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Abstract

Lead sul®de (galena) of different purity and grain size was extruded through a round and rectangular die at temperatures between 773 and

923 K. Global and local lattice preferred orientations (here referred to as textures) were measured by neutron and electron back-scattering

diffraction. Tension leads to a ,100. ,111. double ®bre texture. Pure shear deformation yields texture components near the ideal face-

centered cubic metal brass, copper, Goss and cube positions. The intensity of the components depends on the purity and/or grain size. The

microstructure is partially recrystallized. Electron back-scattering diffraction indicates that in tension the ,100 . and in pure shear the Goss

and cube components are associated with dynamic recrystallization. The deformation texture can be qualitatively explained by the full and

relaxed constraints Taylor model using slip on {100},110., {110},110. and {111},110. systems. The texture formation in lead sul®de

compares well with that observed for other ionic crystals with the NaCl-structure as well as for face-centered cubic metals with a high

stacking fault energy. q 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Similar to other ionic crystals with the rock salt structure,

PbS (galena) deforms by slip on {100}, {110} and {111}

planes in ,110. direction (Urusovskaya et al., 1964, 1978;

Lyall and Paterson, 1966; McClay and Atkinson, 1977;

Barthel, 1984; Foitzik et al., 1990, 1991). The critical

resolved shear stresses (CRSS) for the activation of these

slip systems are different. This plastic anisotropy depends

on aliovalent doping, temperature, strain rate and ionicity of

the material (Skrotzki and Haasen, 1981). For PbS at low

temperatures {100} is the primary slip plane (Fig. 1,

Barthel, 1984).

There exist six crystallographically equivalent

{100},110., six {110},110. and 12 {111},110.
slip systems. However, only two, three and ®ve are inde-

pendent, respectively. Thus, according to the von Mises

criterion (von Mises, 1928), which requires ®ve independent

slip systems, slip on the harder secondary systems has to be

activated simultaneously in order to deform a polycrystal-

line aggregate homogeneously. This should lead to dif®cul-

ties at low temperatures where the plastic anisotropy is high

due to the high Peierls potential for secondary slip (Haasen,

1985; Haasen et al., 1985). Nethertheless, the temperature

dependence of the yield stress of PbS polycrystals indicates

that the activation of secondary slip systems is necessary

(Fig. 1, Skrotzki et al., 1981). However, their number and

contribution to strain is not clear. With increasing tempera-

ture the plastic anisotropy decreases. In addition, dynamic

recovery by cross-slip and climb, as well as dynamic recrys-

tallization, become operative (McClay and Atkinson, 1977;

Cox, 1987).

It is the aim of this paper to extend basic texture research

on materials with high plastic anisotropy, such as salt

(Skrotzki and Welch, 1983; Skrotzki, 1994; Skrotzki et

al., 1995a, 1998), to materials of the same structure type

but having an inverse plastic anisotropy, i.e. a change in

primary slip. In order to test models on texture formation

the development of texture in polycrystalline PbS has been

examined during deformation in tension and pure shear, i.e.

deformation modes with axial and orthorhombic symmetry,

respectively. The results will be compared with those

previously obtained on highly ionic crystals, such as salt

(Skrotzki, 1994; Skrotzki and Welch, 1983; Skrotzki et

al., 1998), less ionic chalcogenides, such as PbSe, PbTe

(Ohrt, 1968) as well as with face-centered cubic (fcc) metals

with high stacking fault energy (sfe), such as aluminum (e.g.

Mecking, 1985; Fels, 1996; HuÈhne, 1997; HuÈhne et al.,

1997). Preliminary results have already been published
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elsewhere (Skrotzki et al., 1995b; RoÈseberg, 1996). More-

over, conclusions will be drawn on the interpretation of

textures in naturally deformed galena.

2. Experimental details

Extrusion was carried out on compacted powders of

different purity and on natural samples. Powder and sample

characteristics are listed in Table 1. The powder particle size

distribution was measured with a laser-particle-sizer ªanaly-

sette 22º (Fritsch GmbH). The powders were compacted to

cylinders by uniaxial compression at room temperature. The

pressure varied from 100 to 200 MPa depending on powder

quantity. To diminish friction, zinc stearate was used for

lubrication. The compacted powders had a density of 5.89

g/cm3 (pure) and 4.13 g/cm3 (impure) compared to 7.57 g/

cm3 for fully dense PbS.

The cylindrical samples (é 30 mm) were extruded at

temperatures between 773 and 923 K (0.56±0.67 Tm, Tm�
melting temperature). Extrusion was carried out through a

round (é 9 mm) and rectangular die (15.7 £ 8.1 mm2) which

approximates tension and pure shear. The reduction in

cross-section was 91% (true strain 2.41) and 82% (true

strain 1.72), respectively. Extrusion at elevated tempera-

tures increased the density from 87.4% to 99.6% (pure)

and 54.6% to 77.8% (impure). The extrusion rate was

0.05 to 0.1 mm/s, and the maximum pressure needed was

up to 1 GPa depending on temperature and material (Fig. 2).

To reduce cracking of the sample, friction was increased by

using a length/diameter ratio of the die of about six (Ohrt,

1968). The quality of the extruded samples, which depends

on temperature, is shown in Fig. 3.

The microstructure of the extruded rods was investigated

in a scanning electron microscope (SEM, Zeiss DSM 962)

with a four quadrant back-scattering detector. Transverse

and longitudinal sections were cut with a diamond saw.

They were polished mechanically on SiC grinding paper

(grit 320±4000) and chemically with a solution of HCl,

HNO3, CH3COOH (30:10:1) at 343 K for 30±60 s (Brebrick

and Scanlon, 1957). Rinsing in 10% acetic acid removed the

gray surface layer that formed. Grain boundaries were

etched at 343 K for 20±60 s in a solution of thiourea (100

g/l) and HCl (3:1).

Complete pole ®gures for {200}, {220} and {111} re¯ec-

tions were measured by neutron diffraction at the GKSS

Research Centre in Geesthacht, Germany. Orientation

distribution functions (ODF) were calculated using the

series expansion method up to a series expansion degree

of 22 and axial or orthorhombic sample symmetry

(Dahms, 1992; Dahms and Eschner, 1996). In addition,

semiautomatic electron back-scattering diffraction (EBSD)

measurements were carried out on a SEM (Zeiss DSM 962)

in order to correlate the texture components with the micro-

structure shown by orientation contrast. The EBSD patterns

were analysed with the software package Channel1
developed by HKL-Software, Hobro, Denmark.

The textures were simulated with the full and relaxed

constraints Taylor model (FC and RC) (Taylor, 1938; van

Houtte, 1988) by using 1003 orientations randomly distri-

buted in the Euler space (Helming, 1997). The mean

distance between neighbouring orientations was 98. The

strains relaxed were 1xz and 1xy (RC round die), 1xz (RC 1

rectangular die) and 1xz and 1yz (RC 2 rectangular die) with x

being the extrusion, y the transverse and z the normal direc-

tion (ED, TD, ND). In all simulations the total true strain

was achieved in steps of 5%. The tensor describing the

strain mode is approximated by

q-1 0 0

0 -q 0

0 0 1

with q� ln(a/d)/ln(ha/d2), d: initial diameter, a: long side of

rectangular die, h: short side of rectangular die (Dahms,
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Table 1

Powder and sample characteristics

Synthetic PbS powder

Pure Impure

Supplier Aldrich Chemical Comp., Inc. VEB Feinchemie Eisenach

Purity according to supplier 99.9% PbS . 95% PbS

Impurities

(Cu, Ni, Bi, Ag, Ca) , 500 ppm

Particle size , 44 mm < 9 mm

Natural PbS sample

Deposit locality Braubach, Germany

Mean composition

(Jansen et al., 1998)

79.9 ^ 6.5% PbS, 2.6 ^ 0.6% sulfosalt, 17.5 ^ 6.0% ganque and other

minerals. Material contains visible inclusions up to 1 mm diameter

Grain size 34 mm



private communication). q� 0.5 describes tension, q� 0.0

plane strain and values between pure shear. For extrusion

through the rectangular die used, q� 0.33. However, it

should be noted that so far the limitations of this

approximation have not been checked by ®nite element

calculations. The slip systems used were {100},110.,

{110},110. and {111},110.; their relative CRSS

chosen were 1:5:5 and 1:1:1, re¯ecting deformation at

medium to high temperatures (Fig. 1).

3. Results

Tension of impure PbS between 773 and 923 K leads to a

weak ,111. ®bre texture. In contrast, pure and natural PbS

exhibit a pronounced ,111. ,100. double ®bre texture

(Fig. 4). The difference depends on purity and/or grain size.

In the temperature range investigated the intensity of the

,111. ®bre has a maximum at about 873 K, where

,100. is strongest. Pure shear yields maxima near the
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Fig. 1. Temperature dependence of the critical ¯ow stress of PbS polycrystals taken at 0.1% strain (1: natural, p� 0.2±0.3 GPa, _1 � 4.8.10-5 s-1, Jansen et al.,

1998; 2: pure synthetic, _1 � 10-4 s-1) and the CRSS for {100},110. and {110},110. slip of single crystals (Barthel, 1984, _1 � 10-4 s-1).

Fig. 2. Temperature dependence of the maximum extrusion pressure for pure and impure PbS.



brass (Bs: {110},112.), copper (Cu: {112},111.), cube

(C: {100},100.), and Goss (G: {110},100.) ideal

components generally observed in fcc metals (Fig. 5).

However, these components are only clearly seen in the

pure material, and weakly indicated in the natural material.

Both the impure and the natural sample have a very weak

texture, with the texture of the impure PbS being almost

random.

Selected EBSD measurements on the pure and natural

samples indicate that the predominant ,111. ®bre and

the Cu, Bs and G components exist in the deformed grains.

The ,100. ®bre, C and G are mainly found in the

recrystallized parts (Figs. 6 and 7). The deformed grains

are highly elongated and have a subgrain structure, while

the recrystallized areas are characterized by an equiaxed

grain structure and high angle boundaries (Fig. 8). As the

grain structure of the impure samples was too small to be

resolved, EBSD measurements on this material could not be

carrried out.

In tension all simulations yield the ,111. ®bre. With

decreasing anisotropy a ,100. ®bre appears which

becomes stronger by relaxation (Fig. 9). In pure shear the

texture is more sensitive to the simulation model (Fig. 10).

Here FC and RC 1 simulations for q� 0.3 yield components

close to Cu and Bs. Decreasing the plastic anisotropy and

introducing relaxation (RC 1) results in a weak C and Goss

component. To give an impression of how the texture varies

with q, for comparison plane strain deformation (q� 0) has
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Fig. 3. Photographs of the extruded pure PbS rods showing an increase of cracking at the surface with decreasing temperature.
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Fig. 4. Experimental PbS textures after extrusion through a round die (q� 0.5). Intensities of the inverse pole ®gures of the extrusion direction ED are given in

multiples of a random distribution; the area below unity is shaded.



also been simulated. Beside the Cu component this defor-

mation mode leads to an incomplete {110},uvw. ®bre

(intensity along lower line in w2� 458 ODF section). In

addition, for plastic isotropy and relaxation a weak C

appears. RC 2 in all simulations considered leads to a strong

component close to Cu.

4. Discussion

Because of their low-temperature brittleness, PbS

polycrystals can only be extruded above 773 K at the

deformation rate used. For lead chalcogenides the critical

temperature decreases with increasing contribution of

metallic bonding (Ohrt, 1968): PbSe 636 K, PbTe 417 K.

The textures obtained in axial extrusion for these lead

chalcogenides are ,111. ,100. double ®bre textures.

However, as microstructural studies are missing it is left

open whether recrystallization has also occurred. Textures

at lower temperatures have only been reported for natural

PbS deformed in compression under con®ning pressure

(Siemes, 1976, 1977; Siemes and Hennig-Michaeli, 1985;

Martens, 1987; Siemes et al., 1994; Jansen et al., 1998). The

textures observed after deformation between 573 and 773 K

are ,110. ®bre textures. Recrystallization of samples

compressed at room temperature led to a randomization of

the texture (Siemes, 1976, 1977). The textures of

PbS presented here for deformation with orthorhombic

symmetry are the ®rst reported so far.

Texture formation is affected by purity and grain size

of the material. Impurities suppress recrystallization by

hindering grain boundary migration, while decreasing

grain size leads to homogeneous deformation. Moreover,

below a certain grain size the contribution to strain of

grain boundary sliding increases strongly (Nieh et al.,

1997). These arguments may explain the different texture

evolution in pure and impure PbS. Owing to a lower grain

size of the impure PbS grain boundary sliding could contri-

bute to strain and reduce texture formation. On the other

hand less slip activity leads to a lower stored energy

preventing the onset of recrystallization. Moreover,

recrystallization may also be suppressed by the impurities.

The contribution of grain boundary sliding may also explain

the lower extrusion pressure at high temperatures needed

for impure PbS (Fig. 2). The strong variation in strength

of texture of natural samples may be due to a large

composition variation within the sample suite.

The deformation textures have been simulated with the

Taylor theory. As the input parameters are not known well

enough for the materials investigated, different sets of para-

meters have been used to model the textural trend observed

with temperature. Increasing temperature leads to a

decreasing plastic anisotropy. Diffusional processes

become important, accommodating incompatibilities

arising from inhomogeneous slip within the grains. This

effect has been accounted for by relaxation, which becomes

more important as the grain shape becomes more and more

distorted with deformation. Therefore, according to

Hosford (1993) the volume fractions of the material requir-

ing 3, 4 and 5 independent slip systems should have been

changed with strain. The comparison between experimental

and simulated textures shows that the textural trend with

temperature for tension (q� 0.0) and pure shear (q� 0.3)

is well described by a decreasing plastic anisotropy, as well

as by some degree of relaxation. Unfortunately, the

comparison is only qualitative because of the arguments

given above and because it is not known to what extent

the volume fractions of the components have been changed

by recrystallization. The ,100., C and G deformation

components seem to be the nuclei for recrystallization,

similar to fcc metals (Humphreys and Hatherly, 1995). It

should be noted that the low-temperature compression

textures mentioned above can also be modelled well with

the FC Taylor theory, the result being quite independent of

the plastic anisotropy used. This is in agreement with

previous simulations by Siemes (1965, 1974).

The textures observed are comparable with those gener-

ally observed in highly ionic crystals with inverse plastic

anisotropy, as well as in fcc metals with high stacking fault

energy primarily gliding on {111} (Skrotzki et al., 1995a,

1998; HuÈhne et al., 1997; Fig. 11). The comparison of NaCl-

type ionic crystals of different ionicity, i.e. different plastic

anisotropy, with high sfe fcc metals clearly shows that

texture development during high strain deformation does

not strongly depend on the plastic anisotropy existing at

the onset of deformation of single crystals. High strain

deformation at elevated temperatures is dominated by
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Fig. 5. Experimental PbS textures (w2� 458 ODF sections) after extrusion

through a rectangular die.



cross-slip, i.e. the main slip parameter seems to be the

Burgers vector, and this is the same for NaCl-type ionic

crystals and fcc metals.

Galena deposited in veins is often naturally deformed by

postdepositional tectonic processes. The deformation may

change the coarse protogranular grain structure to a ®ne or

even ultra®ne mylonitic grain structure with a well-de®ned

foliation S more or less parallel to the macroscopic shear

plane and a lineation L, which is the mineral elongation

direction contained in the foliation (McClay, 1982).

Correspondingly, textures from different locations show

considerable variation. A ,100. ®bre texture with the

®bre axis aligned normal to the vein wall has been described

by Schachner-Korn (1954) as growth texture. In general,
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Fig. 6. Microstructure (orientation contrast image) and texture (EBSD measurements) of different regions in a natural PbS sample extruded through a round die

at 873 K. Elongated deformed and recrystallized (R) areas selected for EBSD measurements are separated by white lines. ED� extrusion direction.
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Fig. 7. Microstructure (orientation contrast image) and texture (EBSD measurements) of different regions in a pure PbS sample extruded through a rectangular

die at 923 K. Elongated deformed and recrystallized (R) areas selected for EBSD measurements are separated by white lines. ED� extrusion direction;

ND� normal direction.



deformation textures have been reported, which may be

classi®ed in two groups (McClay, 1980, 1983; Siemes and

Spangenberg, 1980). The ®rst has a dominant Cu compo-

nent, with {112} k S and ,111. k L. The second consists

of a dominant 458 rotated cube component, with {100} k S

and ,110. k L, and a superimposed incomplete ,110.
®bre texture, with {100} to {111} k S and ,110. k L.

These textures may have been produced by pure and simple

shear deformation, respectively. They can be simulated with

the FC Taylor theory (Fig. 10, q� 0.0; Siemes and Schach-

ner-Korn 1965; Siemes and Spangenberg, 1980). This inter-

pretation implies that the recrystallization process did not

change the deformation texture, which may only be the case

for a rotation recrystallization mechanism. Support for such

a mechanism is given by the upper deformation temperature

estimated (2008C, McClay, 1980). In contrast, in the present

work recrystallization took place at higher temperatures by

a migration mechanism. Thus, selected grain growth of

minor components of the deformation texture may dominate

the recrystallization texture. Moreover, relaxation leads to

further deformation components, like the Bs component in

plane strain. If natural deformation by dynamic recrystalli-

zation produces an ultra®ne grain structure, then Coble

creep or superplastic deformation does not lead to any

preferred orientation (McClay, 1980, 1983). This is in

agreement with present observations on ®ne-grained impure

PbS.

5. Conclusions

1. Tension of PbS above 773 K leads to a ,111. ,100.
double ®bre texture. Pure shear deformation yields

components near the ideal fcc metal copper, brass,

Goss and cube positions. The intensity of the components

depends on the purity and/or grain size.

2. The ,100 . ®bre, cube and Goss components are asso-

ciated with dynamic recrystallization.

3. The deformation texture can be qualitatively explained

by the full and relaxed constraints Taylor model using

slip on {100},110., {110},110. and {111},110.
systems.

4. The texture formation in PbS compares well with that

observed for other ionic crystals with inverse plastic

anisotropy as well as for fcc metals with high stacking

fault energy.

5. Textures of naturally deformed galena can be interpreted

by pure and simple shear deformation. However, this

implies that recrystallization has taken place by a rotation

mechanism and therefore did not change the deformation

texture.
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