4
2200 51 ±2 6
2300 51 + 2 6
2400 47 +2 2
2400 50 ±2 5
2500 49 2 4
2600 51 2 ? 62600 51 2 6
Z700 55 _,3 10
2800 53 38

, h. change in lattice pars. ter -%t the eutectic temperature
(60C) where the greatest molubilily for boron wouli be
expected to occur is barely signirlant 6 x 10-5 kX. ("rhe
value of 10 x 10-5 kX at Oo00C mt~ct be treated as wiconfirved0
since this was a single detetrmination and at a temperature IOC C
higher than the eutectic temperature.) It seem without
doubt however that these results indicate a slight jjjo
of the lattice.

The lattice expansions are about one quarter to oam third
of those for tUw tuwniten-carbon system and this. coupled dith
the kmowledge that the boron atom is about 10% larger than
that carbon atom, leads to the suggestion that the solubility
of b•ren It corwiderably Ise than carbon and extremly small
Indee-d.



This expansion suggests that the solution is an interstitial
one, on balance. Moreovpr it seems difficult to draw a
reliable parameter/temperature graph from these results thus
rendering impossible its later transformation into a soi:d
solubility phase boundary.

4.32 The Arc-Melted Itwots

A series of finely divided alloys of composition 1.92% B,
10.4e2 B, 21% B and 26% Be, that is alloys with free bor'ie
present, was given heat treatment at four temperatures
14W 0°C, 1800 C, 2100 C and 2500 C in a tungsten container in the
argon--arc furnace. The tungsten container was designed so as
to simulate black body conditions as far as possible and also to
minimise the temperature gradient through the sample. The
furnace atmosphere was thoroughly gettered prior to heat
treatment by playing the arc in turn on three pure titanium
buttons for a total time of 35 minutes. Previous experimentation
has nhowed that this resulted in a negligible increase in hardness
of the thirt button. The specimens were quenched in the
tungst... container on the water cooled copper hearth.
Temperaturea were measured by meann of a disappearing filamnt
pyromettcr sithtcoi on to the 1pecimen through an observation port.
Correctionn were made for departure from black body conditions
in the s.me way as previouply devcribed for the boridised wirei.

The ravulto for the leatice parameter measuremento including
those for pure tungsten are given in Table t? below.

A"--ýc per cent throuhout.
10



TABLE 2

W-13 Alloy,;: Lattlcee Paramr.Ler Measurements (Arc-Melted Specimens)

Atomic Heat Treatment Tungsten
per cent Lattice

Boion, Spacing
by (kX)

Analysis

P urec 3.159041

'?ungsten Slowly cooled from 25000 C 3.15909 Mean value
3.15914 3.15909
3.15909 + 5 x 10- 5 kX
3.15909 9

1.92 2 mins at 19500C slow cooled to 3.15854
1550 0 C, quenched

10.42 10 mins at 1850 0C slow cooled to 3.15859
30 mins at 14500 C, quenched

20.99 10 mins at 18500C slow cooled to 3.15859
30 mins at 1450°C, quenched

25.9 5 mins at 18000 C slow cooled to 3.15834
25 mins at 1450 0C, quenched

1.92 10 wins at 18000C, quenched 3.15839
10.42 10 mins at 1800°C, quenched 3.15854
20.99 10 mins at 1800 0 C, quenched 3.1585

25.9 1 min at 22000 C, 10 mins at 18000 C, 3:1584 9

quenched
1.92 10 mins at 2000-2100 C, quenched 3.15864

10.42 5 mins at 210000, quenched 3.15864

20.99 5 mins at 21000C, quenched 3.1585k
25.9 2 mins at 21000C, quenched 3.15829

1.92 5 mins at 18000 C, 1 min at 250000, 3:15904

quenched
10.42 5 mins at 1800 C, 1 min at 2500 C, 3.15878

quenched
20.99 5 mins at 1800 C, 1 min at 2500 C, Incipient

quenched melting
occurred,
diffuse
photo-
graphs

1.92 10 mins at 2500 0C, quenched 3.15912
1.92 " 3.15902

1.19 3.1587-7 Mean value
0.83 Analysed after ýhe heat treatment 3.15909 3.15896

0.83 10 mins at 2500 C, quenched 3 J15 0

.32 
1.158 8 at 2500 C

__OO



Those results which gave a lt-Inn-Riipy extripolation with
maximum error limits of 4 2 x IC- 5 kX (all but two values in
Table 2) are averaged out for the varitus terperstures in
Table 3 along with the mean pure tung-dten value.

The Temperature VUriation of rtten
Lattice Parameters in Boron Saturated AlloyM

Temlp rature Tungsten Change from
C() Parame tor pure V

(kx)

1450 3.15857 - 52

180 3-15850 - 9

2100 3. 1586 47

1500 3.15"95 - 14

The gmller change in parameter at 14500 C compared
with 1800 C Is attritIted to inc(plete equilibrium at the
forawr twoperaturt.

Theo. resnlto show a considerable lttice o fros
the pure tungsten values, a result to be contmrated with the
slight SAgMI found for the boridised wirts. In addition
this contraction increases with decreasing tvapersture.
Thee semIngly Conflicting result@ made it ~oosilble to
determine. froe lattice-parvater alone, the primmry solubility
limit of 3 in tungsten by the usual scaling metho4.

TVw effect howewr is of particular basic interest end this
form part of the argusmnt in the later discussion.

' �h Temratur, CQmrs. lp t

X-ra photogarh were takm an tUe high temperaturw coram
as missed using Co Ka and KO radiation (wmvels*gU V1 - 1.76MO 2.

S- 1.79279 1. Khl * l.A207, 1). Only cosmartt. values for the
tmpston end the born-•saturstat4 r'fston specisaw wore

12



tiedtd, an, in this re:tpect the technique is extremely sensitive..

A scale was exposed on each film bhdfore t•rocessing and the
Nelson-Riley Extrapolation was again used to reasure th., tungsten
and WgO parameters. The reflections measured for the tungsten film
were (222), (310) and (220) Ka and (321) and (222) KO. The perichuse
reflectionu measured were (X20), (400) and (222) Ka. The values
obtained are shown in Table 4 and the results plotted in Wig. 5.
It can be seen that there is no divergence between the two plots.
The effect of the boron in solution is to ca se the aame contraction
in parwaeters at ali temperatures up to 1200 C.

As wvill be discussed, the partiiular interest waa in the
occurrence of any such divergence in rates on expt.naoin, or of a
discontinuity which could signify a change in boron atoo
pnsitioning.

TAM 4

)Htxh Tommratu, X-ru PasLWr i3ev•ti

SasPle Twp~rnturv V pareiastt~r Kg0 psireaetvr n mw
C OLX) I (Wth.r, C

(apparent) j dtorula"d) (t rue

25 3.1%4.r '.21.4 10

511 It. 1659 4..* 9530

N" w 7W 1.1704 4.2545 810
V3 1. 1121 - 942
100 1.17Th A .r,7* 1130O
1200 1.1,70 4.1"M

8 3.1581 - 15
ICA4 3I16,6 - .,0

V-.I 5S .i664 4. "4Y7 '# .

Saturt.4 47q 3..1M - 702
oa•uton 961 3.17.7 -

1.37,7 1?0



4.5 Metallographic Approach

. series of boron-containing allcys was meltet and homogenised

in the arc-furnacd. Small lump specimens were taken from these
Sgots and heat treated in the tantalum tuve furnace in an

atmosphere of argon. When it became clear that the solubility
was very low, a master alloy of nominally 1% B was made from which
the low boron alloys were prepr- d.

A difficulty encountered with the low 'oron alloys was that
etch patterns developed which would tend to mask any precipitation.
An example ot this is bhown in Fig. 6. A new metalloanmhic
tenhnique was tried and found to be very succeaaful for these alloyan
this is described in Appendix 2. In ttis way gro38 etch-pittirs
was avoided and it was possible to detect the smallest amount of
precipitation.

The main results of the metallogrephic examination can be
Ruautrised in tabuler form as follows (Table 5).

"' II III ' I I ! I1' 1 r I



Metallographic Results

Fig. No. Alloy Composition Heat Treatment Constitution
by Analysis!

atomic per cent
boron

7 2.00 Quenched from 2500°C a W + V 2D
8 1.19 2, "

9 0.7"
10 0.32
11 0.14 W

0.14 "0.08 a W "f o dN 2a
0.04 aVW

Jslowly covled from
2500 C ant quenched
f:.•a 1000 C

1? 0.78 W W .V 8

14 0.14 + c e ID

0.08 2 2

0.:4 a W N

The 1.929 B alloy shove the characteristic pink borid.
pr*eipitate at the (grain boundaries *•.C. it In almost covitinuous,
and within the grairi vher* it asmLes a spherical shape. As
tho boron content is lowered, the boride prtcipitat.t within the

9ftin Is rapidly d•cresae and It can then be observed only at
the grain boundaries. In the alloys quenohed fro 2me 0 C no
boride can be seen in the 0.14% amplea thouti this is not so
for those with 0.32 D. The solubil1tj limit would thus appoar
to ILe between these two values at 2500 C. Jw~ng f rm the
sawunt of borids present In the %.4.•r boron v.ntent alloy it seo,,
likely tha the *slubility is nearer 'o the lover of th-ee values.

At the lOCO°C temperature levl borite can learly a@e~
in the 0.14% 3 alloy but cannot be detected at lower levela cf
boron cont,..



The 0..;2% F alnoy was quenched from 25000C and then held at
i[C°C for 3 hours. There ,.-as a noticable increaSe in the aaount
of boride present as sphcroi:swithin the grains, Fig. 15, in agreement
with the decrea.sed solubility at lower temperatures indicated
above.

The 0.78% B alloy in the form of a small lump quenched from
1000 C, was metallographically examined, Fig. 16, and then heat
treated at 2500LC for increasing leng.ns of time and quenched.
After two minutes at 2500oC the Crain boundaries were seen to have
left the boride precipitate at many points on the previously
poli:iied surface (shown schematically in Fig. 17). After three
miniutes the boride previously surrounding the grain boundaries
and present in "stringers" started to agglomerate, Fig. 3b.
Finally after 30 minutes at 25000 C the microstructure consisted of a
randomly dispersed spherical boride precipitate within the grains
surrounded ey grain boundaries largely free from precipi tate.
This is strong vvidence that solution and possibly some
reprecipitation is occurring at this temperature.

An interestine observation made on some of the arc melted
specimens was the presence of etch pit patterns which formed
networks, Fig. 19. These were seen ia only some of the low boron
alloys aid thvy did not occur throughout the specimen, only in
one or aý _ost -wo grains. Sirilar features were investigated
by wotf.), and were found to be caused by low angle dislocation
boundaries. In addition she found that only grainp of certain
orientations could be induced to reveal sub~beundarien by etch
pitting. This is trite also of our observations. Plr dialocations
to be seen at all however it is usually neces.ary for them to be
"decorated" by impurity ,toms and it sooms probable that boron is
functioning in thin way.

4.-6 The Boride Phanes

4.t. 1

The btridw phame which Ib ir equilibroun with the V-boror
0,'lId Volutlon il V B. Ito crystal strueturie, determlind
by Kie,.lPna( 4 ) Is i strsp•sal nf tho C•Jl. ype. This was
oonfirmed in the pr*.•ent work. Exa&i1nat[ons of the higher
bo'ron X-ray photo-mphs listed in Table Z .4howed the apacing
or the WR to be )ndepondent of tempratrv and to poosesa
VArMWvtel' value* id'ntical to thone found by Kieallnei.
A 40 atogic % B-W aMloy desipued to bo on the boriwa rich aide
or the ,�V, aM proved so by 0h# prveott,,f W3 as ve I es W'D,
al.-* ohokcd no :ir. 1ricrnt c? %,lCe of lnttiri zapecln.. t han
be conoluded that thu V I hai or. nxtr•.•-.'y narrow ran,"e of
ho'-evne,.ty, irf .nmy.

16



It was thought that there might be a high temperature
transformation of the W2B, for instance to a hexagonal

or cubic form, similarly to that found in W,)C. In order to
test this possibility small powder samples •ich in W B were
quenched in the tantalum tube furnace from 2500 C. However
only the normal tetragonal boride was found on X-ray analysis,

A more drastic quenching treatment was carried out on
similar W2 B samples by sparking them with a vibratiiig W B
electrode in the saze way as for the W C (described mor; fully
in the Final Report 20) on our W-C wori). This method produces
an extreme rate of quench from the melting point and was
previously used successfully to retain the high temperature cubic
form of W C. In this case however only the nonal tetragonal
W B was fgund. It must thus be concluded that the CuAl,

type of structure for W 2B is retained right up to the metting
point.

4.62 Higher Bgrides

In the course of making higher boron alloys it was
po:,sible incidentally to observe certain other borides reportel
in the literatur-e, namely p and I WB and I (W2 B ). It was,
however, of great interest that in addition one ahioy
(80.6% B by analysis) chowed an unknown diffraction pattern.
This could be identified to be of tetragonral symmetry with
lattice dimensions a0 = 6.36 kX, co -- 4.42 kX". This phase

is to be compared with t e totragonal WBE phase reported by
Chretien an-d Helgorsky I) with the paraim ters no = 6.33 kX,

co = 4.49 kX, and is seen to be a confirmation of it.
The WB phase is likely to possess a homogeneity range so that
the difference in parameter is not regarded as significant.

Thin phasu has been Indexed, und the interplantir spacings,

indices and intensities are reported in TVble 0.

The method or MaR'stislt mnd Kinr 00) was urne to lotcrmnln th ;.artm~tor
and grateful rcknowledgemaont in mide for the une of their TUbles, kindly
donated by Dr. KiMr.
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TABLE 6

Internlanar Spacinxa Values for WB.
--ouradiation Kg- =1.78890 X, 4a 2 3.71279 X)

Interplanar I/I h.k.l.
Spacing (visuil)

(d) X

4.50 5 110
3.64 1 101
3.17 30 200
2.58 so 201
2.12 35 300
2.01 100 310
1.91 20 301
1.64 35 .-21
'.54 20 410
1.35 40 421
1130 15 213
1.22 20 501, 431
1.21 20 303
1.107 10 0
1.106 t o
1.090 25 104
1.075 15 114
1.018 20 611
1.005 144
1.003 442

.986 10_.983 '5

5. DISCUSSION ANl SUNld

An a general rule the measurement of lattice pae meter in a very
sensitive method of determining the type of solid solution formtd between
two elements. This is particularly true for interetitial solid solutions
such an those formed by C uAr N in a he, or C. N and 0 in Ta and Kb for
example, where an appreciable lattice expansion occure. This does not appear
to be true for carbon and baron in tungsten, und boron in molybdenum hovener,
and it some poesible that in these caveo the solution is rwt of a simple
type. A brief comparison wita carbon is useful here in conjunction with boron.

18
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The specific lattice expansion for carbon in tungsten (0.0007 kx/a/c)
is considerably less than that for carbon in molybdenum (0.005 kX/s/o) and an
ordeT of magnitude less than that predicted by Vegard's law. Samsonov's
work•II) on the reactive diffusion of carbc., into tungsten gave an activation
energy for carbon diffusion of 39.5 Kcals. This is a high value if simple
interstitial diffusicn is occurring. It may not be unconnected with the
activation energy of 39.78 Kcals (1.7 ev) for the movement of vacancies
in irradiated tungsten(12). Association of vacancies and carbon atoms in
some way may explain the strongly inhibiting effect of small amounts of carbon
on the recrystallisation of tungsten. This possible association of vacancies
may be reflected in the homogeneity range of W 2C,to be compared with W2B
which does not have a homogeneity range.

Boron does not inhibit recrystallisation in tungsten oud as a
much lower activation energy for diffusion according to Samsonov I . This
state of affairs is the reverse of what one would expect if atomic size were
the only criterion for determining the energy barriers for interstitial
diffusion. Based on a consideration of atomic sizes only, the activation
energies for diffusion should increase as the atomic radius of the diffusing
atom increases as indeed it does for C, N and boron in a ye(13). In fact
in tungsten the reverse is true (although data for N diffusion is lacking)
and it may be that this is connected with the increase in the first ionization
potentials, which parallels the increase in activation energy. It is probable
that electronic factors play a larger part for Group VI transition metals,
where the bonding between the metal and non-metal atoms is a subject of
controversy.

A a, the difference in lattice parameter between a pure metal am Its
saturated solution is usually found to increase as the temperature inoreses,
reflecting the greater solubility at higher temperatures, For boron in tungsten
however A a decreases as the temperature is raised. This cannot mean that
boron is lees soluble at higher temperatures since this is thermodynamically
not favoured and is also contrary to the metallogrephic evidence; it is thought
to be due to the special nature of the solution tto be discussed later).

The possibility of contamination out be considered even though
the strictest precautions Vero taken to ensure that none should occur. The
possible contaminants are 0, N, C, copper (picked up from the hearth at the
melting stage) and titanium, from th etter. The first two ,f these dissolve
only in trace amounts in turgeten(14 . If either has any measurable effect
on the parameter, which is unlikely, it would be to expand the lattice, and
thus error from this source can be discounted. Carbon and titanium if present
would also expand the lattice. Copper, if it goes into solution at all,
would be expected to contaminate the sae alloy equally at the different heat
treatment temperatures, since these were all above the melting point of copper,
and this is clearly not so.

R Also authors' recent 4e...uamsvnt.
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That boron does form a solic solutlion is established by the
metallographic evidence. The direction of the spacing chanrge, leaving
aside its variation with temperature, is such as would be given by a Waller
atom dissolving substitutionally amongst an array of larger atoms. This
is contrary to expectation if the boron atom were assumed to have a radiu9
of 0.8% R. The size if the largest interstitial hole in the b.c.c. W lattice
is 0.42 R however, and it is clear that considerable distortion would be
produced if the boron dissolved interstitially. There is much evidence e.g.
from present knowledge of borides, to suggest that the boron atom ia a very
"variable" one in size, depending on the type of bonding and c6-ordination
involved.

From Kiessling's work on the transition metal boride phases, other
than the Me B type where boron-boron bonds are established, the radius Of
the boron aiom was found to be 0.86-0.88 k. Pauling and Wsinbaum's(I 1 ,
studies on CaB6 report the radius of the boron atom to be 0.36 R in a
structure that consists of a three-dimensional framework of boron atoms with
smaller metal atoms in the interstic s. If 0.87 2 is taken as the mean
value for the boron radius and 1.41 X for tung-ter then the radius ratio rB. 0.62.

rW
According to Hgg's oriteria for interstitial compound formation, if > ) about 0.59

then non-metal atoms cannot enter the retal lattice without severe distortion,
and consequently with very little or no solid solubility, and simple structurcs
do not occur. This is consistent with the tetragonal, structure of W B and
our finding of no apparent interstitial solubility, and is to be contianted
with the situation for carbon (radius ratio = 0.59) where a small interatltial
solubility is observed, and W2C is hexagonal nt low temperatures and face-
centred-cubic at high.

Consideration of the two metal-rich compounds W C and W B uhows
that ir) the formgr case the carbon atom is present with iis normas Vopic
radius(16)0.76 X whereas in W2B the apparent boron radius is 1.04 XI2). In
view also of the fact that boron 's present as isolated atoms in the W B
structure, where the lattice is established by the metal atoms, it see&s
fair to suggest that the boron radius should be taken to be nearer.l.04
than 0.87X, in the two phases W and W B. If this is so, then boron becomes
more like beryllium in size (1.11 R) aJd would tend to dissolve in tho
tungsten lattice in a similar way, that is substitutionally (see Part 2 of
this Report). This would be consistent with the decreased parametei
observed.

In order to explain the form of this lattice parameter/temperature
graph it is necessary to postulate that the boron atoms can nit in the
lattice in an interstitial W1d substitutional manner at the same time.
This substitutioi/interatitia! balance is altered towards the lattur at high
teeperatures and towards the firmer aL lower temperatures. The introdugtion
of a boron atom into the b.c.c. tU*.Z",en lattL.e :till •setse a region o"



tetragonal distortion around it since such regions can be regarded as "nascent"
W2 B lattices. Such regions of tetragonal distortion would respond
anisotropically to stress and to increase in temperature. It is possible
therefore that the change towards interstitial solution at higher temperatures
may be reflected in anisotropic expansion coefficients or moduli for W2 B itself,
or a tendency for the latter to change to a simpler crystal structure
(e.g. cubic or hexagonal close-packed), where the B atoms can be interstitial
with the minimum of distortion. The energetics of the solution may be such
that the boron atoms are associated as an interstitial/substitutional pair.
Boron is well-known to tend towards forming B-B bonds in the metallic lattice
(but only ultimately for the higher B borides).

Any tendency for the solution to change its nature should be reflected
in the high temperiture parameter values. In fact the pure tungsten and
boron-saturated tungsten curves parallel each other exactly up to 1255 0 C.
Attaining equilibrium at these temperatures is likely to be a slow process however
and very high temperatures, not posdible in the present camera, would have to
be used in order to explore this approach fully. It is probable that vacancies
play a part in reaching the eqailibrium interstitial/substitutional balance
and these are not produced thermully in sufficient numbers until higher temperatures
are reached.

The early results for the wire specimens are controversial. The
only differences between these and the arc-melted specimens are in the
source of tungsten used and the rate of quenching. It is difficult to see
how the former could be the cause. (It would be fruitful however to repeat
the experiments on electron-bombardment zone-refined material.) The quenching
rate for the wires would be high enough to retain some excess vacancies in
solution. With a large surface-volume ratio in the wires the number of
vacancies quenched-in would be expected to be higher than for those in a
block specimen. Vacancies however should contract the lattice though by a
small amount(17) (18), probably by the order of 1 part in 20,000.

Stress, induced into the wires by the rapid quenching may have a
critical effect on the subgtitutional/interatitial balance, displacine it
in favour of interstitial solution. The latter coupled with the fact that
rapid quenching is likely to approximate more nea.1y to equilibrium (which at
high temperatures is towards an interstitial solutiun) are put forward to
explain the wire results.

The hKpoLhesis that stress could affect the ba~anc. could be teated
by meana of internal friction measurements, as for iron (see below).

dignificant internal friction measurements have been made on tungsten(]9 ) ,
though st far this me.hod ha. nut been used successfully to reveal solute
interactions.
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The preceding arguments on the nature of the solid solution may
also ap,)ly to the solubility of boron in other transition elements where the
effective radius of the boron atom in the Me2i3 compound is high. These

elements are set uut in Table 7 below.

TABLE 7

Higg's Ratio and the Radius of the Boron
Atom in Me2B for some Transition Metals

Elemerc rB rB in Me B
rMe Compound

(for
B = 87 ~

Ta 0.60 1.10
W 0.62 1.04
Mo 0.63 1.03
Mn 0.69 1.01
Pe 0.69 0.97
Co 0.69 0.94
Ni 0.70 0.92

Kiessling found no solubility for boron in any of these except
tantalum where an increased parameter was observed clearly indicating
interstitial solubility. The radius ratio for tantalum is critically near
HAp's value and in interstitial solutions here seems not unlikely.

On the other hand recent work on the Mo-B sys 'am gave a slight decrease
in molybdenum parameter due to B in solution. The critically balanced
position of tungsten is therefore understandable also from this viewpoint.

The position of iron is interesting and adds weight to the foregoing
argumente. There is evodence co auggest that in this case boron is present
both substitutionally(?I) (22) (23) and interstitially at the same time, also
in a Fe. It has also been suggested that boron interacts strongly with
dJslocations in Pa, where discontinuous yielding has been observed.

The latter Wny also occur In the tungsten-boron solid-solution
where dislocation networka have been observed possibly decorated by boron
atoms, and this would merit further study.

Interstitial/substitutional balfnce haa also Occn reported in a
compietely different syatee. the Cu-a.(14)system.
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The application of other techniques such as internal friction would
be of considerable niLnerest for the W-B system, as also would an extension
of the high temperature X-ray work to very much higher temperatures, and a
critical examination of the solubility of boron in thee other transition
metals, in co-ordination.

5.1 Summary

The solubility of boron in tungsten has been shown to be finite
and of the order of R.2 atomic % B at 2500°C decreasing to about
0.1 atomic % at 1000 C. The solid solubility boundary does not
recede sharply as it does for carbon in tungsten. The solid
solution is not of a simple type and it appears that boron
dissolves in the lattice in a substitutional and interstitial
manner at the same time. Further work has been suggested to
confirm this and to elucidate the nature of the solid solution of
boron in other transition metals.

Melting points have been determinod ýn the range 0-33.1/3 atouic
Sboron. The eutectic temperature (2600 C) is the highest yet
known for metal-boron oyntema.

The W-rich end of the W-B phase diagram proposed is shown in
Fig. 20.

Ditungaten boride has been shown to be tetragonal at all
temperatures and does not possess a significant hoamoglaity rar**.

A higher-boron compound, VS4, has been found to be of tetragonal

(ThB4 type) structure. This has been indexed and interplanar
bpacings are roportud.
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APPENDIX 1

DETERMINATION OF BORON IN ALLOYS OF THE W-B SYSTEM

The alloy in finely pulverised form was dissolved under reflux
in a small volume of 100 volume hydrogen peroxide in a quartz or
boron-free glass flask. The excess peroxide was decomposed by refluxing
with caustic soda and the majority of the tungsten was precipitated by
acidifying with sulphuric acid and digesting. After dilution to a suitable
volume in a volumetric flask the liquid was centrifuged and an aliquot was
taken from the supernatant liquid for the determination of boron
absorptiometrically. Measurement was made at 620 mu of the optical densaty
of the boron - l:l'-dianthrimide complex in strong sulphuric acid.
The lower limit of detection of boron by this method was .04 atomic %.

Vit.• ackrowledment to our oo'leea. Nr. P. Stablee.



APPENDIX :

MlTALLOYRAPHY OF TUNGSTEN-BORON ALLOYS

Thio method was developed by G. Reinacher (25) for the no~ le metals,
aniWa~ laer evlopd fr uc ith W, Re, and Mo by Dickinson(26).inj wai. 'Late deecp for Re w..

E*:_ntially the Lcchnique is a simultaneous application of electrolytic and
mechanical polishing. An exceptionally smooth and strain-free surface can
Ib quickly produced.

The specimen must be mounted in a conducting medium, for example,
a mixture of iron powder and a thermo-setting resin. Some of ihe specimens
examined in this investigation were extremely small ones in which it was
important to be able to see the specimen in depth so that the correct section
could be polished. A two-ply mounting technique was used where the bottom
part, embracing most of the specimen, was made of a transparent mounting resin
and the remainder made contact with part of the specimen and was the conducting
resin. This composite was consolidated without pressure at 130 C.

Normal metallographic polishing was used down to a 600 grade silicon
carbide finish. The specimen was held on a rotating Reinacher polishing
cloth flooded witn a slurry of gamma alumina powder and electrolyte which in
this case was 3% H20 2 . At the same cime the specimen itself was made the
electrode of an alternating current circuit with a period of 1.5 seconds and
a current density of 0.04 amps/sq.cm. The other electrode used to complete
the circuit was the metal base under the polishing cloth. Using fresh
materials, a metallographic surface could be produced in this way in about
ten minutes.

Preferential etching away or tearing out of small precipitate particles
was avoided by utilising this method, as also was gross etch pitting found in
conventional msthods of preparation, particularly for the dilute tungsten
alloys.

"Dianor" supplied by I.C.I. Ltd. The electromechanical polishing
apparatus is made by G. Struers, Denmark.
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Fig. 1... 0.14 gtouic per cent B-VW. Q'ksnohe
from 2500 C. Electromechanically etched. z 800

rig,12i. 0.78 ptomio per cent boron. Qaenohsd

from 1000 C. Electromechanically etched. 2 800
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Fig. 13. 0.32 atomic per cent B-V. Quenched fro
01000 C. Bloc.romchanically etched. x 800

" IM"

!hga 14. J.14 atomic per cent B-V. Quenched from

10000C. Soctromcnar,;a11y ctched. x 800
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Fig. 17. Schematic diagram of grain growth away from V2B
precipitate after 2 minutes at 2500 C for sample
in Fig. 16.
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YL IS l. W 5 precipitate, formerly outlining the grain

•rioe in Pig. 16 bginning to agloawrateafter 3 ainuteb at 250 C.



Fig. 12. Subatructure in 0.32 atomic % B-V
alloy. x 400
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SECTION 2. l'UGSTEN-BERYLLIUM SYSTEM

1. INTRODUCTION

The tungsten-rich portion of the W-Be phase diagram had so far been
entirely unexplorea, and the present work had the object of determining the
solid-solubility of b,iylli'm in primory ttumgstcn. An attendant problem was
that of studying tha W-vichat .ompound formed between the two metals. The
work also involved a l]mit.:J ccrsidirtion cf the Be-richer portion of the
diagram.

Work on this system is made inherently difficult by the liability
to the rapid loss of berylliiun at the high temperatures necessary to equilibrate
with tungsten, as well as by the hcalth hizar' involved.

The principle technique of examination used was that of X-ray analysis
for the determination of lattice parameters, and of the constitution of specific
alloys: with, however, a limited amount of microscopic and microprobe-aralyals
work. The high beryllium vaporisation losses experienced initially necessitated
the development of a pressure-vessel heat-treatment technique which greatly
helped in overcoming these, and in deriving the equilibria.

2. PREVIOUS INVESTIGATION3

No previous work hab been done on the solid-polubility of berylliu,
in tungsten, and any available information concerning this system is confined to
the berytlides, with stress on the Be-rich rather than V-rich alloys. A paper
by Nisc•MI describes the beryllidee Vie and Vfe, the for er being ahezanvul
Laves phase of the NgnU type of etructuc with a 3- 4.446Xand c . 7.2X.
The le Pbase is sho; to have a teiregnal lattice of the dimensions a a 10.14 3,
€ 4.•! • Paine and Carrabine 2 have reegntly reported the ezistonee of
a compound 'Vieo* which is cubic (a a 11.64 1) and isomorphous with NoB*e,
and Rbee 20 .

Passing reference should be made to the recent more general interest
in high-be beryllidee as potential compounds for high temperature anlications(w),
(particularly for attractive oxidati r -teiltance) which included some
consideration of tungsten beryllides 4 ). A compound Vie 2 was here r*ported,
which however any be the a#me as 2?0

It is of interest briefly to consider the broader information evailhble
on the solubility of go in transition metals, although very pear. A maary
of known data, arranged according to the Periodic Table, is given in Table 1.
A comparison cm be made vi'. 1mgsten.
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TABLE 1

Maximum Solubility of Be in Transition Metals (atomic %)

Group

Long IV V VI VII VIII
?eriod

Ti V CLr & Ar R9
S a a Y

Ist 6 to 13 J4 C4.4 0at 9.2 - 33 - 12 15.3
900 C

2nd *2 - 0.5% - - - ,0.7

A~~~~ iti A LX3r- j j - 1.2S

The table shows that in the first long period apprecible solubtlity
exists for Be in both the OCC and IPC metals. while in the mscnd period a
major decrease occure. In the third long period there awe practicelly no data.

The No-Us system should show ams siailarity to the V.39 qyetes.
This pha". diagram has been itwstigsted by rl1 1m Nolybdem Co.03 WW -!-Mmre
I-Ardneal mswuremente the solubility of Is IA uula No (containing up v,
Vt. .% carbon) his a maxla of 0.53 a/0 at the euteotic temeprsturo. On./'
a mll amouat of X-••y work had been carlied out, but it ma sIm ts -h,
contracted the No lattice indo•ptine that substitutiona eolid-eolutiot, -ect.nod.

A eoqmarson of sno ples•ial properties of V and Ue relevent to tt*• .
Lnvestilgtion igtive in table 2.
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TAME 2

Some Relev3nt Properties Qf W jd Be

T Beryllium Tungsten

Crystal atructore Close packed hexagonal Body centred cubic
a = 2.2810kX a - 3.15M ax

c a 3.5760 UX

Atomic radius 1.13 2 1.41

Density 1.85 grlcm3  19.3 ;r/ca3

helting point 1283°C 34100C

Boiling point 2400-2970'C I 67000 C

Vapour pressure _ 0 SA aufa.

leO0 0.01 3940 0.001
2100 0.1 4440 0.01
2500 1.0 5M 0.1

59•0 1.0

Variously repor ted.

The atomic site difference i* about 200. Indliating the possibility
of a substitutional eo11'1-iolution: the inconrauity of vapOW pte.&m
to clear.

3.•
3.1 Allay trwapartiae

After careful tcneidertioa of the ýWslth rieks mlmvel. it
ww decided to hawe the basic V-Be alloys prepared by awdwr
laboratory (Te ?tUar RPeamrch Institute 4td.) wirlh we
vpen.Ly equip•d to handle boryllii poWder. The health imiard
nece"Aetated the use of a qlove box wi other qwu lal preca•tions
for moet operatli . particularly aince, povar wtallurgical WLobique.
vere used in slloy raetamtion. The pmrootaro erally followed
that used by i•Nchdrl but vith modiflcations.

The be powde.r wA obtalmd fte the Comolldated Uise Corpoemtion
and Ofe or orticle else -200 meft 9,3.1, %ellIm oaide ae the
chief i'ri-ty.
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TABLE

urity Typical Composition Ot Materials: Parts pur million

%~ Tyia

BeO C Fe Al Si P4 No K Na Ca Cu Co No

BoxYAx 4e.5 1U000 150 150 140 W, 80 - (othr i2ur-- \]
ities 40U I

i •st. 99. %- 10 100 CI 100 - 400 100 10 0 50 (53

The *.isten pow4er was of about 99.9 puritY. The
coap<..itiow of the Be and V a" us•d at Fulmer are given in Table 3.

The V and Be powders were nixed and small coapa.ta prep.-ed in a

die. To reduce heroetneity during wixian. a nuaber of smal prvesinga.
rather th•A one Irrg& one, were made for each alloy. In initial
*xperiments. the compacts were sneethed in an alumina crucible encloWed
in an evacu4ted silica envelope end heted in a tube furnaee un4or
varying ccndititus of temperature. tim and atmoerhere. Carly
tvbe failure rNltd wit this method ad unsuitable for handling St.
The method •inally adopted wes to place the ;ompots inside a
re-crystallieed alumina tube closed at one end. eand blocked by %A alvaira
plug with a tfie hole at the other end. This wae then placed inei.0e
a close-,.aded mullite tube Joined at one e9t (outaide the ftunwo) t3
a iris" connector for mintaining a preassre of one trephere or arow.
The asoambly -*%* heated in an electric tfrtnce to 1650 C. at iirst

for various time. but on later .tandardalation for 32 hours. for
the higtest 3. alloy (93 atomic ) m an nWee4l. t@apMtwe of lo00C -am
Used.

The aintered samples were rwc*ived in 1Wth 'lock and pz"*er fors.
so ma to be suitable for wetallcqrpsic and X-ray ezlutstion. A irt

ot the nominal compositions prepared i• Ativen in table 4. Cor.;,'itions
mmbere I to 5 oore chosen for deteaJinatiot of the primary ol*Id-
solubility siate thorv .m a likelihood that tOe lUmt wwA1 t- In V'
range. Compooitionto n mbrs 7 and 9 were selected since thy
correspond to the tva knuom coaspoid. VOs ndW V apectvetwly
numbors 6 -- ,d f to study equilibria on eiiher lde of the ofe2 NIa.
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TABLE 4

As-weighed Compositions of W-Be Alloys

No. Be (remainder W)

Atmc Wei ght

1 0.r5 0.025
2 1 0.05
3 2 0.10
4 3 0.26
5 10 C'.54
6 40 3.2
7 66.7 9.0 (Compolnd nS.2
a 70 10.2

9 93 39.4 (Compound iBe13 )

3.2 Hom~ rnetiy Teats and Heat-Treatgpnt

Tho al iyo as obt,4ine, from Pulmer wort examined b,' X-ray
anal)sls to determine the constitution and to test for t.M existene
of wuy hetorogeneity within them.

Prelimirvary investigations on the 2 and 5 a/a Be alloys after
solition-treatmont, at 2650C0 indicated no change in 16ttloo parameter

from pure V and thus the abserne of any Be in solid solution. ?Mese
alloys woru later re-heated and malted in the argon ar:-furnis,
on the sesumption that solution in V could thus be enhanced.
Hoever, X-ray test spin indicated no Be to be present, either in
solid-aolut$on or as V9e_. It wae concluded that be had teen
Icit by vap,3risation and suspected that this ay have been alre•dy
larely the case for th* l3 Be alloys as received.

RIoeog•neity tests were carried out on the so-receivvd 5. 1G. and
40 &/, Be alloys, including spacing maesue ta and c6natitutioll
determinations for various portions of the sow alloy. Pm results
are shown in T','lo i,
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Homogeneity UDaa on W-Bo Alloys, as-received

Sample Spacing o' Constitution
(atomic %primary W

5% Be, centre of pellet 3.1582 W. No B2 visible.

5% Be, edge of pellet j A.1587 W. No WBe 2 visible.

10% Be, ventre of pellet (i) 3.1568 W + Be 2 * mall amount.

10% Be. edge of pellet (I) 3.15K V. No WBee visible.

10% Be, centre of pellet (2) 3.0570 W + WBOe, Small amount.

104 Be, edge of pellet (2) 3.1575 W. No WVe, visible.

40% Be, pellet (1), area (aW 3.1561 W * WBe, medium amount

404 Be, pellet (1), area (b) 3.1559 " (fairly
constant)

409 Be, pellet (2), area (A) 3.1558

14C% Be, p4llet (2), ares (b) 3.1563

Accuracy O.O0005 X

These reaults iwn•icat*ed that for the 5 and 10 Be alloys hete*#geneaty
existed between different compacts of thu sam alloy and aleo wtthlr.
the poalets tnemelvss. V•.e 40% Be alloy tould be consilered to W
reasonably nomogneoon.

In order to try and detect the possible premsece of sll aoucta
of VBe in the us-rtcelved alloys o" love D content, a swres of
photol;sphs war takun using a G-ainivr-HMa focusainvM Cei. After
a 48 hour eqxpurv (4t 15 N.A.) L*e 2 and 9% 3e alloys revaltd no
trae of VIe,, but the 100 Be Clloy a smal a•omut o0 tJ'ia cvepmd.

to verify the X-ray evidence of heterageneity in the high tunstp n
alloys and the faAlure '.o detect Bw in solution in the ' OnM 9% 1*
alloy., It was decided t. arrmzwe for cheescA analyes. The first

I~r III II I1' ' 11 II t II I I I I2



analy'e, werc carried out by Dr. R. C. Chirnside at the Hirst Research
Centre of G.E.C. Ltd. Subsequent analyses were carried out in our
own laboratories by Mr. P. Stables using the same techniques. The
method of analysis is given as an Appendix at the end of the report.
The results are shown in Table 6.

TABLE 6

Chemical Analysis of W-Be Alloys

Sample Nominal Beryllium Nominal
(atomic %) (weight %) (weight %)

1% Be (a) <0.005
(b) <0.005 0.05
(c) 0.006

5% Be (a) 0.23 0.26(h) 0.18 .2

S0.0.54

105 B e ( a) a) 0.35 05b) 0.29

le,. Be (b) (a) 0.46(b) 0.23 0.54
(c) 0.25

Wm ,k ( 6 6• . 7 B e) I 6 .79 .
4 7.9.0

It will be noted that the Be content ,as airificantly lower than
the nominal in every case. and in the "1 atomic Be" alloy was
tardly detectable. The difference in Be content between aales of
"q same alloy indicated considerable heterogeneity. These results
confirmed the X-ray indication of non-unifomity.

It was thus decided to concentrate a large part of the work on the I
406 Be alloy for lattice spacing studies which, apart rrom relative
hosopeneity. had the advantage of fairly high Vie content eambling the
spacings of both the tungsten solid-solution and ihe eound Voe
to be detemined accuratoly. It also allowed som tolerance to is
loo9 during heat-treatment, whilst still in the two-phase regions.

The first technique "sed was to anneal the alloy in powder form
inside a tut.-•ten block containing a cavity for holding the ssmpe and
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for temperature measurement with an optical pyrc.neter under approximately
black-body conditions. In this series of experiments the alloy was
heated in the argon arc-furnace by applying the arc to the exterior
of the tungsten block to varioas temperatures, from which they were
quenched. The objective was to obtain a lattice-spacing/tomperature
graph by annealing the alloy at a series of temperatures. Even with
this alloy, however, digficulties were encountered with Be loss at
temperatures above 1800 C.

For higher temperatures a pressure-vessel system was devised and
is shown in section in Fig. 1. The sample is placed in a small
tubular-drilled tungsten-container with a tight-fitting carrying-rod
which acts as a stopper. The whole arrangement is heated in a tantalum-
tube furnace where temperatures up to 2500 C could be attained. By
this technique Be loss was eliminated or at least greatly reduced and
even molten Be-bearing alloys could be produced.

A technique was developed for producing dilute beryllium alloys
by first preparing standard mixtures of the 40% Be alloy and pure
tungsten. The respective powders were passed through a 30 mesh
sieve and intimately blended in a rotating mixer. The powder
mixtures were then packed into a tungsten pressure-vessel agd heated
in the tube furnace to varying high temperatures (1800-2500 C). In
the process, diffusion and sintering to a solid mass occurred and
homogeneous equilibrated alloys were produced. The alloys could be
said to be homogeneous since X-ray analysis of different portions
revealed lattice spacings and constitution to be constant. By this
method it was possible to obtain significant results In delineating
the solubility limit of Be in W. Dilute alloys were produced in
sufficient quantity for chemical and X-ray analysis and for microseopic
examination.

A limited investigation was carried out on V-P, alloys using an
electron erobe microanalvser. with the idea of possible direct
determination of the solubility limit. This will be detailed later.

4. r4=

4.1 Prelisinary kuerimntm

A general X-ray constitutional survey tas made of the alloys as
prepared by lmer and results are given in Table 7.

u n I I I I t I I • II I'



TABLE 7

Constitution of W-Be Alloys. as received

Alloy Constitution
(atomic %, (observed)
nominal)

0.5% Be W pure - no compound.

1.0% Be W pure - no compound.

2% Be W pure - no compound.

5% Be W-Be solid solution - no compound.

i0% Be W-Be solid solution + VBe2 (Small
2 amount).

40% Be W-Be solid solution + WBe 2 (medim
asa mot).

66.7% Be (= e %2, WDS2 + W asiall mount.
nominal)
70% Be VBe of spacing larger than in the 66.7%

ally. Possibly trace of V and a
further phase.

93% WBe . 3nal amount of further

At this stae, lattice-spocing changes throu& Be solid-anlutiom
in primary tungsten were observed, namely contractions. The deesream
throughout uhoved the eolution to be substitutional. Another
interesting feature was that appreciable lattice parameter
variations occurred within the )eryllide WD• indioating that a
limited ¥,-l. homogeneity range for the ce;4o;; suleted.

The above results indicated that a reaonable approach to
equilibrium had been achieved with the higher beryllium alloys, the
two compounds WV. and Wlel being fored at the approximately
correct Be levels? In thh'70 and 9% e/o Be alloys there is evidence
of additional phases and in the 9% alloy ieiaddittonal interplamar
sacing valuea correspond to those of VD
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A large proportion of the work carried out on this system has
been devoted to various heat-treatments of W-Be alloys followed by
determinations of the resulting lattice-spacings of the primary
tungsten and WBe2 phases. Several methods of heat-treatment were
investigated and a series of lattice-spacings for a range of
temperatures was obtained. The spacing results obtained using a
hollow tungsten block heated in the arc furnace are given in Table 8.

TABLE 8

Constitution ad Lattice c Result after various Heat-Treat nts:
(40% Be alloy throughout)

Heat Spacing of Constitution and Remarks
Treatment Primar V

Pure V 3.15M•w

Alloy "as received" 3.1560 V + WBe2
14000C, 60 mine 3.1565 V + Vbe ). V. spacing .as

15500 C, 40 mine 3.151 V + ie2 O receivued". f ll lo" sd ec~eaaed fna• loss

16500 C, 30 nine 3.1567 W + BDe 2 ) of Be from solid
solution.at

1750 C. X0 mine 3.1560 V + VUe
220000C, 6 mitne 3.1563 W + VDO2. Onl trace of Mie 2 present.

20000C, 12 mine 3.1573 V onlyt shove that Be loan increased
with time.

21600C. I ,in 3.1560 V + Vas 2

2320°C. 2 ain, 3.1573 V onlyt higb loss by vporisation.
no We2.

26000 C, j sin 3.1558 V Wa Vi 2

Using the above method of holt-treatomt the spactft euHdts
show a all veriatift up to 2000 U. On epoelsg at 2000 C and
above for any length of time, veporiratlon of Be becam severe,
making it imoesible to attain an eguilibria condition. "w
annealing time of j amrite at 2W00 C eM I mimate at 200 C ad not
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appear to have been long enough to change the state of the samples
from thAt of the "as received" condition.

In an attempt to reduce beryllium loss, a further series of
anneals was carried out using solid pieces of alloy, the centre
portion of which was extracted after heat-treatment for X-ray
analysis, on the asoumption that the outer layers would act as a
protective shell to the core. Results are given in Table 9.

The results indicated that beryllium was still being lost using
this method, and even at 1800°C there was a considerable losp of Be,
the vaporisation increasing with increasing annealing time.

For high temperature equilibria, therefore, it was essential
to use a sealed system, if possible with beryllium overpreesura and
the tungsten pressurp vessel had to be used. Results obtained by
this technique on the 40% Be alloy are shown in Table 10.

In this caso the X-ray constitution showed that Be lose had
been greatly reduced. oThe primary tungsten spacing was constant
between 1800 C and 2150 C, the value being 3.1560 kX which is identical
to the "as rc':eived" value.

To supplement the lattice spacina/temperature data for low
temperature equilibrium, the 40% alloy was given anneals at various
temperatures down to O0000C. The 10000 C anneal was carried out after
the alloy (an received) had been sealed in an evacuated silica tube.
The remaining treatments were carried out in the tantalum tube
furnace. Tie results are giver in Table 10.
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TA BLE 9

Lattice Parameter Results on Samples Extracted from the centre of
Solid Pieces (40 Be Alloy)

Sample Lattice Spacings (kX)

Primary WBe
W

a a c

Pure W 3.1588

40 alloy, as
received 3.1560 4.478 7.354

1800°C, 25 mine 3.1558 1.465 7.346

1800°C, 60 mins 3.1569 Trace compound present

1900 0C, 20 min.l 3.1569 4.462 7.338

?000°C, 14 min3 3.1566 Trace compound present

X-:'Y Rjetw• on Shma~lej figated in the Prtagure Veeeell
(40,1 Be Alloy)

Tretment Spacing ConLt.tution

WO0°C. 603.1561 V .VD.

2- V C, I min$ 3.1561

2050 0 C. 2C mina 3.1562

21500 (nolten) 3.1561

j 150 0C (0.oitn) 3.1560



Lattice Parameter Results on 4Q% Be Alloy, Pressure Vessel
Treated at Lower Temperatures

Treatment Lattice
spacing

of
primary W

(kx)

1000 C, 1 week 3.1573

1000C, 1 month 3.1573

1300 0C, 6 hours 3.1577
14000C, I hour 3.1565
14000C, 2 hours 3.1567

1400 0 C, 3 hours 10 mins 3.1568

An experiment to gain an indication of the eutectic temperature
in the system W-VBe was carried out by observation of sintering and
melting of the 401% geryllium alloy-powder after annealing in the
tantaluh-tube furnace in a pressure-vessel, and quenching from a
series of increasing temperatures. Resulto obtained are given in
Table 11.

OkjeratiL2U concerniog lutectic Teanlritur, (40Q be Alloy)

Teumpvsture Obdervation

1575 No sinttring occurr*d.

1720

1800 Slight sintering.
1920

0IO Further vintering but pov4ar
still friable.

2W0 3;ilar to abovv.

Al"Y. -- l ltoa.
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0The eutectic temperature was thus lo',ated as lying between
2050 C and 215000, and in view of the 8udden transition from loose
sintering to a molten aggregater it is estimated that the 40$ 14 alloy
is close to the eutectic composition.

The WBe alloy (66.7% Be) was heated to 22500C in a pressure-
enclosure aný found to be molten, indicating that the mglting point~
of WBe 2lies between' the eutectic temperature ( U 2100 C)and 2250 C.

4.2 Principal Experiments

4.21 Solubility-Liwait Studies

Using the technique of diluting the 40% Be alloy with
tungsten to produce high-tungsten alloys (as described previously)
followed by homcogerising at high temperature, further significant
results were obtained. A mixture reacted at 2500 0C was found
by chemical analysis to contain 6.7% Be; both microscopy and
X-ray analysis here indicated thm presence of a small amount of

We. Th e lattice parameter of the primary tungsten wee
3-I66 X in lire with substitutional solid-solution of Be
approaching i.ts maximum: the latter corresponding to a lattice-
parametgr of approximatelV 3.15W kX, Another mixture reacted
at 2500 C Rn analysed as 2.97%l Be was found to be single
phase by X-.ray examination and microscopy. The lattice-paramoter
of t?.: primary tungsten In this case wan 3.1572 ci. also
indicating (as it did constitutionally) that this alloy was within
the solubility-lisit of Be in W. The solubility-limit can
thererore be bracketed between 3 and 6 .7% Be,

A considerable amount of work was carried out on these V/40% Be
ailloy mixtures in the pressure-vessel arrangement with the viaw
to locatine the solid-oolution boundary oore closely. Hoeweve.r
this did not succeed (without the supplementary evidence belowý
since all the low Be mixtures on reaction in the presmure-vessel
yielded lattice-patrametere of 3.1572 Mi or greter. The
equilibriumn lattice-paraseters for different tesiperature levelas,
using the pressure-vessel technique. are summrized in Table 11?.

It was of some additional interest to see whether any phaos
traneforuition might possibly occur in W9@ at ratvlt low
temperatures. The alltoy was therefore aeldat1000 C ins:de
a mll V~ pressure-container, which was itself sealed into an
evacuated aillics tube. The sample was heat-trest*4 for period*
of firstly, a week, 2o:ondly a month. After these treatwents
certain additional dlta i ¶e rr-art, nzugusting the
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possibility of the existence of a low temperature phase. Sowe
additional line.;i were observed also after other low-temperature
heat-treatments, but not in all cases. The indication thus is of
the possibie occurrence of a new low-temptra~ure form, but this
would require confirmation.

TABLE 12

Equilib: jum Lattice-3vacinau of the V-mBe
Solid-Solution

Tempe!aturt Lattice Parameter
(C'C) (Ux)

1000 3.1573

1300 3.1572

1400 3.1568

1650 3.15W0

1800 3.1561

2000 3.1561

POW0 3.1562

2150 3.1561

2500 3.1566

The epactna is seen to be constant to ± 0.0001 MI between
1650 and 2150 C (autectic temperature) indicating thet the
solubi1lty of Do is constant ovr this temperstuereag..
As reported above, a lattice-spacing of 3.1572 UX corresepouds
to a Be golubility of 30 .n therefore tha solubility at 1000
and 1300 C can be said to be about this values. Asounirg a
linear lattiee-specing obaxage with be content (i.e. thot VaPNI*'
law holds for the system) the ainiusm lattuce-eacing (3.1%60 MI)
would correspond to a solubility of stout 5 atomic % Be. aind kn
view of 00 30%Bes olubility at 10000C. and the fact tOW the
6.7% alloy already contaira signlfitmt a~mcut. of compound.
it Is possible to conclude that the maximum so1lability-1iait lies
betww*. 4 and 6% 2r



An attempt was made to determine the molubility-liait using
the 40% Be "as-received" alloy and comparing this with stanea=d
mechanical mixtures of the two constituents; the technique
however, was found to be too insensitive to obtain significant
results. Another attempt was made to bracket the solubility
by controlled vaporisation of Bie from a 40% Be alloy. The idea
was to produce an alloy with Be iA solid-solution, but with
successive reduction in ies through vaporisation loss to
vanishing point. This cnhition however was found extremely
difficult to achieve and there was a complication in that Be was
lost from the solid-solution at the same time.

4.22 WNý $Judie@

The hexagonal lattice dimensions of the compound Wie (Lovee
phase) were also measured after the various heat-treatmeol of
the 40% Be alloy. In an attempt to compare the lattice
dimension3 on tither aide of the homogeneity range, the 700 Be
alloy was also heat-treated and the lattice aostants
determined. The dimensions obtained for both alloys are shown
in Table 13. The man volumes-per-aton in the hexagonal unit
cell bal& also been eluated ae The values obtained by
Riech~l are ehown for comparion.



TABLE 13

Lattice Dimensions of WBe 2 after Various Treatments

Alloy and Heat-Treatment Lattice pa-sameters (kX units)

a C C/A NO
atomic
volume

kX

Values obtained by Nisch 4.437 7.274 1.639

70B B as-received (1650 0 C) 4.569 7.414 1.644 9.79

70 Be 1700, (40 nine) 4.W.€ 7.40, 1.643 9.76

7Q4 Be 18000C (20 mine) 4.457 7.328 1.644 9.45

70% Be 20000 C (5 @ini) 4.474 7.355 1.44 9.56

4C s a&-rvc.fved 4.478 7.3'%4 1.642 9.56

4v S•" % -. °D (Z5 mwin) 4.46% 7.346 1.645 9.51

Ant B '.,- , (.;0 aire) 4.458 7.324 1.643 9.45

40% Ma 1900¢ (,V nine) 4.462 7.336 1.645 9.49

The r•vAres obt.•insd on the 4C% Be Compooition thie. dove
lattice-pMCint/teme raturv values for the W old* of the We2
hosoonlt$ raw, are mn to 4te0rase vith ,ncroeing
tesermtwrw*o indicating a -*4haai in fe content with teipratr.v

It was expected that from th n$ be alloy a aiailar get of
valwe veuli be obtained for tbh ?*-aide rf the hom.mg ity ruW .
kv-ovr, a ocoplication arim In t..at this alloy coa~nam a
intl! agount or frw tur.•ten in the Qa-eive4" corlitior mad
xf~or ihoot-treiiii'ttt *ii. epeelt valu~es obtained tbeiwfor

w r,• .:~ :•-'• l- ,,,--e*~n to oqutlibrius for the Be-ide-

of Ux 11 ~ r~ . ,; epwin ftI .auesobtndnt-4 for
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ttii< 18000% treatment are almost identical to those for the 40,"
alloy. Tihi is explained by Be loss during the experiments
%:; revealed by X-ray analysis showing an increase in free tungoter
In :encrai, however, the opacirvg values obtained asing the 70,
:illoy are larger than the corresponding 40o values and decrease
with increase in temperature. The overall maximum dimensions

.or the WBe phase are those "as-received" for the 7V16 Be alloy:
the minimum thoce for the 40'o' alloy at 2050 0 C. The calculated
interplanar spacings for the maximum and minimum lattice constants
are given in Table 14. In the two "as-received" alloys, the
70,o lattice constants are the larger, implying that an increase
oF Be in the WBe lattice has the effect of exxpandina it: an
effect opposite io that in the primary W solution. Straight W-o-eBe
r2ubstitution in WBe ought to have caused a contraction; a possible
explanation could be the presence of vacancies in the WBe
lattice at the W-end of the homogeneity range which are p~ogreosively
filled with Be atoms on traversing it 'owards the Be-rich end.
The lattice dimensions of WBe2 decrease with increasing
temperature implying that the number of vacancies increase wit:i
temperature and that the W-rich WBe 2 phase boundary advances
towards the W-end.
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TABLE 14

Interplanar Spacings for WBe2 dj)

For minimum For maximum Intensity hkl
lattice lattice

constants constants
d d

3.86 3.97 V 100

3.67 3.72 W 002

3.42 3.50 w 101

2.66 2.72 W 102

2.229 2.290 VS 110

2.065 2.099 VS 103

1.931 1.982 VI 200

1.905 l."49 3 112

1.834 1.857 VV 004

1.749 VW 202

1.516 1.547 S 203
1.459 1.499 V 210

1.432 1.469 w 211
1.356 1.390 3 212

1.330 1.356 V 204
i.28e &.322 S 300

1.254 1.282 VS 1  21

1.214 1.246 V .'02

1.145 1.160 3 205

1.115 1.144 N 220

1.071 1.099 w 310

1.035 1.055 S 215

0.981 1.005 w 313

VS , very strong N a uedh VV W very week

S q atmng W a weak

r i'i l l I I I I I I I• I I I I ,I 'I I I I I ' II.5.5



,4.23 MicroscopiC Examination

The microscope has had limited use in this investigation
since most of the work has been done on sintered alloys which
were rorous anJ non-consolidated. The three photomicrographa
shown refer to alloys produced by the pressure-vessel technique.
The structure0 in Fig. 2 was obtained by annealing the 40% Be
alloy at 2200 C. The sample consisted of a fillet of pure
W-WBe2 eutectic which had permeated between the tungsten-
contairer and the centr.A carrying rod. Fig. 3 shows another
part of the melted 40% Be alloy, consisting of spherical
islands of primary W-Be solid solution in a background of VBe,,
Eutectic. (This structure was investigated undra th. aicropiobe
analyner, but due to the presence of porosity in the sample it
was not possible to obtain any significant estimate of Be-contents
by this mear-.) Figs. 2 and 3 givS direct evidence that
W and WBe2 form a eutectic (at 2100 C, as determined above).

Fig. 4 shows the 6.7% Be alloy produced by sintering at
2500 C. The background is W-Be soli-aolution and the
precipitate dbe in grain-boundary regions. The dark area in
typical of the ýorous naturt of the alloys.

4.24 Microorobe AnrAlzis

It wbas thought attractive to try to !,:termine the
solubility limit of Be in V and the comporaition of the cotpo•and
by microprobe analysis. Beryllium of course is too light an
eleant to be Jc*ected at the pr*sent, but it was hoped that
the local titngstiei concentrations could be revealed by differtnce
and by comparison with at*nardi purv tungsten. Thia was
undertaken with tne kirn help o0 Mr. T. Mulvey of the A.R.I.
Research Laboratories. Alderseaston (who in a pioneer in this
field and was in fact roeponsible fý.r the original developsmen
of the A.S.I. microprobe amalysir). Initial atatmpts were
vitiated by micro-p rosity and anperitlee of the surface whlci
were unvoilable in the partly melted ample.. However. sorm
muccooa wa achioved by A W-Be ample which had completely
W lte4. It van the sme as that shown by micrraph i Pin .F .
namely tho fillgt of ((V, Be) b VMe ] eutectic between twe
tunrksten faces. Fie.-g (a) ahowe an ilectron scanming picture

of this. The contrast is here rverWd compared with the
optical atcrograph, otherwise the details are similar. Al-zo

hown, In Fig. 5 (b) is a specimen current ca-i r*cord taken
acrota the eutectic. HMre the peakm correspond to the
comporition Wko,. as dettrmined accurattly by Mr. Mulvey Ly
point analysis taing the %ung"ten L a .ne. The troughs correspond

•4a
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to the W solid-solution. The trough composition is very close
to that for pure tungsten: so close in fact that a reliable
quantitative estimate of Be in solution was not possible. The
A.E.I. estimate is here only the descriptive one of "a few atomic
per cent" Be in W solid solution, and indeed entirely consistent
with our own results. The scan does however confirm WBo
as the compound, and the micro-scan difference between pude 9 and
the Be-saturated W is visually well apparent on the instrument.
(Note: This microprobe analysis, being on a friendly basis, ha.s
here necessarily to be curtailed; however, the first indications
are encouraging and, if there is an opportunity, would make a
further, more quantitative microprobe study well worthwhile.)
One incidental fact arising from the scan (Fig. 5 (b)) is that
of dimensions: the size of W and VBe 2 particles being of the
order of 1 to 2 microns.

5. )IS=XPN AND CONCLUSION3

The results obtained say be aummarised as follows:

5.1 The solid solubility of Be in V Is considerable. It Is ia the
order of 5 atoaic % Be, at the eutectic teeperature, although the
vulue can at this stage be bracketed to no closer than between 4 &W6% a..

Tth solubility-lnit doer not vary appreciablyt with teeperature
between 2100 and TOO C; it decreases to approxiastely % Be in the
range 1000 to 1300 C.

5.2 TV* solid-solution Is ubgtitutioul with a msium contraction
of the twreten lattice frms 3.1508 to 3.1560 kX, I.e. by 0.00
(linear).

5.3 The timpter-richest -o-oM formed w showm to be the diberyllide,
and the qetes between the (v, Be) solution and bBse 2 Is a eutectic one.

5.4 .The eutectic te.sratu. vas located a" between 050 and .l15u 0 C,
and the uoteetic comositIon at around 40 atoeac % be.

5.5 IMe compou tle2 i, coatlrmd to be a Law" pbase (h•eaoemal
fnU type structure), and ftAd to pores a sianifticant hmwl"ity
r;;4 (WS. ) with the following rnwr in lattioe dimioim.t
Naum- 2 ± (V-rich and) a . 4.550, c - 7.318 k1; c/a - 1.645.
ftxla (be-rich end) a - 4 569. c - 7.414 kIs c/a - 1.644.
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This compares with values given by Misch of a = 4.437,
c = 7.274 kX, c/a = 1.639. A recession with temperature of the
W-rich WBe 2 phase-boundary is indicated by spacing variations.

It would appear therefore that the solid solution within the
WBe, lattice (in contrast to that in W) i3 not one of substitution of W
;,toks by Be, but that probably vacant Be sites in the Lav,,-s phase
lattice are successively occupied; however structural verification of
this effect would be of interest.

The melting point of WBe was found to be not far above the
eutectic temperature, and ceriainly below 22500 C.

5.6 The results have been summarised in the form of a tentative phase-
diagram shown in Fig. 6.

The principal difficulty throughout this investigation was that introduced
through the incorgruity in vapour-pressure between W and Be, and by the interfering
effect of beryllium loss and its control. This shows itself in many facets,
particularly the unpredictability of Be con'ent after any one heat-treatment
and the possible appearance of heterogeneity even in any one saple. However,
this could be largely overcome by the preosure-erclosure technique, although It
.still •akes the data le:s complete or precise than had been hoped. The vapour-
pressure of Be increases from 10-2 to I at*. between 1800 and 25000C. which it:
the main range of present interest. Also the compound Vsei suffers from the
fact that its stability is pressure-sensitive. Thu#, for •ample. on heating
to high temperatures under atmospheric (argon) pressure the phase dissociated
te d its component ekcments instead of melting, and only by heating in the preosure-
vsenl could it be aelt*4.

Structurally the occurrence of the finite homigwiatlty range of Vie,
ioess of special Interest in this connection. One asight wall interpret the"
tbove vacation of Be lattice-sites within the laves phase (opacirg increases
with Be content) as already a sig~n of the relatively weak bonding of Be atoma
within this structure, and as a *lattice evaporation" preceding the run
decospositlon of the structurw usiostod by the already intense thermal
vIbratiora of the Be-atoms. A corrvspondinT interpretation can of cours be
given to the erfects observe in the primary V-Be solution, with its extremely
easy lose five the DCC lottice . Only here the lattice-apacing change occur#
.n th6 orposite sense, because, owing to its site. the Be atoms are held
,ubstitution•lly. however loosely so.

Considered overall, therefore, ve eight say that the first addition
of Be to V caused "heir subseitutional entry into the body-centred cubic
lattice, but that even here the vibrational energy of the Be atoms is so great
that bond'ng it only a very Loos*e one and their e*cape maJLly facilitated by

1he team "distillation" of Be frcs the lattice sites might not be amiss.
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W - temtuA(r ture<) a:i:r-ear in imnicdiate gaseous form, co-existing
. 1 W-SoIution, :rod (b) (at lower temperatures) tend to transform

,i latti,1ct r1,,ions.; where it is already oegregated in higher
iii io ;# into cunt'ijuration.- of' Lave pa.se (WPe 9 ) type. This can

•rL, ~ alr;ady' otur on a micro-s•cale for compooitionb lower than those
•rs'tr:, lini to ujilibriuim saturation, owing to local Be fluctuations.

ýiu upon rcac ..inj !rtucatiun the (W,Beý) WBe 2 transformation will of' course

T'i.( Lavej-prh'±e 1tructure is known in numerous transition-metal
6 L.:c ..y.!tcmrr, as precipitating from the primary BCC solutions, and implies an
'itomi - r'icrrangemcst to achieve maximum close-packing of the two atom-species
(lis;Cussbcd in some detail in ref. 6). In the present case the Laves-phase
.oeryllide would, at the W-end, initially have deficient Be atu,,-sites, which
:..y roadily filled or vacated within the limited non-stoichiometric range
1N.. A practical con:,;equence of such lattice holes is that they invite
Oci1pution by certain Lhir-I. (impurity) atoms.

Aaotner, favourable, implication of this loose bonding of Be atoms
in triu tungten beryllide is that, under oxidising conditions at high
tcmpcraturcs, some of the Be would diffuse to the surface to form a thin
adherent BeO film; this probably wo,.Od in part account for attractive
oxidation resistance which this and other transition metal beryllides are
known to have.

Comparing the W-Be and the W-B systems, although the vapour-pressures
of Be and B are similar, the B atom is much more firmly bonded. Also the
compound formed (W B) is very stable and melts congruently at 28000 C, in
contrast to WBe 2 where the W-Be bond is weak enough for it to dissociate
(unless under pressure at temperature).

In the present work, the Be loss was minimised by using the high-
pressure technique. However, even then, lot: Be alloys with W lattice
saturation could not be obtained. In view of the above characteristics, thi3
is not really surprising. Also in the pressure-vessel experiments the
container walls had to be tungsten itself, so that some Be abstraction by
diffusion was inevitable.

"juch ougregation being particu'iarly easy in this system, again because
of preceding iocal losses or transient local enriciment during Be
diftuoion to thn zuilace.

nest AVail~be,0 Copy
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APPENDIX 3

NOTES ON CHEMICAL ANALYSIS METHODS USED ON W-Be ALLOYS

(With acknowledgement to Dr. R. C. Chirnside,
The General Electric Co. Ltd.. Hirst Research

Centre, Wembley)

1. T SPECTROPHOTOITRIC DETEMINATION OF BERYLLIUM

IN TUNGSMT-Bf&YLLIUM ALLOYS

1.1 Principle

The alloy is dissolved in a mixture of nitric and hydrofluoric
acids and the solution fumed with sulphuric acid.

A colour is then developed with the beryllium anO p-nitro
benzene-aso-orcinol in a 0.4 N sodium hydroxide solution buffered with
bo~rate and citrate.

Interfering ions are held in solution by the addition of R.D.T.A.

The optical density of the coloured solution is measured at
515 s and the beryllium content found by reference to a calibration
curve.

: f-JPitro btfmm-lL5I -4Orcilb 0.6w

To 0.03 g of the dye add 100 ml of 0.1 0 N•M solution.
Stir mechanically for 5 howe. then met the solution aside in the
Urk overnigh. Decent the clear solution into an amaer
coloured bottlo. If necessary, filter the solution through a
No. 540 Whatmen filter paper to obtain a clear solution. Rnew
at fortnightly intervals.

1.22 St4da& bervllium alutio - atzon,

Dissolve 0.4915 # of beryllium sulphate (I.0 A4M 0 Anaasl
grade) in *ter. Add 2 al of 5 V N2XO4 n4 d dilutl to250 a1 so
that Ial & 100 us b.

1.23 Stadard bgrillivu solution -- Mek

Dilit. 25 al of the strong solution to 250 ml so that
I &ml 1 a4 ,i 3@. Prvparo tais solution as r iuir*d
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2j 1

V-I~ :IIIL, art-
1 ' ' 0r E. P.A. -1lution. Allow to

~'i I,: '* ution and~ again allow

~ *~ cr '. ULU I:! vowiwuetric flacýeL.
Mu%.;'rf e"' cai~et ully mi of the dye

into t~ ~e c dilute to 100 ml With
...a;. cLk~.triol'a Willy, tiln .x.ut theo flackoUj acii' for 10 minutu_~

!Uj~~i4 AIL tlLi It l') 24 011 :j Lcp-,:tropkiotozmeter

a -,e wi th teblnnk cý,DLa' .on i u thv n f%;±C refce cc 11

Plot ttrtc optical derxuit~e cbtuizivd aguizuýt ap, of berylliwil.
l.'xrangc 0-200 iig Be the calibration -,raph i.3i almost linear.

A riew oalib.-::itioni _-uvv mrust b, ptvpc~trei_ eaih time thei p-nitro
cc-'to-orcrO soslution -i! renewed.

Wti'if, off' ýi-pucrtion of tiie .Jaipli2 tuo ontain not more than 200 Ig

tP !" rliun anuH tran.cfer to a p)latinum diih. Add .- nl of' hydrofliuoric
~:d tinl a few dropo of n~itric' acid and !over wuith a pLutinum lid.

W~icn co.lution iý c:omplete rimue in thu covcr add 1 ml of o3ulphuric
1
.j(I + 6) an~d ~vvporatu ~juct Ji telminate, fliinride-,;

A ~ lt' to !tin. I 11, 'c LIlioW to 1.ifc.t on: u ttenil

Best Available COPY



Allow to cool, then add 10 .l of E.D.T.A. solution and not
aside for 5 minutes.

Pour the liquid into a 100 ml beaker containin 10 al of
buffer solution and stir to dissolve tungsten compounds. Pour
back some of the solution into the platinum dish to dissolve any
adhering tungatic oxide and rinse into the beaker.

After allowing to stand for 5 minutes transfer the solution to
a 100 ml standard flask and dilute to c 90 al. Add by smens of a
pipette exactly 5 al of the dye solution and dilute to 100 al.

After 10 minutes mea-ure the optical density at 515 au using
a 4 cm cell with a reagent blank in the referenoc cell.

Deter=in* the beryllium content of the saple t r r
to the calibration graph and express the result as a pemistege by
weight.

The relationship between the optical ebsoaptios at the osmlow
berylliu& lake and beryllium oontent Is partleularly depent as
the concenration of the p-nitro benaee-aonorcian solution.
It follows, therefore, that old solutions of the reqget di•b W
have deteriorated on storage must not be used, &1s that a

calibration gr~ mest be prepared sach tint a ftesh selmUtes of the
dye is dispensed.

The reagent solution alone he a fairly " Optical ssily
at the wavelength uSd for the tests so that peat a m at be
exercised in pipetting out the 5 al portion to be UNA in tU

-asealysis.

It Is a via* Precaution to rno a standr, P"Um OW 41 f a
bwn vo .lume of the stuandar belryllims solmtion (I• al 8 WS so)

to am beryllium-free tungstem total, at th s Use a S to to.

1.6 6

Vimni, ?. A. Anal. Chwa. 1953, &. 15W4.

Covlgtafo. L. c. et al. IMi 195%. 7l. 17Z-30.
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2. THE GRAVIMTRIC DETERMINATION OF BERYLLIUM

IN TUNGSTEN-BERYLLIUM ALLOYS

2.1 Principle

The allcy is dissolved in a mixture of nitric and hydrofluoric
acids and the solation fumed with sulphuric acid.

The residue is extracted with water, a smal excess of amonia
ir added to dissolve the tungstic oxide and to precipitate beryllium
hydroxide.

The precipitate is filtered off, washed, redissolved and

reprecipitated. The beryllium hydroxide is then ignited to the
oxide and weighed.

2.2 |mto

2.21 Annium nitnte solution io

Dissolve 2 g of the crysta'A 'n 100 al of water and mkas just
amontacal to litmu.

2.22 A-nia solution (1 * 1)

Dilute 0.89D amania with an equal volume of water.

2.23 Nuinhuric acid (1 * I)

Add oulphuric acid (S.0. 1.6) to an equal volume of water.

2.24 •ul•ic acid (1 * 6)

Add 20 al of sulphuric acid (3.0. 1.84) to 120 ml of water.

2.3 ZOM~M
Veigh off a portioe of ample to contain betweem 10 em 100 Of

of beryllium and tremfer to a platima dish of c. 75 ml eeslty.
Add 5 al of Iqirafluoric acid and about I ml ut aitric acid sad evr
the dish vith a pltiam IiA. Men solution io omlete rinse in
the lid, add I *l of sulphuric acid (1 * 1) And m$1p6te to fumisg
to ellminate fluorides; fume strongly for 2-3 mirnates.

Allow the dish to cool. then add 30.40 al of water Sd bet ON
a *toem bath for about 15 aiautesi stir occ.aioally with a Clan
rod tt, aid solution of 9- borylli%- maiphate.



To tne hot solution add a few drops of litris solution, then
add cautiously ammonia zolution (1 + 1) to the change point of the
indicator, then add a slight excess to dissolie tungsten compounds.

Head the solution to boiling, boi]. for 1 uinute, then stir in a
small quantity of ashless floc and filter the prvvipitate on a 9 Cm
Whatman No. 41 filter paper. Wash the paper 5-4 times with wira 2re
ammonia nitrate solution. Retain the filtrate.

Transfer the filter paper back to the dish, add 10 al of
sulphuric acid (I + 6) and heat the ýisn on a water ba'h for a few
minutes. Stir occrsionally to macerate the filter paper and to
dissolve the 6eryh.ihm hydroxide.

Add 40 al of hot water, stir, then add a few diops of litme
solution aWd WtakV tuLt -vwoniacal, then add a few drops excess to
ensure solation of any residual tungsaten. Boil for 1 ainutt.
Filter end wiash the pre-ipitate as oero.e.

Combine the filtrato3 froe the two -recipitations, acidify with
sulphuric acid (U * 6) and evaporat, to about 40 al. lbkv ulaU~y
awsoniacal and boil the solutior for I *inute to precipitate a•I
trace of ber7lliu which way )ýA.w escaped precipitation arliler in
the proc"ert. Filter and wvi any procip'tat., as alrouy desoribed,

Transfer the two filter pperi dnd procipitite. U a 4* a
platinum crticibleo. ISnM!e ,*nti, at first. finAlly at 1000 C im a
m, ffle Ofurwce, coo) •n• rtoigh the ceible to obtain the weigt of
'brylIIu oxide. Calculate tho weight of berylliu metal
(8* - .605 x UO) and ex.rwas the" rtmnt as a percentage by ve tb'.

The aethod is applicabe only to alloys wich are free from
other "Wetl , giving inaoluble hydroxides by asonia prmpitation,

Avi~lliua hydrori4e is slightly soluble in solutions contalAlIW
Fprecla�le zamounts of free womia and heiwe it Is desirable to

restrict the amucnt of excess a*meonl used in the prwc!pitatioa ot
the bWryiliu. Vner these conditit,- a clan separation of beryllium
from the lar mount of tiungten presmt ýe not obtained In a stail.
preipitation and r*-precipitation is es'ential. If a aqle weight
Yreater than 0.5 1 hoe been used, a second re-pricipitation my be
required to .ewm're eomplete isooval of the twvneten. It is in ay
cam sdvisab;v to check the purity of the weigmd beryllium c.lde
by X-ray or spectrp.-toic e-sination.
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B'-a- ,! til J1it'rAt .ýIubility of beryllium thydroxide In
.~n:.±~cn ,it .;-nicosear7 to exazmine thv? filtrates

:r: t-t, m~ai r.::L:o11,` !),Cipi:ationoz for any srmall amount of bcryi!.,um
-atLas eocuc A. L.ip-tation. The amount of' pzv'!ipitate si
~btaini~u' choui~ b_2 vcr,< 'ra it any, and -a .ingle precipitation
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SECTION 3. TUNGSTEN-CARBON SYSTEM: BRIEF SUPPLEMENT

The determination of the solid solubility of cart;n in tungsten
had already been fully reported in oar Report of 25th August, 1961 (which
-ippeared as ASD Document No. ASD-TDR-.62-25 PTI March 1962ý. However, two
:iubnidiavy f,3pects were dealt with in a limited amount of ,n-bsequent wuok.
The3c were:

(1) the age-hardening of W by W2C.

(,) the Ta-W-C system, solubility aspect.

It is here proposed briefly to report this additional work.

1. ACE-IARDENING EFFECTS

A principal result of the preceding work was the existence of a
small solid solubility of C in W, receding from about 0.3 atomic % C at the
eutectic temperature (24000C) to an insignificant value below 2000 0. The
poosibil ity of precipitation and of dispersion-hardening is therefore, given;
W11 it w%!s tttractive to study this. Unfortunately the amount of work that
could be done under the circumstances was only very limited, and the followin.,
results should be regarded as only exploratory. The desirability of furthez
study is clear. A particular attraction lies in the fact that W C should bt
able to rumain in a stable Vine-particle dispersion up to very hijh temperatures,
ye:t by iiuenchýa) from temperatures within the solubility region (between say
2000 and 2700C and subsequent controlled annealing at different lower

temperatures it moy be possible to produce varying degrees of hardenability
and of strengthuning. Varying rates of cooling from within the solubility
field provile a further factor of interest, as well as of course C-content.

Experiments were carried out on the 0.J75 atomic % C alloy which
is well within the solubility-limit at the eutectle temperature.

Sampls of large crystal-size were alution-treated for ten
minutes at 2 4 5 0 C in the argon-arc furnace and quenched. Ageing was carried
out in vacuo, one galf of the specimens be'ng treated at 1450 0 C, and the
uther half at 1000 C. The specimens were aged for a series of times ranging
from e few minutes to 600 hours, and then quenched. The results are given
in g-aphical form in Fig. 1. They ni~os tiAt a baull, but diztinct hardnecr:
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increase takes place at borh temperatures, the hardness peak occurring after
30 hours at 14500 C and after 160 hours at 10000 C. For comparison both these
data are plotted jointly on a logarithmic siale in Fig. 3.

"The aged specimens were studied using the optical and elertror.
microscope. In the solucion-treated condition, Fig. 4 and (electrn-
micrograph) Fig. 15N, the structure is featureless apart from a general pattern
of etch-pits in the former, characteristic of tungsten and varying from grain
to grain. At the hardening peak no change is yet observed, as to Joe expecteod
since the appearance of a precipitate will be associated with softening.
The electron-microscope, however, shows the appearance of small craters (Fig. 6),
and it is possible that these are the regions of stress and nascent precipitation
revealed by the etchant. In the overaged conditioa, a distinctive precipitate
of pdle pink colour appears botn in the gr"in boundary region (Fig. 7) and
occasionally within a grain. The majority of the precipitate, however, is
likely to be very finely dispersed, and the electron micrograph (Fig. 8) would
appear to confirm this view, showing fewer and deeper craters where apparently
the carbides had been located.

As mentioned these ageing experiments can be considered as only
indicative and the desirability of much more detailed work is %qmgested,
particularly the study of the dispersion-hardening effects. The hardening of*
tungsten by W C has certainly been demonstrated in principle and a&.thcugh the
degree of hardening is fairly small under the conditions chosen, it can almost
certainly be increased and modulated by further experiment.

2. THE SOLID SOLUTION OF C IN Ta-W ALLOYS

In the earlier course of the work on the solubility of carbon in
•ure tungsten (when this was still thought on the borderline of detectability
by lattice-spacing changes), the following idea aes put forward: To utilise the
known facts of (al a much higher solubility of carbon in t_ l , And (b)
the continuous solid-solution formation in the Ta-W system, in order to
extrapolate the primary solution boundary W-C ftom the aeries (Ta---W)-C.
Carbon saturated Ta-W alloys were to be used. The lattice-spacin& change of
C in pure Ta is more appreciable than that in W (although controversial, see
below), and Jn the Ta-W system Vegard's law is nearly obeyed.

A series of eight pure W-Ta alloys were prepazed in the first place
by melting small ingots in sui argon arc-furnace and subsequently carburisirn each
by remelti..g with small amounts of graphite. Melting continued until all
free carbon had reacted, the prime object having been to ensure the presence of
some excess free carbide (Ta,W) 2C in equilibrium with a saturated (Ta,W)
matrix solution.

Electron micro"copy with the kind help of Dr. B. B. Argent,
University of Sheffield.
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A -'m,)i-ition arose however. For pure Ta, carbon addition
exprrnied thc latti,, as it did, to a lesser eytent, for pure W.
Howevitr, an apparent and consistent contraction of the BCC lattice occuried
thr--,uth carbon for alloys containinC both Ta and W. "he results are shown
in T'able I.

TABLE 1

Lattice Spacing Change of Tn-W Solid Solution by C

Composition, atomic ;o Lattice Difference A a,
Ta Spacing through

(reLaainder W) a C-solution(d) (kX)

Pure Ta, without C 3.2953 -

Pure Ta, C-oaturated 3.3028 + 0.007

79.0 " 3.2204 - 0.04

49.1 3.2018 - 0.013

16.8 3.1654 - 0.005

9.0 " 3.1567 - 0.010

Pure W, without C 3.1586

Pure W, C-saturated 3.1584A + 0,0001
8

This anor-4ly is attributed to the fact that for any given W:Ta
ratio in the base alloy, carbon addition alters this proportion in the matrix
in favour of h gher W, owing to the stronger C-affinity to Ta. ThAs the
observed matri" spacing appeArs lower, owing to the enriched tungsten content,
the associated carbiae b)ing richer in Ta.

This result, while of interest in itself, rather wilitates against
the original intention of trying to "extrapolate" the W-C terminal solubility
from the (Ta-W)-C series. In view cf the fact that the eolubility limit of
C in W has now been determined without the uae of a third element, this
par~icular approach had rather a)st interest and tas not continued any further.

Its pursuance wculd need a much ,,ore comprehensive renerch to be
initiated. TLij cou]d 3till be it worthwhile project though any such
evalxwition of the T.-W-C , jtea ,uuld havu to be on an independent basis.
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One interesting aspect which arises is that spacing changes within the BCC
solution and the carbide series would provide a useful quantitative means of
eriving partitioning of the elements between these phases. Microprobe

analysis could here prove of added value.

A result of incidental interest is the lattice-expansion by C in
Ta solution, namely by 0.0070 kX. This ontradicts previous published
work cJaiaing a lattice contriction of Ta by interstitial C (Smirnova and
Ormond 1 . see also Pearson 2): results which seemed un;ikely). Ours
agrees in principle with Vaughan, Stewart and SchwartzsM) result of a WRnl
expansion of Ta by C. In our work the gxpansion is in fact appreciabjy larger,
as it corresponded to a quench from 25000C, as against a 1000 and 1500 C
anneal in the Battelle work, which would again appear consistent.
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fir, 4 (111) V-C alloy (0.075 Soc C) soluItion treated end quenched.
Etched in tarnkaai'a reagent. (x i00o)

fjir. (mi) v-c Alloy, (0.0.5 .-ý c), aolutiouitlrnr
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Fig, (1. ) ,-C alloy (0.075 ,/ 8 C), solution treated
and quenched; aged 100n C, 167 howe.
At hardneuss pea.
Ulctron ,icrogriph, a Pig. . (x 20000)

pp t
L[. b,---.

ppt

f (11) V-C alloy (0.0h */o •), solution treated
and quenched; aged 1450 C, 47 hours.
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