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at small  angles in curve A, use of the correction terms 
C~ will e l iminate  most  of the error. 

The unsmear ing  process was tested in practice by  
applying it  to some exper imenta l  scattering curves 
obtained in a s tudy  of a luminum hydroxide gel (Bale, 
1959). The results indicate tha t  the unsmear ing process 
can be used rout inely in analysis  of scattering data.  
For the curves considered, the accuracy of the da ta  
did not jus t i fy  calculation of the C~. 

Equat ion  (4) is in a form which allows re la t ively  
easy programming for a digital  computer.  As the T~j 
are the same for all exper imenta l  curves using the 
same equipment ,  a point  on the unsmeared curves can 
be calculated in a few minutes  with a desk computer  
when tables of the Tkj are available.  The authors can 
supply tables of the Tgj and C~ for Ah=O.O01 rad. and 

p =  1225(~)½. 

Al though a smooth curve m a y  often be used instead 
of the actual  da ta  points in numerical  calculation from 
(3) or (4), there is nothing in the collimation correction 
method tha t  requires the use of a smooth curve. There 
m a y  be occasions when it is preferable to use the actual  
da ta  points in (3) or (4). 

Fig. 2 shows the effect of the unsmear ing  process on 
a curve containing a series of maxima.  The scattering 

curve calculated for inf in i te ly  high coll imating slits 
and  spherical particles (Schmidt, 1955) was used for 
the exper imenta l  curve. The unsmear ing  procedure 
sharpens the m a x i m a  of the exper imenta l  curve, and  
the unsmeared  curve agrees well wi th  the spherical  
scattering curve for perfect collimation. 

The authors  would like to express their  thanks  to 
Prof. Cecil Gregory and  Mrs Darlene Slinger for their  
cooperation in making  the Burroughs E l 0 2  computer  
avai lable  for the numerical  calculations. 
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T e m p e r a t u r e  Variat ion of the Lattice Constant  and the Coefficient of T h e r m a l  
E x p a n s i o n  of S o d i u m  Chlorate 
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Using a back-reflection, flat-film camera and an extrapolation technique, precision determination 
of the lattice constant of sodium chlorate has been made at different temperatures between the range 
30-232 °C. From these, by a graphical treatment, the coefficients of thermal expansion at various 
temperatures have been evaluated. An equation is also given for evaluating the coefficient of expan- 
sion at any temperature. 

These coefficients of expansion show a temperature rate of variation higher than the one reported 
by Sharma (1950a) from macroscopic measurements. An explanation for this difference is attempted 
in terms of imperfections in a single crystal. 

In troduct ion  

Sodium chlorate has been the subject  of numerous 
studies because of its simple structure and  m a n y  of 
its interest ing properties. Zachariasen (1929) gave the 
length of the uni t  cell as 6.570 _+ 0.006 kX. (6.583 /~). 
Htiber (1940) studied the mixed crystals of sodium 
chlorate and  sodium bromate  and gave the latt ice 
constant  of sodium chlorate as 6.568*_+ 0.001 •. Sol- 
helm, Konrad  & Vegard (1947) report  a value of 

6.5722* (converted from kX. to /~ units). In  view of 
the discrepancies in these values an accurate re- 
de terminat ion of the latt ice constant  was thought  to 
be worthwhile. 

Data  on the thermal  expansion of this salt  have been 
reported by  Mason (1946) and Sharma (1950a). Mason 
quotes the mean  values obtained by  Miss Armstrong 

* These  v a l u e s  are  t a k e n  f r o m  Structure Reports. 
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over  t he  r ange  of t e m p e r a t u r e  0-90  °C. S h a r m a  has  
covered  a wider  range  of t e m p e r a t u r e  f rom 25-230 °C., 
us ing  an  in t e r fe romet r i c  me thod .  No X - r a y  de te rmina -  
t i o n  of the  coefficient  of t h e r m a l  expans ion  has  so far  
been  repor ted .  I t  was fel t  t h a t  such an  inves t iga t ion  
m i g h t  p rove  in te res t ing  by  way  of compar i son  wi th  
t he  resul ts  o b t a i n e d  by  the  op t ica l  me thod .  The  
p resen t  pape r  repor t s  a sys t ema t i c  precis ion deter-  
m i n a t i o n  of the  la t t ice  cons t an t  of sodium chlora te  
a t  va r ious  t e m p e r a t u r e s  be tween  30 °C. and  232 °C. 
The  coefficient  of t h e r m a l  expans ion  a t  var ious  tem- 
pe ra tu re s  has  been  eva lua t ed  and  i ts  t e m p e r a t u r e  
v a r i a t i o n  over  th is  range  has  been s tudied.  

Experimental 
1. Lattice constant at room temperature. R o o m  tem-  

pe ra tu re  va lue  of the  size of the  un i t  cell was ob t a ined  
w i th  the  help  of a 11.46 cm. cyl indr ica l  powder  camera.  
The  procedure  fol lowed was the  same as has  a l r eady  
been  descr ibed in an  earl ier  c o m m u n i c a t i o n  (Desh- 
pande ,  S i rde shmukh  & Mudholker ,  1959). 

2. Lattice constant at elevated temperatures. A Seifert  
back-ref lec t ion,  f ia t - f i lm camera  was used to ob t a in  
p ic tures  a t  d i f fe rent  t empera tu res .  The  specimen- 
holder  and  hea t e r  were of such a design t h a t  t he  
specimen could be h e a t e d  to and  m a i n t a i n e d  a t  a n y  
desi red t e m p e r a t u r e  and  the  t e m p e r a t u r e  could be 
measured  wi th  a ca l ib ra ted  coppe r - cons t an t an  the rmo-  
couple  to  an  accuracy  of _+ 1 °C. The  cons t ancy  of the  
t e m p e r a t u r e  over  the  d u r a t i o n  of the  exposure  was 
ensured  by  us ing  cons tan t -vo l t age  d.c. for heat ing.  

3. Evaluation of the films. The  fi lms recorded seven 
well-resolved a1~2 double ts  a t  room t e m p e r a t u r e  wi th  
CU K a  rad ia t ion ,  the  one a t  t he  h ighes t  angle  being 
the  ref lec t ion  wi th  N ( = h e + ]c 2 + 12) = 72. At  e leva ted  
t empera tu res ,  ref lect ions N - - 7 3  and  N = 74 were also 
recorded.  

An  obse rva t ion  made  r epea t ed ly  m a y  be m e n t i o n e d  

Table  1. X-ray data for NaC103 

Radia- 
Line tion N = 
No. CuK (h~+ks+/2) sin e 0 cosg--cos 29 a (A) 

1 a 1 65 0.89252 0-169 6.5733 
2 a s 65 0-89662 0.164 6.5745 
3 a 1 66 0.90589 0.153 6-5746 
4 a s 66 0.91050 0.147 6.5742 
5 s t 68 0-93326 0-116 6"5749 
6 a s 68 0.93778 0.109 6.5753 
7 a z 69 0.94684 0.095 6.5754 
8 a 2 69 0.95158 0.087 6-5753 
9 a 1 70 0.96040 0.073 6.5759 

10 a s 70 0.96519 0.065 6.5759 
11 a z 72 0-98755 0.024 6.5769 
12 a s 72 0.99234 0.015 6.5773 

Film No. (20). Radiation: Cu Kal-= 1.54050 tlx. 
T=32  °C. Cu Kau= 1.54434 ttx. 
Film-to-specimen distance = 7.1 cm. 
Specimen: Reerystallized sodium chlorate powder of controlled 

particle size. 

here.  I t  was observed t h a t  above  200 °C. t he  l ines  
showed some spl i t t ing.  A l though  smal l  in  m a g n i t u d e ,  
t he  sp l i t t ing  was qui te  apprec iable  for the  l ine w i th  
3/=74. The exac t  s ignif icance of th is  obse rva t ion  is 
unde r  fu r the r  inves t iga t ion .  However ,  we have  used  
the  centre  of g r a v i t y  of the  in tense  c o m p o n e n t  of 
these  lines for r i ng -d iame te r  measuremen t s .  

The  f i lms were measu red  on a Ph i l ip ' s  c o m p a r a t o r  
wi th  an  accuracy  of 0-005 cm. R a n d o m  errors were 
min imised  by  r epea ted  and  i n d e p e n d e n t  measure-  
ments .  

Table  2. Comparison of the values of ' a '  obtained by 
different cameras 

Film T aT a15 
Camera No. (°C.) (A) (A) Mean 

Philips (A) 16 36.5 6.5787 6.5729 
Philips (B) 21 36 6-5785 6.5725 , 6.5727 

Seifertback- { 19 31 6-5770 6-5724 } 
reflection 20 32 6-5774 6.5726 6.5725 

I t  is a wel l -known fact  t h a t  the  Bragg angles of t h e  
var ious  ref lect ions ca lcula ted  f rom the  f i lms suffer  
f rom cer ta in  sys temat ic  errors. These errors have  been 
s tud ied  and  app rop r i a t e  correct ions  for th is  t ) T e  of 
camera  have  also been eva lua t ed  (Peiser, R o o k s b y  & 
Wilson,  1955). Hess (1951) has  shown t h a t  the  errors  
in  the  d i f f rac t ion  angle  ~ ( = ~ - 2 0 )  due to  f i lm 
shr inkage  and  inaccura te  f i lm- to-spec imen d i s t ance  
are  p ropor t iona l  to  sin ~ cos ~. One of the  au tho r s  
(Deshpande,  1955) has  examined  in  de ta i l  all  possible  
sys temat ic  errors i nhe ren t  in the  geome t ry  of t h e  
camera  used. These include double  coat ing  of the  f i lms,  
absorption of X-rays and oblique incidence, besides 
the  two considered by  Hess. I t  is shown t h a t  the  t o t a l  
error  in the  r ing d iamete r s  is a p p r o x i m a t e l y  propor-  
t i ona l  to  sin ~ cos % which  in t u r n  leads to a frac- 
t i ona l  error  in the  la t t ice  cons t an t  p ropor t iona l  to  
cos ~ - c o s  2 ~. Therefore,  if the  la t t ice  cons tan t s  ob- 
t a ined  f rom ind iv idua l  ref lect ions are p lo t t ed  aga ins t  
this  funct ion ,  a l inear  ex t r apo l a t i on  is possible. (See 
also Cull i ty,  1956). Using th is  ex t r apo l a t i on  t e c h n i q u e  
the  f ihns  gave cons is tent  values  of the  la t t ice  c o n s t a n t  
a t  the  corresponding t empera tu re ,  an  example  be ing  
g iven in Table  1 and  Fig. 1. The  best  s t r a igh t  l ine was 
f i t t ed  by  the  m e t h o d  of least  squares.  Table  2 gives 
a compar i son  between the  values  of a ob t a ined  b y  

a(h) 

6"5780 

6"574Q 

6"5700 

a32 = 6.5774. 

0 

! I 
0;04 o!o8 o.12o o.16o 

(cos tp-cos 2 ~) 

Fig. 1. Plot of a against (cos ~-- cos e 9)- 
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th is  m e t h o d  and  those  o b t a i n e d  f rom a full p ic tu re  
t a k e n  wi th  a cyl indr ica l  camera.  The  a g r e e m e n t  is 
qu i t e  sa t isfactory.  

aT was r educed  to azs, for t he  sake of compar i son  
wi th  earl ier  reports ,  w i th  t he  coefficient  of expans ion  
g iven  by  Mason (43.4 x 10 -6 °C.-1). 

Mean  va lue  of a a t  15 °C. f rom the  two types  of 
cameras  : 

a15-- 6.5726 + 0.0002 A .  

L a t t i c e  c o n s t a n t  a t  elevated temperatures 

Table  3 gives t he  va lues  of t he  la t t i ce  cons t an t  ob- 
t a i n e d  a t  d i f fe ren t  t e m p e r a t u r e s  and  its t e m p e r a t u r e  
va r i a t i on  is shown in Fig. 2. 

6"6520 

Table  4. Coefficient of expansion of NaCIO s at 
various temperatures 

T a from the a from A a a from 
(°C.) definition equation (1) (%) Sharma's eq. 

40 41.83 x 10 -6 41.82 x 10 -6 45.30 x 10 -6 
50 43.35 42.51 45.96 
60 44.87 43.32 + 3 . 5  46.63 
70 40.63 44.23 + 3 1  47.32 
80 45.63 45.27 + 0.8 48.03 
90 47.16 46.43 + 1.5 48.75 

100 48.68 47.71 +2.0 49-48 
110 50.20 49-10 +2-2 50-23 
120 50.20 50.62 -- 1.8 51.00 
130 51-72 52-26 -- 1.0 51.77 
140 53-24 54-01 -- 1.4 52.56 
150 54.00 55.89 -- 3.3 53.37 
160 57.80 57.88 54.19 
170 60.8.  59.99 + 1 4  5 .02 
180 62.37 62.23 +0.2 55.87 
190 62.37 64-57 -- 3-4 56.74 
200 65.41 67.05 --2.4 57.62 
210 71.49 69.63 +2.6 58.51 
220 73-78 72-34 + 1.9 59.42 

6"6370 

6"6220 

t 
aCA) 

6"6070 

pans ion  at  t he  m e a n  t e m p e r a t u r e  of t he  in t e rva l  were  
de r ived  using the  de f in i t ion  a20 = ( l /a20)(Aa/d  T). The  
resul ts  are g iven  in Table  4. This graphica l  t r e a t m e n t  
in t roduces  some unce r t a in t i e s  in the  eva lua t ion  of 
A a / d T  and  it  follows t h a t  t he  values  of t he  co- 
eff icient  of expans ion  g iven  in co lumn 2 of Table  4, 
will ref lect  these  errors. However ,  if a g raph  is d r a w n  
be tween  these  values  and  t e m p e r a t u r e ,  a smoo th  curve 
(Fig. 3) could be d r a w n  t h r o u g h  these  poin ts  and  t he  
au thors  feel t h a t  this  curve  smooths  out  t he  un- 
cer ta in t ies  m e n t i o n e d  above  and  represen ts  t he  correct  
t e m p e r a t u r e  va r i a t ion  of a. 

6.5920 

6 " 5 7 7 0 ~  
40 80 120 160 200 240 280 

Tempera tu re -~( °C)  

Fig. 2. Plot of lattice constant against temperature. 

Table  3. Lattice constant of NaC10 a at various 
temperatures 

Film No. T (°C.) a (A) 
19 31 6-5770 
20 32 6-5774 
63 82.5 6-5926 
69 127.5 6"6060 
86 180 6-6261 
87 227 6-6475 
89 232 6.6491 

Thermal expansion 

F r o m  a careful ly  d r a w n  g raph  of t e m p e r a t u r e  and  
la t t i ce  cons tan t ,  va lues  of a were  r ead  a t  regular  
i n t e rva l s  of 20 °C. F r o m  these ,  t he  coefficients  of ex- 

3 3 *  

,¢- 
X 

60 

50 

o 

100 200 
Temperature - ~  (°C) 

Fig. 3. Plot of a2o against temperature. 

B y  a leas t -squares  t r e a t m e n t  of t he  d a t a  g iven  in 
t he  first  and  second co lumn of Table  4, t he  fol lowing 
e q u a t i o n  was o b t a i n e d  for t he  curve  g iv ing  the  t em-  
pe ra tu re  va r i a t ion  of t he  coeff icient  of expans ion  over  
the  range  of t e m p e r a t u r e  used. 

C~T=4"029 X 10-5+  1"459 × 10-STT5"959 × 10-Z°T 2. (1) 
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Discuss ion  

1. Lattice constant at room temperature. Although it 
was not possible for us to ascertain the temperature 
at which Solheim, Konrad & Vegard (1947) have made 
their measurements, our value of the lattice constant 
at 15 °C., as given in Table 2, is in good agreement with 
the one they have reported. We have also calculated 
the density of the substance at 15 °C. using the value 
of the Avogadro number as suggested by Straumanis 
(1949). The calculated density, 2.489 g.cm. -3, is also 
in good agreement with the experimentally determined 
value, 2.49 g.cm. -3 (I.C.T.). 

2. Thermal expansion. In column 3 of Table 4 are 
given the values of aT calculated from equation (1). 
Column 4 gives the percentage differences between 
these values and those in column 2. The maximum 
difference is 3.5%. In view of the fact that  the values 
in column 2 were derived from a graphical treatment 
of the data, the agreement may be said to be satis- 
factory. The authors feel that  equation (1) is accurate 
to within 3 %. However, above 200 °C., because of the 
line splitting observed the error may be greater. The 
values of aT as calculated from Sharma's equation 
(1950a) are entered in column 5. 

A comparative study of the coefficients of expansion 
at different temperatures given by Sharma and the 
present work shows that Sharma's values near room 
temperature are slightly higher by about 5% than 
those reported here; this is roughly within the com- 
bined limits of errors. The present work gives a higher 
gradient for the a - T  curve, so that  at higher tem- 
peratures the X-ray values are much larger than the 
macroscopic values. The melting point of sodium 
chlorate is 248 °C. and it is possible that  the coefficient 
of expansion will increase rapidly as the melting point 
is approached. 

Although it is not possible to give any exact reason 
for this discrepancy, a plausible explanation could be 
given in terms of crystal imperfections. I t  is an 
established ~act that, in general, single crystals have 
a mosaic structure in which small blocks with perfect 
lattice structure are packed together with small 
amounts of misorientation. I t  is also known from X-ray 
intensity measurements that  polishing of crystal faces 
disrupts the regular crystal structure. The degree of 
this imperfection depends to some extent on the nature 
of the crystal and also on the history of mechanical 
treatment. Sharma (1950b) and Eucken & Dannohl 
(1934), both using macroscopic methods, have re- 
ported values of the coefficients of expansion of 
lithium fluoride at various temperatures. Their results 
show a marked difference in the gradients of the c~-T 
curves. This disagreement may be attributed to the 
mosaic imperfections of varying degree in the two 
specimens. Gott (1942) has also suggested that  the 
existence of Schottky type of defects, which increase 
with increasing temperature, will give smaller X-ray 
values than the corresponding macroscopic values. 

Gott's conclusions have been supported by Colby & 
Connell (1948) but not by Cormell & Martin (1951). 
In view of the above observations, we wish to present 
the following qualitative picture. 

In a single crystal at ordinary temperature both 
mosaic and Schottky defects are present in varying 
degrees. When the temperature is increased there are 
two consequences: firstly, each mosaic block will show 
a small expansion due to increase in Schottky defects 
in addition to the usual lattice expansion; secondly, 
these mosaic blocks will t ry  to readjust themselves in 
the crystal and the misorientation will decrease. The 
second factor will conceal, to some extent, the true 
lattice expansion in macroscopic investigations. The 
adjustment of the mosaic blocks will progressively 
increase with rising temperature and will be more or 
less complete near the melting point. Thus the net 
macroscopic expansion will be made of three com- 
ponents as shown in the following relation" 

0Cmacroscopic---- 0¢lattice ~- ~XSchottky-- 0¢readjustment • 

Depending upon the relative values of the last two 
components on the right hand side, the X-ray values 
of the coefficients of expansion will be smaller or 
greater than the macroscopic values. At sufficiently 
high temperatures, the readjustments will be taking 
place at a high rate and hence the X-ray values of the 
coefficients of expansion will be larger than the macro- 
scopic values. 

One of the authors (V. M. M.) is grateful to the 
Council of Scientific and Industrial Research for the 
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