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Samples of fine-grained (~9µm) and coarse-grained (~45µm) hematite ores with almost random 

crystallographic preferred orientation (CPO) were deformed in high pressure, high temperature 

(400 MPa, 850°C-1000°C) torsion experiments up to shear strains of 4.7. Samples with large 

initial grain size, preferably deformed by dislocation creep attended by dynamic recrystallization, 

showed grain size reduction and a weak CPO (J~1.4 at 950°C). In contrast, fine-grained ores, 
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deformed mainly by grain boundary sliding accompanied by dislocation activity with slip on the 

dominant basal glide system, showed grain growth and a strong CPO (J~2.9). At high strain both 

ores attained similar strength and grain size, but different CPO’s. The experiments demonstrate 

that the texture intensity of highly deformed rocks strongly depends on initial microstructure and 

may not reflect unambiguously the prevailing deformation mechanism and strength as often 

assumed in field studies. 

 

 

Hematite Fe2O3 is a trigonal mineral with corundum structure and the most important world 

wide mined iron ore. There is a long history of measurements dealing with crystallographic 

preferred orientation (CPO) of hematite by means of X-rays (Neff and Paulitsch, 1959[1]) and 

neutron diffraction (Wagner et al. 1977[2]). The microstructure and crystallographic preferred 

orientation of banded iron ores of different deposits from Brazil was objective of numerous recent 

publications, e.g. Rosière et al.[3]; Bascou et al.[4]; Morales et al.[5]. The ores reveal a wide range in 

grain size and shape. Textural investigations show a circular to elliptical c-axis maximum centered 

on the pole of foliation. Poles of prism planes are aligned on great circles with a maximum 

centered on the lineation. The intensity of CPO, characterized by the maximum density of the c-

pole figure or texture index J (Bunge[6]; Hielscher et al.[7]) varies with the deformation history 

(Quade et al.[8]; Rosière et al.[3]), depending on metamorphic temperature (~400–600°C) and 

increasing strain from west to east in Quadrilátero Ferrífero (Rosière et al.[9]), and on local intensity 

of shearing and folding (Morales et al.[5]). 

For the identification of the prevailing deformation mechanism in natural rocks analysis of the 

CPO was frequently used. A strong CPO is usually assumed to reflect dislocation creep, while low 

to random CPO characterizes diffusion creep. Grain boundary sliding (GBS) is considered to 

weaken the CPO (Mehl and Hirth [10] and references therein). However, even for linear viscous 

creep a strong CPO can evolve by the evolution of a strong shape-preferred orientation at high 

strain (Gómez-Barreiro et al.[11]; Delle Piane et al.[12]). Consequently, detailed knowledge of the 

texture intensity in response to the prevailing deformation processes is important to estimate 

strength at natural conditions.  

Based on compression experiments on polycrystalline hematite (Siemes et al.[13]) we performed 

high-strain torsion experiments to study the influence of initial microstructure and strain on the 

rheology and texture evolution of polycrystalline hematite. The results indicate that the starting 

microstructure (grain size) is an important parameter for the evolution of texture and that rock 

strength cannot be deduced from the CPO intensity alone. 
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Experimental 

Starting materials were two hematite ore blocks (>98% Fe2O3) from the Sishen Mine, Northern 

Cape Province, South Africa. The ores show almost random CPO (c-axis maximum ~1.6, texture 

index J ~1.04) with an average grain size of ~9µm (block05) and ~45µm (block12), respectively. 

Deformation experiments were performed in a HTP-torsion apparatus (Paterson and Olgaard[14]) 

on cylindrical specimens of 10 mm length and 14 mm diameter. The samples were sealed by ~0.3 

mm thick iron jackets from the argon confining pressure medium. In order to minimize reaction 

between jacket and sample forming magnetite and wuestite, the samples were encapsulated in a 

silver(70)/palladium(30) sleeve of 0.5 mm thickness (Siemes et al.[13]). We performed 15 

experiments in the temperature range between 800°C and 1000°C at constant shear strain rates of 

about 4.5×10-5s-1 to finite shear strains up to γ=4.7. Maximum shear strengths τ were between  40 

MPa and 95 MPa. For calculation of stress from measured torque data we assumed power law creep 

behavior of the form γ• = A τn exp(-Q/RT), where n is stress exponent derived from twist-rate  
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Figure 1. Shear stress-shear strain curves, microstructures, grain sizes, (0001)-pole figures, and 

texture indexes of torsion tests on samples of block05 and block12. a) temperature 950°C, strain 

rate γC = 4.3×10-5s-1, finite strain γ = 4.4  b) temperature 1000°C, strain rate γC = 4.2H10-5s-1, finite 

strain γ = 4.3.  
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Figure 2. Pole figures of three specimens (block05) deformed at 1000°C, 950 and 800°C, 

respectively, at the same strain rate γC ~4.3 to the same final strain γ ~4.4  

All pole figures are equal area projections parallel to the shear plane. The shear direction is 

specified by black arrows. In the lower left corner of the figures are indicated the maximum and 

minimum densities, in the lower right corner the first contour line and the contour intervals. The 

dotted area is below 1.0 m.r.d. (multiples of random density). 

 

Figure 3. Pole figures of three specimens (block12) deformed at 1000°C, a strain rate of γC 

~4.3×10-5s-1 to different final strains γ = 4.4, γ = 2.4 and, γ = 1.0, respectively.  Explanation of pole 

figures are given in figure caption of Fig. 2. 

 

 

stepping tests, Q is activation energy derived from temperature stepping tests, and τ  is derived from 

torque data according to Paterson and Olgaard [14]. Calculated stress-strain data were corrected for 

system compliance and strength of metal jackets. 

Grain size was measured on optical microphotographs. Individual grain boundaries were 

manually traced and subsequently analyzed with the ImageJ v1.36 software (Rusband[15]). As a 

proxy for grain size we used the area weighted grain size (see Ebert et al.[16] and discussion 

therein). 

To determine the CPO we used neutron diffraction texture analysis (FZ Jülich: Jansen et al.[17]and 

GKSS Geesthacht: Brokmeier et al.[18]) with data processing using MTEX (Hielscher and 

Schaeben[19]) and EBSD-measurements (Kunze et al.[20,21]). For neutron diffraction we prepared 
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prismatic samples of 2×2×10 mm3 at the periphery and oriented parallel to the axis of deformed 

samples. 

 

Results 
Typical strain stress curves of highly deformed hematite are illustrated in Figure 1 for 

temperatures of 950° and 1000°C and γ•≈ 4.3×10-5s-1. At 950°C the initially coarse-grained hematite 

(block12) shows strain weakening until γ~4.4 where stress is equal to the quasi steady state strength 

of the initially fine-grained hematite (block05) (Figure 1a). At T = 1000°C both ores exhibit nearly 

equal steady state behavior (Figure 1b). At both temperatures the fine-grained samples reach the 

maximum stress at a γ ≈ 0.5 and the coarse-grained rocks at γ ≈ 0.1. From strain rate-stepping tests 

(Paterson and Olgaard [14]) we obtained a stress exponent of n = 3.0-2.7 for the coarse-grained 

hematite and n = 2.7-2.5 for the fine-grained hematite with lower values obtained at higher 

temperature.  

The final grain size is quite similar at given experimental conditions, irrespective of the initial 

grain size. It decreases with increasing stress and decreasing temperature, respectively. However, at 

both temperatures the final texture of fine-grained samples is considerably stronger than of coarse-

grained hematite as shown for the basal (0001)-pole figures in Figure 1. The basal (0001)-pole 

figures show elliptical maxima close to the shear plane normal and the prism planes develop great 

circle distributions with a maximum centered on the shear direction. For a given starting 

microstructure the intensity of CPO increases slightly with increasing temperature from 850° to 

1000°C (Figure 2) and strongly with increasing strain from 1 to 4.4 (Figure 3). The {10-14}-pole 

figures with two banana-like maxima (Quade[22]) are presented for comparison with the 

preferentially measured {10-14}-pole figures by X-rays. 

To determine the texture dependence on strain we additionally analyzed one coarse-grained 

sample deformed at 950°C with EBSD-mapping (Kunze et al.[21]) of a cross-section from the center 

towards the circumference, for which shear strain increases linearly and stress non-linearly from 

inward to outward. The sample shows a continuous decrease of grain size from 28 to 22 µm and a 

continuous increase of CPO intensity from J=1.3 to J=2.1 up to γ≈3.2, beyond which changes are 

minor (Figure 4). The final texture index J obtained from neutron-diffraction is about 1.5, owing to 

the larger volume analyzed compared to EBSD surface measurements. The small grain size 

measured close to the sample center shows that grain size reduction already occurs at very low 

strain. The experimentally derived textures and microstructures agree well with the textures and 

granoblastic microstructures of naturally deformed ores. 
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Figure 4. Orientation mapping of central cut through torsion sample ST27 block 12, 950°C, γC = 

4.7×10-5s-1, γ  = 4.7. Color key according to IPF for torsion axis (normal to shear plane). An 

average gradient of crystal preferred orientation (J=1.3  J=2.1, white line) and in grain size area 

(28µm  22µm, yellow line) evolved from inside to outside of the torsion cylinder. 

 

 

Discussion 

Indicative for the rate-limiting deformation process is the magnitude of the stress exponent n. 

An exponent of n=1 indicates predominantly diffusion processes, n≥3 dislocation glide and climb 

(creep), and n=2 dislocation-accommodated grain boundary sliding (e.g. discussion in Gómez-

Barreiro et al.[11]). The measured range of n and the isometric final grain shape suggests that the 

hematite was deformed by a combination of intracrystalline dislocation creep and grain boundary 

sliding (GBS). 

Intuitively one would expect that the contribution of GBS in comparison to dislocation creep is 

larger for deformation of samples with initially small grain size than for coarse-grained rocks. If 

strain during dislocation creep is dominantly accommodated by glide on the easiest slip system (e.g. 

basal glide of hexagonal crystals) and with ongoing deformation grains rotate toward orientations 

that promote slip on the dominant slip system (see figs. 8 and 10 in Beausir et al. [23] ), a strong 

texture evolution is expected. Therefore, coarse-grained rocks should exhibit stronger CPO than 

fine-grained starting materials, since grain boundary sliding is supposed to reduce texture strength 

(Gómez-Barreiro et al.[11] and references therein). However, the texture of deformed hematite with 

initially fine grains is much stronger than of initially coarse-grained hematite, even when deformed 

to similar strain under similar conditions and with initially random CPO. Presumably a rather 

complex interaction and competition of dislocation creep, grain boundary sliding, dynamic 

recrystallization, and grain growth is responsible for the different deformation behavior and texture 

evolution of the two ores. 

At T = 950°C the coarse-grained ore requires a high peak stress (~76MPa) to initiate plastic 

deformation in the dislocation creep regime by multiple slip (v. Mises[24] criterion) that should 

increase the CPO. With ongoing deformation dynamic recrystallization to smaller grain sizes occurs 

(Figures 1,4). It is assumed that the CPO of the new nucleated grains is weaker than that of the bulk 
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sample (e.g. Lee et al.[25]). Reducing the grain size also promotes GBS and reduces shear stress 

since GBS is grain size dependent (Nieh et al.[26]). This results in a competition between increasing 

CPO by slip and rotation of grains into the position with (0001) parallel to the shear plane and 

lowering the CPO by recystallization and GBS. The weak final texture (J~1.4) suggests that the 

latter processes are more effective. EBSD mapping (Figure 4) shows that once grain refinement by 

recrystallization reached a steady-state size, also the texture index J remains nearly constant, i.e. the 

competition of the different deformation and recovery processes reached an equilibrium that is also 

reflected associated in almost constant strength. In contrast, the fine-grained ore yields at low 

stresses (~7MPa) and inelastic deformation presumably continues preferentially GBS 

accommodated by single slip on the dominant basal glide system (0001)<11-20> at relaxed v. Mises 

condition (Lee et al.[25], Drury and Fitz Gerald[27]). With ongoing deformation grain growth to a 

steady state grain size (Shimizu[28]) occurs combined with slip, which may additionally promote the 

development of preferred orientation. A strong texture (J=2.9) evolves by rotation of (0001) parallel 

to the shear plane and prism planes normal to the shearing direction. 

For samples deformed at 1000°C the shear stress (40 MPa) is lower than at 950°C because the 

critical resolved shear stresses of the glide systems decrease with increasing temperature (Siemes et 

al.[29]). Again, the texture index for the specimen of the fine-grained block05 is higher (J=3.3) than 

for the coarse-grained block12 (J=2.2). The difference is much smaller than at 950°C, presumably 

because both samples deformed by the same deformation mechanisms over a large strain interval as 

verified by the similarity of stress-strain curves. 

With increasing temperature the texture index J increases slightly for the fine-grained starting 

material, probably because of enhanced grain growth at high temperature, which promotes 

deformation accompanied by slip and therefore increased CPO. The shape of the stress-strain curves 

suggest that grain growth to an equilibrium grain size with stress is reached at a strain of about 0.5. 

For the coarse-grained hematite the texture index is also higher after deformation at 1000°C than at 

950°C, but the difference is more pronounced than for the fine-grained material. This is probably 

linked to strain weakening at low T associated with continuous recrystallization and a weaker 

increase of CPO than for the fine-grained rocks, for which stress is constant after yielding. Since the 

equilibrium grain size is smaller at high stress (low temperature), more intense recrystallization is 

required that also reduces the CPO. 

 

Conclusions 

Based on high strain torsion experiments on hematite with initially random CPO but different 

grain size, we demonstrated that the evolution of a strong CPO is not unambiguously associated 

with high strength. Instead, the relative contributions of dislocation creep and grain boundary 

sliding, associated with dynamic recrystallization and grain growth determines the final CPO after 
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deformation. The CPO can easily differ up a factor of 2 (at 950°C and possibly more at lower T) 

for rocks that were highly deformed even under similar stress, but with different starting 

microstructure.  
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