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Quantitative grain growth and rotation probed by in-situ TEM straining and orientation mapping in small grained Al thin ﬁlms ⇑
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Despite abundant literature claims of mechanisms involving grain boundaries (GB) mechanisms in the deformation of nanocrystalline metals and alloys, few are actually evidencing them. Experimentally sorting and quantifying these mechanisms adds complexity and remains a challenge. Here we report evidence and quantitative measurements of both grain growth and rotation in response to a tensile strain, in sub-micron grained aluminium thin ﬁlms. The behavior of several grains was monitored during in-situ transmission electron microscopy (TEM) experiments combining tensile test and crystal orientation mapping. A custom routine was created to discriminate relative GB movements from the rigid body motion of the sample. We also provide evidence that grain rotation results from the motion of intergranular dislocations. Ó 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. Keywords: In situ TEM; Orientation mapping; Dislocations; Grain growth; Grain rotation



Grain boundaries (GB) have a strong impact on the mechanical properties of materials [1]. In conventional coarse grained metals, they are considered as ﬁxed obstacles to moving dislocations [2,3], but in small grained structures,where the density of pre-existing dislocations is low [4], their nucleation and motion require very high levels of stress, and speciﬁc GB mediated plasticity mechanisms, such as GB shear-coupled migration [5], may become dominant. Although investigated by experiments [6–12] and numerical simulations [13–16], GB mediated plasticity at the polycrystal scale is still largely unknown. The complex interplay of the elementary mechanisms in a GB network and the experimental diﬃculties in following the moving GBs while measuring their orientation may explain this limited knowledge. Recently it has been shown that this mechanism can be attributed to the motion of step dislocations along the GB [17–19]. Contrary to grain growth that can be more easily evidenced, observations of grain rotation [20–25], which is expected to be a consequence of sliding, shear coupled migration along curved GB or GB energy minimization, remains scarce. Experimental evidence are hard to capture in small-grained materials and might lead to artefacts like sample rigid rotation or bending [26–28]. Recent eﬀorts to unravel elementary GB mechanisms mostly focused on individual straight low index coincident GB [11,17,19], and the analysis of the collective behavior of a realistic GB network is still in its infancy. One major question concerns the accommodation of strain incompat-
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ibilities arising from diﬀerent GB mechanisms. Relaxation mechanisms at free surfaces and triple junctions are expected in this case to play an important role as already highlighted in [14] for instance. Expanding an approach initiated by Kobler et al. [24], we have developed an original methodology combining sequential in-situ straining experiments on MEMS-supported polycrystalline thin ﬁlms followed by automated crystal orientation mapping in a TEM (ACOM) and a custom-made data processing. This conﬁguration allows both the dynamical observation of elementary mechanisms, the analysis of GB evolution in individual grain and the statistical analysis at large scale. The present work is based on micro-fabricated free standing Al thin ﬁlms with dog-bone shapes processed on Si frames [12]. As shown in Fig. 1, the ﬁlms are 200 lm long and 250 nm thick, with a stress-concentrated area between two circular notches (Fig. 1b). Here, we focused on ﬁlms with the smallest ﬁlm width (8 lm) and notches with the smallest radius of curvature ( 1:2 lm). Al ﬁlms are attached to a Si frame that is glued on a copper grid ﬁtting into a Gatan straining holder (Fig. 1a). In-situ TEM experiments consist in applying a controlled displacement along the ﬁlm (indicated by arrows in Fig. 1), and in monitoring the dynamical response during stress relaxation. The strain was evaluated by measuring the evolution of the gauge length of individual ﬁlms. The initial microstructure was investigated by automated crystallographic orientation mapping using the Nanomegas Disgistar ACOM system [29]. It is composed of equiaxed grains with a mean grain size around 250 nm with a strong f111g texture perpendicular to the ﬁlm. Grain recognition and post-treatments are
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Figure 1. Experimental set-up: (a) MEMS holding dog-bone shaped Al ﬁlms glued on a TEM grid. The ensemble is strained parallel to the long axis of the ﬁlms. (b) Zoom showing a single ﬁlm within the notched area.



given in the supplementary materials. Cross-sections of the Al ﬁlms (not shown) reveal a columnar growth, as expected from processing conditions. Bright ﬁeld imaging did not reveal any dislocations inside the grains prior to deformation. The evolution of the microstructure was monitored during the deformation in two 8 by 6 lm areas delimited by the two notches referenced in the following as the upper (Fig. 2a-c) and the lower (Fig. 2d–f) notch area. Fig. 2 shows 3 by 2 lm orientation maps close to the two notches. Colors refer to the crystal axis along the y-direction. Maps in Fig. 2 correspond to the initial microstructure (Fig. 2a and d) and after a plastic strain of pl  3  1% (Fig. 2b and e) and pl  7  1% (Fig. 2c and f). Grain growth due to the applied stress can be easily evidenced for grain 2 and 3 in the upper notch area (Fig. 2b and c) and for grain 3 in the lower notch area (Fig. 2e and f) when compared to their initial size. However, grain growth appears to be limited in the regions at the notch border. Statistical investigations of the orientation maps indicate an average grain size increase of about 4.5% (from 237 nm to 248 nm) in two 8 by 6 lm areas covering almost the whole ﬁlm gauge. In both areas close to the upper and lower notches (Fig. 2), the grain size increases even more, reaching a value of the order of 15% (from 229 nm to 264 nm)



and 10% (from 268 nm to 297 nm), respectively (see Supplementary materials). Grain size distribution indicates that the smallest grains tend to disappear at the expense of the larger ones. Investigation of orientation distribution did not reveal however any evidence of texture induced by strain as also reported in [24]. A coherent twin, indicated by an arrow in grain 31 in the lower notch area (Fig. 2d– f) has been monitored during deformation. As the deformation increases, the twin shrank (Fig. 2e), and almost completely disappeared in Fig. 2f. Potential grain rotation was monitored over a total of 52 and 36 grains (not all shown here) in the upper and lower notch areas respectively. In order to remove artefacts due to rigid body rotation, the rotation axes and the minimum rotation angles of every grains have been determined between successive maps and between the ﬁrst and the last ones (see method in Supplementary materials). This analysis revealed that most of the grains have experienced a rotation of about 6 with respect to the initial foil normal between pl ¼ 0% and pl ¼ 3%, followed by a rotation of  2 along an axis inclined about 90 of the foil normal between pl ¼ 3% and pl ¼ 7%. This overall rigid body rotation corresponds to a rotation of 6 along an axis inclined 25 with respect to the initial ﬁlm surface and can be considered as an adjustment of the ﬁlm to align on the straining axis imposed by the Si frame, grid and holding jaws. This rigid body rotation has been then subtracted to the rotation of all grains in order to reveal grain rotation associated to plastic deformation. In this process, non signiﬁcant grain rotations were discarded (see methods in Supplementary materials). The overall rotation, i.e. between pl ¼ 0% and pl ¼ 7% of plastic deformation, has been evidenced for 6 and 4 grains in both upper and lower notch areas, respectively. Fig. 3 represents the rotation of grains by the position of the rotation axis for the grain i in a stereographic projection of the ﬁlm associated to a rotation angle (indicated by a color) for the upper (Fig. 3a) and lower (Fig. 3b) notches areas. The rotation axis is at the center of a disk which size is an estimate of the error due to grain orientation uncertainty (see Supplementary materials). They all have experienced a rotation, usually of a few degrees, along diﬀerent axes. It is interesting to note that although some of the isolated grains can rotate (grain 12 in the upper notch area and grains 9, 11 and 27 in the lower notch area), most of the rotating grains are close neighbours (see for instance grains 5 and 30 in the lower notch area and grains



Figure 2. Orientation maps along the y direction in two area close to the upper (a–c) and lower notches (d–f) at pl ¼ 0 (a, d), 3% (b, e) and 7% (c, f).
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Figure 3. The rotation of grains i in the upper (a) and lower (b) notched areas (i is the label of the grain, see Fig. 2) is determined by the position of the rotation axis in the x–y–z frame and rotation angle indicated by the color scale. The size of the circle indicates the uncertainty of the position of the rotation axis between a–c and d–f in Fig. 2.



9, 8, 11, 12 in the upper notch area) indicating that grain rotation is probably a collective process. Comparison of orientation maps taken at diﬀerent strains are also indicative of grain rotation process. In the lower notch area, most of the rotation for grains 2, 8 and 12 have occurred between pl ¼ 3% and pl ¼ 7% (respectively 7.1°, 8.2° and 6.3°), in contrast to grains 4, 9 and 11, which rotation cannot be resolved either between pl ¼ 0% and pl ¼ 3%, and pl ¼ 3% and pl ¼ 7%, but only for pl ¼ 0% and pl ¼ 7%. Same conclusions can be drawn in the lower notch area. Most of the rotation of grain 27 can be identiﬁed between pl ¼ 0% and pl ¼ 3%, while grain 9 has rotated principally between pl ¼ 3% and pl ¼ 7%. Rotation of grains 5 and 30 have only be revealed between pl ¼ 0% and pl ¼ 7%. Grain rotation may be distinct from grain growth (see more instance the rotation of grains 5 and 27 in the lower notch Fig. 3b), but it can also be associated to growing grains like grain 2 in the upper notch (Fig. 3). Bright ﬁeld dynamical observations were also carried out during stress relaxation period. They shade light on the deformation processes. Upon straining, deformation starts in the GB as observed in [12]. Although the activity



in the GB is most of the time associated to faint and oscillating contrasts, clear cases of isolated defect nucleation and propagation, supposedly GB extrinsic dislocations, have been observed. Dislocation activity in the grain interior is also observed in the largest grains. Further deformation leads to the formation of intergranular crack that propagates eventually inside the ﬁlm, until the ﬁlm suddenly breaks because of the reduction of the gauge width and the non linear response of the crack with the stress. GB motion at the GB between grains 27 and 1 near the lower notch area (Fig. 4) have been noticed between pl  2% up to pl  5%. Fig. 4b shows a train of straight dislocations (d) in the GB between grains G27 and G1 at pl  5%. The 3-dimensional geometry of the GB is shown schematically in Fig. 4c. It corresponds to an incoherent twin boundary R3f112g½110 with 3 planes corresponding to ð11 2Þ; ð01 1Þ; ð1 21Þ and planes. This particular geometry leads to a twisted GB. The observed dislocations are thus supposed to be twinning dislocations with a Burgers vector ~ b ¼ 2a=3½111 perpendicular to the ﬁlm plane. Since their line direction is also found to be close to the ½111 direction, they correspond to screw dislocations. Dislocation nucleation have been observed at two cracks C 1 and C 2 located



Figure 4. (a) shows the location of an incoherent R3 GB close to the lower notch between grain 27 and 1 where GB dislocations d have been observed (b). (c) depicts the geometry of the GB. (e)–(h) are images extracted from a video sequence showing the motion of a dislocation d from one crack C1 to another C2. The motion of these dislocations with a Burgers vector ~ b ¼ 2a=3½111 create a small migration perpendicular to the GB plane and a rotation of angle a (d).
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at the GB triple junctions. These cracks are expected to be a consequence of strain accommodation at triple junction due to GB sliding. Fig. 4e–h show images extracted from a video sequence evidencing the emission of a twinning dislocation (d) from C 1 (Fig. 4a) followed by its motion along the GB plane at an average speed of  20 nm/s. Their motion seems easy, in agreement with the fact that the Burgers vector is contained in the GB, so that the twinning dislocation is fully glissile [30]. Moreover, the glide of the twinning dislocation induces a migration of the GB over a distance h0 ¼ ka=6½112k measured parallel to the ﬁlm surface. Since the motion of the twinning dislocation induces a shear strain along the ½111 direction, it produces a coupled motion of the GB perpendicular to the GB plane associated to a shear strain parallel to the GB plane in a direction almost normal to the foil plane. In order to relax this small shear displacement, the grain will rotate along an axis perpendicular to both the Burgers vector ~ b and the GB plane normal ~ n as depicted in Fig. 4d for a ﬂat GB. At pl ¼ 5% frequent motion of twinning dislocations in opposite directions in the GB (emitted alternatively at C 1 or C 2 ) were observed, indicating that, considering the stress constant, dislocations can have opposite Burgers vectors. Their motion should then produce grain rotation in opposite sense, cancelling the overall rotation. The overall rotation angle is approximately given by a ¼ arctan nb with n the D number of twinning dislocations moving in a common direction and b the amplitude of their Burgers vector, and D the grain size. With n ¼ 50 as the order of magnitude of observed twinning dislocations, b ¼ 0:47 nm, DG1 ¼ 600 nm, DG27 ¼ 250 nm leads to aG1  2:2 and aG27  5:4 . In the meantime, this should induce a migration h ¼ nh0 ¼ 8:3 nm which is hardly detectable here. While the rotation of grain G1 has not been evidenced, G27 has indeed rotated of an angle of 4.8° (Fig. 3b). The rotation due to the motion of twinning dislocations along the 3 planes ð121Þ; ð011Þ and ð11 2Þ shown in Fig. 4b can be determined (see the supplementary materials for the method) and leads to a rotation indicated by a star in Fig. 3b with a rotation angle 2.7° (taking aG27 ¼ 5 ). This value and the direction of the rotation axis are close to the rotation parameters found for grain 27 (Fig. 3b). In summary, we demonstrated how combined orientation mapping and in-situ TEM experiments lead to quantitative measurements of grain growth and grain rotation in sub-micron Al thin ﬁlms. Using a custom routine to withdraw the rigid body motion of the grains assembly (which is a large contribution to grain rotation), we have shown that grain growth and rotation are limited to areas where the stress is concentrated, and occur as a collective process, involving several neighboring grains. These mechanisms are carried out by the nucleation and propagation of GB dislocations that were observed in-situ. Grain rotation was found, as for grain growth, to be a direct consequence of GB dislocation motion with a Burgers vector out of the ﬁlm plane. Such observations can also account for the rotation observed during the deformation of Al bicrystals as suggested in [23]. Although clear observations have only been obtained in GBs found in textured ﬁlms, thus promoting speciﬁc orientations, we expect that additional experiments will show that grain rotation might occur similarly in all GB types.
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