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ABSTRACT. An X-ray investigation of tho silver-cadmium system of alloys has
been carriod out to dotormine the phase boundarios at tomperatures bolow 300°C with parti-
oular atlention to the B-field. The presence of the A’ phase, which occurs in the 8-field at
temporatures below 228°C has boon confirmed. The lattice parameter and structure of the
@, B’ and { phases have been dotormined. An appioximate boundary of the A’ phase has
been obtainod. The boundaries of the other phases as obtained by us agree with those of

Owen et al. The rosults aro discussed in the light of tho Hume-Rothery rulo and the zone-
‘theory.

INTRODUOTION

- - The equilibrium diagram of the silver-cadmium system. of alloys, published
in Metals Handbook (1948) is based on the thermal and microscopical work of
Durrant (1931, 1935). In this diagram a phase g’ (ordered body-cenired cubic
with CsCl type of structure) is given in the f-field. The diagram presented by
Owen et al. (1939) from the X-ray investigation of the system differs from that
given in Metals Handbook in rospect of the exact position of the phase boundaries,
though the arrangoment of the different phases is similar. They, however,

. could not get the #'-phase at the lower temperature as thoir samples, according
to them, could not be brought to a satisfactory state of equilibrium by annealing
within a reasonable time.

The carlier X-ray investigations of the alloys by Astrand and Westgren
(1928) and Natta and Freri (1928) revealed only the § and § phases. The only
evidence of the §’ phase from the X-ray study was given by Kosolapov and Tra-
peznikov (1936) ‘who studied a single 51 atomic percent cadmium alloy in a
high temperature camera and got the §’ phase at 270°C and { phase at 500°C.
Later work (Owen et al.), however, proved that the temperatures recorded by
them were incorrect. Thus at present there is no satisfactory cohifirmation of the
boundaries of the 4’ phase by X-ray methods. In the present work an attempt
has been made to detormine the phase boundaries of the silver-cadmium alloys
at temperatures below 300°C with particular attention to the f-field where the
£ phase occurs. The { to A’ transformation was studied in detail by taking X-ray

*Communicated by Prof. B. N. Brivastava.
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powder diffraction photographs of the alloys in the high temperature camera and
also by taking photographs of quenched specimens of the alloys.

EXPERIMENTAL PROCEDURE

X-rays aro intensively used to study the equilibrium diagram of metallic
systems and are extremely valuable for the identification of phases in alloys. They
may be used for this purpose even when it is not possible {0 index the diffraction
lines or to solve the crystal structure. There are two general ways of applying
X-rays to study the equilibrium diagrams : (a) the lattice parameter method and
(b) the method of vanishing lines.

(E) The Initi, par 4, thod :

In general the lattice parameter of pure metals changes, either docreases or
increases, with the addition of a socond metal i.c. on alloying. If the system does
not form a continuous range of solid solutions, a break will ocour in the lattice
parameter composition curve, from which the limit of solid solubility can be
determined. In the same way the limit of other intermediate phases, if any, can
be established. Thus by applying this lattice parameter mothod the interphase
boundaries between two phases, when they occur due to the change in composition,
can be determined at any temperature.

(b) The method of vanishing lines :

If a standard film of a particular phase has been obtained, a simple visual
examination of X-ray films is often sufficient to establish the existence of that
particular phase in a polyphase alloy. The boundaries of the phase fiolds are
determined by a method of X-ray bracketing, in which, if the diffraction lines
due to a phase are present on one film and absent in another, the boundary is
drawn between the temperatures or compositions to which the two films refer.
The sensitivily of this method, however, depends on the width of the two-phase
region and also whether the phases give rise to strong diffraction lines which do
not overlap. In a favourable case as little as 1% of a given phase can be detor-
minod visually on a Debye-Scherrer film.

PREPARATION OF ALLOYS

Small amounts of silver-cadmium alloys up to 68 per cent by weight of
cadmium where prepared from spectroscopically pure metals obtained from Johnson
Matthey & Co., London. Accurately weighed quantities of silver and cadmium in
the form of turnings (cleaned and dried) were taken in pyrex tubes, evacuated and
sealed under very low pressure of holium, and hoeated in an electric furnace. The
mixture was firét heated for an hour at 500°C, when cadmium melted and got
absorbed in silver by diffusion thereby lowering the melting point. of silver. The
temperature of the furnace was then raised till the alloy melted, when it was made
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homogeneous by shaking and quenched in water to prevent segregation and in-
homogeneity which might occur during slow cooling.

The prepared alloys were weighed to ensure that no loss had occurred during
heating. The alloys were again scaled in evacuated pyrex tubes and homo-
genized at 600°C for 24 hours and then cxamined for homogeneity by taking
filings from different parts of the lump, From the homogeneous lumps, powdered
samples were prepared and taken in small pyrex tubes, evacuated and sealed.
The tubes were suspended by means of a fine copper wire in a vertical tube furnace
and annealed at different temperatures. The tubos could be dropped into cold
water placed just below the furnace by opening the bottom door and cutting the
suspension. The method yielded very efficient quenching. Specimen for the
high temperature camera was prepared by taking the powder in thin-walled:
pyrex capillaries.

APPARATUS

Philips precision cameras with 57.3 and 114.5 mm diameter were used to take
the powder photograph of the quenchod alloys. High temperature X-ray photo-
graphs were taken in Unicam 19 cm high temperature camera, which was calibrated
by measuring the lattice spacing of pure silver up to 500°C. CukK, radiations
from a senled off Philips X-ray tube were used to obtam the diffraction photo-
graphs.

EXPERIMENTAL RESULTS .

Powders of the silver-cadmium alloys situated within the range of composition
from 47 to 587, by weight of cadmium were quenched from different temperatures

~and X-ray pictures weroe taken. A preliminary survey shows that this region
contained a single body-centred cubic g’ (ordered) phase below about 228°C
bordered on cither side by double phase regions. The alloy 47* is in (x+/’)
field below 228°C and in (x+¢) above it (Sce Fig.1). Both the alloys 56.4 and
58 are mixtures of #' ond y, a complex body-centred cubic with 52 atoms
per unit cell, below 220°C, above which they are in {{+7y) region. All the
four alloys included between 50.8 to 53% by weight of cadmium are in the
p'-field below about 228°C, and in the { phase above it. A second transforma-
tion from ¢ to A (body-centred cubic with same lattice parameter as that of §)
was also observed with these alloys. Thus when 51.57 alloy was-quenched from
450°C it yielded f phase. The § phase was also obtained with 51.3 alloy when
an exposure was given at 440°C in the high temperature camera. According to
Owen this transformation occurs at 427°C for the alloys with compositions from
43.7 to 50%, by weight of cadmium, and 445°C for the alloys from 56 to 60%
cadmium. No attempt has been made here to redetermine this transformation

*Alloy 47 indicates an alloy with 47% by weight of cadmium.
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temperature, but the observation on the two alloys mentioned above, confirmed
their results.

(i) The af(a+p') and of(e-+§) phase boundaries.

Three  phase alloys with 25.1, 30.1 and 34.7%, by weight of cadmium were
prepared. In order to get a relation between lattice parameter and compogition
in the a phase, the lattice parameter of these alloys were measured. Powders
of alloy 47 were annealed at 235°C for five days and quenched in water and X-ray
powder photograph was taken. Sharp lines of « and { phases were obtained.
The lattice parameter of o phase was calculated from (511) lines and those of &
were obtained from (2133), (3032) and (0006) lines (the wave length used for CuKa
radiations are CuKa, = 1.54051 and Ka, = 1.544334). The alloy was again
quenched from 224°C after annealing for five days, which yielded « and £’ lines,
from which the lattice parameters for & and 4’ phases were calculated. The
results are given in the Table I. The « phase in the 47%, alloy corresponds to

. 43.6 and 43.49, by weight of cadmium at 236 and 224°C respectively, as obtained
by extrapolating the lattice parameter composition curve for « phase alloys. These
gave thoe limit of the & phase. By narrowing the limiis of annealing temperatures
& temperature of 228°CLt1 was obtained for this alloy at which #'—¢ trans-
formation occurs. '

TABLE 1
Lattice parameter of a.phase alloys
Alloy Lattice Quenching
positi par te temperature
in wt. at 30°C °C
9, of Od. ind
256.1 4.1400 —
30.1 4.1518 -—
34.7 4.1636 -_—
47.0 4.1839 236
47.0 4.1837 224
47.0 4.1835 180

(i) The (x+8)/E and (a+p')|B' phase boundaries
The four alloys included between 50.8 and 53%, cadmium by weight are all
id the #' field below the transformation temperature and in the { phase above it.
Alloy 51.3 was studied in the high temperature camera up to 440°C. The photo-
graph taken at 440°C shows that the alloy again changed to body-centred cubic
phase.
3
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The f'—{ transformation was studied in detail for the 51.3 alloy using the
high temperature camera. For that purpose exposures in the high temperature
camera were made at several temperatures between 220 to 240°C. A tempera-
ture hysterosis was observed in course of taking these photographs. Thus it has
been observed that 4 transforms to ¢ at about 225°C when photographs were taken
at successive increasing tomperatures i.o. whon going from g’ to ¢ field, and ¢ trans-
forms to A’ at about 220°C in the reversc process. But when the specimen was
anncaled in the camera for six hours before recording the pictures at every tem-
perature, no such temperature hystoresis was observed. This revealed that f'—¢{
transformation is not rapid and requires time to be comploted. This phenomenon
was also observed in the casc of quenched alloys. An alloy, originally in the {
state, when annealed at 220°C for two hours and quenched, gave { phase only,
whose diffraction lines were not sharp but diffuse. This shows that the atoms of
the ¢ phase havo started moving and are shghtly displaced from the normal positions
still-keeping the hexagonal symmetry i.e. the lattice is strained. However, the
results obtained with the high temperature camora are that the alloy 51.3 is in the
¢ phase at 230°C and in £’ at 225°C. The mean value 227.5°C was accepted as the
approximate transformation temperature for this alloy.

Powders of the 51.3 alloy were annocaled at temperatures of 224°C, 227°C,
230°C and 234°C for five days and quenched in water and ‘their diffraction photo-
graphs were taken. Tho resulis are that at 224°C the alloy is in the 4’ phase, at
227°C both B’ and { are present, and at 230 and 234°C there is only the { phase.
Hence 227°C was accepted as the transformation temperature.

The lattice parameter of the ' and { phases corresponding to all the four
alloys were determined. The variation of the lattice parameter of 4’ phase with
composition was rather small. No variation in the ‘c’ parameter of the hexagonal
-¢ phase was observed and only the ‘e’ paramoter changed with composition. The
lattice parameter of ﬂ’ and ¢ phases as well as the annealing temperatures are
included in the Table II.

TABLE 1T
Lattice parameter of £’ and { phases
Iz ¢
Composi- Annesling Lattice Composi- Annealing Parame- Paramo-
tion wt.  temp.°C. paramo- tion wt. temp.in ter ‘c’ ter ‘@’ cla
Y% of Cd. ter m & %of Cd. °C ind ind
47.0 224 3.3314 47.0 235 4.8236 2.9836 1.617
50.8 224 3.33156 50.8 234 4.8240 2.9836 1.617 -
51.3 224 3.3316 51.3 236 4.8238 2.9840 1.616
51.57 224 3.3318 51.67 236 4.8238 2.9843 1.618
53.0 216 3.3323 53.0 226 4.8239 2.9864 1.615
56.4 216 3.3325 56.4 224 4.8238 2.9860 1.616
68.0 210 3.3320 58.0 230 4.8234 2.9862 1.614
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The transformation temperatures of all the other alloys were established by
examining the quenched powders. The results are given in the Table IIL.
Alloy 53 when annealed for 156 days at 220°C, the accepted transformation
temperature for this alloy, yielded both £’ and ¢ phases.

TABLE I1I
£'—¢ transformation temperatures
Composition B'—
of alloys; wt. transformation Thases
% of cadmium  temperature °C.
47.0 228 (a+B)—(a+1)
50.8 228 B’ —¢
51.3 227 "
51.57 296 "
53 0 222 ”»
56.4 220 (B +Y)—(+7)
58.0 220

An approximate value of thermal oxpansion for the #' and ¢ phases were
obtained from the high temperature photographs. For §’ phase a value of 24 X
10-¢°C-1, and for { phase values of a, = 22 x16-% °C~! and a, = 36 X 10-¢ °C-1
corresponding to the ¢ and a axes respoctively were obtained. The axial ratio
c/a for the § phase changes from 1.617 to 1.614 with increasing cadmium con-
centrations. The value of ¢/a also decreases with increasing temperature.

The laitice parameter of §' and { phases were plotted against composition,
and by extrapolation it was observed that the £’ and ¢ phases in 47%, alloy
correspond to 50.6 and 50.79%, by weight of cadmium vespectively. Theso gave
the compaesition of the (a+¢)/6 and (a+£')/f’ boundaries.

(iii) The {/(E+y) and B'[(B1y) phase boundaries

The alloys 56.4 and 58%, by weight of cadmium were studied by quenching
method. A transformation temperature of 220°C+1 was obtained for both the
aHoys. The alloy 56.4 was also studied up to 400°C in the high temperature
camera. The high temperature study of the alloy yielded 219°C4-1 as the trans-
formation temperature. The lattice parameters of the phases were calculated
from the high angle lines. Lattice parameter of y was 9.9704 A for both the alloys.
By extrapolating the lattice parameter for 4’ and { corresponding to these two
alloys, the boundary between A'/(f'-+y) and {/({+7y) was obtained. Alloys
47 and 56.4 were annealed for more than 15 days at 180°C and yielded an approxi-
mate boundary composition at that temperature. The results are included in
the Table IV.
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DISCUBBION OF RESBULTS

The presence of the §' phase, which was suspected by Durrant and others
from thermal and microscopical studies of the silver-cadmium alloys, has been
confirmed by our X-ray investigation of the system. The 4’ phase boundaries
determined by us are found to differ considerably from those given in Metals
Handbook, these latter being based on the microscopical work of Durrant. The
boundaries of the & and ¢ phases obtained in the present work agree with those
found by Owen ef al. The boundary compositions of the different phases, as
obtained in course of the present work along with those obtained by Owen, are
given in Table IV. g'—{ transformation temperatures of all the alloys examined
are given in the Table III. These differ from those given in Metals Handbook
by about 12°C,

TABLE IV
Boundaries in the silver-cadmium system of alloys

Temp. Boundary ition (cadmi ight percent)

°C.  alla+B)  (a+B)B’ BIB'+Y)  alletl) (@+DE HE+Y)  (E+7Y)y Author

180 43.3 50.6 53.6 1
215 50.6 53.656 1
224 43.4 43.6 50.7 1
235 43.5 50.7 53.76 "1
250 43.5 50.756 54.0 2
270 50.75 54.0 2
i 300 43.6 59.6 2
210 59.6* 2
180 59.6* 2
1 Present work. 2 Owen, Roger and Guthrie (1939). *Corresponds to (8°+-7y)/y.

With the help of these data the equilibrium diagram of the Ag-Cd system
between the compositions of 40 to 60% by wt of cadmium and up to 300°C
was constructed and is given in Fig. 1. The complete diagram of the systom, shown
in Fig. 2 was obtained by combining the results of Owen ef al. with those of the
present observations. This ropresents a complete diagram for the silver-cad-
mium system obtained from the X-ray study of the alloys in the solid state.
However, the liquids and solids curves were not determined in the present investi-
gation.

A duplex (#'+¢) phasey eld is ‘also included in the diagram, based on the ob-
servations on three alloys as mentioned earlier. It has not been possible to
determine the extent of this duplex region precisely, but observations show that
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it is confined within 4-2°C of the corresponding (f'—{) transformation tempera.-
ture. The general arrangement of the phase fields is similar 1o that in the silver

300 q * h
e
280
q
o 200
o
| T o«
o240 ¢ |5
54 8
& 220 N —o
q
< g
200 L+p P' p'd
180 q
160
L] i A
40 44 48 52 66 60 64

Cadmium, weight per cent.
Tig. 1. Boundaries of the #’-pharo in the Ag-Ud rystem

zine system except that in the case of Ag-%n there 1s only one (f—¢) transfor-
mation at ahont 260°C. whereas m Ag-Cd system there are two transformations
iu the p-field,

The stinctures of the different phases in the dingram are : phase, face-
centred cubic, £ phase, body-centred cubic; 4 phase, ordered body-centred cubic
with CsCl type of structure; ¥ phase, complex body-contred cubic with 52 atoms
to the unit cell; and ¢, & and ¢ phases are close-packod hexagonal. 1t 18 not
possible to get evidence of Jong range order in 4’ phase from X-ray investigations
in this case as the super-lattice lines cannot bo recorded on sccount of the nearly
cqual scattering powers of silver and cadmium atoms. However, there is
evidence from nuclear magnetic resonance cexperiments (Drain, 1969) that the
silver and cadmium atoms strongly attract each other which shows that unlike
atom pairs will be favoured in this ulloy. Tt may de concluded that the £ to £
and again £ to 4 transformations are probably controlled by the order parameters
and energy considerations.

The alloy 689%, by weight of cadmium, which isin the & phase ficld, was
stadied. The lattice parameters of the & phase are: a==3.037 A, ¢=4.824 A and
cja=1588.
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Fig. 2. Equbhbrium Disgram of slver-cadmium alloys hased on the work of Owen ef «l.,
and the present mvestigations.

The formation of the intermediate phases £, ¢ and y can be eaplained by the
Hume-Rothery rule for electron compounds.  Assuming that the clectrons are
nearly frec and the Fermi encrgy is the most significant factor determining the
stabihty of these phases, Jones (1934, 1937) has given a theoretical explanation
of the Hume-Rothery rule from the zone theory of metals. According
to this rule the a phase having f.c.c. structure should become unstable
at the electron concentration 1.4 while from the equilibrium diagram (Fig. 1)
of Ag-Cd alloys it comes out to be 1.425 Similarly, for the («+ #')/’ boundary
the Hume-Rothery rule gives 1.5 as against 1.496 found here. For the #'/(f'+7)
and (B'+7)/y boundaries we find the electron concentrations 1.528 and 1.586
as against 1.5 and 1.6 from the Hume-Rothery rule.
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