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Abstract 

Chalcopyrite samples from Mt Isa, Australia have been experimentally shortened by up to 30% at 
temperatures up to 450 ~ at a constant confining pressure of 300 (400) MPa, and different strain rates 
in the range from 10 -5 to 10 -8 sec 1. After deformation, the X-ray pole figures show a maximum of 
(220/204) perpendicular to the compression axis for each of the samples, which has already been 
described for room temperature experiments by Lang (1968). The overlapping pseudocubic peaks of 
chalcopyrite can be separated into true tetragonal peaks by neutron diffraction texture analysis using a 
position sensitive detector combined with profile analysis (Will et al., 1989). The five investigated 
samples each ~how a combination of two or four main orientations of the crystallites, which represent 
neither a pseudocubic nor a tetragonal fibre texture. 

KEYWORDS: chalcopyrite, experimental deformation, preferred orientation, X-ray texture analysis, 
neutron diffraction texture analysis. 

Introduction 

A LOW of work has been done on the experimen- 
tal deformation of polycrystalline chalcopyrite 
since the early studies of Mtigge (1920). The most 
recent expeliments performed under well- 
defined deformation conditions are those of 
Atkinson (1974), Kelly and Clark (1975) and 
Roscoe (1975 ~. However, investigations of pre- 
ferred orientation of chalcopyrite after deforma- 
tion have only been performed by Lang (1968), 
and then only for room temperature experiments. 
Lang found a maximum of the (220/204) double 
reflection perpendicular to the compression axis 
which became stronger with increasing strain. 
The chalcopyrite reflections can only be measured 
as pseudocubic reflections in X-ray texture gonio- 
metry, because of the chalcopyrite structure, a 
tetragonal derivative of the cubic sphalerite 
structure with a ratio of co/ao = 1.97. Lang (1968) 
interpreted the chalcopyrite preferred orientation 
as a (220/204) fibre texture similar to the cubic 
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(220) fibre texture of sphalerite. Axial deforma- 
tion leads to a fibre texture, which is an axial 
preferred orientation with a crystallographic 
direction parallel to the compression axis. In the 
centre of the pole figure of a lattice plane 
perpendicular to this direction, a circular maxi- 
mum can be found. All other lattice planes have 
continuous pole density distributions on circles 
around the centre of the pole figures. In the 
incomplete (220/204) chalcopyrite X-ray pole 
figures, Lang (1968) found a central maximum 
and a circular distribution at a pole distance of 
60 ~ which corresponds to a cubic (220) fibre 
texture. The (112) pole figures, corresponding to 
the cubic (111), showed a small circle distribution 
at about 36 ~ off the centre of the projection. 
However, even in the pole figures with high 
intensities the fibres have not developed 
perfectly. If undeformed specimens are inhomo- 
geneous or have a preferred orientation initially, 
then the final pole density of the circles deviates 
from perfect axial symmetry. Cubic deformation 
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mechanisms have generally been assumed for 
chalcopyrite (Mtigge, 1920; Lang, 1968; Kelly and 
Clark, 1975; Roscoe, 1975). However, X-ray, 
optical and TEM studies of chalcopyrite single 
crystals have shown that several real tetragonal 
slip and twinning modes are activated in deforma- 
tion experiments (Couderc and Hennig-Michaeli, 
1988). The aim of the present investigation was to 
control the development of preferred orientation 
under different experimental conditions, and to 
try to measure real tetragonal reflections by 
means of neutron diffraction texture analysis. 
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confining pressure at temperatures from 100 to 
450 ~ and 400 MPa confining pressure at room 
temperature. For the 21 experiments several 
strain rates were applied in the range from 10 -5 to 
10 8 sec-l.  Because of the rather short experi- 
mental length, 13 experiments were conducted 
with a strain rate of 3 x 10 -5 sec -1. Most 
experiments were stopped after about 10-15% 
shortening, some after about 25-30%. Table 1 
gives the experimental conditions for all samples. 

Starting material and experimental conditions 

For the deformation experiments, cylindrical 
samples of 30 mm length and 15 mm diameter 
were prepared from Mt Isa material with an 
average composition of 85.4 + 5.0%chalcopyrite, 
2.9 + 1.7% pyrrhotite, 1.1 + 2.0% pyrite, and 
10.6 _+ 4.5% quartz and other minerals. The grain 
diameters in the samples varied from 10 ~m to 1.5 
mm, the average being 300 ~m. The samples were 
deformed by axial compression with 300 MPa 

Table I. Experimental Conditions 

Measurement of preferred orientation 

For X-ray texture analysis, performed with a 
Siemens texture goniometer in reflection mode 
(Cr-K0~, 30 kV, 16 mA), slices of 2 mm thickness 
were cut perpendicular to the long axis of each 
cylinder. For the measurement of undeformed 
samples, slices were also cut from both ends of the 
cylinders, where possible, before preparing them 
to exactly 30 mm length. Only the (112) and (220/ 
204) reflections of chalcopyrite can be measured 
by X-ray texture goniometry, all other reflections 

Sample Tempera- Strain rate Total 
No. ture strain 

(oc) (sec -I ) (%) 

Exp. Stress diff. 
length at 10% strain 

(MPa) 

CH8505 25 2.2x10 -~ 9.30 
CH8218 25 2.4x10 -s 24.82 
CH8503 i00 2.6xi0 -5 11.76 
CH8319 I00 2.6xi0 -5 26.71 
CH8504 200 2.7xI0 -~ 12.63 
CH8409 200 2.7x10 -5 28.38 
CH8301 200 6.4xi0 -n 13.81 
CH8507 200 2.8xi0 -6 13.73 
CH8404 200 2.8xi0 -7 13.70 
CH8509 250 2.6xi0 -5 13.98 
CH8506 300 2.8xi0 -~ 14.39 
CH8510 300 2.8xi0 -5 30.22 
CH8508 300 2.9xI0 -n 14.98 
CH8402 300 2.9xi0 -7 15.41 
CH8411 400 2.8x10 -~ 15.75 
CH8410 400 2.8xi0 -5 31.59 
CH8308 400 2.9XI0 -6 15.43 
CH8303 400 3.0x10 -7 15.62 
CH8408 400 6.0x10-" 15.10 
CH8309 450 2.8xi0 -5 15.88 
CH8304 450 2.9xI0 -s 21.56 

1.5h 
3.1h 869 
l. Sh 775 
3.1h 737 
1.5h 663 
3.2h 560 
6.2h 460 

15.5h 424 
6.1d 323 
1.7h 414 
1.5h 357 
3.1h 318 

15.0h 256 
6.2d 173 
1.6h 157 
3.1h 193 

15.4h 124 
6.1d 164 

29.2d 87 
1.6h 145 
2.2h 140 

TABLE I TABLE I 
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are too weak. For neutron texture analysis, half of 
the deformed cylinders were used. Five samples 
were investigated with neutron diffraction at the 
KFA Jiilich, using a position sensitive detector 
combined with profile analysis (Will et al., 1989). 
Thus, a large number of chalcopyrite reflections 
could be measured simultaneously and the double 
reflections could be separated into true tetragonal 
reflections. Tbe complete pole figures of the 
following reflections were used for the interpre- 
tation: (112), (200), (004), (220), (204), (312), 
(116), (224), (400) and (008). The series of pole 
figures for each sample were also used to calculate 
orientation distribution functions (ODFs) by 
means of the iterative series expansion method 
using the positivity condition (Dahms and Bunge, 
1989a, b; Dahms, 1992). The ODFs are presented 
in sigma sections (Matthies etaL,  1990). Each 
section contains the density distribution for all 
crystal orientations with a constant (2o = (cr + y) 
in dependence on azimuth e~ and pole distance [3, 
(where c~, [~ and y are the Euler angles of an 
orientation). An arbitrary point (e~,~) within a 
sigma section gives the direction of the <001>- 
crystal axis of that orientation with reference to 
the specimen axes. 20 gives the rotation around 
the c-axis. The average distribution of all sigma 
sections is identical to the (001) pole figure. From 
the ODFs the pole figures were recalculated. 
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FIG. 2. (220/204) X-ray fibre textures (in averaged 
density profiles) of Mt Isa chalcopyrite shortened by up_ 
to 16 per cent, at a constant strain rate of about 3 • 10 _5 
sec -~, and different temperatures as indicated on the 

diagram. 
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F~6. 1. Representative examples showing X-ray 
measured preferred orientation of undeformed Mt Isa 

chalcopyrite (averaged density profiles). 
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FIG. 3. (220/204) X-ray fibre textures (in averaged 
density profiles) of Mt Isa chalcopyrite shortened by up 
to 32 per cent, at a constant strain rate of about 3 x 10 -s 
sec 1, and different temperatures as indicated on the 

diagram. 
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F1GS. 4 and 5. FXG. 4 (top). A comparison of ODF recalculated (001) and (100) pole figures with experimental (008), 
(400), (220) and (204) pole figures of deformed chalcopyrite showing 2 orientation components (square, triangle) 
with the c-axis perpendicular to the compression axis and 2 components (circle, star) with the c-axis oblique to the 
compression axis, sample CH8218 (25 ~ 3 • 10 -5 see -1, 25%), equal area projection, dotted area: density below 
1.0, contour interval 0.5. FIG. 5 (bottom). A comparison of ODF recalculated (001) and (100) pole figures with 
experimental (008), (400), (220) and (204) pole figures of deformed chalcopyrite showing 2 orientation components 
(square, triangle) with the c-axis perpendicular to the compression axis and 2 components (circle, star) with the c- 
axis oblique to the compression axis, sample CH8319 (100 ~ 3 x 10 .5 see -~, 27%), equal area projection, dotted 

area: density below 1.0, contour interval 0.5. 
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Fla. 6. A comparison of ODF recalculated (001) and (100) pole figures with experimental (008), (400), (220) and 
(204) pole figures of deformed chalcopyrite showing 2 orientation components (square, triangle) with the c-axis 
perpendicular to the compression axis. Sample CH8301 (200~ 6 x 10 -6 s e e  1, 14%), equal area projection, 

dotted area: density below 1.0, contour interval 0.5. 

Measured preferred orientation and 
interpretation 

The Mt Isa ore has no pervading preferred 
orientation before experimental deformation. 
There are only local maxima at different pole 
positions, even within sample cylinder CH8402, 
for example, as shown in Fig. 1. As all experimen- 
tally deformed samples show (220/204) maxima 
perpendicular to the compression axis in X-ray 
pole figures, they are presented here in averaged 
density profiles to compare the fibre intensities. 
Relative intensities are plotted versus pole angles, 
that means from parallel to perpendicular to the 
compression axis. The examples in Fig. 2 and Fig. 
3, all shortened with a strain rate of 3 x 10 -5 
sec -1, show that the (220/204) fibre texture 
becomes stronger with increasing strain. The 
highest intensity after 10-15% shortening (Fig. 2) 
was found for the deformation at 200 ~ and after 
25-31% shortening (Fig. 3) for the deformation at 
100~ The fibre seems to become weaker with 
slower strain rate and higher temperature from 
200~ to 400~ but this is not shown by all 
samples (Jansen, 1990). 

In the neutron diffraction pole figures of some 
of the real tetragonal reflections (Figs. 4-8) no 
fibre texture is visible. In order to interpret the 
different pole figures, which are presented here 

with the projection plane perpendicular to the 
compression axis, the (008) maxima were used to 
find idealised tetragonal single crystal orien- 
tations; c-axis poles were set into the centres of 
the maxima and the corresponding positions of all 
other reflections were calculated. The agreement 
of the calculated positions with the maxima of the 
pole figures of all reflections was the evidence for 
a true orientation component. The idealised poles 
of each crystallite orientation component are 
marked with a symbol (see Figs. 4-8). Similar 
orientation components occurring in the pole 
figures of different samples are marked with the 
same symbol. From the ODF (orientation distri- 
bution function), recalculated (001) and (100) 
pole figures are compared with the experimental 
(008) and (400) pole figures. Also given in Figs. 4-  
8 are the separated (220) and (204) pole figures. 
Specimens CH8218 and CH8319, which had been 
shortened by about 25% at 25 ~ and 100 ~ each 
show a similar combination of four main orien- 
tation components (Figs. 4 and 5). There are two 
idealised c-axis orientations perpendicular to the 
compression axis, and two at about 40 and 50 ~ 
oblique to the compression axis. The first two 
components contribute to a rather strong maxi- 
mum of (220) perpendicular to the compression 
axis, whereas the two other components contri- 
bute to a weaker maximum of (204) perpendicu- 
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(400} 
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FIG. 7 and 8. FIG. 7 (top). A comparison of ODF recalculated (001) and (100) pole figures with experimental (008), 
(400), (220) and (204) pole figures of deformed chalcopyrite showing 1 orientation component (square) with the c- 
axis perpendicular to the compression axis and 1 component (circle) with the c-axis oblique to the compression axis. 
Sample CH8508 (300~ 3 • 10 6 s e c - l  15%), equal area projection, dotted area: density below 1.0, contour 
interval 0.5. FI6. 8 (bottom). A comparison of ODF recalculated (001) and (100) pole figures with experimental 
(008), (400), (220) and (204) pole figures of deformed chalcopyrite showing 1 orientation component (triangle) with 
the c-axis perpendicular to the compression axis and 1 component (circle)with the c-axis oblique to the compression 
axis. Sample CH8303 (400 ~ 3 • -10 -6 sec 1, 15 per cent), equal area projection, dotted area: density below 1.0, 

contour interval 0.5. 
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Fl6.9. Calculated ODF after 23 iterations in sigma sections 20 = (~ + y), with 2 orientation components (square, 
triangle) with the c-axis perpendicular to the compression axis and 2 components (circle, star) with the c-axis oblique 
to the compression axis. Sample CH8319 (100~ 3 • 10 -6 sec 1, 27%), equal projection, dotted area: density 

below 1.0, contour interval 0.5. 

lar to the compression axis. These central maxima 
are of a more or less circular shape, whereas other 
maxima are elongated and slightly curved, prob- 
ably indicating a partial fibre component. Sample 
CH8301, shortened about 14% at 200~ shows 
only two rather weak orientations with <001> 
lattice directions perpendicular to the compres- 
sion axis, resulting in a weak and widely spread 
maximum of (220) in the centre of the projection 
(Fig. 6). The main crystallite orientations of 
samples CH8508 and CH8308, deformed at 300 
and 400 ~ are characterised by two components. 
One component is also orientated with the c-axis 
perpendicular to the compression axis leading to 
(220) maxima in the centres of the pole figures 
(Figs. 7 and 8). The second, much stronger 
component with a c-axis maximum about 25 

degrees off the centre of the projection for both of 
the samples, could be associated with a central 
maximum of (103) or (105). But this cannot be 
proved by the measured pole figures of these 
reflections because of their very low intensities 
and their very close position to the strong (112) 
and (220) reflections. They cannot be resolved 
reliably by means of profile analysis (Jansen et al . ,  
1992). The measured (008) and (400)and  the 
recalculated (001) and (100) pole figures are in a 
very good agreement, as shown in Figs. 4 to 8. 

The main texture components identified in the 
pole figures were verified by associated maxima in 
the orientation distribution functions. As exam- 
ples in Figs. 9 and 10, the ODFs of samples 
CH8319 and CH8308 are given. The maxima in 
the sigma sections (Figs. 9 and 10) are marked by 
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F16.10. Calculated ODF after 23 iterations in sigma sections 20 = (o~ + y), with 2 orientation components (triangle) 
with the c-axis perpendicular to the compression axis and 2 components (circle) with the c-axis oblique to the 
compression axis. Sample CH8303 (400~ 3 x 10 6 see 1, 16%), equal projection, dotted area: density below 1.0, 

contour interval 0.5. 

the symbols of the associated maxima in the pole 
figures. The elongated (001) maxima (Figs. 5 and 
8) are spread over several sigma sections (Figs. 9 
and 10). The analysis of the sigma sections 
indicates an alignment of <104> parallel to the 
compression axis for the second component of 
samples CH8508 and CH8308. 

C o n c l u s i o n s  

Neutron texture investigations provide new 
insights into chalcopyrite preferred orientation, 
not available from X-ray texture analysis. In spite 
of the axial symmetry of the compression experi- 
ments, no complete fibre texture has developed, 
neither a pseudo-cubic nor a tetragonal one. 
Further investigations are necessary to determine 

whether the different combinations of crystallite 
orientations are characteristic of special experi- 
mental conditions and how they depend on 
temperature, strain rate and total strain. Addi- 
tional neutron texture measurements of one and 
the same sample before and after experimental 
deformation are intended to find out whether the 
local maxima in experimentally undeformed 
specimens prevent the development of an axial 
symmetry during deformation. The chalcopyrite 
deformation behaviour leading to a preferred 
orientation, seems to be different from that of 
other common sulfides. Naturally deformed ores 
from Mt Lyell, Tasmania (Cox and Etheridge, 
1984) and from the Frood Mine, Sudbury, 
Canada (Jansen et al. ,  1991) show a quasi single 
crystal preferred orientation. The latter, investi- 
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gated  by neu t ron  diffraction,  consists of a combi-  
na t ion  of two single crystal or ienta t ions .  Fu r the r  
neu t ron  diffraction analyses of exper imenta l ly  
de fo rmed  chalcopyri te  could help in the  in terpre-  
ta t ion  of the  na tura l  ores. 
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