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Abstract

:

Electron backscatter diffraction (EBSD) was used to determine the orientation of mechanically twinned grains in Carrara marble experimentally deformed to a small strain (≤4%) at room temperature and at a moderate confining pressure (225 MPa). The thicknesses of deformation twins were mostly too small to permit determination of their orientation by EBSD but it proved possible to measure their orientations by calculating possible twin orientations from host grain orientation, then comparing calculated traces to the observed twin traces. The validity of the Turner & Weiss method for principal stress orientations was confirmed, particularly when based on calculation of resolved shear stress. Methods of paleopiezometry based on twinned volume fraction were rejected but a practical approach is explored based on twin density. However, although twin density correlates positively with resolved shear stress, there is intrinsic variability due to unconstrained variables such as non-uniform availability of twin nucleation sites around grain boundaries that imposes a limit on the achievable accuracy of this approach.
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1. Introduction


Most experimental investigations of deformation by mechanical lamellar twinning in calcite aggregates have used optical methods for microstructural studies e.g., [1,2,3,4,5,6,7,8,9]. Such studies have aimed at using calcite twins as a means to determine orientations and magnitudes of principal stresses, and the amount of strain averaged over the whole aggregate produced through twinning. Lacombe et al. [10] provide a comprehensive review of the use of calcite twinning in paleotectonic and other studies.



In recent years, electron backscatter diffraction (EBSD) in the scanning electron microscope has emerged as a key technique for microstructural characterization, presenting potential for new directions in the study of calcite twinning e.g., [11,12,13,14]. In particular, the capability efficiently to determine the crystallographic orientations of host grains provides an opportunity to investigate the dependence of twinning on resolved shear stress rather than bulk differential stress. Such analysis should be explored for potential to reduce scatter in the piezometric calibration data and thereby improve the precision of estimates of stress magnitudes in the crust. In this study we employed EBSD to determine the orientation of host grains and twin lamellae. Evenson [13] observed that mechanically-induced twins in calcite could be so thin (<1 μm) that a very small sampling step size would be required to detect such twins and measure their orientation. Whilst EBSD is capable of making such measurements, it can be prohibitively time consuming to collect such detailed maps over the areas required for statistically robust analysis of twins in coarse-grained rocks. We have overcome this problem using trace analysis, coupled with the determination of the crystallographic orientation of the host grains, to be able to detect and orient all the twins in the sample without the need to employ an extremely small step size. Thus the slip vector and resolved shear stress (assuming homogenous stress) can be determined for every twin in the aggregate.



We have deformed in compression a sample of Carrara marble machined to produce a known variation of differential stress along its length, and used EBSD analysis to study twin development and its relationship to the orientation of principal stresses, and to the variation of differential stress along the length of the sample. Deformation was carried out at room temperature and to a small strain (<4%) to avoid temperature-dependent twin boundary migration and to inhibit the tendency for the development of crystallographic internal rotations and heterogenous strains from grain to grain, which can develop rapidly when twinning is active as a deformation mechanism [4]. A confining pressure of 225 MPa was used to inhibit significant dilatation due to the opening of grain boundaries during deformation [5].




2. Experimental Methods and Results


2.1. Rock Sample Used and Its Petrographic Characterization


The rock sample was cored to 25.1 mm diameter and 52.5 mm long from a large block of ‘Lorano Bianco’ statuary quality white Carrara marble in the direction designated a. The Carrara marble was measured by X-ray diffraction and found to be >99 wt% calcite. The porosity was measured by gravimetry to be less than 1%. The sample was ground into a ‘dog-bone’ shape (Figure 1) using a grinding wheel of 42 mm radius, so that the central diameter was 16.0 mm. The reduced section extends over a distance of 37.8 mm of the central part of the sample. This means that at the end of the deformation the differential stress was at a maximum in the centre of the specimen and decreased towards each end.



One of the outputs of post-deformation EBSD in the petrofabric analysis described below is the surface area of each of the 320 grains measured in a contiguous planar swath along the centre line of the specimen. Grain shapes were close to equant but with angular boundary shapes characteristic of grain growth under hydrostatic load. The areas were converted into Feret diameters [15]. These are the diameters of circles of the same area as each grain, and are widely used to represent planar grain size. Figure 2a shows the planar grain size distribution. The arithmetic mean grain size is 99 µm but the distribution is skewed to the coarser grain sizes. The range of grain sizes is 5 µm to 370 µm, with rather few grains represented above 250 µm. Planar distributions of grain sizes produced by normal grain growth tend to be close to Gaussian when plotted as square root grain diameter on the abscissa [16,17,18], and that is true of this case (Figure 2a). Mean square root grain size is 9.30 µm0.5 and standard deviation is 3.51 µm0.5. All of the grain size information reported here is the planar grain size; no stereological corrections for the effect of the two dimensional cut have been applied e.g., [8].



For this type of study it is important there be no significant crystallographic preferred orientation within the sample. The EBSD measurements made after deformation allowed the total crystallographic preferred orientation (CPO) of each grain within the external reference frame to be determined. There is one unique reference direction in the external frame, this is the orientation of the specimen axis that becomes the direction of the maximum compressive stress. Figure 2b shows the orientation of the specimen axis within the crystallographic reference frame of calcite (Inverse Pole Figure, IPF). Despite these measurements having been made after the specimen had been shortened by amounts varying up to 4% (see below, Section 2.2), this is not sufficient strain to produce a significant CPO. Except for some apparent clearing of grains from around the periphery of the projection, the distribution of points appears typical of a random sample from a uniform distribution, hence the specimen is expected to be approximately mechanically isotropic at the onset of deformation.




2.2. Sample Strength Characterization


The rock sample was deformed at 20 °C under axisymmetric compressive (irrotational strain) loading in a standard ‘triaxial’ rock deformation apparatus at a constant confining pressure of 225 MPa, applied by hydraulic oil. A heat-shrink rubber jacket was used to exclude oil from the pores of the rock. The nominal axial strain rate relative to the overall length of the specimen was 4.0 × 10−5 s−1.



The total nominal axial strain was 0.9%, but owing to the variable diameter of the rock cylinder, this is not uniformly distributed along the specimen length, but will be higher in the central portion, and lower towards the ends. The local axial strain is equal to the area strain, assuming homogeneous deformation at constant volume. This distribution of strain was calculated from measurements of the local cross-sectional diameter, and these were used to calculate the distribution of strain at the end of the test. The apparent axial stress/strain curve is shown in Figure 3a, with the differential stress calculated as for the final central diameter of 16.37 mm (local strain = 4.35%). Rybacki et al. [8] reported deformation experiments on Carrara marble from the same source. Their sample CM22 was deformed under the same conditions as this one, except that the confining pressure was higher, at 300 MPa. Their stress/strain curve is also shown on Figure 3a for comparison.



The principal stresses along the axis of the specimen are expected to be parallel and perpendicular to the specimen axis, whereas at the periphery of the sample, where the confining pressure acts normal to the free surface, they are expected to be parallel and perpendicular to that surface. Thus the stress trajectory pattern will be curved, as illustrated in Figure 4a, and the (   σ 2  =  σ 3   ) surfaces will form a series of spherical caps. At all cross-sections through the specimen the axial force will be the same, thus the stress across all such spheroidal segments will be the force/cap area. The force in the middle of the specimen is the final stress (372 MPa) × the local area (210.3 mm2) = 78.2 kN. Differential stresses reported are estimated to be accurate to ± 1.5 MPa.



The area A of each spherical cap is given by   A = 2 π  R 2   (  1 − cos θ  )  ,    where    R    and    θ   are as defined in Figure 4a, and from which the distribution of axial stress along the centre line of the specimen at the end of the experiment can be calculated (Figure 4b).




2.3. Electron Backscatter Diffraction (EBSD) Analysis


The deformed specimen was cut in half longitudinally and one half was polished with progressively finer diamond grits and finished with colloidal silica. This final polish removes near-surface defects from the sample material. EBSD data were collected on an FEI Quanta 650 field-emission gun scanning electron microscope equipped with Oxford Instrument’s HKL Channel 5 EBSD acquisition software and Nordlys Nano detector. An EBSD map was collected in a swath along the centre line of the specimen and consists of 10,514 × 600 measurements at a step size of 1 µm. Data were postprocessed by removing misindexed pixels that differ in orientation by >10° from all of their neighbours and then iteratively filling nonindexed pixels with >6 neighbours within the same grain. The resulting dataset has 99.12% of the points indexed as calcite, constituting over 6.2 million measurements. The width of the map is sufficient to encompass 2 or 3 of the larger diameter grains (Figure 5). Grains were numbered for identification, and a total of 320 grains were sampled without truncation.



Several different unit cell definitions can be used for calcite and these give rise to different crystallographic indices for a given crystallographic form. To avoid confusion it has become common to refer to crystallographic forms and axes using lower case letters. Some of these are shown (as crystallographic axes or poles to planes) on the pole figure in Figure 2b and Figure 6. c represents the unique crystal axis of trigonal symmetry, ±a1, a2, and a3 are the three crystallographic axes normal to c, ± m1, m2 and m3 are the planes of the trigonal prism, r1, r2 and r3 are the three cleavage rhombs, and f1, f2 and f3 are the three planes of the steep (dogtooth spar) form. The e form defines the poles to the three common twin planes in calcite, and is cozonal with two of the cleavage rhomb planes. Important angles are c^e = 26.25°, c^r = 44.5°, c^f = 63° [2]. Calcite belongs to the holosymmetric trigonal class, but the directions of the mutually orthogonal a2 and c crystallographic axes and the pole to the trigonal prism are convenient reference axis choices.



Crystallographic orientations of individual grains were recorded as three Euler angles E1, E2 and E3, using the Bunge convention [19,20]. These angles relate the crystallite orientation to the external reference frame. The external reference frame is defined by the specimen axis X, which is the direction of maximum applied stress, the Y axis which is normal to X and lies in the plane of the polished sample, and the Z axis which is normal to the polished sample surface. To define the rotations, initially the crystallographic m pole is set parallel to X, the crystallographic + a2 axis is set parallel to Y and crystallographic c axis is set parallel to Z (Figure 6b). In this position all Euler angles are initially zero. The labels X, Y and Z of the external reference frame also correspond to 1, 2 and 3 respectively commonly used in the subscript notation (unprimed axes), and in this case the mutually orthogonal m, a2 and c directions of the calcite crystal would be labelled 1′, 2′ and 3′ (primed axes) in the subscript notation. The use of only three Euler angles to represent crystallite orientation requires the order of the successive angular rotations to link the crystallographic and external reference frames to be specified [20]. The operation of the sequence of rotations yields the angular relationship as Euler angles linking the reference frame (unprimed axes) to the crystallographic orientation (primed axes) of each grain. Starting with the unprimed and primed axes in coincidence, the Euler angles specify the successive rotations by angles E1, E2 and E3 about the primed axes 3′–1′– 3′ successively, that are necessary to bring the grain into its observed orientation with respect the external reference frame.



Whilst graphical plotting and other mathematical operations can be carried out directly from Euler angles, it can be easier to work with direction cosine arrays (aij, where i, j = 1, 2, 3). Each of the direction angles (cos−1 aij) links a pair of unprimed and primed axes. The first subscript refers to one of the unprimed axes, and the second to one of the primed axes, thus there are nine direction cosines in total. The elements of the direction cosine array are related to the Euler angles by the expressions [19]


    [       a  11          a  12          a  13        ]  =  [      cos  (   E 3   )  cos  (   E 1   )  − cos  (   E 2   )  sin  (   E 1   )  sin  (   E 3   )        cos  (   E 3   )  sin  (   E 1   )  + cos  (   E 2   )  cos  (   E 1   )  sin  (   E 3   )        sin  (   E 3   )  sin  (   E 2   )       ]      [       a  21          a  22          a  23        ]  =  [      − sin  (   E 3   )  cos  (   E 1   )  − cos  (   E 2   )  sin  (   E 1   )  cos  (   E 3   )        − sin  (   E 3   )  sin  (   E 1   )  + cos  (   E 2   )  cos  (   E 1   )  cos  (   E 3   )        cos  (   E 3   )  sin  (   E 2   )       ]    and     [       a  31          a  32          a  33        ]  =  [      sin  (   E 2   )  sin  (   E 1   )        − sin  (   E 2   )  cos  (   E 1   )        cos  (   E 2   )       ]    











From the direction cosine array for each grain the orientation of the three potential twin planes in that grain can be calculated, together with the resolved shear stress factors and slip sense on each twin system, and the orientation of the trace of twin and other planes on the polished surface and its inclination with respect to that surface.



Whilst the EBSD data clearly allow the identification of the size, shape and orientation of the host grains, they also show twin lamellae when they are wide enough to be picked up by the 1 μm grid sample spacing (e.g., Figure 5). However, only 19 grains possessed twins wide enough to be detected in this way. The majority of twins induced in the deformation experiment were not detected by EBSD because they were generally thinner than the sampling step distance and/or thinner than the interaction volume of the electron beam. In contrast, the traces of twins were clearly visible in the electron-channelling orientation contrast images. These images, with examples presented in Figure 5 and Figure 7, were collected using a standard backscattered-electron detector at a short working distance of 7.7 mm to enhance orientation contrast through the electron-channeling effect. Twins appear as stripes that are either brighter or darker than the host grain due to differences in crystallographic orientation.



Having related the orientation of each host crystal to the three possible twin plane orientations, the expected orientations of the twin traces on the polished surfaces of the grains can be calculated, and used to test the observed linear traces. This procedure was performed for all host grains. The correspondence between observed and calculated twin traces would usually be within ±2°. In this way it was possible to determine twin plane orientations without requiring a direct EBSD measurement of the twinned crystal within the twin lamella. Figure 7 shows this analysis using the example of grain #259. In this case, calculated twin plane trace e3 corresponds with a single well-developed twin set.



The inclination of each of the possible twin plane(s) to the specimen surface was also calculated. The total number of observed twin traces across the width of each grain was counted manually, and the true spacing between the twins was calculated from the twin plane inclination and the apparent spacing between the twins on the specimen surface. In this way it was possible to determine the twinning activity in each grain, i.e., how many twin sets are present, the number of twins and their true spacing. To our knowledge this approach has not previously been employed in the analysis of twinning activity and twin orientations. It allows, for example, the calculation of the resolved shear stress and shear sense on all twin planes and allows discrimination between twins and traces of other planar features that might be seen, such as cleavage or slip surface traces.



The supplementary data file DFT.csv provides, for all of the measured grains, the identifying grain number, the EBSD-measured orientation data as Euler angles for host grain orientation and twin lamellae measured by EBSD, the X and Y coordinates of the position of each grain centroid, the X distance along the specimen axis to each grain centroid, the grain area, the Feret diameter and the differential stress on each grain. Additionally are tabulated; the crystallographic orientation as Euler angles of each twin lamella calculated from trace analysis, the inclination of each twin pole to the specimen surface, the apparent twin density (number of twins per mm) and the true twin density after correction for the twin plane orientation, Schmid factor information (with sign) for each twin, resolved shear stress on each twin, and the twin density data from Rowe and Rutter [6].





3. Analysis of Experimental Results


3.1. Turner/Weiss Analysis for Principal Stress Orientations


Turner [1] and Turner and Weiss [21] showed that the orientations of principal stresses could be determined from the relative orientations of twin lamellae and the c crystallographic axes of the host grains. This is a technique that has been widely and successfully applied e.g., [6,22,23,24,25,26,27]. The orientation of the displacement vector from deformation twinning is parallel to the zone axis containing an r plane and the e plane (Figure 6a), with the shear sense such as to displace the upper layers of the crystal towards the c-axis (defined as the positive sense of shear). The resolved shear stress τ acting along the twinning vector and in the twin plane is determined by the magnitude of the maximum differential stress   (  σ 1  −  σ 3  )  , the angle λ between the maximum stress and the pole to e, and angle  ∅  between the maximum stress direction and the slip vector, and is given by


  τ = (  σ 1  −  σ 3  )    cos   λ   cos  ∅    











The product   m =  cos   λ   cos  ∅   is called the Schmid factor and ranges between 0.0 and 0.5 [10]. The twinning transformation can only be produced with a positive sense of shear (Figure 6a). For each twinned grain the orientation of    σ  1       and    σ  3       can be estimated assuming the Schmid factor on that twin system is 0.5, in which case    σ  3       lies 19° beyond c along the great circle e→c, and    σ  1       lies 45° beyond e along the great circle c→e. When there are two, or even three, sets of twin lamellae, two or three predictions can be made for that grain.



The most accurate predictor of the principal stress orientations should be those grains for which the true Schmid factor is close to 0.5. Of the present sample of 320 grains in Carrara marble, 183 contained twin lamellae containing one or more twin sets with a positive sense of resolved shear stress, on the assumption that the principal stress orientations are the same in every grain. This includes the 19 grains bearing twin lamellae wide enough to be measured by EBSD, leaving 164 grains with thin twins, the orientations of which were obtained by the trace analysis method outlined above. These two groups of twins were analyzed separately (Figure 8), given that it was possible that the wider twins may have been produced by an earlier, natural loading event. The analysis of the 19 wide twin lamellae is shown in Figure 8a. Bearing in mind the small number of data available for the wide twins, the observed deviation of the best estimate of    σ  1       orientation from the specimen axis is probably not sufficient evidence alone to conclude reliably that these twins probably formed from a previous deformation event.



The analysis of the narrow twin lamellae is shown in Figure 8b as the calculated optimal orientations of    σ  1     required to produce the observed twins, assuming homogeneous stress from grain to grain. Data are contoured for the value of the Schmid factor for each twin plane. The best-fit calculated orientation of    σ  1     is shown. In the plane orthogonal to    σ  1     ,      σ  2      =    σ  3      . The calculated orientation of    σ  1     corresponds well with the long axis of the sample and also corresponds to the cluster of the highest values of Schmid factor. This correspondence also supports the presumption made for the Turner and Weiss [21] analysis that stress refraction from grain to grain is minor, as also demonstrated by [4]. Spiers [4] also showed that grains with a high Schmid factor on a twin system were preferentially more strained than grains with a small Schmid factor, with the former therefore taking up a larger fraction of the strain applied to the specimen as a whole. Therefore when twinning is active, stress is relatively homogeneous from grain to grain, but strains are markedly heterogeneous. In contrast at high temperatures, when mechanical weakness results in stresses too low to activate twinning [4,18], strains are homogeneous from grain to grain whilst stress orientations are markedly heterogenous. This leads to a transition in deformation-induced crystallographic preferred orientation (CPO) type when calcite rocks are deformed at temperatures too high to generate sufficient differential stress to activate twinning [4,18,28].



A further indication that grain-to-grain stresses are near-homogeneous is indicated by Figure 9. This is an inverse pole figure (equal angle upper hemisphere projection) showing the orientation of the axis of the test piece (the applied    σ  1     direction) with respect to crystallographic directions of each grain in the specimen. Predicted combinations of positive sense Schmid factor on zero, one, two or three planes occupy areas on the projection separated by segments of great circles. Symbols representing grains are indicated according to the number of twin sets displayed. The distribution of these grains accords moderately well with the positions of boundaries calculated on the assumption of homogeneous stress.




3.2. Relations among Twinning Activity, Strain and Differential Stress Magnitude


3.2.1. Strain from Twinning and Use of Twin Volume Fraction to Infer Stress


Various microstructural characteristics of deformation twinning in calcite rocks have been used to make inferences about magnitude of plastic strain and differential stress. Groshong [3,9] devised a technique for estimating strains due to twinning in calcite aggregates by measuring the shear strain in individual, differently oriented grains from the aggregate total of twin widths and the characteristic angular shear associated with twinning. From those measurements the average strain attributable to twinning over the whole rock was calculated. The technique relies on being able to measure the widths of individual twins, and could not be applied to our sample experimentally deformed at 20 °C because virtually all of the twins were too thin to measure. Whilst even at low temperatures calcite twins tend to widen with strain [29], widening is inhibited when twins must emerge onto grain boundaries because they must generate dilatation in the grain boundaries, and this is resisted by elevated confining pressure. This effect leads to twin lamellae increasing in number to accommodate more strain.



It is well known that with increasing temperature calcite twins tend to become thicker within the grains [22]. To illustrate this effect, from a separate study Figure 10a shows such thick twins, widened after annealing at 600 °C, 200 MPa confining pressure, and pinched at the grain boundaries, thus avoiding steps appearing at the grain boundaries. Twin boundaries therefore become curved and irrational. Figure 10b shows the initially polished surface of a calcite grain in Carrara marble deformed at 700 °C, 200 MPa confining pressure [30], with a 10 µm grid impressed on the surface to reveal strain heterogeneities. Two twin lamellae show shear of the grid in the centre of the twin, but also strain-free twin-boundary migration away from the sheared lamellae, inferred to be driven by dislocation density developed in the host crystal volume [8]. To use the twin width to estimate shear strain in this case would lead to erroneous results.



As one of three techniques to use microstructural measurements of twins to infer differential stress, Rowe and Rutter [6] proposed a method based on the measurement of volume-percent of twins in experiments at elevated temperatures. The later observations of twin boundary migration without strain reported by Rutter [30] effectively negate that approach. Further, given the difficulty of measuring volume fraction of twins from thin twins produced in low bulk-strain experiments at low temperature, we conclude that paleostress measurement based on such measurements are probably impractical.




3.2.2. Twinning Incidence


Rowe and Rutter [6] proposed two further approaches to twin paleopiezometry. One was based on the observation of twin incidence, that is the count of the fraction of grains that display twins within a particular grain size interval. From experiments carried out on three low porosity calcite rocks (Solnhofen limestone, Carrara marble and Taiwan marble), each with greatly different mean grain sizes, and covering a wide range of temperature and strain rate, it was clear that the threshold differential stress for the formation of twins observable in thin section was greater for finer-grained rocks and was almost independent of temperature and strain rate.



Similar observations have been made for twin incidence in austenitic steels (grain size dependence: [31,32]) and in iron, copper, zirconium and silver (temperature and rate insensitivity: review by Meyers et al. [33]).



The data acquired in the present study do not allow further evaluation of this approach for low temperatures and low strains, but from our dataset it is possible to observe the differential stress and the resolved shear stress necessary to produce the fraction of twinned grains developed in a particular grain size interval. A major deficiency of the measurements of Rowe and Rutter [6] was that the crystallographic orientation of each grain was not taken into account, but the twin incidence variation with differential stress and grain size for the whole population of grains could still be seen. In the present study, a substantial number of grains could be sampled only at and around the mean grain size of the population, and only for a low twin incidence. Figure 11 shows the differential stress and grain size ranges corresponding to a twin incidence of 20%, and these data are compared with those of Rowe and Rutter [6]. The uncertainties in these two datasets overlap and it can be seen that for grain sizes in the range 75–130 µm (mean grain size ±30 μm) the differential stress to produce twins in 20% of the grains is approximately 300 MPa.



The approaches to paleopiezometry tested by Rowe and Rutter [6] did not make any presumptions about a critical resolved shear stress for twinning, because it was clear that the differential stress necessary to produce twinning was dependent upon grain size. However, other approaches have been built around the concept of a critical resolved shear stress for twinning on the order of 10 MPa, usually based upon measurements of twinning initiation in large single crystals of calcite [2,7,34,35,36]. Inevitably these measurements led to the inference of low differential stress levels for twinning. De Bresser and Spiers [34] have criticised the adoption of a single CRSS value for twinning as a basis of paleopiezometry. In progressively finer-grained rocks of low porosity it is clear that twins do not form until high differential stresses have been applied; on the order of hundreds of megapascals for grain sizes smaller than 100 µm [6,8,10,37]. Propagating twin lamellae are geometrically like cracks, and will therefore be expected to produce long-range self-stress fields around their tips, and hence may be expected to be repelled by the proximity of grain boundaries in fine-grained polycrystals. Thus a consideration of effects of grain size must be implicit in any reliable paleopiezometry scheme.



It is also to be expected that ease of twinning will be affected by porosity, for twins can be nucleated at the stress concentrations that exist around pores. Experimental data on coarse-grained and porous rocks are therefore expected to result in high incidences of twins [7]. Confining pressure is also to be expected to affect behaviour. If dilatation of grain boundaries is facilitated by low effective pressures it will be easier for twin lamellae to penetrate such boundaries. Conversely, high effective hydrostatic pressures applied to porous rocks are likely to initiate twinning from the pores. For these reasons in the present study and others [8,38] a fairly high confining pressure in a low porosity rock was used to minimise complications from opening of grain boundaries.




3.2.3. Twin Density


The experimental data acquired in this study allow the relationships between twin density in each grain (number of twins per millimetre in each twin-bearing grain, measured normal to the twin plane) to be related to the resolved shear stress on each active twin system, total differential stress, and grain size. Almost half of the grains measured contain no twins at all. Figure 12a shows resolved shear stress, calculated from local differential stress multiplied by Schmid factor for each grain, for grains of Feret diameters lying in the range 73–150 µm, thus centred on the mean grain size. These are plotted against log twin density.



If we make the assumption that all of the thin twins observed have approximately the same thickness, the observed twin density in a grain is a measure of the shear strain in that grain. We might expect that for a limited range of grain sizes and applied stress, the shear strain would vary systematically with Schmid factor m. Figure 12b shows Schmid factor plotted against log twin density for two of the three possible twin sets at near constant stress and over a range of grain sizes ranging ±50 μm about the mean. There is a clear positive correlation, thus a higher Schmid factor and therefore a higher resolved shear stress along the twin displacement vector leads to higher intragranular strains due to twinning. Bear in mind that a logarithmic plot of twin density is used, and thus that the strains at high resolved shear stress are more than ten times greater than at low resolved shear stresses. Although the trend is approximately linear there is a wide scatter, as seen also in Figure 12a, and which is much greater than the estimated measurement accuracy of individual data points.



Inferred resolved shear stresses in this study cover a large range of magnitude, take into account the precise orientations of individual grains and involve data taken over only a small range of grain sizes. Therefore it was expected that this approach to twinning analysis would result in a strong correlation between twin density and stress with only small deviations with respect to a monotonic trend. Figure 12 shows that there is a linear trend but that it is accompanied by a large standard error in stress. This variability cannot be attributed to random errors of measurement. The mechanical data yield differential stresses measured to an estimated ±1.5 MPa, and the EBSD data yield orientations of twin planes and slip vector to within an estimated ±2°. The twin densities measured depend on counting all the twin lamellae intersecting the area within the observed grain diameter, then using the twin plane orientation to calculate the number of twins per millimetre counted normal to the that orientation. It is assumed that the twin density is uniform throughout the whole volume of a grain. Depending on grain size and orientation, for twin-bearing grains, counted numbers of twins typically lie in the range 1 to 40. Mis-counts of 2 or 3 might occur in heavily twinned grains, leading to an uncertainty of the order of perhaps 10%. Missing one twin amongst 5 would represent an error of 20% in less-twinned grains. Some twins did not completely traverse a grain, but were each counted as one twin. The global deviations about the best fit line are therefore far larger than the estimated uncertainty on individual data points (Figure 12), hence the scatter represents real departures from a unique relationship between twin density and shear stress. Note that as Schmid factors approach zero, resolved shear stresses must also approach zero, hence the reliability of shear stress measurement must decrease in such cases. This is particularly evident if the data are plotted on log/log axes.



Whilst there is a possible contribution from stress heterogeneity from grain to grain (already argued to be small), variabilities in twin densities might arise from random variations in the occurrence of nucleation points of twins on grain boundaries, and stress concentration effects arising from chance differences in orientation and hence relative hardness between adjacent grains. It is also possible that some twins that do not wholly traverse a grain might not intersect the surface of observation. Covey-Crump et al. [37] have pointed out that observed twins may nucleate over a range of magnitude of differential stress through progressive yield and the onset of strain hardening, thus there may be no unique relationship between twin occurrence and differential stress. The achievable accuracy of estimation of paleostresses based on twin density measurements may therefore be fundamentally limited by uncontrollable physical variables. Rybacki et al. [8] assembled a large amount of data on shear stress versus twin density from their own observations and from the literature that support the point made above.



To explore further the potential of using twin density as a basis for paleopiezometry, whilst accepting its evident limitations, graphical plots were prepared respectively showing



	(a)

	
resolved shear stress versus Feret grain diameter, contoured for constant values of twin density, and of




	(b)

	
differential stress versus Feret grain diameter, again contoured for different constant values of twin density.







Figure 13 shows plots of (a) and (b) above. Locations of data points are indicated, and reflect the uneven distribution of sampled grain sizes. Relatively few large grains are present in the sample. The two plots in Figure 13 are similar in form, but whereas the plot of resolved shear stress extends over 0–180 MPa, the range of differential stress is 280–372 MPa. For the latter, in grains with more than one twin set it is the average twin lamellae count that is represented by the contouring.



In Figure 13a twin density increases with resolved shear stress but also, and somewhat surprisingly, decreases with grain size. The raw data plot shows the 164 twin sets with positive resolved shear stresses in individual grains. The remaining grains had no observable twin sets and a few had apparently negative shear sense twins, probably attributable to locally heterogeneous stresses. Departures from linearity on the plots of log twin density vs. resolved shear stress as shear stress approaches zero were apparent in the data for the coarser grain sizes, but surprisingly high twin densities are recorded in fine grains even at low resolved shear stresses. The same approach was adopted to analyze the twin density data but in terms of differential stress (Figure 13b).



In Figure 14a these two datasets are compared with the results presented by Rowe and Rutter [6]. After Gaussian smoothing to soften the short period fluctuations in twin density seen in Figure 13, followed by resampling, multiple linear regressions were carried out to fit resolved shear stress and differential stress data to Feret grain diameter and log twin density. The multiple linear regression fits are:


      τ = − 375.8 + 190.2 log ρ + 0.412   d  



(1)






     σ ′  = 9.52 + 146.9 log ρ + 0.165   d      



(2)




where    σ ′    is differential stress (MPa), τ is shear stress (MPa), ρ is twin density (mm−1) and d is Feret grain diameter (mm). Standard errors in stress are respectively ±11.5 MPa and ±6.5 MPa, and depend on the degree of smoothing applied.



Equation (2) is plotted for three different grain sizes in Figure 14a. Separating grain sizes removes scatter that presumably arises in the Rowe and Rutter [6] dataset resulting from not differentiating between different grain size fractions. However, the locus and trend of the Rowe and Rutter [6] dataset, involving three different calcite rocks, is clearly comparable with the data of this study expressed in terms of differential stress.



In Figure 14 the data of [6] for twin densities are apparent twin densities counted on the cut surface of the rock section. There was no correction applied for the inclination of the twin planes to the section surface. However, the samples were all deformed to axial strains of 10% or more, which is sufficient to induce a degree of CPO. The rotations associated with CPO development would move e-poles towards parallelism with the sample surface (the e-maximum CPO type), which causes apparent twin density to converge towards the true twin density. Without this effect and when strains are small, and without calculating true inclinations of all twins, an approximation to the true twin density can be obtained by multiplying the apparent twin density by a factor √2.



Figure 14a also shows data relating resolved shear stress on the one or more twin sets in each twinned grain to the twin density. Each value of resolved shear stress can be multiplied by 2 to obtain the equivalent differential stress that would produce the same resolved shear stress on an ideally-oriented grain. The highest resolved shear stresses, where the Schmid factor is close to 0.5, correspond to the upper end of the twin density data expressed in terms of the differential stress, but lower resolved shear stresses are associated with higher twin densities than would be expected from the data in terms of differential stress. The plot of differential stress versus twin density derived from resolved shear stresses therefore underestimates twin density at progressively lower differential stress values, because no account is taken of the variable orientation of grains, but this does not significantly detract from the potential utility of the observed relationships as a paleopiezometer.



Figure 14b shows differential stress    σ ′   (=    σ  1      –    σ  3      ) plotted against twin density, combining the data of this study with that of [6]. Their compatibility is self-evident. A good fit to the data is the exponential equation    σ ′    = 79.2 lnρ – 64.2, with a standard error in    σ  1     of ±45 MPa, and valid down to a differential stress of about 30 MPa. This function has a finite intercept in ρ however, which is unrealistic. The three-parameter Hill function is particularly well suited to describing data with a strong localized curvature, and can be constrained to pass through (0, 0):


   σ ′   ( ρ )  =   σ ′    ( 0 )  +  [     (    σ ″   −   σ ′    ( 0 )   )   ρ n     (   k n  +  ρ n   )     ]   



(3)




where    σ ′   (=    σ  1     −    σ  3    ) and stress    σ ″    is an upper limit to differential stress. k and n are adjustable parameters. Stress    σ ′   ( 0 )    is the value of differential stress (assumed to be zero) at zero twin density. The empirical Hill equation was devised to describe time-dependent uptake of drugs [39]. A non-linear least squares fit yielded the parameters    σ ″    = 545 MPa, k = 71.6 and n = 0.69, and the standard error in differential stress is ±41 MPa.






4. Discussion


4.1. Evaluation of the Turner (1953) Analysis for Principal Stress Orientations


The Turner [1] analysis for principal stress orientations has normally been applied by measuring optically the orientation of the host c axis and the e twin plane, and also noting the twin density. Although the Schmid factor is not usually determined, qualitatively higher twin densities are inferred to be associated with twin planes subjected to higher Schmid factors (Figure 12b). A good estimate of principal stress directions can usually be obtained by using only those grains with twin densities above an arbitrarily chosen number. However, in this study it has been possible to obtain Schmid factors for all twinned grains and it has been shown (Figure 8) that    σ  1       directions estimated from twins with Schmid factors near to 0.5 very closely correspond to the known (applied)    σ  1       direction.




4.2. Evaluation of Twinning Paleopiezometry Based on Twin Density


Having obtained linear relationships linking grain diameter and log twin density to respectively (a) resolved shear stress on the active twin systems and (b) applied differential stress, we can test the applicability of a paleopiezometer based on the measurement of twin density. Figure 15a,b show the variation of differential stress against distance along the specimen axis measured from the centre. Also shown are the respective distributions of differential stress obtained by back calculation from the raw twin density data for a restricted grain size range centred upon the mean. In (a) the resolved shear stress for an active twin system in each grain was calculated from Equation (1), then multiplied by the Schmid factor for that grain to obtain the differential stress. The division of the shear stress by the Schmid factor introduces a further source of uncertainty, especially when the Schmid factor is small. In (b) the differential stress was calculated by substituting the log twin density directly into Equation (2), and in this case no attention was given to the orientations of the grains from which the twin density measurements were taken. The Hill fit could alternatively be utilized to estimate the differential stress from the twin density measurements.



The estimated distribution of differential stress is clearly better for (b) (standard error in stress estimate for a linear fit = ±41 MPa) and the data are symmetrically distributed about the true line of differential stress variation along the specimen length. In (a) the standard error for a linear trend is ±95 MPa and the data points lie mostly beneath the known differential stress distribution. In both cases the scatter is an intrinsic property of the twin density measurements.



The procedure of back-calculating the differential stress from the original twin density data demonstrates the practicality of using twin density as a basis for a paleopiezometer. The procedure ‘re-introduces’ the intrinsic uncertainties in the relationship between stress and twin density so that its effect on the paleopiezometric tool can be seen. Clearly, the use of Equation (2) or the Hill equation (Equation (3)) will give the best estimate of the differential stress that acted upon the rock sample.





5. Conclusions


With the aim of investigating deformation twinning activity over a range of applied stresses, a dogbone-shaped specimen of Lorano Bianco Carrara marble was deformed in axisymmetric compression to a small strain (up to a maximum of 4%) at room temperature and at a confining pressure of 225 MPa. The sample was cut longitudinally to allow a tract containing 320 grain sections along the specimen axis to be analyzed using EBSD, with a step spacing of 1 µm. Crystallite orientations were determined using Oxford Instruments Channel5 software and crystallographic orientations were obtained as Euler angles. Twin orientations were determined by EBSD in the 19 grains that contained twin lamellae sufficiently wide to intercept and contain the incident electron beam, but in the majority of grains containing twin lamellae they were too narrow to be measured in this way. However, the orientations and number of twin lamellae in these grains could be determined by trace analysis. Thus from the host grain orientation and analysis of twin traces the Schmid factor and twin density for every set of twins encountered could be determined.



The applicability of the Turner [1] method for the determination of the orientation of principal stress axes was evaluated. The orientation of the principal stresses could be determined accurately particularly from those grains for which the Schmid factor approached 0.5.



The relationship between twin density (number of twin lamellae per millimetre) and (a) differential stress and (b) resolved shear stress on the twin planes was determined. Twin density increases with both (a) and (b), and smaller grain sizes record higher twin densities at a given stress level within the range of the dataset. Nevertheless, the overall incidence of twins is favoured by larger grain sizes. The onset of twinning requires the application of higher differential stresses in finer grained calcite rocks, but this does not reflect the ultimate density of twins in a given grain. Twinning only occurs when the sense of shear stress along the twin displacement vector is positive, and this was confirmed to be true such that the stress distribution amongst the grains is consistent with being near-homogenous.



The overall proportionalities observed between shear stress and twin density and between Schmid factor and twin density were subject to substantial non-systematic variability in measured twin densities. This scatter was inferred to be due to a small degree of stress refraction between grains coupled with more significant random differences from grain to grain according to the availability of twin nucleation points on grain boundaries. It is also not known at which points during progressive loading particular fractions of the twin assemblage formed. Nevertheless, after Gaussian smoothing of the data it was possible to obtain quantitative relations linking applied differential stress or resolved shear stress to twin density and grain size. The results were consistent with those reported by Rowe and Rutter [6], and the combined results of the two studies can be represented using the Hill equation. It became clear that too few grains, particularly at the larger sizes, were sampled for the purpose of this study, resulting in very uneven sampling by grain size. Future work using these methods should sample a much larger number of grains; at least 1000.



To evaluate possible use of the observed relationships as a practical twinning paleopiezometer and the likely uncertainties associated with it, the measured twin density and grain size measurements were applied to the above multiple regression fit to the data (Equations (1) and (2)), in order to evaluate how well analysis of twins would estimate differential stresses in the grains, had they not been known. The fit for the differential stress data gave a good representation of the initially applied differential stress and its variation along the length of the specimen (standard error on stress = ±41 MPa), but back-estimation of the applied stresses using the resolved shear stress data gave a much greater standard error of the estimate of differential stress (±95 MPa). The results of the present study, when combined with those of Rowe and Rutter [6], suggest that a practical paleopiezometer yielding differential stress based on twin density measurement would utilise the Hill equation (Equation (3)), or Equation (2).



This study has demonstrated the advantages of using EBSD and trace analysis to determine the orientation distribution of calcite host grains and twins they may contain. It has confirmed the utility of the Turner [1] analysis of twin/host relations for the estimation of the orientation of principal stresses, and also the applicability of twinning paleopiezometry based on twin density, whilst recognising that there are inherent limitations to the realizable accuracy of this approach.
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Figure 1. Geometrical form of the sample of Carrara marble deformed in axial compression for this study (cm scale). 
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Figure 2. (a) Frequency distribution of the 320 Feret grain diameters in the sample of Carrara marble, with frequency plotted against grain diameter in blue, and against square root grain diameter in green. The green dashed line is a Gaussian curve for comparison, with the same mean and standard deviation as the square root grain size plot. The arithmetic mean grain diameter (99 μm) is indicated; (b) Inverse pole figure of calcite (upper hemisphere equal angle projection) showing the orientations of all 320 measured grains with respect to the specimen axis. 
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Figure 3. (a) Differential stress versus axial strain for the central 20 mm of the length of the specimen, where most of the ductile strain is accumulated. With respect to the overall specimen length the total strain at the end of the test is 0.9%. The stress/strain curve is compared with that of Carrara marble specimen CM22 of Rybacki et al. [8], which was deformed under similar conditions; (b) The distribution of permanent axial strain along the length of the specimen from post-test measurements of change in radial dimensions of the specimen, assuming deformation at constant volume. 
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Figure 4. (a) Schematic illustration of the form of the principal stress trajectories within the specimen. The axial force is distributed over the area of the (   σ 2  =  σ 3   ) segments of spherical surfaces, the area of each of which is a function of x and must be calculated in order to determine the local    σ  1      ( x )   ; (b) Calculated variation of axial stress    σ  1     with distance from the centre of the specimen, where the axial stress is highest. 
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Figure 5. Example of grains sampled for EBSD analysis in the central region of the sample. The upper image shows electron channelling contrast. Traces of twin lamellae can be seen inside most grains and there is no evidence of significant microcracking nor grain boundary dilatation. The lower image is an Euler angle image, in which red-green-blue values are assigned based on the magnitude of each Euler angle. Three grains have been labelled by their number identifiers, by way of illustration. Most of the grains do not show twin lamellae visible in the Euler image, because most twins are too thin to be measured by the incident electron beam. The length of the portion of the section shown is 4.61 mm. 
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Figure 6. (a) The crystallographic zone containing poles to e and f, the calcite c-axis and the slip vector for twinning (which lies on the e-plane), to show angular relations. e-twinning can only occur with the shear sense shown, thus the optimal orientation of    σ  1     for twinning lies on the zone plane at 45° to the e-pole, close to the f-pole; (b) Upper hemisphere equal-area projection of calcite showing the relations between c- and a-axes, and the poles to planes e, f and the trigonal prism m. The position of    σ  1     in the optimal orientation for twinning is shown. 
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Figure 7. Orienting twin planes by trace analysis. Image of grain #259 (also shown in Figure 5) showing traces of one set of thin twin lamellae, together with the expected traces of the three possible twin planes (e1, e2, e3), the orientations of which were calculated from the host grain orientation. Trace e3 corresponds to the orientation of the observed twin plane traces. 
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Figure 8. (a) Upper hemisphere, equal angle projection of orientations of    σ  1     ,      σ  2       and    σ  3       directions from analysis of 19 grains containing wide twins that were measured during EBSD scans. The three orthogonal eigenvectors shown correspond to the orientations of the estimated principal stress directions; (b) Upper hemisphere, equal angle projection of orientations of    σ  1     directions from analysis of the 164 grains containing new twin lamellae that could not be measured in the EBSD analysis because they were too thin to be detected. Instead, the twin plane orientations were established by analysis of the traces of the twin lamellae on the specimen surface together with the host grain orientations. The data are grouped according to the value of the Schmid factors resolved along the slip directions on the twin planes. The contours are not density contours but lines separating grains with progressively higher Schmid factors. The best estimate of    σ  1     lies in the group of points for which the Schmid factor exceeds 0.4, and it fits well with the known orientation of    σ  1     applied to the test piece. Eigenvectors for the clustered data define the orientations of the principal stresses.    σ  2     is taken to be equal to    σ  3    . 
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Figure 9. Inverse pole figure of    σ  1     directions plotted in the crystallographic reference frame. The figure shows those areas for which a positive Schmid factor applies to 0, 1, 2 or 3 sets of potential twin lamellae, assuming homogeneous stress.    σ  1     directions are coded according to the number of twin systems active in the grain. 
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Figure 10. (a) Optical micrograph of Carrara marble (crossed polars) experimentally shortened 27% at 420 °C then annealed under hydrostatic pressure at 600 °C, showing thickening of initially thin twins by twin boundary migration without strain. This leads to irrational twin boundaries especially near the host grain boundaries, where they pinch to avoid introducing steps to the host grain boundaries (image: Dr. S. J. Covey-Crump); (b) Surface of a calcite grain in Carrara marble, polished and impressed with a 10 µm grid before deformation at 700 °C to reveal strain heterogeneities. Two twin lamellae show shear of the grid where the twins nucleated, plus dynamic migration of the twin boundary without strain. 
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Figure 11. Relationship between differential stress and grain size for a twinning incidence of 20% (i.e., 20% of the grains in a particular grain size band contain twin lamellae). Thus at a given differential stress larger grains are more likely to contain twins, but there is no implication of the number of such twins. Shown are data of Rowe and Rutter [5] and the rather more restricted measurements that could be made on either side of the mean grain size in the present study. 
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Figure 12. (a) Relationship between log twin density (ρ) and resolved shear stress (τ) along the twinning vector direction (twin sets #1 and #2) in 32 grains centred on the mean grain size (99 μm).; (b) Schmid factor for twins in two twin sets (#1 and #3) plotted versus log twin density in 37 grains centred on the mean grain size, and for differential stresses in the range 360 to 372 MPa. Taking twin density as a proxy for shear strain if twin thicknesses are constant, shear strain increases with Schmid factor at constant stress and grain size. 
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Figure 13. (a) Resolved shear stress along the twinning vector plotted against grain size (Feret diameter) and contoured for twin density (mm−1). Individual grains are shown as black points. There are few large grains included in the traverse. There is a general trend of twin density increasing with shear stress and decreasing with grain size, plus short-period fluctuations in twin density, corresponding to the scatter shown in Figure 12; (b) Differential stress plotted against grain size (Feret diameter) and contoured for twin density (mm−1). General behavioural trends are the same as in (a). 
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Figure 14. (a) Data of Rowe and Rutter [6] relating differential stress to log twin density for three calcite rocks. These data are compared with those from this study, shown as Gaussian smoothed differential stress data for three different grain size bands fitted to log twin density by multiple linear regression. Also shown are fits to smoothed resolved shear stress data (using the same stress scale), again for three grain size bands; (b) Linear plot of differential stress against twin density for the data of Rowe and Rutter [6] plus the data of this study referred to the grain size band centred on the mean grain size. The data are fitted to the exponential function shown (dashed curve), but also fitted to the Hill equation (Equation (3)), constrained to pass through the origin (0, 0) (dark blue curve). 
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Figure 15. Back calculation of the variation in differential stress with distance along the sample axis using twin density data (twin set #1): (a) Using measured shear stress resolved along the twin displacement vector and shear stress calculated from Equation (1), Schmid factors calculated from measured angles λ and  ∅ ; set of most frequent twins in 40 grains. Standard error in stress ±95 MPa; (b) All of the twin sets in all of the 181 twinned grains, Differential stresses calculated from Equation (2), Standard error in stress ±41 MPa. 
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