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An HREM study of domain structures 
and grain boundaries in Ca4AIy171 
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Several different kinds of domain structures formed during phase transformation have been 
observed by means of high-resolution electron microscopy (HREM) in Ca4AI¦ They are 
(1 1 O> 90 ~ and 120 ~ orientation variants and (1 1 O> translation variants found in the super- 
structure. These orientation variants are related to the lost symmetries of matrix and the 
number of them can be predicted according to the Van Tendeloo's conclusion. In addition 
to these domain structures, the <1 1 O> 180 ~ rotation domain with the characteristic feature of 
non-stoichiometry and {1 1 O} general domain have also been revealed in the matrix. The 
{1 1 O} and {21 1} small angle grain boundaries were studied as weil. 

1. I n t r o d u c t i o n  
It is known that the single crystal is orten present as 
grains separated by different kinds of planar inter- 
faces, which is usually the consequence of a phase 
transformation, as a result the domain structures 
could be introduced widely in many metals and non- 
metal synthetic materials or natural minerals [1-3]. 
For a long time, therefore, it has been the subject of 
much research, especially since electron-microscopic 
methods have become available to observe directly the 
different structural variants and extended studies have 
already been carried out on this phenomenon. The 
treatment of domain structures in terms of group 
theary has already been proposed by Van Tendeloo 
and Amelinkx [4]. By this method the number of 
orientation variants as weil as the number of trans- 
lation variants can be determined from the point 
groups and lattices of precipitate and matrix. 

Structural images recorded with a high-resolution 
electron microscope can provide information of local 
structure at atomic resolution and therefore can be 
used to reveal different kinds of structural variation in 
crystals. During the last few years, the high resolution 
electron microscopy technique has been applied with 
great success to the studies of the crystallographic 
shear structures [5], block structures [6] and tunnel 
structures [7] of minerals and cement. The present 
paper reports high resolution electron microseopic 
observations of various kinds of domain struc- 
tures and grain boundaries in Ca4AI68016 (usually 
abbreviated as C4A3S ). 

The sample, having nominal composition of 
3CaO:3AI203:CaSO4, was sintered at 1380~ in 
platinum container for 8 h and cooled in air. X-ray 
analysis confirmed the presence of C4A3S. The crys- 
tals were ground in an agate mortar and dispersed in 
absolute alcohol. Thin fragments of the crystals were 

collected on a holey carbon film supported on a 
copper grid. High resolution observations were 
carried out at 200 kV using a JEM-200CX electron 
microscope equipped with a high-resolution top-entry 
goniometer stage. High-resolution structural images 
were recorded at a magnification of 3.8 to 8.5 x 10 �87 
times, using an objective aperture corresponding to a 
radius of 3.5 nm-1 in the diffraction pattern. 

The simulated image calculations were performed 
using the multislice method with a program written by 
Ishizuka [8]. The following parameters were used. 
Spherical aberration coefficient 1.2 mm, slice thickness 
0.455nm, (along (001)  axis) and 0.54nm (along 
(1 1 1) direction), the focus spread due to chromatic 
aberration 7 nm, incident beam convergence 0.3 mrad, 
and the number of diffraction beams included in the 
dynamical diffraction calculation, 419 and 326. The 
images were computed for a range of thicknesses up to 
20 slices over a defocus range of - 48 to - 80 nm. 
The series of computed images for varied defocus and 
specimen thickness agree quite well with the through 
focus experimental images along the different orienta- 
tions. The results of image simulation also show that 
the image dots on the plane where inverse occupation 
of calcium atoms happened in Figs 7 and 8 will 
become brighter than those on the unchanged plane, 
therefore the superstructures could be read directly for 
the high resolution images [9]. 

2. Resu l ts  and d iscuss ion  
The crystal structure of C4A3S has been determined 
by single-crystal X-ray analysis [10]. This cement is 
body-centred cubic (space group I743 m) and its unit 
cell dimension is a = 0.919 nm. The feature of atomic 
arrangement is that calcium occupies the two sets of 8c 
position with different oecupations. Besides this basic 
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structure a superstructure introduced by periodic in- 
verse occupations of calcium on the two sets of posi- 
tions along a {1 1 0} plane has been found with ortho- 
rhombic lattice (space group Bmm2) and its unit cell 
parameters are a ' =  1.298, b ' =  1.298, c ' =  0.919 nm 
[9]. The presence of this one-dimensional (1D) super- 
structure causes the phase transformation and de- 
stroys some symmetries of matrix. For  example, the 
three-fold symmetry along the <111> directions 
cannot hold, therefore, the orientation variants related 
by the lost symmetries could be introduced according 
to the conclusion of Van Tendeloo et al. [4] and the 
total number  of these orientation variants can be 
calculated from the order of point group of matrix 
divided by that of point group of the 1D superstruc- 
ture. The orders of point group of matrix and 1D 
superstructure are 24 and 4, respectively, and thus the 
number  of orientation variants possibly caused is 
equal to 24/4 = 6. These long periodic directions are 
actually corresponding to the all independent direc- 
tions of <1 1 0> and the angles between them are 120 ~ 
or 90 ~ respectively. The 120 ~ orientation variants 
related by three-fold symmetry and 90 ~ oriented var- 
iants by 74 symmetrical operation so that these variants 
could be observed easily along the < 1 1 1) and <0 0 1 > 
directions along which the symmetries were lost. We 
will introduce the 120 ~ and 90 ~ orientation variants 
in turn. 

Figure 2 The [11 1] high resolution lattice image showing the 
<110) 120 ~ orientation domains. The 120 ~ orientation relationship 
between the two variants is confirmed by the inserted EDP and the 
interface indicated by arrows is in zig-zag form. 

2.1.  1 2 0  ~ o r i e n t a t i o n  va r i an t s  
The orientation variants related by lost three-fold 
symmetry could be possibly caused during the phase 
transformation from the cubic to or thorhombic  sys- 
tem, and a possible configuration of one kind of such 
domain structure is shown in Fig. 1, where the two 
domain variants are related by 120 ~ rotation opera- 
tion around the [1 1 1] axis or the mirror reflection 
across the (1 10) plane. This domain structure, there- 
lore, can also be treated as the (1 1 0) re“ twin. 
The observed image is shown in Fig. 2, in which the 
120 ~ orientation relationship between the two variants 
is confirmed by the inserted electron diffraction pat- 
tern (EDP) unambiguously and the interface between 
the oriented variants exhibiting zig-zag form is 
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Figure 1 A possible structure model of <110> 120 ~ orientation 
variants between the one-dimensional superstructure, where the 
largš to smallest circles represent sulphur, calcium, aluminium and 
oxygen atoms, respectively. The secondary large black circles 
are almost occupied by calcium, whereas the open ortes almost 
vacancies. 

Figure 3 The [1 11] high resolution lattice image showing other 
arrangement of <11 O) 120 ~ orientation variants comparing with 
Fig. 2. 

matched very well with the suggested structural 
model. It should be noted two 120 ~ rotation variants 
are not always related to the (1 t 0) reflection twin. 
Fig. 3 shows a little different arrangement of such 120 ~ 
orientation domain structure, in which the two var- 
iants only related by rotating 120 ~ around the [1 t 1] 
axis atthough it may give the same E D P  as Fig. 2. The 
structure model of this domain structure is shown in 
Fig. 4. Fig. 5a shows the E D P  which is similar with 
one of the three-dimensional superstructure, but the 
corresponding high resolution lattice image (Fig. 5b) 
exhibits three oriented variants related by the three- 
fold symmetry, these variants arrange irregularly 
and intersect with each other which may cause the 
streaking feature in the E D P  (Fig. 5a). The inter- 
crossing between them migtit possibly produce the 
two- or three-dimensional superstructures as well 
and these superstructures have been reported earlier 
elsewhere [9]. 
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Figure 4 The [1 1 1] projected structure model of the <1 1 0> 120 ~ 
orientation variants (see Fig. 3). 

Figure 6 [001] structural image showing <1 10> 90 ~ orientation 
variants indicated by lines, where two-dimensional superstructure 
formed by intercrossing of these two variants can be seen at the 
centre area. 
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Figure 7 A [00 1] projection of the possible structure model of 
two-dimensional superstructure introduced by intercrossing of the 
< 110) 90 ~ orientation variants. 

Figure 5 (a) An EDP with the beam parallel to the [1 1 1] direction 
showing pseudo three-dimensional superstructure and the streaks 
along s 10> diz:ections can be seen. (b) The corresponding high 
resolution lattice image showing three oriented variants related by 
three-fold symmetry, viewing along the arrows it can be seen clearly 
that they arrange disorderly and intersecting with each other. 

2.2. 90  ~ o r i en t a t i on  d o m a i n s  
When the superstructure formed in the matrix of 
C4.A3S , the 74 operation along the [0 0 1] direction will 
also be destroyed and as a result the two-fold sym- 
metry could be present instead of 3, operation. Fig. 6 
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shows the experimental image, in which the two var- 
iants indicated by black lines at right angles can be 
seen clearly and this orientation relationship is also 
confirmed by the inserted EDP. This supplies evidence 
to support the above theoretic prediction. On the 
other hand such domain structure would also be 
understood very easily because { 1 1 0} planes are all 
equal to each other and it is reasonable to predict that 
the periodic inverse occupation of calcium atoms on 
these planes could happen with equal possibility so 
that the Coexistence of them may introduce the 90 ~ or 
120 ~ orientation domain structures. It may be seen 
that these two perpendicular variants intersect each 
other at the centre area i n  Fig. 6 and thus the two- 
dimensional (2D) superstructure coutd be caused and 
the structure model of this 2D superstructure is shown 
in Fig. 7, where there is little difference from the earlier 
reported 2D superstructure [9]. 

In this case the 90 ~ orientation variants may also be 
treated as the oriented twinning and thus the 120 ~ and 
90 ~ twinnings may P0ssibly be introduced in C4A3S 
during this phase transformation. As a result the 
interfaces separating the orientation variants are also 
called twin interfaces. 



2.3. T rans la t ion  var iants  
Besides the orientation variants, the translation var- 
iants may also be introduced during this phase trans- 
formatiol~. In fact the number of different translation 
variants for a given orientation variant can also be 
calculated by the number of different translation vec- 
tors t which are lattice vectors for the matrix but not 
for the superstructure. All different t-vectors lead 
therefore from the origin of the unit cell of the super- 
lattice to all lattice points within the primitive unit cell 
of the superlattice. This number can be obtained by 
dividing the volume of the primitive unit cell of the 
superstructure (v) by the volume of the primitive unit 
cell of the matrix (vo), If non-primitive unit ceils are 
used one should correct for the multiplicity; let ml 
and m 2 be, respectively, the multiplicities of the unit 
cells of the superstructure and superstructure, then t 
= (tal~m2) (V/Vo) where m 1 = m 2 = 2 and we can ob- 

tain t = 2. The (111) projection of ( 1 1 0 )  translation 
variants is shown in Fig. 8, in which the inverse occu- 
pation of calcium on (05 !) plane does not happen 
throughout the whole crystal but stopped mid way 
and the same thing happens in the next (051) plane, 
therefore there is a displacement of the superlattice 
along the [011]  direction and the value of this dis- 
placeive vector R equals a half length of its cell axis. In 
other words, there is 180 ~ phase difference between the 
two translation variants and one can call this the 
[051]  antiphase domain in the superstructure. The 
experimental image is shown in Fig. 9, where such 
[051]  translation var iants  can be seen clearly and 
they match well with the structure model shown in 
Fig. 8. The interface between the translation variants 
is the so-called translation interface. 

2.4. ~1 1 0 )  180 ~ ro ta t ion doma in  in the matr ix  
[ f  the part of crystal is rotated through lgO ~ around 
the (1 l 0)  axis in the matrix, the rotation domain 
may be formed because the C4A3S matrix is a non- 
centrosymmetrical structure and the arrangement of 
atoms will be changed after such an operation. The 
possible structure models of domain structure built in 
such a way is suggested in Fig. 10. The domain bound- 
aries are composed of double layers with the charac- 
teristic feature of non-stoichiometry so that these two 
layers are non-conservative and correspond to the 

~ ~ l D o  oO ~ oO ~1o oO ~1" 
o 0 o O~oQ ~~ o~~~~y~~ o~~ ~ ~o 

o o ~ o ~ ,  o ot7o "~ o o~176 "~ o o ~~  o 
-~ 0 c ~  oO ~ o q ~ ~ ~ O  ~l �87 oO 

o 0 0~, 

- - - /  

211 

Figure 8 A possibly suggested [1 1 1] projection of the structure 
model of (1 10) translation variants. 

Figure9 The [111] high resolution image showing the [011] 
translation variants which can be seen clearly from bottom to top, 
arrow indicates the translation interface. 

excess or deficit of cations, respectively. Two kinds of 
connections of the inversion domains are shown in 
Figs 10a and 10b. In order to distinguish these two 
kinds of domain boundaries some areas at the inter- 
faces are marked by asterisks in Fig. 10 and image 
simulation was also made in order to determine 
whether or not these areas would be imaged at certain 
imaging conditions. The simulated image was calcu- 
lated based upon the structure model shown in 
Fig. 1 la where the calcium and oxygen atoms located 
at the [1 11] and [1 11] body diagonals in the unit cell 
are interchanged with each other and the results are 
exhibited in Figs 1 lb and 1 lc, respectively. From the 
image simulation it is known that the areas marked by 
asterisks at the interfaces could be imaged equally as 
those regular imaging positions under the Scherzer 
defocus and, therefore, such two kinds of non-conser- 
vative boundaries can be identified easily in the high 
resolution image by the different arrangements of the 
image dots at the interfaces. The experimental image 
demonstrating these domain structures is shown in 
Fig. 12, where at least five (21 1) domain boundaries 
arranged parallely can be recognized. By checking 
carefully the characteristic arrangement of image dots 
at these regains, the two kinds of interfaces can be 
distinguished from each other and indicated by the 
letters D and B, respectively. The dots pointed by the 
arrows at the interfaces correspond to the areas mar- 
ked by asterisks in the structure model. In fact when 
these boundaries are introduced in a parallel arrange- 
ment, they taust appear in an alternative way that can 
be found from-the structure model. So that we only 
need to identify one of them and the next should be 
unambiguous. Viewing along the [051]  direction as 
indicated in Fig. 12 the antiphase domain-like charac- 
ter may be found. Another feature of these interfaces is 
the ordering of them and thus the one-dimensional 
superstructure may be introduced along the [2 11] 
direction and the repeat period of the superiattice is 
equal to the distance between the same kind of bound- 
aries, where it is about 3.75 nm (10d2T1). 
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Figure 10 (a) and (b) are two kinds of possible (1 1 0) 180 ~ 
rotation domain structure projected on the (1 1 1) plane, 
the domain interfaces are shown in arrows and the areas 
marked by asterisks can be used to identify the two kinds 
of interfaces in the structural image (Fig. 12). 
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Figure 11 (a) A [1 1 1] projected structure model showing 
the interchange of atoms located on the [1 1 1] and [1 1 1] 
body diagonals and (b) and (c) are the simulated images 
calculated with 326 waves at a thickness of 5.4 nm and 
defocus values of 59 and 65 nm, respectively. The areas 
marked by asterisks in (a) could also be imaged at the 
Scherzer defocus. 

2,5. {1 1 0} general domain 
If the arrangement of atoms in this cement changes on 
a plane, for example (01 1) as shown in Fig. 13, the 
domain interface would be introduced. Here the con- 
figuration of the domain structure is obtained by 
twisting the top part of the crystal through 180 ~ 
around the [01 1] axis and connecting it with the 
unchanged part. Although there is also 180 ~ rotating 
around the [01 1] axis, the domain boundary in this 
case is different from that shown in Fig. 11 and we call 
it a (01 1) general domain interface. In other words, 
this domain interface also corresponds to the 180 ~ 
twist grain boundary from the view of crystal disloc- 
ation. The observed high resolution image is shown in 
Fig. 14a, in which such a general domain boundary 
can be seen clearly at area D and matches very well 
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with the structure model. The ordering of such domain 
boundaries is also found and exhibited in Fig. 14b, 
where they arrange parallely along the [011] direc- 
tion so that the one-dimensional superstructure may 
be caused as well. The repeat period of this superstruc- 
ture determined directly in the image is about 
1.988 nm (3do~ 1), therefore the superstructure intro- 
duced by the ordering of domain interface has been 
proved to be possibly present in the C4A3S. 

2.6. Small angle grain boundaries 
in C4A3S matrix 

The two crystals (namely, parts I and Il) separated by 
small angle grain boundaries forming a bicrystal is 



Figure 12 The [1 1 1] structural image showing the multiply ~1 10) 
180 ~ rotation domain structure, the interfaces marked by D and B 
correspond to the structure models Fig. l l a  and llb, respectively. 
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Figure 13 A possible strucfure model of {1 10} general domain 
projected upon the (1 1 1) plane, the arrow shows the domain 
boundary. 

Figure 14 (a) The [1 1 1] structural image showing the (0 ]- 1) general 
domain structure at D and (b) the parallel arrangement of such 
domain boundaries along the [0]- 1] direction and as a result 1D 
superstrueture may be introduced. 

shown in Fig. 15, where the grain boundaries are 
parallel to the (0 1 1) and (2 i 1) planes known from the 
areas A and B, respectively. At area B the edge- 
dislocation wall can be seen clearly and faithfully 
coincident with the definition of small angle grain 
boundary. The misfit here is accommodated by atomic 
misfit on the boundary. The two grains have a com- 
mon [1 1 1] axis and an angle difference in orientation 
is about 8 ~ so that the Burgers vector b can be 
approximated by 0 x D and its value is very close 
to 1/6 [2 1 1]. The same analysis can also be used in 
area A. 

The grain boundaries as weil as those domain 
interfaces in cement clinker are sensitive areas to the 
hydration and, therefore the observed structurat fluc- 
tuation may be favourable to improvement in its 
hydraulicity. As the defects contained in the clinker 
can increase the activity of hydration, which has been 
proved by treatment of neutron irradiation on the 
gamma phase of belite (Long et aI. unpublished data), 
the defects in cement cannot be neglected. 

Figure 15 The [1 11] structural image showing the small angle 
grain boundaries, the grain boundary is parallel to the (01 1) plane 
at A and that parallel to (2 i i) at B. 

3. C o n c l u s i o n  
By using the technique of HREM the microstructures 
of C4AaS have been studied and many domain struc- 
tures in the matrix as well as the one-dimensional 
superstructure have been observed. The correspond- 
ing structure models have also been suggested and the 
matches between the experimental results and pro- 
posed models are good. The feature of chemical 
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significance is the ordering of non-conservative 
boundaries. The relatively short-range (nanometres) 
fluctuations in ordering shown in Figs 12 and 14b 
indicate highly localized deviations from chemical 
equilibrium in this cement. The regular arrangements 
of non-conservative or conservative boundaries in this 
clinker show clearly the physical basis of itS super- 
structure formation. On the other hand, the super- 
structures formed by the ordering of these interfaces 
are different from those revealed already. These results 
show that the microstructure of C4A3S could be very 
complicated and it is essential that the extent of these 
types of disorder is evaluated. 
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