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The shift of kaolin layers with respect to adjacent layers at different stages of dehydration has been 
investigated by X-ray diffraction studies of the 020 reflexion of kaolinite. The proportion of planes 
affected by the defect has been studied quantitatively at different stages of dehydration by a single-line 
technique similar to that developed by Mitra & Bhattacherjee (1969a). A method for separating two 
partially overlapped lines has also been developed and applied to recover the 020 line which was 
found to overlap the 1T0 line. It is concluded that the probability of layer shift increaseswith dehydration 
and the crystallite can withstand a relatively larger proportion of planes affected by interlayer variation 
than by layer shift defects. The defect becomes maximum at about 400°C leading to the collapse of the 
kaolinite structure and the formation of metakaolin. 

Introduction 

The dehydration transformation of kaolinite into meta- 
kaolin is a subject of immense interest and various 
authors, e.g. Brindley & Nakahira (1959), Johns (1953) 
and Mitra (1963), have offered different explanations 
of the transformation process. Mitra (1963) has shown 
that kaolinite is subject to two specific types of struc- 
tural defect: 
I. Variability of the interlayer spacings. 

II. Shifting of the kaolin layers with respect to adjacent 
layers by ½b or ~b. 

Mitra (1963) described methods of quantitatively eval- 
uating the extent and the probability of these defects 
in kaolinite and on the basis of his measurements sug- 
gested that these defects were likely to be transmitted 
to and influence the structural changes during dehydra- 
tion leading to the formation of metakaolin. 

Acting on this suggestion, Mitra & Bhattacherjee 
(1969a, b) have studied the extent of the defects of 
type I mentioned above and the proportion of planes 
subject to such defects and have arrived at conclusions 
regarding the structural changes accompanying the 
dehydration transformation of kaolinite into meta- 
kaolin. The above work constitutes part I of the inves- 
tigation and the present work, part II. The present 

work aims at studying quantitatively the defects of 
type II mentioned above during the dehydration trans- 
formation. The objective is the same as in part  I; viz, 
to understand the structural changes taking place dur- 
ing the transformation. 

Experimental details and observations 

As in the case of part I (Mitra & Bhattacherjee, 1969b) 
a powdered sample of kaolinite from Georgia, U.S.A., 
was selected for the present work. The average chem- 
ical composition of the%ample has already been re- 
ported in part I. The powdered sample was dehydrated 
exactly in the way described. 

For studying the defects of type II, it was necessary 
as shown by Mitra (1963) to obtain pure diffraction 
line profiles of reflexions from planes hkO (k ¢: 3n, n be- 
ing an integer). The X-ray diffraction technique for ob- 
taining the line profiles is the same as described by 
Mitra & Bhattacherjee (1969b). The various reflex- 
ions were recorded by a fixed count technique using 
a Norelco X-ray diffractometer fitted with a Geiger- 
Miiller tube connected to a decade counter so that the 
overall accuracy Of measurement of the intensity was 
of the order of 1%. It was observed that most of the 
line profiles of reflexions from planes hkO (k :/: 3n) were 
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either submerged in broad bands of numerous par- 
tially overlapping profiles or were too diffuse and weak 
to be measured with an accuracy consistent with that 
demanded by the requirements of proper interpreta- 
tation. The only lines which could be measured ac- 
curately were the 020 and 1T0 reflexions, which were 
partially overlapped. 

For obtaining the proper level of background scat- 
tering, the composite line was considered to be a single 
line and the method due to Mitra & Misra (1966) was 
applied. Once the proper background was fixed, the 
tails of the composite profile could be traced to the 
points where they merged with the background on 
either side of the profile. Next, these two partially over- 
lapped profiles were recovered by the method described 
in the Appendix. 

At this stage a deconvolution technique similar to 
that described by Mitra (1963) was applied to recover 
the pure diffraction profiles for the two reflexions. This 
was done for the untreated kaolinite as well as for all 
the dehydration stages, namely 200, 300 and 400°C. 
The study was not carried out at dehydration stages 
above 400°C because at these stages these lines dis- 
appear into a weak incoherent scattering. It was ob- 
served by the method described in the Appendix, that 
both these lines were symmetrical at all the dehydra- 
tion stages and this demonstrated that the reflexions 
were influenced only by defects of type II and not by 
any other kind of defect (Mitra, 1963). The probabil- 
ity, c~, of a layer shift taking place was determined from 
these line profiles by the method described below. 

Single reflexion method for evaluating a 

The intensity profiles for both the 1T0 and 020 reflex- 
ions are results of a convolution of particle size pro- 
files with. the profiles characteristic of the particular 
type of disorder discussed above. Usual methods of 
deconvolution depend on multiple reflexion techniques 
similar to that due to Averbach & Warren (1949). In 
the present case, however, reflexions of higher order 
for both these were either merged with the reflexions 
into a near uniform band or too weak to be measured 
accurately. Hence a single line technique had to be 
developed. 

The present method of determining ~ is very similar 
to the method described by Mitra & Bhattacherjee 
(1969a, b) for the determination of g, the fractional 
change in the interlayer distance, and y, the propor- 
tion of planes affected by such disorder, in kaoli- 
nite. 

The defect line profile for defects consisting of layer 
shifts of type II has been derived by Wilson (1962) 
and is given by 

12NF2~ 
/(co)= 9~2+(4~)2, (1) 

where the intensity I(co) is measured at a point in 
reciprocal space distant co from a reciprocal lattice 

point l units away from the origin of the reciprocal 
lattice, co and l are expressed in units of 2dsin 0/2 
where d is the lattice spacing corresponding to the re- 
flexion under study, 0, the semi-angle of deviation and 
2 the wavelength of radiation used. e is the probability 
of transition of a normal layer into a shifted layer, 
F is the structure amplitude of a layer for the given 
reflexion and N is the number of layers in a particle. 
The reciprocal point corresponds to co=0. The tth 
order Fourier transform H(t) of the intensity profile 
I(co) is given by (Mitra, 1963) 

H(t )= NF 2 exp ( -  3c~t). (2) 

Again H(t) is given by 

H(t)=J(t)-iK(t) (3) 

where J(t) and K(t) are the real and imaginary parts 
of the tth order Fourier transform of the line profile. 
In the present case it is evident from equation (2) that 
K( t )=0 .  Hence 

H(t)=J(t)=NF2exp(-3~t). (4) 

Then proceeding exactly in the same way as in Mitra 
& Bhattacherjee (1969a, b) one can arrive at 

3 
WD = ~-6g 2 [4S~--3~2], (5) 

where WD is the variance of the defect profile measured 
in the angular range S of the line profile. The total 
variance W of the pure diffraction profile can now be 
written as 

W = Wz~ + Wp (6) 

where Wp is the variance of the line profile due to 
particle size. 

Expressing W in 20 unit and rearranging terms ac- 
cording to Mitra (1964) one obtains the relation 

W cos 0 1 9~ 2 2 
2 S - -  = nz--J 6~ - -16n:Zd 2 " Sco~O (7) 

where 1/P'= 1/P+¼e/d; P is the particle size, and d 
the interplanar distance in the given direction. From 
the slope of the linear plot of W cos 0/2S against 
2/S cos 0, e can be determined. 

Fig. l(a), ( b ) a n d  (c) show W cos 0/2S against 
2/S cos 0 for samples of kaolinite untreated as well as 
treated at 200, 300 and 400 ° C respectively, correspond- 
ing to the 020 reflexion. Fig. 3(a) shows that the tails 
of the intensity distribution corresponding to the 1T0 
reflexion terminate abruptly on the background. For 
such profiles, the method described above is not suit- 
able since it is not possible to vary S consistently with 
the conditions for derivation of equation (5) (Wilson, 
1962). Hence ~ was derived only from the (020) 
reflexion in each case. Values of e are shown in 
Table 1. 



Table 1. Values of ~ at different stages of dehydration 
as calculated from the (020) reflexion 

Temperature 
30°C 0.014 

200 0.016 
300 0.021 
400 0.023 

0'1 

Results and discussion 

Table 1 shows tha t  a increases with dehydrat ion f rom 
0.014 at 30°C to 0.016 at 200°C. Then again 
increases f rom 0.021 at 300°C to 0.023 at 400 ° C. Since 
differences between 0.014 and 0.016 and also between 
0.021 and 0.023 are rather  small it can safely be con- 
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Fig. 1. Graph of W cos 0/2s against 2# cos 0 for samples of koalinite treated at (a) 30, 200°C; (b) 300°C; (c) 400°C corres- 
ponding to 020 reflexion. 
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cluded that the increase takes place in two steps. At 
the first stage of dehydration the disorder increases by 
a small amount, i.e. the proportion of planes affected 
by the disorder increases very slightly. Only a few 
planes at this relatively low temperature are affected. 
At the second stage (i.e. 300°C and above) there is a 
larger increase in the number of planes affected by the 
disorder and the number of planes so affected remains 
nearly unchanged even at 400°C. The enhanced rate 
of reaction between 200°C and 300°C corresponds to 
the small endothermic peak in this region in the DTA 
curve observed by Mitra & Bhattacherjee (1969b). On 
further increase of temperature the layers can sustain 
no further strain of this type and the structure starts 
collapsing. 

It has been shown in part I that as many as 8 % of 
the planes may be affected by defects of type I, while 
in the present case the proportion of planes subject 
to defects of type II does not exceed 2.3 %, beyond 
which value the structure begins to collapse. Hence, it 
may be concluded that a larger proportion of planes 
in the lattice can withstand defects of type I than those 
of type II. The increase in interlayer variation causes 
a longitudinal strain along the c direction whereas a 
layer shift of type II will cause a shear in the (100) 
direction. Hence it is observed that a larger propor- 
tion of kaolinite planes can withstand longitudinal 
strain normal to the kaolin layers than the shear in the 
(100) plane. Evidently this critical value of the average 
strain in the two cases preceding collapse of the kaolin 
layer will be dependent on the average bond force in 
the two directions and will presumably be different. 

It is also abundantly clear that the same particle 
need not be subject to the two types of defects simul- 
taneously. For example, at 300°C, 8 % of planes are 
subject to defect of type I while only 2.1% to defects 
of type II. Thus, there is bound to be a large propor- 
tion of planes subject to defects of type I while being 
free from those of type II. There appears to be no 
reason why there cannot be particles subject to defects 
of type II which are at the same time free from those 
of type I. However, it is interesting to note that just 
prior to collapse of kaolin layers the proportions of 
planes subject to the two types of defects become nearly 
equal, about 2.3 %. It may very well be that, at this 
stage, both types of defect are present in a crystallite 
to such extents that the initial values of strains of the 
two types are exceeded causing collapse of the kaolin 
layers in the affected crystallites. The resulting disorder 

o 5 
Fig.2. Composite profile h(x) formed by partial overlapping 

of profiles g(x) and f(x). 

now spreads from crystallite to crystallite affecting the 
atomic arrangements in the layers more than the layer 
sequences. This is the reason why while the 002 re- 
flexion is observed even at 600°C (Mitra & Bhatta- 
cherjee, 1969b), the 020 reflexion vanishes above 
400°C. The spreading disorder causes the formation 
of metakaolin. 

APPENDIX 

Separation of two partially overlapped lines 

Let two X-ray diffraction line profiles f(x) and g(x) 
about their origins be overlapped to give rise to a 
combined line h(x) as shown in Fig. 2. The peak posi- 
tions and the integrated intensities of the two lines are 
supposed to be known. Let the angular separation be- 
tween the two lines be 6 and let the zero of h(x) coin- 
cide with the zero off(x).  Hence 

h(x) = f ( x )  + g ( x -  6) . (1) 
Then 

l~xh(x)  dx= I~xf (x)  dx + l+~(x-6)g(x-6)d(x-6) 

l +" +6 _oog(X-6)d(x-6 ) . (2) 

St: 
Let +~ - ~  and +~ =f t .  

l _ / ( x )  dx l_oog(x)dx 

Then S--  will be given by 

S= etA +fiB+ 6iB , (3) 

I+Sf( I~Sg(x)dx=B where x)dx =A and are the in- 

tegrated intensities. Then 

S B B 
A =c~+fl A + 6  A (4) 

S A 
and B =~z B +fl+6. (5) 

By solving (4) and (5) ~ and fl can be evaluated. This 
treatment can be extended to any number of over- 
lapped lines. 

When both ct and fl are zero, f(x) and g(x) can be 
separated. This is true only for two overlapped lines. 

From equation (1) it is obvious that 

g(x)=h(x +6)-f(x  +6) . 
Hence 

h( -x )=f ( - x )+g( -x -6 )=f (x )+g(x  +6) , 

(6) 

since g(x) andf(x)  are both symmetrical, e and fl be- 
ing zero. Or 
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Fig. 3. (a) Experimental composite line profile of kaolinite formed by overlapping of (020) and (1i0) line profiles. Dotted lines 
show the two separate profiles. (b) (020) and (1]0) line profiles shown separately after recovering them from (a). 

h ( - x - 6 ) = f ( - x - 6 ) + g ( - x - 2 6 )  

= f ( x  + 6) + g(x  + 26). (7) 

Combining equations (6) and (7) and repeating the 
operations mentioned above we have 

g (x) = h(x + 6) - h ( -  x - O) + h(x + 36) 
- h ( - x - 3 6 ) - g ( x + 4 6 ) ,  (8) 

where g(x+46)  can be considered to be zero. 
Proceeding in the same way it can be proved that 

f ( x )  = h(x) - h(26 - x) + h(x - 26) 
- h ( 4 6 - x ) + f ( 4 6 - x ) ,  (9) 

where f ( 4 6 - x )  may reasonably be considered to be 
zero. Equations (8) and (9) can easily be expanded into 
further terms containing g ( x+n6)  or f ( n 6 -  x) for 
proper values of n as the case under consideration may 
require. 

The above method has been used in separating the 
profiles for the (020) and (1]'0) lines of kaolinite. The 
combined line is actually a composite of three lines 

(i) (020) with d=4.455 A 
20=  19.91 ° for Cu Kc~ A = 59 

(ii) (1i0) with d=4.36 A 
20=20.32 ° for Cu Kc¢ B = 172 

(iii) (110) with d=4.325 A 
20=20.51 ° for Cu K0¢ integrated intensity 17. 

The data for integrated intensity have been taken from 
Brindley & Robinson (1946). Fig. 3(a) shows that the 
combined line profile has a range of 1.60 ° and the 
angular separation 6 between 020 and 1]-0 is 0.41°. The 
(110) line, contributes very little to the composite line 
profile and so has been neglected while separating the 
profiles of the remaining two lines. Consider the line 
profiles for the 020 and 110 reflexions as f ( x )  and 
g(x) respectively. For 6=0.41 °, g(x) and f ( x )  have 
been obtained from equations (8) and (9). Since ap- 
plications of equations (4) and (5) show that ~ = 0 and 
f l = 0 , f ( x )  and g(x) are both symmetrical. 
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