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The density and the rmal  expansion of the low-melt ing and, in par t icular ,  the alkali metals  near  the 
"mel t ing-freezing ~ phase t ransi t ion point have been studied many t imes [1]. However,  in most  cases  the 
studies were made ei ther  of the solid or liquid phase only, and therefore  the studies were of different speci -  
mens of the substances.  If we also consider  that the composit ions of the specimens studied by different 
authors differed significantly and that the number  of measurements  in the immediate vicinity of the melting 
point is usually not sufficient to ensure  high measurement  accuracy  of the tempera ture  and other thermal  
relat ions,  it is natural  that there  is still ve ry  little detailed information available on density changes during 
melting and freezing of the alkali metals  and most  of the other meta ls .  

The present  paper  includes resul ts  of studies of pure rubidium and gallium density and also of a 
se r ies  of specimens of potassium, rubidium, and cesium with impuri t ies  in the vicinity of the melting point. 
The studies were made using a di la tometer  with intermediate  medium, s imi lar  to the pycnometer  method 
for measur ing  the density of solid bodies [2]. 

This method has been used previously,  e.g., in [3] to study the thermal  expansion of liquid cesium, 
and is near ly  the only method which permi ts  car ry ing  out equally accura te  measurements  for  the liquid 
and solid phases of the same  specimen.  
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T A B L E  1. C o m p o s i t i o n  of A l k a l i  Me ta l  S p e c i m e n s  wt .  % 

Specimen Mass, g 

K t3.8 
RhI* t9.7 
Rh2r 14.6 
Csl $ 28.4 
Cs2** 24.3 

Na 

O. 003 
OA 

<0.003 
0.05 

K 

98.5 
0.009 
9.0 

<o.oi8 
0.5 

Rb 

0.1 
99.93 

>89 
<0.001 

t .0  

G$ 

0.t  
0.00t 
1.0 
99? 
98 

. Ca 

0.I 
O.OOi 
O.i 

~0.003 
O,i 

Other 

0.2 
0.005 
1.0 

Oxides 
0.5 

* A n a l y s i s  of lo t .  
S R E T U - 1 1 8 - 5 9 .  
$ O x i d i z e d  du r ing  c h a r g i n g .  
* * R E T U - t 1 7 - 5 9 .  

T A B L E  2 

Q u a n t i t y  Rbt  Rb2 Csl Cs2 K Ga 

t' ~ from 
t" ~ tO 
t ,  r 
At., deg 

8p,, ~ 3 p,', g / cm 
p,", ~ /cm a 

b" g /c  rn 3 �9 d e~ 

t4.6 
91.6 
39.t6 

~0.05 
2.625 
i .  5244 
1.4844 
4.40 
4.81 

i8 
66 
38.6 

t2.7 
50.8 
28.5 

,--3 
2.48 
i .883 
i.837 
5.t6 
5.29 

t9 
32 
28.2 

20.0 
91.9 
63.3 

~3 .5  
2.7 
0.85~ 
0. 828 
2. t  
2.4 

i9.0 
79.3 
29.80 

<0.05  
--3,39 

5. 895 
6. 095 
2.69 
6.62 

Note .  S ingle  p r i m e  r e l a t e s  to s o l i d  p h a s e ,  double  p r i m e  to l iqu id  p h a s e .  

1. The  m a j o r i t y  of t he  e x p e r i m e n t s  w e r e  conduc ted  us ing  the  l iquid  d i l a t o m e t e r  me thod  with  VM-1  
d e g a s s e d  v a c u u m  pump oi l  as  the  i n t e r m e d i a t e  m e d i u m .  A s c h e m a t i c  of t he  a p p a r a t u s ,  f a b r i c a t e d  f r o m  
m o l y b d e n u m  g l a s s ,  i s  shown in F i g .  l a .  The  d i l a t o m e t e r  r e s e r v o i r  1 (20-25 cm 3) was  f i l l e d  to  about  ~5 of 
i t s  v o l u m e  with  the  m e t a l ,  and o i l  was  p o u r e d  above  the  m e t a l  in t he  r e s e r v o i r  into the  e x p a n s i o n  tube  
2(~ 4 r a m )  (under  a vacuum) .  The  d i l a t o m e t e r  thus  p r e p a r e d  was  moun te d  in the  VM-1 o i l  ba th  3 of the  
t h e r m o s t a t t i n g  s l e e v e  5, which was  h e a t e d  with  w a t e r  f r o m  a U-10 t h e r m o s t a t .  The  t e m p e r a t u r e  in t he  
e x p e r i m e n t s  was  m e a s u r e d  by  the  t ype  T S P N - 1  r e s i s t a n c e  t h e r m o m e t e r  4 with R0=100 ~ ,  and the  l iqu id  
l e v e l  v a r i a t i o n s  in t he  e x p a n s i o n  tube  d u r i n g  changes  of the  s p e c i m e n  v o l u m e  w e r e  m e a s u r e d  by  a type  
KM-6  c a t h e t o m e t e r ,  u s i n g  two s c r i b e  l i ne s  on the  o u t e r  s u r f a c e  of the  e x p a n s i o n  tube  as  r e f e r e n c e  l i n e s .  
When us ing  r e a d o u t s  5-7 r e l a t i v e  to  both  r e f e r e n c e  l i n e s ,  the  e r r o r  of t he  l e v e l  m e a s u r e m e n t s  did  not  e x -  
c eed  ~: 0.01 r am.  

The  s e c o n d  r u b i d i u m  s p e c i m e n  (Table  1 and F i g .  2) was  s t ud i e d  in a gas  d i l a t o m e t e r  with h e l i u m  as  
the  i n t e r m e d i a t e  m e d i u m ,  b a s e d  on the  p r i n c i p l e  of m e a s u r i n g  the  gas  p r e s s u r e  c ha nge s  above  the  m e t a l  
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TABLE 3 

t Ap-iO 4 f 

L 

Rb 45.2i 220.5 I 38.94 
(4) 2&22 722.5 I 38.6~ 

37.06 659.5 l 38.81 
33.55 665.6 I 38.8~ 
39.1t 650.7 I 39.0,' 
41,28 244.2 ] 39.t~ 
24.62 713,0 I 26.8( 
40,12 247.I [ 39.tt 
5t.25 t95.0 [ 37.6J 
39.77 248.0 I 38.2~ 
3917 252,7 I 39.t~ 
39..16 250.4 39.2~ 
39.12 65i .9 32.7~ 

Cs 30.2 --6.3 I 26,5 
(1) 20.0 513.6 I t7.0 

t9.0 518,8 J 30.8 
t9.2 5t6 , i  24.0 
26.8 398.6 23.0 
t7.6 526.2 44.4 
27.8 390,6 40.6 
t 9 . t  516.9 50.3 
i8.4 520.3 32.0 
25.9 465.6 50.8 
24.5 489.3 36.7 
24.8 487.t } 28.7 
25,0 483.9 I 28.3 
25.9 458.6 t6.5 

t 29.4 --4.4 27.9 

Ap, 1O 4 

I 
652.81 
658.7 I 
653.4 i 
~52.7 I 
653.1 ] 
652.2 ] 
706.5 I 
25t.6 
656.8 
655.7 
657.2 I 
25t .O 

678.8 I 
435.6 
527.3 

-10.3  
"490.4 [ 
497.0 ] 

--1t4.9 I 
--17.6 

-t17.1 I 
--41.3 
--IA 
355.6 I 
533.1 

0,6 

t Ap. t 0  ~ 

56.70 167.5 
58.02 161.2 
63.1i 137.0 
i5.03 752.0 
24.45 7i4.3 
70.96 98.8 
76.t8 74.7 
81.20 49.5 
85.94 27.3 
91.58 1 .O 
20.28 734.0 
15.52 755.3 
1~ .60 761.5 

27.6 1.6 
i5.3 536.4 
24.7 465.4 
24,8 465,7 
23.2 495,5 
25.6 466.6 
26.0 451.6 
26.7 405.6 
27.0 348.6 
18.4 520.6 
24.6 486.2 
26.6 4t3.6 
26.4 433,6 
13.4 550.0 
i2,7 55i .6 

t I Ap. l0 ~ 

K 71.5 --18.3 
77.7 --33.3 
65.8 - -5 . I  
53.3 l . i  
22.7 318.0 
59.6 238.t 
49.9 26t ,3 
35 8 291.0 

Ga 55.87 --180 
I9.61 72 
27.57 17 
44,36 --97 
62.89 --221 
71.92 --260 
50,38 --145 
i8.58 77 
79.27 --307 

t A~.IO 

268 ./~ 
246.9 
318,4 

--27,2 
--t~8.5 
-113.7 
--12.5 

196,1 

- - l l 0  
- - t5  

25 
56 
90 

--i970 
--i983 
--I 995 
--t997 

t Ap-1O 4 

62.2 20 t . i  
23.0 3i8.2 
61.2 224.1 
60.3 244.t 
57.r 245.8 
20.0 324.t 
6t .0 226,1 

29.66 --2004 
29.71 --2004 
29.75 --2005 
22.19 --1979 
21.17 --t972 
39.72 --86 
48.19 --t19 

specimen,  using a differential manometer  located in the same thermostat  together with the compensat-  
ing re servo ir .  

2. The di latometer basic  volume was calibrated in the same apparatus using twice-dist i l led water.  
Scales of the ADV-200 type were used for weighing. The water density in the volume calculations was 
taken from [4]; the g lass  l inear expansion coefficient was taken from [5]. Calibrations were also made 
of the di latometers  and expansion tubes using oil  over the entire operating temperature range, with a spe-  
cial  measurement  being made of the temperature dependence of the VM-1 oil  present in the dilatometer and 
calibrated capil lary.  In the calibrations it was found that the additional error  from the oil  film remaining 
on the tube walls does not exceed 0.001% with conventional cleaning of the glass  surface.  The maximal  
di latometer volume measurement  error  did not exceed ~0.01%. In the di latometers used the dependence 
of the liquid column height on the volume was practical ly linear, and the rms deviation of the calibration 
points from the interpolating straight line was no more  than 0.005%. 

3. The di latometers  were fi l led with the metals  (potassium and the f irst  rubidium and ces ium spec i -  
mens) through the expansion tube by vacuum disti l lation. A schematic  of the setup is shown in Fig. lb .  
The additional unit 7, which connected the di latometer with the disti l lator,  was soldered to the expansion 
tube for the filling operation. The g lass  ampoule 1 with the metal  was placed in the boi ler  2, and after a 
vacuum of N10-~ torr was reached in the entire sys tem,  the ampoule was broken by the hammer 3. The 
metal  vapors exited through the tube 4 and condensed near the cooler  5. The liquid metal  drained through 
the intermediate volume 6 into the di latometer 8. The intermediate volume and the dilatometer were also 
heated. Immediately after termination of distil lation, the vacuum oil  was poured into the dilatometer from 
the v e s s e l  7. During the filling process  the metal  could come into contact only with stainless  steel  and 
g lass .  

The second rubidium and ces ium specimens ,  and also the gallium specimen,  were fed into the dilato- 
meter  through a s tainless  s tee l  capil lary from the intermediate crucible,  where the metal  was covered 
with an oi l  layer.  

4. The di latometric experiment preparation technique prevented reliable measurement  of the alkali 
metal  specimen mass;  therefore,  in the experiments  we investigated only the relative changes of the speci -  
men volume,  and in the density calculations it was n e c e s s a r y  to use a reference  density value for some 
temperature.  

A g lass  capil lary (diam. 1 mm) pycnometer was used to measure  the liquid rubidium (purity 99.98%, 
s imilar  to specimen 1) reference  density.  The measurements  were mgtde using the same apparatus. The 
pycnometer was calibrated with mercury  prior to the experiment.  In the calculations the mercury  density 
was takenfrom [4]. The pycnometer was also fil led through the capillary by distil lation. After filling, the 
pycnometer  was also sealed off from the filling system (under vacuum) in the upper part of the capillary.  
The metal  mass  was determined after measuring the filling temperature,  using the technique described in 
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[1], i.e., after  removing the metal  f rom the f rac tured  pycnometer .  The mass  of the small  glass f ragments  
which appeared after  breaking off the capi l lary did not exceed 10 mg for a metal  mass  of 12.8 g. 

The resul ts  of the pycnometr ic  experiment were presented previously in [8] and are reproduced in 
Fig. 2a. 

All the measurements  were made only under s teady-s ta te  t empera tu re  conditions, both when in- 
creas ing t empera tu re  f rom point to point and when reducing tempera tu re  with repeated passage through 
the mel t ing-crys ta l l iza t ion  region. The thermosta t  maintained the t empera tu re  with o~cillations of -~ 0.02 
deg. The measurements  of the t empera tu re  and level of the liquid in the expansion tube were initiated only 
after  stabilization of the level, which required 3-5 h in the melting region. The repeatabil i ty of the mea-  
surement  resul ts  in both the basic and calibration experiments  was no worse  than 0.005%. Fo r  the in- 
dicated di la tometer  dimensions the instrumentation provided reliable recordings  of density changes of the 
alkali metal  specimens of 5 �9 10 -5 g / c m  3 and 5 �9 10 -4 g / c m  3 for  the gallium specimen. 

5. Table 1 presents  data on the initial composition of the alkali metal  specimens and also the masses  
of the specimens.  The system construction and filling technique make it possible to assume that there  was 
no marked variat ion of the elemental  and quantitative composition of the specimens during the charging 
p rocess .  The absence of any sys temat ic  sca t ter  of the measurement  resul ts  apparently indicates that there  
were no marked composit ion changes in the course  of the experiments  ei ther.  The tested gallium specimen 
(55.516 g) contained 0.01% impurit ies,  p r imar i ly  aluminum. 

Table 2 and the curves  of Fig.  2 present  the basic  experimental  resul ts .  The following re fe rence  
points for  the liquid metal  density were used in calculating the quantities indicated in the table and shown 
graphically:  

a) for  Rb f rom pycnometr tc  experiment 

p0 ~ 1.4592 (• o.oo06)g/cm ~ at 9i.5 ~ c 

b) for  Cs f rom calculation using the equation of [6] 

c) for K from [7] 

P0 ~ i.837 (~ 0.005) g/cm 3 at 28.5 ~ C 

p0 = 0.828 (~ 0.005)g/cm 3 at 63.5 ~ C 

d) for Ga from [8] 

Po = 6.095 (_ O.O03)g/crn 3 at 29.8oC 

The curves  in Fig.  2 show that for  the contaminated specimens (which can also be classif ied as al-  
loys) the ingot volume changes upon approach to the melt ing t empera tu re  so that the variat ion of its ave r -  
age density is quite nonlinear,  i.e., there  exists a premelt ing zone which expands with reduction of spec i -  
men purity.  Beyond the limits of the premelt ing zone in the solid state t empera tu re  range investigated, 
the t empera tu re  dependences of the density are  l inear to within 0.01%. The premelt ing zone is not de-  
tected for the high-puri ty  rubidium and gallium specimens up to t empera tu res  0.05 deg below the melting 
point. This can be seen quite c lear ly  f rom the l a rge - sca l e  plot for rubidium shown in the upper right 
corner  of Fig.  2b. 

On the liquid phase side no anomalies were observed for  any ~f the specimens studied down to t e m -  
pera tures  0.05 deg above the t empera tu re  for  initiation of solidification, and the t empera tu re  dependences 
a re  l inear to within 0o01% in the ranges studied. Nor were any anomalies found in the t empera tu re -dens i ty  
dependence of liquid gallium, which was supercooled by 14 deg, although the t empera tu re  coefficients of the 
solid and liquid phase densit ies in this t empera ture  region are  significantly different. The other metals  
did not supercool  spontaneously under the experimental  conditions. 

The uncertainty in the composition of the Rb2, K, Cs l ,  Cs2 specimens,  and also the uncertainty in 
the nature of the impuri ty influence on the magnitude of the density, make it impossible to define the r e f e r -  
ence value sufficiently rel iably.  Therefore ,  the density of the Hb and Cs specimens of different composi -  
tion was as sumed to be approximately the same at the t empera tu re  for  initiation of solidification. The curves  
of Fig. 2 for the Rb2 and Cs2 specimens are  purely i l lustrative,  showing the relat ive change of the solid 
phase density for  metals  of different composition. The numer ica l  resul ts  of the experiments  do not exceed 
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the possible e r r o r  l imits of the studies noted in the list of re fe rences  and other investigations; however,  
the data of other authors are  not presented because of the large d iscrepancies  in the experimental  con- 
ditions. 

Table 2 shows the quantities which can be determined independently in the experiments:  

a) solidification initiation point t .  ~ essent ial ly  equal to the melting point for  pure Rb and Ga; 

b) magnitude of premelt ing zone A t , -  ~ 

c) magnitude of density jump at the melt ing point relat ive to the solid phase density 5p,% (for the 
specimens with impuri t ies  the solid phase density at t ,  was calculated using the t empera tu re  coefficient 
calculated for  the region beyond the premelt ing zone); 

d) density t empera tu re  coefficients b, g / c m  3. deg for  the solid and liquid phases; 

e) also shown are  the calculated values of the density in g / c m  3 at t ,  for  the solid and liquid phases,  
which can be used for  prac t ica l  purposes .  

The additional measurement  e r r o r  (in relation to the e r r o r  of the re fe rence  density values) at the 
end of the studied t empera tu re  interval  does not exceed • 0.05% for rubidium, cesium, and gallium and 
J: 0.2% for  potass ium. The t empera tu re  measurement  e r r o r  in the experiments  did not exceed �9 0.03 deg. 
However, t .  was determined with an e r r o r  of no more  than 0.05 deg only for  pure Rb and Ga, since the 
volume jump was ve ry  abrupt. Fo r  the specimens having a premelt ing zone, t .  is determined with an e r -  
r o r  of 0.1-0.2 deg. The probable e r r o r  of the determinat ion of the density tempera ture  coefficients b does 
not exceed ~3%. 

The experimental  resul ts  a re  presented in Table 3, where 

hp=  Pt~Po [g/cm2] 

Let us examine the influence of vacancies  on the density t empera tu re  dependences.  In the case  of 
significant increase  of the vacancy concentration,  the solid phase density near  the melting point should de- 
c r ease  more  rapidly than shown by the l inear law. However,  in the experiments  with pure Rb and Ga this 
phenomenon was not observed,  and the premelt ing effect appears to exist only for  the metals  with impur-  
ities (alloys) and is explained by the nonhomogeneity of the specimen in the premelt ing zone. Nor were 
any deviations of m o r e  than 0~ f rom the l inear relat ions observed in the study of the t empera tu re  de-  
pendences of the e lec t r ica l  res i s tance  of pure Rb and Ga [9]. All this indicates ei ther  that the vacancy 
concentrat ion is ve ry  smal l  for  these metals  or that vacancy formation does not lead to any significant 
change of the density and e lec t r ica l  conductivity, as was suggested in [10], or  finally that the solid state 
t empera tu re  intervals  studied are  not sufficiently large to identify the vacancy influence effect. 
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