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FORZWORD
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ATSTRACT

1his report deals with the solid solubility of boron and of beryllium
in tungsten, topsther with the attendant problems concerning the tungsten
rich borides and ber;llides in equilibrium with W, and which are liable to
precipitatc, Brief supplementary data are given on the W-C system, follow-
ing the previous investigation,

The study of the solubility of boron in tungsten shows this to be ap-
proximately 0.2 atomic B at 2500°C, 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-Yp B
forms a cutectic system, the eutectic temperature being about 2600°C,. A

high boron compound HBh has been observed,

In the tungsien - berylliwg system which presented some special hazards
which are described, the solubility of Be in W is found to be approximately
5 atomic ¢ Be at the cutectic temperature (&= 2100°C). The solubility limit
docs not vary appreciably down to 18C09C and decreases to about 3 atomic ¥
e in the 1000/1300°C range. The solid solution is substitutional, and lattice
spacing variations arc described. The equilibrating phasc is WBe, (hexagonal
Laves structure), The diberyllide precipitates from the primary ~(W,Be)
solution and is shown to have itself a significant homogeneity rangc.

This technical docurentary rcport has been reviewed and is approved.

J/M

I. PERLMUTIZR

Chief, Physical lletallurgy Branch
rictals and Ceramics Division

AF Materials Laboratory
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SHCTION 1. TUNGSTEN-BORON SYSTEM

1. INTRODUCTICN

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

A limited study was carried out on ditungsten monoboride (W?P.), 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 W,B, WB, and W B:. a new phase has been found
which proves to be the same as that recently répdrted by Chrétien and Helgoraky(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 syste? San 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 foi the solubility of B in Mo however 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 {hi solubility to be very low, no apacing chunge
being detectable. Samsonovi®) however found a considerable lattice parameter
decrease from 3.1495 to 3.133 ¢ indicating 4 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 datn aboul 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 tantaium, Kiessling reports that boron expands the lattice o
indicating an interstitial solution. A 10f5 B-Ta alloy quenched from 1270°C
had a lattice parameter of 3,314 kX showing an incrense of 0,018 kX over

that for pure tantalum,

This manuscript releassd Sy .he suthors June 1963 for publieation as an
ASD Technical Documentary Report.,
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The position concerning the tungsien borides is much clearer. Three "
horides are established:- <
VZB, tetragonal a = 5,553 kX, Melting point 2800°C
Cukl - typo ¢ = 4.7% kKX (melts incongruently) o« o « &
§ WB, tetregonal & = 3.109 kX, Melting pcint 2860°C,
MoB type ¢ =16.89C kX stable below 1850°C 2
# WB, orthorhoabic a = 3.18 kX,
CrB type b = 8.4 kX, stable above 185006
¢ = 3.06 kX
§ WoBs hexagonal  a = 2.976 kX, Melting point 2200°C
D &, type c = 13.84 kX

In addition o these a fourth boride \‘B4 has been reporteq(l)
theugh this has not deon confirmed, until now.

3. DXPERDENTAL
3.2 The experimental approuches used were:-
3.11 X-Ray Exebinetion

(a) Lattice paremeter msasurements on quenched low-boren
sasplcs.

(d) Thermal lattice expansion of pure tungeten and boron-
saturatod tungsten u..ng the X-ray high teapersture
canera {as explained belov),
(r) Constitutional exemination for the borides.
1.12 Betallograshy -,
{a) To detect Uw firet traces of boride.
{b) To obeerve the wode of precipitation, if any.
3.7 Jeark “reamet
fo wearch for polyw:Tohy in Vzt.

e




3.14 Liquidus determination within the W—UzB range (which appeared
previcusly unknownj.

Note

Internal friction was tried in the case of W-C alloys(2o)

but proved unsuccessful. Its pesuible application to the

W-B problem will be discus=eq later, It is thougnht however

that this aspect has not been exhaustively explorud and would

prove a fruitful field for further werk. I

3.15 Chemical Analysis
(Sce Appendix 1)

3.2 Asloy Preparmtion

Two methods of preparing W-B alloys were used. These methods
produce a boridimsed tungsten wire in the one casu, and 8 amall argon
arc melted ingot in the other., They ?re in principle similar te
thasc used in our previous work on W-C 20).

%3 Prsparstion of Vire Specigeny

The tur3sten wire of 0.027 cm. diameter was supplied by the
Genera %Slectric Co. Ltd. (Osram) and had the follu'ing analysis
(weight per cent):-

Lyl Fe Cu X we Ca ¢ SiO2 AL.O

|
0.04 | ..~ | v.005] 0.01 }o.oox 0.01 | 0.001 | 0.03 | 0.005

Total purity >59.98 ¥,

Seall copper conta:t tubes were fitted to vach end of a 15 cm.
length of the wire vhich was arrenged along the azis of a Pyrex
tube with sujtalle electiical connectors. Thnouir.n whuld thus
be heated by current to temperatures up .o 3000 < in a stream of
high purity argon. A disappesring :ilament pyromater vas used to
seasure the .emperature. T o iatter wes corrected for nor-olack
body conditions anl for :he absording power of the glass envelope.
Tast ratas of quenc..ing weras obtained by cutting-aff the current
supply to t'.» wires and ‘ncreasing the flow of argon.

3
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3.4

The boror-containing specimens were made by coating the tungsten
wires with a slurry of finely divided ¥_B. The amount of coating
compound applied was varied by weighed amounts so as to give final
wireg of different compositions, The coated wires were held 8t
1£00°C to promote adhesion and then at iemperatures up to 3000°C to
allow diffusion to proceed throughout the wire, yielding a
consolidated alloy. A typical microstructure is shown in Fig, 1.

The chemicaliy pure HZB powder used, supplied by Borax
Consolidated Ltd., had the following analysis, by weight:-

B 2.9 + 0.1% (theoretical 2.69)

vV 97,1 3 0.1% ( *  97,11) Cl residue <0.1%,

The wires were heat-treated at various temperature levels
and quemched in the Pyrex tube.

re tion of Arc-Mclted Ingots

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

0 Ye Ni Cr Mo

<0.20 <0.05 <0.02 <9.02 <0.03

Total purityd 39.7% V,

Vecighed amounts of pure tungaten and ditungsien boride powdara
vere initially mixed and compacted in a ssall press at 10 t.s.i. %o
give approximately ten gream pellets. These were pre-sintered on
the water cooled copper hearth of a laboratory sargon arc furnace with
ron-consumable tungeton clectrode.

During the aintering stsge and also initially during melting a
vapour was given oft {more noticeably for the case of the higher B
alloy) which rondensed to a pink colow-ation on the valls of the
fi-nace and on the observation port. As an incidental this conden:ed
phase wvas analysed by X-ray diffraction and provea to be & amixture
of tungsten and bo.on oxide 2.0,. The latter is consistent with the
known scavenging nffect of bo;aa on oxygen in tungsten, noted by
severul avthors, due to the ver; high heat of formation of 3203.




3.5

It is thought that by this action the rather high initial amount of
oxygen present in the pure tungstep powder was reduced to a negligible
level in the final alloy. Bach slloy was ropeatedly 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 anaiysis was carried out throughout, &s in the
Appendix.

Bigh Temperature X-ray Work

The reason for using this approach was that of a su_pected
1nter8titial/aubatitutional change-over of B atoms with temperature,
which arose during the work; sec later.

Preliminary experiments on the 19 in. B.S.A. High Temperature
X-ray Camers (built in this laboratory)(7) showed that some
modifications 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 apecimen temperature and good X-ray and specimen optical
arrangsoent. In addition high vacuum is also essential for a
reactive metal such as tungsten.

The steps taken were as followa:-

A fine collimeting systsm was designed, after some experimentation,
and this increased the resolution mariedly, at the expense however
of exposure time. In order to offset this latter disadvuntage
the sluminium foil diffraction windows used to retain the specimen in
vacuus and allow the X-rays to expose the file were replaced by
pre-formwd 18% cz diameter beryllium windows. (“Araldite” therwo-
setting resin proved useful in resoiving the initial difficulty of
obtaining & good high vacuus seal detween the stainleass steel collar
of the camers perimeter and the beryllius windows.) A thin
berylliue disc similarly replaced aluminium at the vacuum seal in
the collimator entry. A beryllium windov was also fitted to the
Bayssx 100% X-ray set. In this way it proved possidle to reduce the
time of exposure by & factor of shout 2.5. A ly hours exposure at
50 m.a. wvas found to give sufficientiy strong and well recolved
diffraction lines.

Rotating snode, to perwit highe it X-ray intensity and a further
redustion of exposure time,




The shorter exposure time also euased the problem of maintaining
close temperature control of the specimen. Control was by a
conventional method modified to take account af the low resistance
(1 ohm) of the hemispherical Pt 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 stage it was possi‘oleoto control the specimen temperature
to only + 5°C at best at 1000°C, This variation, caused by random
changes in furmace current during the exposure, was attributed to
fluctuations in mains voltage and it was considerably reduced when
a voltage stabilizer unit was fitted. Finally the specimen
temperature could be held to + 1¥ C at 1000°C. and in some cases the
temperature varied by as little as 1% throughout the exposure.

The vacuum was 0.029 microna, measured by ionisation gsuge.

The reosult of these modifications wais that parsmeter
measurements at temperatures up to 1200 C could be made to an
accuracy comparable with precision room temperature measurementa.

3.6 Preparstion of High Temperature X-rey Svecigens and Jalibretion

A tungsten hair, made by dissolving down soma of the pure
tungsten vire, was used as the foundation for the two high temperature
specimens; one basically a 1.352% B~V powder and the other pure
tungsten. These were mixed with finely divided highest purity
periclase (Mg0) to fore a slurry, grd coated on to the hair. The
aspecimen was baked in vacuum at 50°C for two hours to drive ot{ the
vater and consolidate it. Periclase was used as a bin‘er bdecause
its lattice spacing/temperature graph is accurately known . Thie
internal calibration resoves the uncertainty caused by the poaition
of the therwocouple relative to the specisen in the camers.

In fact the difference detween the indicated therwmocouple temperature
read by a potentiometer and the actual specimes tempermture can be
quite significant and is shown graphicaliy in Fig. 2. The specimen
temperature on this graph was cbtaines by using the NgO lattice
paraseters listed in Table 4 (see later) an¢ converting these into
temperature by means of the known parameter-tesperature relationship.

This Wg0 work formed the subject of a recent Interlaboratory Study on
Thermal Expansion organised by the Un't»i States Juvtau of Nines, ts vhich we
participsted. The oversll assessment appeared in a recent report ).




4. RESULTS
4.1 Preliminary Information

4.2

4.3

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

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

e Liqui T termjnatj

A series of fiftaen 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 wvas saintained in a half molten state cnd an optical
pyrometer focussed just inside the solid-liquid boundary. Systematic
errore arise due to the departure froam black body conditions and the
variation of emissivity with composition. The firat of these was
largely elisminated by calidbration sgainat similarly shaped standarde -
preferably in materials comparsble to that being investigsted.
In this case pure tungsten, ditungsten boride, niocbiua and sirconium
vere used. The correction curve was a atraight line.
lcprsducibnux of the liquidus tempersture measurements wes %o
&£ 20°C st 3000°C.

The result of these measurements is shown in Pig, 4. The U-I?l
aysteam is a eutoctic one with the eutectic point located at s
composition of about 23 stomic per csnt boron. The sutectic
temperature is at approximately 2600 C.

idastice Parapeter Nemurvaents

The room temperature X-ray phntographs of the quenched specimens
both on tha boridised wires and on the povder samrles were taken with
copper ka rediation (nvnlmgth Yay = 1.5405C R, (.2 = 1,5443%4 R)
uaing a 13 ca. Unicam camera. The camsra asseadly was allowed to
stand in position for a length of time before the exposure, in order

to equalise the temperature tatween t(he spocimen and the eavironment;
this wvas meas:red with a sensitive mircury-in-glass thermometer

7
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reading to 1/200C. The camera was modified in order to increase the
pvrecision of measurement by adapting the Van Arkel method of film
mounting and improving the location of tihe film round the perimete~ of
the camera. A millimeter scale, calibrated against the similar

ccale on the Cumbridge comparator was imprinted on the f'ilm before
development to correct for shrinkage. Each film was measured twice
with the travelling microscope capable of in‘erpolation to 0.002 mm.
After correction, the setting on a diffraction line could be repeated
to within 0.C1 mm. The Ka) and ap reflections of the (222}, (321) and
(400) planes were measured and the parameter results for each were
plotted against the Nelson-Riley function ¥ (COSPO + cos2 @ X

sin @ e
The 3traight line resulting from this wus extrapolated to
@ - 90" in the umal wy to correct for systematic errors. The

resul ts were as follows:-

4.51 The Wire Specimers

Boridised tungsten wires -erv quenched from various
temperatures as described previously and guve the lattice
parameters il oyt in Table 1 below. These wires were
aaturnted with boron as shown by the prescence of free ditungston
boride detected under the microscope and thus should show the
maximum parameter chanpgen Jdue to boron in aolution at these
temperatyren,




TABLE 1
Lattice Parameters of Tungsten-Boron
Solid Solutions ZHire §pecimenss
Quenching lattice Reliability | A a x 10°
Tempgrature | Parameter a x 105 {xx)

("c) (kx) (kx)

1700 3.158 48 +2 3
1800 45 +2 0
1900 48 +2 3
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 6
2600 S1 +2 6
2700 b1 23 10
2800 53 +3 8

IM change in lattice parameter at the sutectic tempersture
(2600°C) whers the greatest aclubility for boron would be
expected to occur is barely significant 6 x 1075 kX, (The
value of 10 x 10°5 kX at 2700°C must be treated as unconfirwed
since this wao & single determination and at a temperature 10c%
higher than the eutectic temperature.) It seeas without
doudt however that these results indicate a slight expansion
of the lattice.

The lattice expansions are about one quarter to one third
of those for the tungsten-carbon aystem and this, ~oupled «ith
the inovledge that the boron atom is about 10% larger than
that carbon atom, leads to the suggestion that the solubility
of toron {e conuidersdly less than cartbon and extremely small
inderd.




This expansion suggests that the solution is an interstitial
one, on balance, Moreover it seems difficult to draw a
reliable parameter/temperature graph from these resuits thus
rendering impnhssible its later transformation into a soiid
solubility phase boundary.

4,32 The Arc-Melted Ingots

A series of finely divided alloys of composition 1.92% B,
10.42% B, 21% B and 26% B®, that is alloys with free boride
present, was given heat treatment at four temperatures
1450°C, 180000. 2100°C and 250000 in a tungsten container in the
argon-arc furnace. The tungsten container was designed 3o as
to simulate black body conditions as far as possidble 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 titaniuvm
buttons for a total time of 3% minutes, Previous experimentation
hag showed that this resulted in & negligible increase in hardnesa
of the thir! button. The specimens were quenched in the
tungsten container on the unter cooled copper hearth,

Temperatures werv measured by means of a disappearing filament
pyrometer sighted on to the apecimen through an observation port.
Corrections vere made for departure froe black body conditions
in the same way as previounly deascribed for the doridised wire:.

The reaults for the lattice parameter measuresents including
those for pure tungsten are given in Table 2 below.

2
A*9=.c per cent throughout.
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TABLE 2

Lattice Parameler Mcasurements (Arc-Melted Specimens)

W-B Alloys:
Atomic Heat Treatment Tungsten
per cent Latiice
Boron, Spacing
by (kX)
Analysis
Purc o 3.15904
Tungsten Siowly cooled from 2500°C 3.15909 Mean value
3.15914 3-15909
5.1590 —
3.15903 +5 x 107 kX
1.92 2 mlnu at 1950 C slow cooled to 3.15854
1550 c, quenched
10.42 10 mins at 185000 slow cooled to 3.15859
30 mins at 1450 C, quenched
20.99 10 mins at IBSOgC slow cooled to 3.15859
30 mins at 1450 C, quenched
25.9 5 mins at 1800 C slow cooled to 3.15834
25 mins at 145000, quenched
1.92 10 mins at 1800 C, quenched 3. 15839
10.42 10 mins at 180000, quenched 3. 15854
20.99 10 mins at 1800 C, quenched 3. 15859
25.9 1 min at 2200° C, 10 mins at 1800 c, | 3. 1584
quenched
1.92 10 mins at 2000—2100 C, quenched 3. 15864
10.42 S mins &at 2100°%¢c, quenched 3.1586
20.99 5 mins at 2100°C, quenched 3.1565
25.9 2 ming at 2100°C, quenched 3. 15822
1.92 5 mins at 1800° C, 1 min at 2500 c, 3. 1590
quenched
10.42 5 mins at 1800° Cy, 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-
o graphs
1.92 10 mins at 2500 C, quenched 3. 15912
1.92 " 3. 15904
1.19 " 3 15877 Mean value
0.8~ Analysed after ihe heat treatment 3 15909 3.15896
0.83 10 mins at 2500 C, quenched 3415 at 2500°C
.32 " 3.158 8
11
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Those results which gave « Neison-Riiey extrapolation with
maximum error limits of 3 2 x 1C™7 X (all but two values in
Table 2) are averaged out for the var®us tecperatures in
Table 3 along with the mean pure tungsten value.

TABLE 3
The Temperature Varjation of ten
Lattice Parameters i n t
Tenpgmture Tungsten Change from

{"c) Parame ter pure ¥
x 100
(iex)
1450 3.15857 - 52
180G 3.15850 - %9
2100 3.25&2 - 47
2500 3.1589, -4

The gnllor change in parameter at 1450°¢ coapared
with 1800°C s attridited to incomplete squilibrius at the
foreer tempersture.

These resulls show a considerable lettice gontractisn fros
the pure tungsten values, & result to be contrested with the
slight expaneion found for the boridised wires. la addition
this contrection increases vith decredsing temperature.

These seemingly conflicting results sade it iwmpossidle to
deternine, froa lattice-parmssters alone, the primsry soludility
limit of B in tungeten by the usual scaling sethod.

The effect hovwever is of particuler basic interest and this
forms part of the argument in the later discussion,

.« 9 -~=n I!IIEIIHB Ellll'.l I!l”'l

X-ray photographs were taken on the high temperature cemere

s discrased using Co Ka and K§ redistion (wevelengts Ky, « 1.768830 '
Kep = 1.79279 £, xp; « 1.6207, ). Only cosparativs values for the
ungsten and the toron-saturated nusgsten specinsens were
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needed, and in this respect the technique is extremely sensitive..

A scale was exposed on each film before nrocessing and the
Nelson-Riley Extrapolation was again used to reasure th: tungsten
ani Mg0 parameters. The reflections measured for the tungsten film
were (222), (310) and (220) Ka and (321) and (222) K§. The pericluse
reflections measured were (420), (400) and (222) Ka. The valuea
obtained are shown in Table 4 and the results plotted in Vig. 5.
It can be seen that there is no divergence between the two plots.
The effect of the boron in solution is to cayse the same contraction
in parameters at all temperatures up to 1200 °C.

As will be discussed, the particular interest was in the
ovcurrence of any such divergence in rates oa expuasicn, or of &
discontinuity which could signify a change in borou atom

positioning.
IABE 4
High Tempereture X-roy Pyiemgter Begulty
Sample Taspernture | ¥ parasetur| RO paruseter rture
%c {xx) {wherv Mc
(apparent) detereined) {true)
8 3.1584 7.210C 15
7 3,167 4,22¢4 280
i 11659 4.2%9 b
Pure ¥ 80 31704 4. 544 a0
0% LN ¥4 - 9%2
1100 s  Jurh 2 11%
1200 11770 4..9708 250
8 3.1581 - 195
b ] Y16¥e - by}
w3 a53 3.1664 4.7 +70
Satureted AT9 3.1684 - 02
3oiviion %1 bR Y744 - b2z
1161 3. T .1 1200
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4.5 Metallographic Arproach

* series of boron-containing allcvs was melted and homogenised
in the arc-furnace, Small lunp specimens were taken from these
. gots and hest treated in the tantalum tube furnace in an
ntmosphere of argon. When it became clear that the solubility
wag very low, a master ailoy of nominally 1% B vas made from which
the low boron alloys were prept ~.d.

A difficulty encountered with the lcw 'oron alloys was that
etch patierns developed which would tend to mask any precipitation.
An example ot this is shown in Fig. 6. A_new metallographic
technique wag tried and found to be very succesaful for these alloys;
this is described in Appendix 2, In tris way groas etcb-pittirg
was avoided ana it was possible to detect the szallest amount of
precipitation,

The main resulis of the metallographic examination can be
suwr:irised in tabuler form as follows (Table 5).



W

IaBE 2

Metaliographic Results

Fig. No. | Alloy Composition Heat Treatment Constitution
by Analysis:
atomic per cent
boron
7 2,00 Quenched from 2500°C | a W + VB
s 1.19 " ] L] "
9 0.78 " " " "
10 0.32 8 » " "
1l 0.14 . " " a ¥
0.4 " " " eV .
0.08 e av ¥ 3P
0.04 hd » " v

810&&,)' couvled from
2500°C angd quenchad

o 1000°C :
12 0.78 " aV¥ W3
! 0.3 " c ¥+ B
14 0.14 " a¥ e vgs
0.08 " 'R
0.04 " 2 v} ¥o ¥,B

The 1.92% B alloy shovs the charscterietic pink boride
precipitate a% the grain boundariea wherc it im alaoet continuous,
and within the graire wheras it assuxoes & sphericul shape, As
the boren content is lovered, the boride precipitat: within the
crain is repidly decresssd and it can then be odssrved onéy at
the grain boundaries. In the alloys quenched fros 2500 C no
boride can be seen in the 0.14K samples though this is not a0
for those with 0.32 B.  The solubility Limit would thus appear
to lie between these tvo values at 2500 °C. Julging from the
amount of boride present in the N.gher boron content alloy it ser-w
1ikely that the soludbility ie nearer 10 the lowver of thcee values.

At the 1000°C temperature level boride can :lear!y be seen

in the 0.1¢€ B alloy but cannot be detected st lower levela cf
boron contlent,

S5



The 0.32% £ alloy was quenched from 2500°C and then held at
l:CCOC for 3 hours. There was a noticable incresfe in the auount
of boride presen’ as spheroidswithin the grains, Fig. 15, in ngrcement
with the decreased solubility at lower temperatures indicated
above.

0Thc 0.78% B alloy in the form of a small lump quenched from
1000 C, was metallopraphically examined, Fig. 16, and ihen heat
treated at 2500°C for increasing 1lengins of time &nd quenched.
After two minutes at 2500°C the grain boundaries were seen to have
left the boride precipitate at many points on the previously
polished surface (shown schematically in Fig. 17).  After three
minutes the boride previously surrounding the grain boundaries
and present in “stringers" started to agglomerate, Fig, 18,
Finally after 30 minutes at 2500°C the microstructure consisted of &
randomly dispersed spherical boride precipitate witiiin the grains
surrounded by grain boundaries largely free from precipitate.
This is strong evidence that solution and possibly some
reprecipitation is occurring at this temperature.

An interesting observation made on some of the arc melted
specimens waa the presence of etch pit patterma which formed
networks, Fig, 19, These were seen i only some of the low boron
alloys and they did not occur throughout the specimen, only in
one or af st iwo grains. Sirmilar features were inveatigated
by Wolffl?) and were found to be caused by low angle dislocation
boundarios. In addition she found that only graine of certain
orientations could be induced to reveal subsbeundaries by etch
pstting, Thia ia trie also of our observations. Fur dislocations
to be seen at all however it is usually necessary for them to be
"decorated” by impurity atoms and it ssems prubable that boron is
functioning in thin way,

4.6 The Buride Phases
4.1 ¥ B

The buride phane which in ir equilibrius with the ¥-boror
aolid solution in W B. Jts crystal structure, determined
by Kieanlingl4), ia iatrugnnnl of the CuAl, .ype. This was
confirmed {n the preaent work, E&l&inntgonu uf the higher
beron X-ray photographs listed in Table & showed the spacing
of the ¥. % to be independent of temperature and to pouvsess
parascter valugs idantical o thone found by Kieassling.
4 40 atoeic % B-¥ nlloy designed to be on *he borun rich side
of the W B, and proved so by the prescarea’ ¥3 as well us W B,
alxo ahobed no tigrificant change of Inttice spacing. It Ban
be concluded that the W B han ar extremsly narrov range of
Yomepence.ty, if any, ?
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It was thought that there might be a high temperature
transformation of the W B, for instance to a hexagonal
or cubic form, similarly to that found in WOC. In order to
test this possibility small powder samples fich 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 W_B samples by sparking them with a vibrating W_B
electrode”in the same way as for the W.C (described mor% fully
in the Final Report 20y on our W-C worﬁ). 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 nosuwal tetragonal
W_B was fgund. It must thus be concluded that the Cull,
type of structure for HZB is retained right up to the melting
point.

4.62 Higher Borides

In the course of making higher toron alloys it was
po:.sible incidentally to observe certain other borides reportei
in the literatuve, namely p and § WB and € (WZB ) It was,
however, of great interest that in addition one a?loy
(80.6% B by analysis) chowed un unknown diffraction pattern.
This could be identified to be of tetragonal symmetry with
lattice dimensions 8y = 6,36 kX, c, = 4.42 kX", This phase
is to be compared with, the totragonal WB, phase reported by
Chretien and Helgoraky(l with the parametcers a; = 6.33 kX,

Co = 4.49 kX, and is scen 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.

This phasu has been indexed, and the intcrplanar spacings,
indices and intensitiea are roported in Table G,

The method of Manaalakt and King

(10) was uned to determinc the papnzcter

and grateful rcknowledgemont in mude for the use of their Tableas, kindly
Jonated by Dr. Kir-.
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TABLE 6

Interplanar Spacingzs Values for WB
(Co adiavion Keg. = 1,788 ’
Ko, = 1,792

Interplanar 1/1 h.k.1.

Spacing (visuf1)

(a) %
4.50 5 110
3.64 90 101
3.7 30 200
2,58 80" 201
2.12 35, 300
2.0 100 310
1.91 20 301
1.64 35 721
1.54 20 210
1.35 40 421
1.30 15 23
1.22 20 501, 431
1.21 20 303
1,107 10

1.106 5 2 004
1.090 5 104
1.075 15 114
1.018 20 611
1.005 15

1,003 8 42
l% 10

.983 5 o4

5. DISCUSSION AND SUNMARY

Ao a geraral rule the measurement of lattice parimeter is a very
sensitive method of determining the type of solid solution formed between
two elements. This is particularly true for interstitial solid solutiona
such as those formed by Caxd Nina Pe, or C, N and O in Ts and Wb for
exazple, vhere an apprecisble lattice expansion cccurs. This does not appear
to be true for carbon and dron in tungsten, wnd borun in molybdenus howe:er,
and it swems possible that in these cases the colution is nut of a simplo
type., A brief comparison wita carbon is useful here in conjunction with boron.
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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 (0.00% kx/a/o) and an
ordel(- os‘ magnitude less than that predicted by Vegard's law. Samsonov's
work{1l) 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 uncunnected with the
activation energy of 3?.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 Hzc,to be compared with HZB
which does not have a homogeneity range.

Boron does not inhibit recrystallisation in tungsten u.r(d 8 a
much lower activation energy for diffusion according to Samsomovill), 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 ¢ Felld), 1In fact

in tungsten the reverse is true (llthough data for N diffusion is lncking)

and it may be that this is connected with the increase in the first ionisation
potentials, vhich parallels the increase in activation energy. It is probable
that electronic factors play a larger part for Group VI transition metals,
vhere the bonding between the metal and non-metal atoms is a subject of
controversy.

4 a, the difference in lattice parameter between a pure metal and iis
saturated solution is usually found to increase as the teampersture increases,
reflecting the greater solubility at higher temperatuream, For boron in tungeten
however 4 a decreases as the tempersture is raised. This cannot mean that
boron is lees soluble at highsr temperatures since this is thermodymamically
not favoured and is aleo contrary to the metallographic evidence; it is thought
to be due to the special nature of the solution (to be discussed later).

The possibility of contamination must be considered even though
the strictest precautions vere taken to ensure that none should occur. The
possible contaminants are 0, N, C, copper (pick.d up from the hearth at the
melting stage) and titanium, from th’.nttor. The firot two uf these dissolve
only in trace amounts in tungsten(14)™®. If either has any ueasurable effect
on the parameter, which ia unlikely, it would be to expand the lattice, and
thus error from this source can be discounted. Carbon and titaniua if present
would aleso expand the lattice. Copper, if it goes into solution at all,
would be expected to contaminate the same alloy equally at the different heat
treatment temperatures, since these were all above the melting point of copper,
and this is clearly not so.

®  Aleo authors' recent st.asssnt.
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That boron does form a solid solution is established by the
metallographic evidence. The direction of the spacing change, leaving
aside its variation with temperature, is such as would be given ty a amaller
atom dissolving substitutionally amongs!{ an array of larger atoms. This
is contrary to expectation if the boron atom were assumed to have a radius
of 0.8 8. The size of the largest interstitial hole in the b.c.c. W lattice
is 0.42 4 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 is a very
"variable" one in size, depending on the type of bonding and cbé~ordination
involved.

From Kiessling's work on the ‘ransition metal boride phases, other
than the Me_B type where boron-boron bondg are established, the rndiYs of
the boron atom was found to be 0.86-0.88 A. Pauling and Weinbaum's 1%,
studies on CaB. report the radius of the boron atom to be 0.36 R ina
structure that consists of a three-dimensionel framework of boron atoms with
smaller petal atoms in the interstices. If 0.87 & is taken as the mean
value for the boron radius and 1.41 X for tungster then the radius ratic IB - ¢ ¢o,

r
Accerding to Higy's ~riteria for interstitial compound formation, if 5% > about 0.59
r

then non-metal atoms cannot enter the retal lattice without severe distortion,
and consequently with very little or no solid solubility, and simple structures
do not occur. This is consiatent with the tetragonal structure of W_3 and
our finding of no apparent interstitial solubility, and is to be contganted
with the situntion for carbon (radius ratio = 0,53) where a small interatitial
solubility ia observed, and vzc is hexagonal nt low temperatures and face-
centred-cubic at high.

Consideration of the two metal-rich compounds W_C and W, B shows
that 1? t?a formgr case the carbon atom is present with 163 normaf QZO?ic
radius{16) 0,76 X whereas in W_B the apparent boron radius is 1.04 X\2), 1n
viev also of the fact that boron is present ns isclated atoms in the W_B
structure, where the lattice is established by the metal atoms, it seeas
fair to suggest that the boron radius should be taken to be nearer.l.04
than 0.87u§. in the two phames W and W_B. If this is eso, then boron becomes
wore like beryllium in size (1.11 3) aﬁd would tend to disaolve in the
tungsten lattice in a similar way, that is substitutionally (see Part 2 of
this Report). This would be consistent with the decreased paramete:
observed,

In order to explain the form of this lattice paraneter/tomporltur'
graph it is necessary to postulate that the boron atoms can ait in the
lattice in an interstitial gnd sudbstitutional sanner at the same time.

This substitution/interstitia! balance is altered towards the lattur at high
tempuratures and towards the i roer at lower temperatures. The introdugtion
of a boron atom into the b.c.c. tu'z~iwn lattice will ~ause a region of
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tetragonal distortion around it since such regions can be regarded as "nascent"
WyB 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 W,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°C.
Attaining equilibrium at these temperatures is likely to be a slow process however
and very high temperatures, not possible 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 equilibrium interstitial/substitutional balance
and these are not produced thermally 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 gone-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 nuamber of
vacancies quenched-in would be expected to be higher than for those in a
bluck spacimen, Vacancies however should gontract the lattice though by a
sual) amount(17) (18), probably by the order of 1 part in 20,000.

§tress, induced into the wires by the rapid quenching may have a
critical effect on the substitutional/interstitial balance, displacing it
in favour of interatitial anlution. The latter coupled with the fact that
rapid quenching is likely to approximate more nea:ly to squilibrium (which at
high temperatures is towards an interatitial solution) are put forvard to
explain the wire results.

The hypothesis that atress could affect the baiunca could he temted
by means of internul friction measurements, as for iron (see below).

dignificant internal friction measurements have besn made on tungsten(m),

though ac far this me'hod ham nut been used succesafully to reveal solute
interactions,

2
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The preceding arguments on the nature of the solid solution may
also apoly to the solubility of boron in othet transition elements where the
effective radius of the boron atom in the MeoB compound is high. These
elements are set vut in Table 7 below.

TABLE 7

Higg's Ratio and the Radius of the Boron
Atom in Me B for some Transition Metalg

Elemerc B _ rB in Me_B
rie Compoung
{for
B =871R)
Ta 0.60 1.10 .
1) 0.62 1.04
Mo 0.63 1.03
Mn 0.69 1.01
Fe 0.69 0.97
Co 0.69 0.9
Ni 0.70 0.92 °
-~

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

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

The poaition of iron is intereating and adds weight to the foregoing
srguoents, There is ovgdencc ¢0 puggest that in this case boron ie present
both substitutionally(21) (22) (23) and interstitially at the same time, also
in a Fe. It has alao been sugges'ed that boron interacts strongly with
dislocations in Fe, vhere discontinuous yjelding has been cbaerved.

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

Interatitial/substitutional balgnce hac also been reported in &
compietely different ayates, the Cu-Ce(14 aystes.
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The application of other techniques such as internal friction would
be of considerable inierest for the W-B gystem, as also would an extension
of the high teamperature X-ray work to very much higher temperatures, and a
critical examination of the solubility of boron in the.e other transition
metals, in co-ordination.

5.1 Summary

The solubility of boron in tungsten hes been shown to be finite
and of the order of 0.2 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 horon
dissclves 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 determined jn the range 0-33.1/3 atomic
% boron. The eutectic temperature (2600°C) is the highest yet
known for metal-boron syntems.

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

Ditungaten boride has been shown to be tetragonal at all
tomperatures and does not possuss a significant homogunaity range.

A higher-boron compound, WB4, has been found to be of tetragonal

(ThBy type) structure. This has been indexed and interplanar
spacings are reportud.
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APPENDIX 1

DETERMINATION OF BORON IN ALLOYS OF THE W-B SYSTEM

The alloy in finely pulverised form was dissclved 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 dens.ty
of the boron - 1l:l'-dianthrimide complex in strong sulphuric acid,
The lower limit of detection of boron by this method vas .04 stomic %.

Vith acinovledgesent to our co!league Nr. P. Stables.
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APDENDIX ©

METALLOGRAPHY OF TUNGSTEN-BORON ALLOYS

This method was developed by G. Reinacher(zb) for the noble metals,
and was later develcped for uce with W, Re, and Mo by Dickinson 26 .
Ercentiully the technique is a simultaneous application of electrolytic and
mechanical poiishing. An exceptiocnally smocth and strain-free surface can
be quickly produced.

The specimen must be mounted in s conducting medium, for example,
& mixture of iron pewder and a thermo-setting resin. Some of ihe specimens
cxamined 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, cmbracing 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 consulidated 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 witihh & slurry of gamma alumina powder and electrolyte which in
this case was 3% H 02. At the same cime the specimen itself was made the
electrode of an al%ernating 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 toaring out of small precipitate particles
was avcided by utilising this method, as also was gross etch pitting found in
conventional ma2thods of preparation, particularly for the dilute tungsten
alloys.

»
"Diakor " supplied by 1.C.I. Ltd. The electromechanical) polishing

apparatus is made by G. Struers, Denmark.
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Rg. 1. W-2,00 atomic ger cent boron,

Fig. d.

quenched frem 2500°C.
mechanically polished.

Blectrolytically-
x 150

1.19% B-W. ‘uenched from 25000C,
Kurakami's reagent.
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. 0.78 stomic % B-W.

Quenched from 2500°C,
Blectromechaniocally etched,

. 0.32 atomic % B-¥. Quenched froa 2500°C.
Blectromschanically etched.

£ 500 .
A

AW

wpe e



0.14 gtomic per cent B-W. Quenched
from 2500°C, Blectromechanically etched. x 800

0.78 gtomic per cent boroa. Quenched
from 1000 ¢, Blectrumechanically etched. x 800
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Pig, 13. 0,32 atomic per cent B-W, Quenched froam
1000°C,  Elec ‘romechanically etched.

x 800

Pig, 14. J.14 atomic per cent B-W. Quenched from
1000°C.  =loctromscnar..cally ctched.

x 800
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2500°C, heat treated for 3 hours at 1250°C.
Electromechanically etched, x 800

Fip, 1o, 0.78 Stonic per cent B-W, Quenched
Urom 1000°C. Electromechanically etched. x 800
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Fig., i7. Schematic diagram of grain grovgh awvay from UZB
precipitate after 2 minutes at 2500 C for sample

in Fig, 16.

Mg, 18. ¥,B precipitate, formerly outlining the grain
bo riss in Pig. 16 bsglnning Lo agglomerate
after 3 minutes at 2500 C.
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Substructure in 0.32 atomic % B-W
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SECTION 2.  TUNGSTEN-BERYLLIUM SYSTEM

1. INTRODUCTION

The tungsten-rich portion of the W-Be phase diagram had so far been
entirely unexplcrea, and the present work had the object of determining the
90lid=-zolubility of buryllium in primery tungs‘cn. An attendant problem was
that of studying the Wericheat compound formed between the two metals. The
work also involved a limited ccrsidmtion cf the Be-richer portion of the
diagram.

Work on this system is made inherently difficult by the liability
to the rapid loss of beryllium at the high temperatures necessary to equilibrate
with tungsten, as well as by the heoalth hazar! involved.

The principle technique of examination used wus that of X-rey analysia
for the determination of lattice parameters, and of the constitution of specific
alloys; with, however, a limited amount of microacopic and microprobe-analyris
work. The Rhigh 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 INVESTIGATIONS

No previous work has been done on the solid-solubility of beryllius
in tungsten, and any available information concerning this system is confined to
the bory%ltdu. with atress on the Be-rich rather than V-rich alloys. A paper
by Mischll} describes the beryllides VWBe, and mu. the forger being uhou.on,l
anu phuo of the !an type of ntructuga with a 4.446 X and ¢ = 7.266
VBe, p&m 1s shovh to have a K fragonal lattice of the disensions & « 10.14 i
b Paine and Carrebine'?’ have ncrmy reported the existonce of
. conpound *VBe, " which is cubic (s = 11.64 X) and {somorphous vith Nobe,,
and Rnaozo.

Passing reference should be made to the recent more genersl interest
in high-Be beryllides aw potential compounds for high temperature nypucnuom( 3)
(particularly for attrective oxidnu?n ~eoistance) which included some
consideration of tungsten beryllides'4/. A compound “¥Be,," was here reported,
vhxchhom'rnqybothounnumao

It is of interest briefly to ccnsider the broader inforemtion availibdle
on the solubility of Be in transition setale, although very sparee. A suamary
of imown data, arrenged iccording to the Periodic Tuble, is given in Table 1.

A comparison can be sade wi*: -...np;;n




TABLE 1

Maximum Solubility of Be in Transition Metals {atomic %)

Group

Long v v VI VII VIII

Period
Ii ¥y tr 4] Pe Lo N
B a e Y

lst 6to13| &6 | <«.4at| 9.2 - | 3)-1 12 }153

900°C

&r .1} ..} Ic R R pit |
B | Q

nd o2 - - 0.5% - - - |~0.7
(3 Ia X Be Qa i )41
g ' e

Ird - - - - - - - 11.28

The table shows that in the firet long period appreciable solubdlity
exists for Be in both the BCC and FCC wetals, vhile in the second period a
major decrease occurs. In the third long veriod there are practiceily nov data.

The No-Be aystem should show some similarity to the ¥-By ’y-tn.
This yhase diagres hao been investigated by 01imax Nolybdenuws Co.\3) gnd rrem
Lardness weasurcsents the solubility of De in wlii Mo (containing wp =c o0
wt. % carbon) has & meximum of 0.53 a/o at the sutectic tesperature. On):

a small asount of X-rey work had teen carried cut, tut it was showm the: Mo -
contracted the Mo lattice indicsting that sudstitutional solid-solutiow: scer.ryed.

A comparison of some physical propertiss of ¥ and Be relevant to th.s
investigation ia given in Table 2.




TABIE 2

Some Relevant Properties of W and Be

Beryllium Tungsten

Crystal structcre Close packed hexagonal Body centred cudbic

a = 2,280 kX a = 33,1588 kX
} ¢ = 3.5760 kX

Atomic radius 1.3 % 1.41 %

Lensaity 1.85 gr/ml3 19.3 gr/ca3

Welting point 1283°%C M10%

Boiling point 2400-2970°% * 6700°C

Vapour preassure :_C_ atmos. :g Ateog.
1800 0.01 3940 0.001
2100 0.1 44490 0.01
2500 1.0 5060 0.1

59% 1.0

Varicusly reported.

The atosic aise difforence iz sbout 20, indicating the possibility
of » sudbstitutional soiid-solution: the incongTuity of vapour pressures
is clear,

). REPRAUENTAL
3.1 Alloy Prepamsiicn

After careful consideration of the :walth riske involwed, it
var dacided to have the basic V-Be alloys prepared by anuther
ladoratory (The Auls:r Research Instituie Ltd.) which wes
opeciaily squipped to handle teryllius powder. The heslth hesand
necess.itated the use of & glove box and othar special greceutioms
for sost opervtions, particularly since powder artallurgical lechniques
vere used in alloy ”vpnuon. The procedure generally followed
that used by Riech(l) but with modifications.

T™he Do powdes waa obtained from the Conso}ideted Zinc Corporetion,
and wre of narticie sise -200 mesh 0.3.1. Beryllius oxide was the
chief imwurity.

»
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TABLE 5

urity Typical Composition of Materials: Parts per million

BeQ C | Pe Al Si [Mg|] Mo} K | Na| Ca] Cu|Co Mo

Bex'y).uuﬁ%.S 12006 150 | 1501 140| 8c]eo| -|(other impurs \

\
Tungster] 99.9 -1 19}]100 S0} 100] - 400|100} 10 100] 50| (50

ities 4“)1

uzo’ Si.c)2

The tungaten povder vas of about 99.9% purity. The
componitions of the Be and ¥ as used at Pulwer are given in Table 3.

The V and Be povders were sixed and small cospests prepared in s
die. To reduce heterogeneity during mixing, s number of small pressings,
rather thar one isrge one, were made for esch alioy. In initiel
experiments, the compacts were oneathed in sn alumina crucidle enclosed
in an evacuated ailica envelope and heated in o tude furnace under
varying ccnditiors of tempersture, time and atmosphere. Barly
tude failure ruled out this wethod as unsuitable for handling Be.
The wethod Miaslly adopted wes %o place the compacts inside a
re-crystallised alumina tubs closed st ona end, and dlocked by an siunim
plug vith & fine hole at the other end. This was then placed insi:e
8 close— nded sullite tude joined at one end (outside the furnace) ts
a glase connector for maintaining a pressure of one usoaphou of argoe.
The aszestly vas heated in un electric furnace to 1650 C, &t [iret
for various times, but on later atandardisation for 32 hours. For
the highest Be allay (53 atomic %) an annealing tesperature of 1000°C vas
uned .
The sinterwd samples were received in t32th Mock and powder formw,
#0 as to be suitable for setallcgrephic and X-ray exsmination. A ‘it
of the nominal compositiona prepared is given in Twble 4. Compz>iliOons
misbers | to 4 were chosen for detwiwination of the primary solid-
wolubility since there sas a Jikelihood that the limit would b in Inie
range. Compositions mwbers 7 and 9 were selecled since they
correspond to the two known cospounds VDe, and Vie, respectively:
nuabers b —d £ to study equilidria on either 2ide 31‘ the Iloz ashast.




TABLE 4

As-weighed Compositions of W-Be Alloys

g

No. Be (remainder W)

Atomic Weight

” 4

1 0.5 2,025

2 1 0.05

3 2 0.10

4 5 0.26

5 | :0 ¢.54

6 1 40 3.2

7| 66.7 9,0 (Compound VBoz)
2] 710 10.2

9] % 39,4 (Compound “’13)

3.2 Homogenedty Teats end Hest-Treatgent

The alluys as obtxine? from Fulmer were cxanined by X-rey
analysis to determine the conatitution and to test for Lhe existence
of any hetorogeneity within them.

Preliminary investigations on the 2 and 5 w/> Be alloys after
solntion-treatsent at 2600°C indicated no change in lattice pareseter
from purs V and thus the aosence of any Be in ®0lid eolution. These
alloys wery later re-heatsd and melted in the argon ars-furace,
nn the xasumption that solution {n W could thus be enhanced.

Hovever, X-ray teet again indicated no Be to be present, either in
solid-solution or as Vﬂoe. It vas concluded that Be had teen
lc1t by vaprrisation and“suspected that this may lave been al resdy
largaly the case for ixe low Be alloys as received,

Homoganeity tests vers carried out on the as-received 5, i0, and
40 a/> Be alloys, including spacing messuresents and constitutional
deterzinations for various portions of the uame alloy. The results
are shown in TMe 5.




TABLE

Homogeneity Data on W-Be Alloys, as-received

[ Sample Spacing of Constitution
(atomie ) primary W .
. (erg* ;
5% 3e, centre of pellet 3.1582 W. No VBe2 visible, ,
5% Be, edge of pellet 3.1587 V. No WBe, visible.
10% Be, centre of pellet (1) 3,1568 W + ¥Ba,, mall amount.
10% Ba. edge of pellet (1) 3,1568 ¥. No WBe, visible.
10% Be, centre of pellet (2) 3.1570 V + WBe,, small amount.
10 Be, edge of pellat (2) 3.1875 W. No WBe, vigible.
€
40% Be, pellet (1), area (a) 3.1561 V 4 WBe, nediun amount A
40% Be, peilet (1), ares {(b) 3.15%9 * (fairly »
constant) .
40% Be, pellet (2), ares (n} 3.1558 . ;
40X Be, pellet (2), ares {b) 3.1563 " :

Accuracy ¢ 0.00005 ¥X

These results incicated that for the 5 and 10% Be alloym hetersgsnmaty
existod between different compacts of the same alioy and aleo within
the peiiets theaselves. T:o 408 Be alloy could de considerad to b:
reasonably nomogencoun,

In order o %ry and detect the fossidle presence of ssall amoucta
f VBe, in the as~received alloys of low Le content, a ser.es of
photogtaphs war taken using & Guinivr-Hagg focussing cesers.  After
& 48 hour exposurw (at 15 N.A.) the 2 and 5% 3¢ alloys revsaied no
trece of WBe,, but the 106 Be alloy A ssall amount ol this cospound,

To verify the Y-rey evidence of heterageneity in the high tungsten

alloyn and the fa.lure ‘o detect Bu in solution in the > and 9% Be
slloye, it vas decided t. arrange for ches.oal walysas. The (iret

' ¥



analyses were 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 technigues. 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 ia) 0.23
(v) o0.18 0.26
105 Be (u) 5:) 0.35
b) 0.29 0.54
107% Be {b) (a) 0.46
(v) 0.23 0.54
{¢) 0.5
WBe . (66.7% Be) H 6.7 9.0
¢ b) 7.0 .

It will be noted that the Be content was significantly lower than
the nominal in every case, and in the “1 atomic % Bs™ alloy was
tardly detectable, The difference in Be content between samples of
*+~a same alloy indicated consideradle heterogeneity. These results
confirmed (he X-ray indication of non-uniformity.

It vas thus decided tn concentrate a large part of the work on the
4% Be alloy for lattice spacing studies which, apart froa relative
hosogeneily, had the advantage of lairly high WBe, content enadling the
upacings of both the tungsten solid-solution and aho compound WBe
to be determined accuratsly, 1t also alloved some tolerance to ﬁo
loge during heat-treataent, whilst still in the two-phase regions.

The first technique used was to anneal the alloy in powder fore
inside a turw=ten dlock containing a cavity for holding the sample and

&
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for temperature measurement with an optical pyrcaeter 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 various temperatures, from which they were
quenched. The objective was to obtain a lattice-spacing/temperature
graph by annealing the alloy at a series of temperatures. Even with

this alloy, hovever, 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 wvere passed through a 380 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 dslineating
the solubility liamit of Be in W. Dilute alloys were produced in
sufficient quantity for chemical and X-ray analysis and for microscopic
examination.

A limited investigation was carrisd cut on ¥-Re alloys using an
siectron prove ficroanalvaer, with the idea of possidble direct
deteraination of the solubility limit. This will be detailed later.

4. FESULIS

4.1 Prelinivary Bxpecisnta

A genera] X-ray constitutional survey ras made of the alloys as
prepared by Fulmer and results are given in Tadle 7.




TABLE

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.

% Be W pure - no compound.

% Be W-Be s0lid solutinn - no compound.

10% Be W-Be 201id solution + WBe, (small

amount ).

40% Be W-Be solid solution + WBe, (medium

amount).

66.7% Be (= VBe,, We, + ¥ szall amount.

nominal)

70% Be WBe. of spacing larger than in the 66.7%
all8y. Possibly trace of Vand a
further phase.

9% WBe,,. Soall amount of further
phabé (vBe,).

At this stage, lattice-spacing changes through Be solid-wolution
in primary tungsten were observed, namely contractionas.

throughout shoved the solution to be substitutional. Another
interesting feature wvas that appreciabdle lattice parameter

The deeredns

variations occurred vithin the deryllide WBe, indioating that a
limited ¥==Pe homogeneity range for the c existed.

The above results indicated that a reasonabdle approach to
equilibrium had been achieved with the higher beryllium alloys, the
tvo compounds n.z and VBe 3 being formed at the approximately
correct Be levels’ In th370 and 93 o/0 Be alloys there is evidence
of additional phases and in the 9% alloy t?n sdditional interplanar
spacing valuwes correspond to those of Ibzo 2).

O

|
|
|
!




A large proportion of the work carried out on this system has
teen devoted to various heat-treatments of W-Be alloys followed by
determinations of the resuliing lattice-spacings of the primary
tungsten and WBe_ 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
Constitut Lattice C Results after various Heat-Treatments:
all throughout
Heat Spacing of Constitution and Remarks
Treatment Primary W
)
Pure ¥ 3,1588 | W
Alloy “as received" 3.1560 v+ VBCZ
1400°¢, 60 mine 3.1565 | W+ VBe, ; m;'aplcin‘ rae
0 < decleaned from "as-
1350°C, 40 mins 3.1561 v “’2 ) received®. Small loss
1650°C, 30 mins 3.1567 | ¥+ VBe,) of Be from solid
solution. ‘
1750°C, 20 mina 3.1560 | ¥+ VB, -;
2000°C, 6 mins 3.1563 | ¥+ VBe, Only trace of Ve, present. ‘
i
2000°C, 12 aine 3.1573 | V only: shows that Be loss increased ‘
with time.
2160°C, 1 min 3.1560 | ¥+ VBe,
2320°C, 2 mine 3.157% V only: high loas by vaporisation,
no lloz.
2600°C, § win 3.1558 | ¥+ VB,

Using the above sethod of host-tmtunt the spacing Suulu
show a awall variation up to 2000°C. On exposing at 2000°C and
above for any length of time, vaporication of Be becess severe,
ssking it impossidlie to attain an osuuibrh- condition, o'n-
annealing times of § minute at 2600°C and 1 minute at 2008°C 4id not

o




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 assumption 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 loss 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 overpressure and
the tungsten pressure vessel had to be used. Results obtained by
this technique on the 40% Be alloy are shown in Table 10,

In this case the X-ray constitution showed that Be loss had
been greutlyoreduced. The primary tungsten spacing was constant
vetween 1800°C and 2150° C, the value being 3.1560 kX which is identical
to the "as rc-eived” value.

To supplement the luttice spacing/temperature data for low
temperature vyuilibrium, the 40% alloy was given anneals at various
tomperatures down to 1000 C. The 1000°C anneal was carried out after
the alloy (as received) had been sealed in an evacuated silica tube.
The remaining treatments were carried out in the tantalum tube
furnace., 7Tn¢ results are giver in Table 10.
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TABLE 9

Lattice Parameter Results on Jamples Dxtracted from the centre of
Solid Pieces E40j‘c Be Alloys

Sample Lattice Spacings (kX)
Primary WBe2
)
a a C
Pure W £.1588 - -
40% alloy, as
received 3.1560 4,478 7.354
1800°C, 25 mina 1.1558 1.465 7.346
1800°C, 60 mins 3.1569 Trace compound present
1900°C, 20 mins 3.1569 4.462 7.338
:’000°c, 14 mina 3.1566 Trace compol\md present
TABLE 10
- T gate v
(]
Treatment Spucing Conctitution
1800°C, 60 mina 3.1561 V o WBe,
2000°C, 3 nins 3.1561 .
2050%C, € mins 3.1562 .
2150°¢ (moltan) 1.1561 »
2150°C (molten) 3.1560 .
)
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*

Lattice Parameter Results on 40% Be Alloy, Pressure Vessel
Treated at Lower Temperatures

Treatment Lattice
spacing
of
primary W
(kx)
1000°C, 1 week 3.1573
1000°C, 1 month 1,1573
1300°C, 6 hours 3,157°
1400°C, 1 hour 3.1565
1400°C, 2 hours 3.1567
1400°C, 3 hours 10 mins 3.1568

An experiment to gain an indication of the sutectic temperature
in the system W-WBe_ was carried out by observation of sintering and
melting of the 40% gorylliun alloy-powder after annealing in the
tantalum-tube furnace in & pressure-vessel, and quenching {rom a
series of increasing iemperatures. Reaultu obtained are given in
Table 11.

IABLE 1L
chpvsnturu QLuervation
(°c)
1575 No sintering occurred.
1720 -
1800 Siight sintering.
1920 "
Rt Purther ain'ering but povder
atill friable,
2050 Sic:lar to adbove.
21e° Ail.y molten.
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4.2

The eutectic temperature was thus lozated as lying between
2050°C and 2150 C, and in view of the sudden transition from loose
sintering to a molten aggregate it is estimated that the 40% Fe alloy
is close to the eutectic composition,

The WBe, alloy (66.77 Be) was heated to 2250°C in a pressure-
enclosure ang found to be molten, indicating that the mglting poi.ng
of WBe, lies between the eutectic temperature ( = 2100°C)and 2250°C.

Principal Experiments
4.21 Solubility-Limit Studies

Using the technique of diluting the 40% Be alloy with
tungsten to produce high-tungsten alloys {as described previoualy)
followed by homcgunising at high temperature, further significant
results were odbtainsd. A mixture reacted at 2500°C was found
by chemical analysis to contain 6.7% Be; both microscopy and
X-ray analysis here indicated ths presence of a small amount of
WBe_. The lattice parameter of the primary tungsten was
3.1866 kX, in line with substitutional solid-solution of Be
approaching its maximum: the latter corresponding to a lattice-
pamotsr of approximately 3.1560 kX. Another mixture reacted
at 2500°C and analysed as 2.97% Be was found to be single
phase by X-ray exsmination and microscopy. The lattice-paramuter
of the primary tungsten in this case was 3,1572 kX, also
indicating (as it did constitutionally) that this alloy vas within
the solubility-limit of Be in ¥W. The solubility-limit cen
therefcre be bracketed between 3 and 6.7% De.

A considerable amount of work was carried out on these ¥/40% Be

alloy mixtures in the pressure-vessel arrengesent with the viov
to locating the sclid-solution houndary more closely. However,
this did not succeed (without the supplementary evidence below’
since al]l the low Be mixturea on reaction in the pressure-vessul
yielded lattice-prrameters of 3.1572 kX or greater. The

equilibrium lattice-parameters for different tempernture levels,
using the pressure-vessel technique, are sumsarised in Table 1.,

It vas of some additional interest to see vhether any phane
transformntion aight pesasbly occur in VWBe, at nluinlz low
tesperstures, The alloy was therefore anfiealed ot 1000°C ins:de
e small \' pressure-container, which was iteelfl sealed into an
evscuated 2ilica tube, The sample vas heat-treated for periods
of firetly, a week, 2e-ondly & month. After theso treatments
certain sdditional diffractiza limes ~gprered, suggesting the
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possibility of the existence of a low temperature phase. Some
additional lirea were observed also after other low-temperature
heat-treatments, but not in all cases., The indication thus is of
the possible occurrence of a new low-tempsraiure form, but this
would require confirmation,

TABLE 12

Equilib: ium Lattice-Spacings of the W—eBe
lid-Solution

Temperature lattice Parameter

(‘o) (kx)

1000 3.1573

1300 3.1572

1400 3.1568

1650 3.1560

1800 3.1561

2000 3.1561

2050 3.1562 !
2150 1.1561

2500 3.1566 :

The spacing 18 seen to de constant to + 0.0001 kX between
1650 and 2150°C (eutectic teaperature) indicating that the
selubility of Be is constant over this tempersture range.

As reported adove, s lattice-spacing of 3.1572 kX corresponds

to a Be golubility of ¥ and therefore tiie soludility at 1000

and 1300°C can be said to be about this value. Assuming a
linsar lattice-spacing change with Be content (i.e. that Vegari'a
lev holdn for the systea) the minimus lattice-spacing (3.1560 kX)
would correspond to a solubility of adout 5 atomic £ Be, and tn
view of the Y6 Be molubility at 1000°C, and the fact that the
6.7% alloy alresdy contains signifisant amounts of compound,

it is possidle %0 conclude that the maximum solubility-limit lies
betwee. 4 and G Br.
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An attempt was made to determine the solubility-limit using
the 40% Be "as-received" alloy and comparing this with stancard
mechanical mixtures of the two constituents; the technique
hovever, was found to be too insensitive to obtain significant
results. Another attempt was made to bracket the solubility
by controlled vaporisation of WBe, from a 40% Be alloy. The idea .
was to produce an alloy with Be iﬁ solid-solution, but with
succeasive reduction in WBe, through vaporisaticn loss to
vanishing point, This caniition however was found extremely ‘
difficult to achieve and there wus a complication in that Be was
lost from the solid-solution at the same time.

4.22 ¥Be, Studiee

The hexagonal lattice dimensions of the compound VBe, (Laves
phage) were also measured after the various heat-treatnents of
the 40% Be slloy. In an attempt to compare the lattice
dimenaiona on aither side of the homogensity range, the 708 Be
alloy vas 8180 heat-~treated and the lattice constants
determined. The dimensions cbtained for both alloys are showa
in Teble 13. The mean volumee~-par-atom in the hexagonal unit
cell als0 been evaluated as shown. The values obtained by
Mischil) gre shown for comparison,




TABLE 13

Lattice Dimensions of \iBe2 after Various Treatments

Alloy and Heat-Treatment Lattice parameters (kX units)

a c c/a Nean
atomic
volume

KX
Values obtajned by Misch 4.437 7.274 1.639
70% Be ag-received (1650°C) 4.569 7.424 1.644 9.79
708 Be 1700°C (40 mins) 4.50% 7.403 1.643 3.76
7% Be 1800°C (20 mins) 4.457 1.3 1.644 9.45
708 Be 2000°C (S mins) .47 1,365 1.644 9.56
4G% pe an-received 4,478 7.3%¢ 1.642 9.58
4% e 1300°C (35 winw) 4.46% 7.6 1.645 9.51
4% Be 180C°C (30 wira) 4.458 7.3 1.643 9.45
40% 32 1900%C {20 aine) 0462 7.3% 1.645 9.49
40% Be 200°¢ {20 uine) 4.450 7.8 1.645 9.41

The figures obt-ined on the {0 Be composition whicl. geve
lattice-upacing/teaperature valuee for the ¥ side of the I'ltz
homogeneity rang<, are seen to decrease vwith increasing
tesperature, indicating a change in Be content with tewpersture.

It was expected at from the 708 de alloy a oimilar set of
values wouli b2 obtained for the Ae-gide of the homogeneity renge.
dovover, a coeplication arisen in that this clloy contatine
seall anount of free tungolen in the "as-received® conditior end
afler hort-trestyont "he specing values obtained therefols
wuld nol reveadan iy oo ceapond 1o aquilibrive for the Be-side
of Ur M Wda~-oily range. %2 spacing salues odtadnes for

<
-

.
3
<
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tuc 1800°¢ treatment are almost identical to those for the 404
#lloy.  Tnls is explained by Be loss during the experiments

1 revealed by X-ray analysis showing an increase in free tungster
In gencral, however, the spacing values obtained using the 70%

+1loy are larger than the corresponding 40% values and decrease

with increase in temperature. The overall maximum dimensions

“or the WBe,, phace are those "as-received" for the 70% Be alloy:

the minimum“thoze for the 40% alloy at 205000. The calculated
interplanar spacings for the maximum and mininum lattice corstants
are given in Table 14. In the twc "as-received” alloys, the

70% lattice constants are the larger, implying that an increase

of Be in the WBe, lattice has the effect of expanding it: an

effect opposite %o that in the primary W solution. Straight W-e—eBe
substitution in WBe., ought to have caused a contraction; a poissible
explanation could te the presence of vacancies in the WBe

lattice at the W-end of the homogeneity range which are p%ogressively
filled with Be atoms on traversing it ‘owards the Be-rich end.

The lattice dimensions of WBe_, decrease with increasing

tomperature implying that the number of vacancies increase with
temperature and that the W-rich HBe2 phase boundary advances

towards the W-end.
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Interplanar Spacings for h’Be2__ (_X_)

TABLE 14

For minimum For paxiwum Intensity hkl

lattice lattice

constants constants
d d

3.86 3.97 W 100

3.67 3.72 W 002

3.42 3.50 v 101

2.66 2.72 W 102

2.229 2.290 Vs 110

2.065 2.099 Vs 103

1.931 1.982 VW 200

1.905 1.749 s 112

1.834 1.857 v 004
ool 1.749 w 202
1.516 1.547 S 203

1.4%9 1.499 W 210

1.432 1.469 ¥ 2l

1.3%6 1.390 3 a2
1.330 1.356 v 204 }
1.26¢ 2322 8 300 ‘
1.254 1.282 Vs 21% !
1.214 1.246 v 02 !
1.145 1.160 3 205 :
1,115 1.144 L} 220
1.0M 1.099 v 310 .
1.035 1.055 s as
0.961 1.005 v n3

V8 u very strong R « sedium VW = very weak
8 ~ strong ¥ =« woak




4.23 Microscopic Examination

The microscope has had limited use in this investigation
since most of the work has beer done on sintered allcys which
were rorous &nl non-consolidated. The three photomicrograph:
shown refer to alloys produced by the pressure-vessel technique,
The structure in Fig. 2 was obtained by annealing the 40% Be
alloy at 2200°C. The sample consisted of a fillet of pure
W-WBe. eutectic which had permeated between the tungsten-
contairer and the centr<l carrying rod. Fig. 3 shows another
part of the melted 40% Be alloy, consisting of spherical
islands of prirary W-Be solid solution in a background of WBe.,
eutectic,  (This structure was investigsted undsr the aicropiobe
analyser, but due to the presence of porosity in the sample it
was not poasible to obtain any significant estimate of Be-con%ents
by this mean-.) Figs. 2 and 3 give direct evidonce that
W and WBe, form a eutectic {at 2100°C, as determinad above).

Fig. 4 shows the 6.7% Be alloy produced by sintering at
2500°C.  The background is ¥-Be sclil-solution and the
precipitate Wbe, in grain-boundary regions. The dark area iu
typical of the Porous naturo of the alloys.

4.24 Microprobe Anal/eig

It was thought attractive to try t2 {-termine the
solubility limit of Be in W and the compozition of the compound
by microprobe analysis. Beryllium of course is too light an
element to be dctected at the prenent, but it was hoped that
the local tungaten concentrations could be revealed by differcnce
and by comparison with atandard purv tungsten, Thic was
undertaken with tne kind help ot Nr. T. Mulvey of the A.B.I.
Rosearch Laboratories, Aldcrmaston (who in a pioneer in thia
field and was in fact responsible fir the ariginal development
of the A.E.l. microprobe amalysir). Initial attempts vere
vitiated by sicro-p rosity and aoperities ol the surface vhic}
were unavoilable in the partly melted samples. However, more
rucceos was achinved by a W-Be ssmple which had completely
moited. It wan the as that shown by micmgraph in Pig. 3,
nawely the fillet of ‘@. Be) + WBe,] eutectic betveen tw
tungaten faces. Pig. 5 (a) ahows an $1octron scanning picture
of this, The contrast is here reversed compared with the
sptical sicrograph, othersiae the deteils are similar. iz0
shown in Pig. 5 (b) is & specimen current acan record taken
acrosa the eutectic. Here the peaks correspond to the
comapocition Wle,, as deturmined acvwetlsiy by Kr. Mulvey Uy
point analyais Jsing the \ungnten L. line, The troughs correspond
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to the W solid-solution, The trough composition is very close
to that for pure tungsten: 3o close in fact that a reliable
quantitative estimate of Be in solution was not possible. The
A.E.1. estimate is here only the descriptive one of "a few atgmic
per cent" Be in W solid solution, and indeed entirely consistent
with our own results, The scan doea however confirm WBe

as the compound, and the micro-scan difference between pugo ¥ and
the Be-saturated W is visually well apparent on the instrument.
(Note: This microprobe analysis, being on a friendly basis, hai
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 srising from the scan (Pig. 5 (b)) is that
of dimensions: the wize of W and VBoz particles being of the
order of 1 io 2 microns.

5. DISCUSSION AND CONCLUSIONS

5.1

5.2

5.3

5.4

5.5

The results obtained may be summarised as followa:

The solid solubility of Be in W js considerable, It is in the
order of S atoaic § Be, at the eutectic temperature, although the
Z;luo can at this stage be dracketed to no closer than bdetwesn 4 ami

Nl

The ooluhiluy-lénn doer not vary appreciably with tespsreture
between 2100 and 18007C; it decreases to approximstoly 9% Be in the
range 1000 to 1300°C.

The solid-solution is mibstitutional with e saximum contrection
of the tungsten lattice from 3.1588 to 3.1560 kX, i.e. by 0.09%
(14neer).

The tungeter-richest compound formed was shown to de the diberyllide,
and the aystce betveen the (¥, Be) solution and “'2 is a sutectic one.

‘The eutectic temperature was located as bdetweon 2050 amd as’c,
and the sutectic composition at around 40 stomic ¥ Be,

The compound VBe, is confirwed to be a laves phase (hexagonal
Reia, type structure), and found to possess a significent homogenesty
rangd (Vie, . ) vith the folloving renge in lattice dimsnsions:
Minime “2 % (Werichend) s = 4.5, ¢ « 7.318KK; cofa « 1.645.

Maxisum (Be-rich +nd) A = €569, ¢ w T7.404 kKX; co/a = 1.644.
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This compares with values given by Misch of a = 4.437,
¢ = T7.274 kX, ¢/a = 1.639. A recession with temperature of the
W-rich WBeZ phase-boundary is indicated by spacing variations.

It would appear therefore that the solid solu‘ion within the
WBe., lattice (in contrast to that in W) i3 not one of substitution of W
utofis by Be, but that probably vacant Be sites in the Laves 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 cergainly below 2250°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 ¥ 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 possidble appcarance of heterogeneity even in any one nample. However,
thia could be largely overcome by the pressure-emc:losure technique, although it
Jtill makes the data less complete or precise than had been hoped, The vapour-
preasure of Be increases from 107 to 1 ate., between 1800 wnd 2500°C. which it
the main range of present intereat. Alao the compound WBe, auffers from the
fact that ita stability is pressure-senajitive. Thus, for 3xuplc. an heating
to high temperatures under atmoapheric (arzon) pressure the phase dissociated
intn {ta component eienents instead of melting, and only by heating in the pressure-
vessel could {t be melted,

Structurally the occurrence of the [inite howugwneity range of WBe
Jvems of special interest in this connection. One aight well inierpret the®
tbove vacetion of Be lattice-sites within the Laves phace (wpscing increases
vith Be content) as already a sign of the relatively weak bonding of Bo atoms
within this structure, and as a “lattice evaporation" preceding the full
deccaposition of the atructure aseisted by the alresdy intense thoreal
+ibratiors of the Be-atoms. A corrvaponding interpretation can of course de
kiven to the effects otmerved in the primary ¥-Be asolution, with its exirowely
cawy 1008 f1on the BCC lattice . Only here the lattice-spacing change occurs
in thd oppoaite sense, decause, owing to its size, the Be atoms are held
substitutionally, however loosely nc.

Considered overall, therefore, we might say that the firat addition
of De to ¥ caused *heir subds®itutional entry into the body-centred cudic
lattice, but that even here the vibratiomal energy of the Be etoms {» 30 great
that dbonding is only 1 very loose one and their eocape readily facilitated by

The term “distillation® of Be frca the lattice sites aight not Le saiss.
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Llumpuridtuse, roduced prososure cley ). T wxeous beryllias
A (21 nin tomerAturc,: appear in immcdiate pguscous form, co-existing
wo L tra c0olit Wesolution, and (b) (Jt lover tcmpcxdtureo) tend to transform
Sre e d00 parent Tattice reglons where it is already segregated in higher

wienuritions® into contigurations of Laves phase (Wee,) type.  This can
probably already oceur on a micro-scale for compositions lower than those
correcpeondingy to equilibrium cuturation, owing to local Be fluctuations.
Thon upon reaching caturation the (V,Be)——-WBe2 transformation will of cours:

oo massive,

The Laves-phrice structure is known in numerous transition-metal
baice oyotems as precipitating from the primary BCC solutions, and implies an
wtomice rearrangement to achieve maximum close~packing of the two atom-species
{(discussed in some detail in ref, 6). In the present case ‘he Laves-phase
veryllide would, aut the W-end, initially have deficient Be atuw-sites, which
rny be readily filled or vacated within the limited non-stoichiometric range
WBe ., . A practical consequence of such lattice holes is that they invite
orclipition by certain Lhird (impurity) atoms.

Anotner, favourable, implication of this loose bonding of Be atoms
in tae tungsten beryllide is that, under oxidising conditions at high
temperaturca, some of the Be would diffuse tc the surface to form a thin
adherent BeCG t'ilm; this probably wenld in part account "or 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
coumpound formed (W B) is very slable and melts congruently at 2800° C, in
contrast to WBe ﬁere the W-Be bond is weak enough for it to dissociate
(unless under pfessure at temperature).

In the present work, the Be loss was minimised by using the high-
pressure technique. However, even then, lowr Be alloys with W lattice
saturation could not be obtained. In view of the above characteristics, thia
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.

Such wvegregation being particularly easy in this system, again because
of preceding iocal losses or transient local enrichment during Be
diffusion to thm cusluce,
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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 Blectric Co. Ltd., Hirst Research
Centre, Hemblexs

1. THE SPECTROPHOTOMETRIC DETERMINATION OF BERYLLIUM
IN TUNGSTEN-BERYLLIUM ALLOYS

1.1 Principle

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

A colour is then deveicped with the beryllium and p-nitro
benzene-azo-orcinol in a 0.4 N sodium hydroxide solution buffered with
borate and citrate.

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

The optical density of the coloured sclution is measured at
515 mu and the deryllium content found by reference to a calibration
curve,

1. Roagenty :
1.2 p=Nitre benaene-axo-orcimel 0,03

To 0.03 g of the dye add 100 ml of 0.1 N NelH molution.
Stir mechanically for 5 hours, then set the sclution aside in the
dark overnight. Decant the clear solution into an amber
coloured bo'tle., If necessary, filter the molution through a
Bo. 5S40 Vhataan filter paper to obtain s clear solution. Renev
at fortaightly intervals.

1.22 Standacd bervlliue solution - atrens

Dissolve 0.4915 g of beryllium sulphate (Be30 -AN.0 Analak
grade) in water. Add 2l of 5 N .30, and dilutd 02250 al s0

that 1 al 3 100 ug De.

1.25 Standard berylliue poluticn - weak

Dilute 25 ml of the strong solution to 250 al so that
lal 5 .0 ugBe. Prepare tnie solution as r quired
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g.o.Tea. colution. Allow to
vulter solution and again allow

Tt sontents o the Ledsoers Lo LOU ! volumetric flasku
ool 1 Meaoure very caretully 4 ml of the dye
alat. into tue flacks, dilute to 100 ml with
ot then cet the flaoks astde for 10 minuteo.

Mousure the optlonl densities at w1lb ma on o opectrophotometer
pire o a s en o cell with e blank colulion in the refurence ceil.

Pior e optical densities chtuined ugainst & of beryllium,
I e range 0-230 ug Be the calibration graph is almost linear.
.

A new calibration curve must be prepared eacn time the p-nitro
Lenvene=azo=-nreirol solution is rencwed.

Procedure

Werghi of t' & pourtion of the sample Lo contain not uwore Lhan 200 g
2 oeryllium and transfer to a platinum dish, Add 2 ml of hydrofluoric
wod and a few drops of nitric acid and cover with a platinum lid.
When oolution o complete rinse in the cover add 1 ml of sulphuric

1id (1 + 6) and wvaporate Juust v dryness to eliminate fluorides;
wont prolonged heating,

Ll

At 4 ml oof wiater Lo e daon caet atlow to digest on oo cteam
TR U AR UEE YRR Stir ac-monl iy to art solutton of beryidias

.Jz){'h'l’i‘.
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Allow to cool, then add 10 ml of E.D.T.A. solution and set
aside for 5 minutes.

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

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

After 10 minutes measure the optical demsity at 515 mu using
a 4 cm cell with a reegent blank in the reference cell.

Deteruine the beryllium content of the ssmple by reference
to the calibration greph snd express the result as a perommtage by
veight,

1.5 Notey

The relationship detween the optical absorptiom of the ooloured
berylliuc lake and beryllius content is particularly dependent om
the concentration of the p-nitro bensene-aso~orcinol solutiom,

It follows, therefore, that old solutions of the reagent whioch say
have deteriorated on storage mst not be used, aleo that a new
calidretion graph must be prepared each time a fresh solution of the
dye is dispsnsed.

T™he reagent solution alone has & fairly high optical demsity
at the wavelength used for the teets 80 that grest care must b
exercised in pipetting out the 5 al portions to de uweed in the
analysis.

It is & wise precsution to run a etandamnd, rmnlwdunu
Inova volume of the standerd beryllium solution (1 &l # 10 ug Be)

to some deryllius-free tungeten matal, st the same time as the tests.

1.6 Maferspces

Vinci, P. A. Anal. Chem, 1953, 28, 1580-5,
Covington, L. C. ot al, Ivid 1956, 8, 1729-%0.
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2. THE GRAVIMETRIC DETERMINATION OF BERYLLIUM
IN TUNGSTEN-BERYLLIUM ALLOYS

-
Lo

\
Fy

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 small excess of ammonia
iz 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 Rasgente

2.2 Amoniua nitrate solytien 28

Dissolve 2 g of the crystsis ‘n 100 ml of water and make just
amooniacal to litmus,

2.22 Ammonia soiutdon (U + 1)

Dilute 0.880 smmonie with an equal volume of water.

2.23 ulghuric acid (U + 1)

Add sulphuric scid (8.6, 1.84) to an equal volumec of water.

2.24 Nlohucic acid (0 + §)

Add 20 wl of sulphuric acid (8.0. 1.84) to 120 ml of water.

2.3 Preesture

Veigh off a portion of ssmple to contain detween 10 ead 100 ag
of beryllium and trensfer %o s platinus dish of c. 75 ml capacity.
Add 5 al of hydrofluoric acid and ebout 1 al uf nitric ecid and cover
the dish vith a platinue 1ii. Whem solution is complets rinse in
the 1id, add 1 a1 of sulphuric ecid (1 + 1) and evaporete to fuming
to eliminate fluorides; fume strongly for 2-) mimutes.

Allov the dish to cool, then add 30-40 al of water and hest on

a steas bath for abdout 15 minutes; otir occasiomally with s glase
rod tc aid solution of °he derylifu= sulphate.
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To tne kot solution add a few dmgs of litmus solution, then
add cautiously ammonia solution (1 + 1) to the change point of the
indicator, then add a slight excess to dissolse tungsten compounds.

Head the solution to boiling, boil for 1 uinute, then stir in a
small quantity of ashless floc and filter the prvvipitate on a 9 ca
Whatman Mo, 41 filter paper. Wash the paper 5-4 times with vara %
ammonia nitrate solution. Retain the filtrate.

Transfer the filter paper back tc the dish, add 10 =l o*
sulphuric acid {1 + 6) and heat the Gisn on a water ba‘h for a few
minutes. Stir occrsionally to macerate the filter paper and to
dissolve the Leryliium hydroxide,

Add 40 ml of hot water, atir, then add a few diops of litmsus
solution a'ul wuke Just ammoniscel, then add o few drops excess te
ensure solution of any residual tungaten. Boil for 1 minute,
Pilter and wash the precipitate aa before.

Combine the filtratus from the two ~recipitations, acidify with
sulphuric acid {1 + 6) and evaporste to about 40 ml. MNake ulighily
amsoniacal and boil the solution for 1| minute to precipitate any
trace of beryilium which say hAve escaped precipitation earlier in
the procedure. Pilter and vyah any precip‘tate, as slresdy described,

Transfer the two filter papery and precipitites t¢ @ rw
platinum crucihle, ignile centiy at firet, finally at 1000°C in a
Tle furnace, coo) and reveigh the crucible to obdtain the weight of
berylliiug oxide. Zalculate the weight of berylijun wetal
(30 » ©.3605 x BeO) and express the result as s percentage by weight.

Eotes

The sethod is applicable only to slloys which are free fros
other xatale giving insoluble hydroxides by ~asonia precipitation.

Rerriliva hydroxide is slightly soludle in solutions containing
sppreciable amounts of free amyonia and hence it is desiradle to
reatrict the sscunt of excess awmonia used {n the precipitation of
the bderyiliue. Under these condition. a clean separetion of beryllium
from the large smount of tungeten present 'a not obtained in a single
precipitation and re-precipitation is ezzenitial. If a sample weight
sreater than 0.5 ¢ haa been used, & second re-precipitation any be
required to ensure cowplete rencval of the tungeten., It iz in any
case advisab.e to check the purily of the weigied beryllium cxide
by X-ray or spectrosrwanic evemihation.

&




Bevause o' the clipnt colubility or beryilium hydroxide in

FTRRT (S
Trom the
tnat huo
Jbtained

sutfices,

al Coiuvicn., it Lo necessary o examine the filtrates

min ammonia procipitations for any small amount of beryiium

escaped précipitation. The amount of precipitate so
should be very omall, if any, and a .ingle precipitation

66



TUNGSTEN HFRESSURE
VESSEL

¥-8e ALLOY .

Te TIBE HEATING
ELEMENT *

TYUNGSTEN SUPRCRTING

' ctfesncan . mpm——

2007 FLLS
Fig, . (I1})  Prossure~vessel arrangesent for W-Be °
alley preparation and heat-treetsent, )

--Pure ¥

Filiet
- 3
utectic

Lig, 2 (11)  V-VBe, mrectic. {x 1200)

24




Big. 3 (11) 4o Be sintgred cospact after
heating at 2500 C in proraure-vessel
(¥ + eutectic). (x 500)

Lig. 4 (11)  &.7% De allcr, quenched from 2500°C.

{x 2000)




(x?

_{a) (1I) Microprobe
Analysis: Blectron
picture of eutectic
alloy. (x 1000)
' Wie, -
- QO
j"' e e
SOLUTION] Be in W
E W SLIGHTLY [sELow)
jooore S,u)% \
—- ~F LA
Microprove Analysis: Typical

apecimer current scan in cutectic,
as above,

L P




TENTATIVE W-Be PHASE DIAGRAM

3400pa-
\“
300 . Lie ~ o Q
) 0
l 26 . AN é éi
o= :/' Lig oV ‘\\ Lig +Whep l ‘ ‘
g %k ens "-:‘:x\
P Leedisecix]  [qeagsonx] V- H
g 1800f] €7-318 &X tf% i!
= Veuh 4
% T T
uoof R 1] AR T
t
10005 [4+3 1373kX) i s (200
10 20 30 40 30 60 70 80 90 100
43 1388k%

ATOMIC 5 Be —

Fig. 6 (II)



SECTION 3. TUNGSTEN-CARBON SYSTEM: BRIEF SUPPLEMENT

The determination of the solid solubility of cartnn in tungsten
had already been fully reported in oiar Report of 25th Auguat, 1961 (which
appeared as ASD Document No. ASD-TDR-62-25 PTI March 1962). However, two
subsidiary agpecte were dealt with in a limited amount of subsequent wuik.
Theve wered

(1) the age-hardening of W by W.C.
(2)  the Ta-W-C system, solubility aspect.

It is here proposed trietly to report this additional work.

1. AGE-HARDENING EFrFECTS

A principal result of the preceding work was the existence cf a
small solid solubility of ¢ in W, receding from nhout 0.3 atomic % C at the
eutectic temperature (340000) to an insignificant value below 200000. The
posaibility of precipitation and of dispersion-hardening is therefore, given;
und it was uttractive to study this, Unfortunately the amount of work that
could be done under the circumstancec was only very limited, and the followiny
resulty should be regarded as only exploratory. The desirability of furthe:
astudy io clear. A particular attraction liea in the fact that W,_C should be
able to rumain in a stable {ine-particle disperaion up to very hiSh temperatures,
yut by qucnch$n§ from tomperaturcs within the solubility region (between say
2000 and 2700°C) and subsequent controlled annealing at diferent lower
temperatures it may be possible to produce varying degrees cf hardenability
and of strengthening. Varying rates of cooling from within the solubility
field provide a further factor of interest, as weli as of course C-content.

Experimonts were carried aut on the 0.075 atomic % C alloy which
ic well within the solubility~-limit at the euteciir temperature.

Samplgs of large crystal-size were sulution-treated for ten
minutes at 2450°C in the argon-arc furmace and quenched., Ageing was carried
out in vacuo, nne galf of the specimens being treated at 1450°C. and the .
other half at 1000°C. The specimena were aged fur & series of times ranging
from « few minutes to 600 hours, and then quenched. The vesults are given
in graphical form in fig. 1. They show timt a smll, bLut diztinct hardnecn
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increase takes place at both temperatures, theohardness peak occurring after
30 hours at 1450°C and after 160 hours at 1000°C.  For comparison both these
data are plotted jointly on s logarithmic s-ale in Fig. 3.

The aged specimens were studied using the optical and electron
microscope. In the sclucicn-treated condition, Fig. 4 and (electnun—
micrograph) Fig. 15%, the structure is featureless apart from a general pattern
of etch-pits in tbe forser, characteristic of tungsten and vsrying from grain
to grain. At the hardiening peak no change is yet cbserved, as to e expected
since the appearance ¢f a precipi‘ate will be associated with sofiening.

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 grain 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. B) would
appear to confirm this view, showing fewer and deeper craters where apparently
the carbides had been located.

As pentioned these ageing experiments can be considered as only
indicative and the desirability of much more detailed work is auggested,
particularly the study of the dispersion-hardening effects. The hardening of
tungsten by W,C has certainly been cemonstrated in principle and althcugh the
degree of hnriening is fairly amall under tle conditions chosen, it can almost
certainly be increused and modulated by further experiment.

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

In the earlier course of the work on the solubility of carhon in
pure tungaten (when this was still thought on the borderline of detectability
by lattice-spacing changes), the following idea sas put forward: To utilise the
kmown facts of (:g a much higher solubility of carbon in tantalum, and (b)
the continuous solid-solution formation in the Ta-W gystem, in ovder to
extrapolate the primary solution boundary W-C fiom the series (Ta—e=¥)-C.
Carbon saturated Ta~W allcys were to be used. The lattice-spacing change of
C in pure Ta is more appreciable than that in W (although controversial, see
below), and in the Ta-W system Vegard's law is nearly obeyed.

A series of eight pure W-Ta alloys were prepared in the first place
by melting small ingots in an argon arc-furnace and subsequently carburising 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 excese free carbide (Ta,w)zc in equilibrium with a saturated (Ta,W)
matrix solution,

Blectron micro.copy with the kind help of Dr. B, B. Argent,
University of Sheffield.




A comnlination arose however,  For pure Ta, carbon addition
expanded the lattice, as it did, to a lesser ertent, for pure W.
However, an upparent and consistent contraction of the BCC lattice occurred
through carbon for alleys containing both Ta and W.  "he results are shown
in Table 1.

TABLE 1

Llattice Spacing Change of Tr-W Solid Solution by €

Composition, atomic jo lattice Difference A a,
Ta Spacing through
(revainder W) a C-solution
(kX) (kX
Pure Ta, without C 3.2953 -
Pure Ta, C-saturated 3.3028 + 0.007
79.0 " 3.2204 - (.04
49.1 " 3.,2018 - 0.013
16.8 " 3.1654 - 0.005
2.0 " 3.1567 - 0.010
Pure w, without C 3.15’86j -
Pure W, C-gaturiated 3.1584, + 0.00018

This anorsly 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 b zher W, owing to the strounger C-affinity to Ta. Thus the
observed matriv apacing appe.rs lower, owing to the enriched tungsten content,
the associated carbiae baing richer in Ta.

This result, while of interest in itself, rather militater 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 solubility limit of
C in W has now been determined without the use of a third element, this
par.icular approach had rather 13st intereat and +as not continued any further.

Its pursuance weuld need a wmuch more comprehensive reseurch %o be

initiuted, This could atili be u worthwhile project though any such
evaluation of the Tu=W-C cyulem would tdve to e on an independent basis,

3




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. Kicroprobe o
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 c{a%ming a lattice confr ction of Ta by interstitial C (S@irnova and
Ormondil), see also Pearson 2): results which seeumed un%iSely). Qurs
agrees in principle with Vaughan, Stewart and Schwartz's 3) result of a amell

expansion of Ya by C. In our work the gxpansion is in fact appreciab&y larger,
as it corresponded to a quench from 2500°C, as against a 1000 and 1500 C
anneal in the Battelle work, which would again appear consistent.
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Pig. 4 (11I) ¥-C alloy (0.075 a/o C) solution treated and quenched.
Btched in Murakami's reagent. (x 1000)
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Pig, & (111) ¥-C alloy (0.075 '/8 €), solution treated
and quenched; aged 100n°C, 167 hours.
At hardness peak.
Blectron micrograph, as Pig. 5. (x 20000)

fig, 7 (111} ¥~ slloy {0.07S a/o §). solution treated
and quenched; aged 1450 C, 47 hours,
Murik=oi's rcagnt. {x 2000)
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