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A B S T R A C T   

Samples of aluminum were prepared using spark plasma sintering from a mixture of coarse (average particle size 
of 6 μm) and fine (average particle size of 1 μm) powders to achieve a heterogeneous transmodal grain size 
distribution covering a range of grain sizes from ≈1 to 10 μm. By careful choice of surface markers both electron 
back-scatter diffraction (EBSD) data, to track crystal rotations, and digital image correlation (DIC) data, to track 
local plastic deformation, were collected from the same region during in-situ tensile deformation up to a strain of 
εt = 0.126. A heterogeneous pattern of crystal rotation is observed for all grain sizes, although in some smaller 
grains (defined as those <4 μm diameter) no clear grain sub-division was identified. Plastic strain was more 
concentrated in the larger grains, but the average rotation rate of the smaller grains was found to be higher than 
that of larger grains, showing also a much wider spread in rotation rate. Based on the change in average 
orientation, a clear orientation dependence in the tensile axis rotation direction was observed for many larger 
grains, in agreement with previously reported data for aluminum with average grain size of 75 μm, whereas the 
smaller grains showed a more complex rotation behavior, with more of these grains showing unexpected tensile 
axis rotations. The combination of both EBSD and DIC during in-situ experiments provides a rich data set for 
analysis of plastic deformation in samples with a heterogeneous microstructure.   

1. Introduction 

Metals and alloys with sub-micron and near-micron grain size exhibit 
some distinctive mechanical properties, including softening by defor
mation, hardening by annealing [1], a significant yield drop, and limited 
uniform elongation due to the onset of plastic instability [2–5]. At the 
same time, the mechanical properties are typically sensitive to grain 
size, and undergo a significant transition as the grain size increases from 
sub-micron values to several microns [4,5]. It is of interest therefore to 
investigate the deformation behavior and mechanisms in the 
near-micrometer scale where such a transition exists. Additionally ma
terials with heterogeneous microstructures have attracted extensive 
attention in recent years due to the potential of realizing a good 
strength-ductility synergy in such microstructures [6–8]. A wide variety 
of tailored microstructures for heterostructured materials have been 
proposed, including gradient structures [9,10], laminate structures [11], 

harmonic structures [12], hierarchical structures [13], bi-modal struc
tures [14] and dual phase structures [15], where in many cases a vari
ation in grain size forms a key part of the microstructural heterogeneity. 
For bi-modal grain-size microstructures, it has been suggested that a 
good balance of high strength and good ductility can be achieved in 
cases where the fine grains provide high strength while coarser grains 
allow large elongation and improve the ductility effectively during 
tensile deformation [16–18]. However, the deformation mechanisms in 
such materials have not yet been clarified and little research has been 
carried out on the relationship between local strain distribution and 
microstructure evolution in such microstructures. Moreover, the appli
cability of these ideas to microstructures with only relatively small dif
ferences in grain size, but where these differences also straddle a 
transition in mechanical properties, distinguished here by the name 
transmodal, remains an open question. 

Many different processes to obtain bi-modal grain structures in 
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metals and alloys have been proposed, divided loosely into two: those 
relying on severe plastic deformation followed by appropriate heat 
treatments [19–21] or those based on powder metallurgy [22–24] by 
controlled mixing of powders with different powder particle sizes. For 
the latter it has been demonstrated that the spark plasma sintering 
technique (SPS) can be used to obtain almost fully dense samples with 
near-micrometer grain size in a fully recrystallized condition with a low 
dislocation density and random texture [25], as required for a controlled 
study of deformation mechanisms [2,26]. In particular the grain size of 
aluminum samples sintered by SPS can be controlled by the initial 
powder size [2] due the native oxide film present on the surface of each 
powder particle, providing thereby a method to prepare samples with a 
designed microstructure by tailoring the size and distribution of powder 
particles. 

Regarding studies of the relationship between plastic deformation 
mechanisms and local microstructural characteristics, two important 
techniques are digital image correlation (DIC) [27,28] and electron 
back-scatter diffraction (EBSD) [29]. These techniques provide compli
mentary data in the context of studies of plastic deformation, where DIC 
can be used to obtain the local distribution of surface displacements (and 
hence information related to plastic strain), and EBSD provides 
spatially-resolved information over large areas on the local crystal lat
tice reorientations that accompany plastic deformation [29,30]. A 
requirement for collection of DIC data is the presence of a high contrast 
pattern of appropriate spatial resolution on the sample surface to pro
vide markers for tracking of surface displacements [31]. For this purpose 
a variety of patterning techniques have been investigated, including 
focused ion beam (FIB) patterning [32], electron beam lithography [33], 
template patterning [34], thin film ablation [35,36] and nanoparticle 
deposition techniques [37,38]. A further challenge here is that while DIC 
and EBSD provide complimentary data, in general the surface patterning 
required for DIC measurements prevents the collection of high quality 
EBSD data, limiting the scope for in-situ deformation experiments where 
both types of data are collected over a number of strain steps. 

Recently Zhang et al. [39] demonstrated a method based on a 
two-step electropolishing technique, utilizing controlled pitting, that 
allows such a limitation to be overcome. The spatial resolution of the 
two-step electropolishing technique is, however insufficient for the 
study of deformation of samples with a near-micrometer grain size. 
Instead, in this work we demonstrate that combined EBSD and 
sub-micrometer resolution DIC measurements over a number of strain 
steps can be achieved by use of a dispersion of colloidal silica particles as 
surface markers [40]. The results are used to investigate the influence of 
grain size on the local crystal rotations during in-situ tension of an 
aluminium sample with a transmodal grain-size distribution, with grain 
sizes in the near-micrometer regime. 

2. Material and methods 

Samples were prepared from a mixture of 6 μm and 1 μm (average 
particle size) aluminum powders with volume fractions of 63% and 
37%, respectively. The Al powder purity was 99.9%, with native surface 
oxide thickness of 32 nm (6 μm powder) and 10 nm (1 μm powder) [2]. 
Powder mixing was carried out by stirring in alcohol for 30 min, fol
lowed by ultrasonic vibration for 30 min to break up particle aggrega
tion, and then additional stirring for 60 min. The mixed powder was 
dried at 80 ◦C for 16 h in vacuum and then sintered using SPS according 
to the process in Ref. [2] to form disks of 20 mm diameter, resulting in 
samples with a density of >99.4%. 

Tensile dog-bone samples, based on a scaled down version of the 
ASTM E8/E8M-09 geometry, were cut using electron-discharge 
machining (EDM) from the as-sintered disks with gauge length, width, 
and thickness of 8.0, 1.8 and 0.6 mm, respectively. All surfaces were 
ground flat to remove the influence of EDM damage. To investigate the 
evolution of both strain distribution and crystal lattice rotations using 
in-situ HR-DIC and EBSD techniques, the upper surface of a tensile 

sample was first electrochemically polished to a mirror finish. Colloidal 
silica (OPS) solution of a 1:9 dilution was given 2 h of ultrasonic vi
bration to break up particle aggregates, then dropped onto the sample 
surface to achieve a uniform distribution of SiO2 particles as markers for 
DIC measurements. This dilution was found to be optimal for the present 
experiment, but in general the dilution should be determined consid
ering both the particle concentration in the OPS stock solution and the 
desired DIC window size. Once dried the SiO2 particles exhibit good 
mechanical stability and strong surface adherence, as verified by a series 
of tests where a patterned sample was subjected both to mechanical 
agitation and ultrasonic vibration in ethanol for 30 min (after which no 
detectable change in the particle distribution was observed). After visual 
inspection hardness indentations were made on the sample surface to 
identify a region of interest, as well as to facilitate alignment of the 
sample in the scanning electron microscope (SEM) and to allow a direct 
measurement of the strain applied during tensile loading. Further details 
regarding the sample preparation process are given elsewhere [40]. 

For the in-situ tension experiments the sample was mounted on a 
push-to-pull stage, coupled to a load cell for measurement of the 
instantaneous force. The EBSD and DIC measurements were carried out 
using a TESCAN MIRA 3 SEM equipped with a CMOS-based EBSD de
tector (Oxford Instruments). Secondary electron (SE) images were 
recorded for the DIC measurements using a 5 kV operating voltage over 
an area of 69.2 × 69.2 μm2, mapped using an image size of 4096 × 4096 
pixels. Images for DIC analysis were collected before tensile testing and 
after deformation to strains of εt = 0.006, 0.040, 0.077 and 0.126, where 
these values are the average Lagrangian strain along the tensile loading 
axis for the entire region tracked during the experiment. The VIC 2D 
software package was used for the DIC calculations, in each case using a 
subset size of 59 × 59 pixels (≈1.0 × 1.0 μm2) and a step-size (window 
offset) of 3 pixels. 

For the EBSD data, maps covering the same region of interest were 
collected over an area of 60 × 60 μm2 at a step size of 0.15 μm using a 20 
kV operating voltage. Due to the known effects of surface contamina
tion, EBSD data were only acquired in the undeformed (initial) state, 
after strains of εt = 0.040, and after the final applied strain of εt = 0.126. 
Analysis of the EBSD data was carried out using commercially available 
post-processing software as well as codes developed in-house. Only 
minimal data cleaning was applied to the EBSD data (three operations of 
the noise-reduction algorithm on a setting of 5/8 neighbors in the Ox
ford Instruments Channel 5 software). 

For grain tracking in the in-situ deformation experiment, a grain 
detection algorithm was first applied using a 2◦ misorientation angle 
definition to the undeformed data. The as-detected grains were then 
manually propagated to the two deformed conditions. Only grains that 
could be identified at every deformation step were included in the 
analysis. Edge-grains were handled as described in section 4.1. Of the 
569 grains in the undeformed EBSD map, 493 were tracked until the 
largest applied strain (87% by grain number). All grain sizes are re
ported as equal circle diameter values, dECD = 2√(A/π), where A is the 
area of each grain determined in the grain detection algorithm. All data 
acquisition (DIC and EBSD) for the in-situ experiment was carried out 
without removing the sample from the tensile stage. All EBSD and DIC 
maps relating to the in-situ experiment in this paper are shown with the 
tensile axis parallel to the horizontal page direction. 

An additional set of tensile tests were carried out at room tempera
ture using an Instron 5966 universal material testing instrument on the 
mixed powder SPS samples, as well as on SPS samples made using either 
only 6 μm powder or the 1 μm powder. These tests were carried out on 
samples of the same size as for the in-situ experiment, under displace
ment control at an initial strain rate of 2.1 × 10− 3 s− 1 using a contact 
extensometer with gauge length of 5 mm. 
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3. Results 

3.1. Mixed-powder sample microstructure 

An example EBSD image of the as-sintered sample, covering an area 
of 100 × 100 μm2 is shown in Fig. 1a. Good mixing of the 1 μm and 6 μm 
powders can be seen without the presence of extensive heterogenous 
agglomeration of either powder. The grain size (dECD) distribution is 
shown in Fig. 1b, where for better visualization the frequency is 
weighted by grain diameter (i.e. where the value of each bin is multi
plied by the mean bin value, effectively plotting relative area fraction 
against grain size), revealing that the mixed powder sample exhibits an 
overlapping bimodal grain size distribution. Fig. 1b shows this same 
data in cumulative format (discussed further in section 3.5). 

The distribution of SiO2 particles used as DIC markers in this work 
can be seen in Fig. 2, showing an area near the center of the tracked 
region in this combined DIC and EBSD investigation. The figure illus
trates that a good coverage of nano-scale markers is achieved, with SiO2 
particle size varying in the range from ≈20 nm to 120 nm. The higher 
magnification inset illustrates the 59 × 59 pixels window used for the 
DIC calculations, corresponding to a size of ≈1.0 × 1.0 μm2. 

Tensile strain-stress curves obtained using a standard laboratory 
testing frame for samples prepared wholly from 1 μm Al powder and 6 
μm Al powder, as well as for a sample prepared from the mixed powder, 
are shown in Supplementary Material Fig. S1. Investigation using EBSD 
revealed average grain sizes for these samples of 1.2 μm (for the 1 μm 
powder sample) and 4.4 μm (for the 6 μm powder sample). The mixed 
powder sample has a flow curve exhibiting a good combination of both 
high strength and good ductility, falling in the transition regime be
tween conventional yielding (6 μm powder sample) and negligible 
ductility (1 μm powder sample). A summary of the tensile properties of 
all three samples is given in Table 1. 

3.2. Lattice rotations during in-situ tensile deformation 

EBSD mapping of the undeformed sample resulted in a high indexed 
fraction of 95% (before the data cleaning as described in Section 2), with 
almost all of the non-indexed points located along grain boundaries. 
This high indexed fraction confirms that the fine-scale SiO2 DIC markers 
do not adversely affect the EBSD data acquisition. In the EBSD map 
collected at the final strain of εt = 0.126 an increase in the fraction of 
non-indexed map pixels is seen as a result of surface roughening due to 
the plastic deformation and contamination from the repeated mapping, 
with most of these located, however, in the smallest grain size regions. 

An initial qualitative assessment of the local lattice rotations devel
oped during tensile loading was carried out by construction of the kernel 
average misorientation (KAM) at each pixel (calculated here using a 
square 3 × 3 kernel with an upper cut-off angle of 2◦). After a tensile 
strain of εt = 0.040 locally higher KAM values are observed 

predominantly in the larger grains, whereas after εt = 0.126 locally 
higher KAM values are seen also in many small grains, with some evi
dence already at this strain for the presence of well-defined low angle 
dislocation boundaries inside some of the grains. These observations are 
illustrated further in Supplementary Material Fig. S2, which show EBSD 
maps using inverse pole-figure coloring and KAM value of the tracked 
area both before deformation and after local average tensile strains of εt 
= 0.040 and 0.126. 

As a result of the in-situ tensile loading it is possible to analyze the 
lattice rotation at each individual pixel during loading, providing in
formation that can be directly compared with predictions from a crystal 

Fig. 1. EBSD measurements on the as- 
prepared SPS mixed powder material: (a) 
map showing an example region; (b) grain- 
size distribution shown as relative fre
quency multiplied by the bin mid-value (left- 
side axis), i.e., dΔi,mN(dΔi)/N(total) = dΔi,mf 
(dΔi), where Δi represents the contents of the 
i-th bin with grain diameter, d, and in cu
mulative area fraction format (right-side 
axis), plotting A(d < di)/A(total) as a func
tion of grain diameter (the blue dotted lines 
show that 0.375 (37.5%) of the map area 
corresponds to grains with diameter less 
than 4.2 μm). (For interpretation of the ref
erences to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   

Fig. 2. SEM image illustrating the size and distribution of the SiO2 DIC markers 
near the center of the tracked region in this combined DIC-EBSD study. The 
inset is a magnified view showing the 59 × 59 pixel window used for the DIC 
calculations. 

Table 1 
Summary of mechanical properties for both single powder and mixed powder 
samples: yield strength (YS), ultimate tensile strength (UTS) and uniform elon
gation (EL).  

Powder size (grain size) YS (MPa) UTS (MPa) EL (%) 

1 μm (1.2 μm) 189 189 – 
37% 1 μm/63% (6 μm) 95 123 16 
6 μm (4.4 μm) 67 103 23  
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plasticity analysis. This calculation is performed by determining 
misorientation of each pixel i (with measured crystal orientation of gi) to 
the orientation of the grain containing that pixel in the undeformed state 
(gu), as sRu,i = gu

− 1gi. Note that for the standard definition of the 
orientation matrix, g, this gives the misorientation described in the 
sample frame (indicated here by the superscript, s). The results are 
shown in Fig. 3a-d, where sRu,i is decomposed into the angle component, 
θu,i and the axis component, s[uvw]u,i, for samples deformed to strains of 
εt = 0.040 and 0.126. 

Both the angle and axis maps show a heterogeneous pattern of lattice 
rotation, on the intra- as well as the inter-grain level. After a strain of εt 
= 0.040 (Fig. 3a) the largest lattice rotation angles are associated mainly 
with larger grains, but some small grains also show comparable lattice 
rotations, and many large grains only show relatively small lattice ro
tations. Heterogeneity of lattice rotation angle within individual grains 
takes different forms: in some cases this extends in a region across entire 
grains, while in other cases regions of higher lattice rotation are con
nected to grain boundary or triple point regions. This agrees well with 
earlier observations [41,42]. At εt = 0.126 the extent of heterogeneity in 
lattice rotation angle (both intra- and inter-grain) is greater than at the 
lower strain, and in most grains the intra-grain rotations show a similar 
pattern to those already established at the lower strain. 

Interpretation of the axis-component maps is less straightforward, 
with a suggestion of some macroscale variation (for example most of the 
grains in the upper-right quadrant show a similar lattice rotation di
rection). Some heterogeneity in the pattern of grain-scale subdivision (i. 
e., different parts of a grain rotating in different directions) is seen 
already at εt = 0.040, though this is much more pronounced at εt =

0.126, where a majority of the larger grains show some intra-grain 
variation in rotation axis. In contrast most of the smaller grains, 
including those with a large rotation angle component, show a similar 

rotation axis over the whole grain. 
It is instructive also to construct maps of the misorientation between 

the grain average orientation and each map pixel (Rav,i), noting that 
such maps can be constructed even for “snapshot” data sets where in
dividual grains are not tracked during an in-situ experiment. In partic
ular it has been shown [43] that even at low plastic strains, where local 
crystal misorientations are small and in many cases below the resolution 
that can be achieved using standard EBSD procedures, clear evidence of 
grain subdivision can be revealed from maps showing the rotation axis 
component of the pixel-to-grain average misorientation expressed in the 
sample coordinate frame, s[uvw]av,i. Examples of such maps are shown 
in Supplementary Material Fig. S3(a-c). 

For the undeformed sample (Fig. S3a) many of the grains show a 
characteristic random color speckle noise. This arises from the fact that 
the grains are essentially recrystallized so that the misorientation angle 
between each pixel and grain average is very small, and thus the axis 
component exhibits a high variance and is poorly defined [44]. It can be 
noted, however, that in some grains regions of preferred color are 
visible. These originate from the presence of very low angle variations 
within the grains, where the orientation change is too delocalized to be 
picked up by either a boundary map or a KAM map (i.e., the change in 
orientation takes place over a few pixels). 

The large difference in appearance in the s[uvw]av,i map after tensile 
deformation to εt = 0.040 results from small systematic lattice rotations 
developed within each grain during straining. Although some care must 
be taken in interpreting such maps, in general within any grain each 
region of a single color represents parts of the grain that have rotated 
differently to parts with other colors, and therefore tracks a process of 
grain subdivision. Increasing the strain to εt = 0.126 results in some 
further enhancement of the contrast between different regions. It is 
interesting to observe, however, that the dominant pattern of 

Fig. 3. Analysis of misorientation lattice rotation with respect to the initial (average) grain orientation: angle component εt = 0.040 (a) and εt = 0.126 (b); axis 
component (expressed in sample frame) at εt = 0.040 (c) and at εt = 0.126 (d); the inset to (d) shows a magnified view of the area indicated by a white dashed frame 
to show more clearly the rotation pattern in the smaller grains. The vertical color bar shows the misorientation angle for (a) and (b); the projected upper hemisphere 
shows the misorientation axis distribution for (c–d). TA = tensile axis (horizontal as indicated in the figure); SN = sample normal. (For interpretation of the ref
erences to color in this figure legend, the reader is referred to the Web version of this article.) 
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subdivision in many grains remains similar to that already established at 
the lower strain. A closer analysis reveals that whereas obvious subdi
vision is seen in most of the larger grains, this is not the case for many of 
the smaller grains (identified by a random-color speckle pattern). 

3.3. Local strain distribution 

Maps obtained from the DIC calculations showing the spatial distri
bution of the tensile (εxx) in-plane strain component after loading to εt =

0.006, 0.040 and 0.126 are shown in Fig. 4a-c. To aid visual inspection 
of the data, black lines showing the grain boundaries are overlaid on the 
DIC maps. For strains of εt = 0.040 and 0.126 these are taken from the 
EBSD data; for εt = 0.006, where no EBSD map was taken, the unde
formed EBSD map is used. 

The spatial distribution of εxx is largely similar at each strain level, 
with a clear pattern of strain heterogeneity seen already developed after 
the first small strain increment (εt = 0.006), although this is much 
weaker than at the larger strains. With just a few exceptions the highest 
local strains at each strain step are seen in the larger grains. Similarly, 
regions associated with the lowest relative strain in each map are in 
general found to correspond to locations containing groups of small 
grains, though it can also be seen that some small grains also are asso
ciated with relatively large strains, and in some cases with an intra-grain 
strain localization. Fig. 4d shows an electron channeling contrast image 
of the tracked area after the final deformation step. 

A number of slip traces can be observed in many of the larger grains, 
whereas no obvious slip traces are visible in the regions composed of 
smaller grains. In the large grain in the center of the map the alignment 
of these slip bands agrees well with the pattern of intra-grain strain 
heterogeneity from the DIC calculations. It is worth noting that the 
persistence of the macroscopic strain concentration during in-situ 
loading does not conflict with latent hardening, as deformation is 
instead transferred locally to nearby slip planes, rather than becoming 

uniformly distributed across many grains, helped by the ease of cross- 
slip in aluminum. 

Inspection of the DIC maps in Fig. 4 reveals a complex variation also 
in the presence of location of strain gradients within both the coarse 
grains and in fine-grain regions, with no clear evidence for example of 
systematic strain gradients inside coarse grains adjacent to fine-grain 
regions. As such we have not been able to find any simple scalar mea
sure of strain gradient associated with each grain that can be easily 
analyzed in an instructive manner. Instead, in this work we focus on the 
average grain strain as the main parameter for analysis of the DIC data. 
As shown in section 3.5, combined with the ability to collect both EBSD 
and DIC data during in-situ deformation, this allows, for the first time to 
the authors’ knowledge, the evolution of the strain-normalized average 
grain rotation to be determined, providing also valuable data for the 
crystal plasticity modelling community. 

3.4. Grain-average based analysis of strain and rotation 

In order to examine the relationship between grain size and strain 
distribution the average εxx strain associated with each grain (referred to 
hereafter as gεxx) was determined using an in-house Matlab code, taking 
as inputs both the DIC maps at each strain level and the grain structure 
identified from the EBSD data. The results for tensile strains of εt = 0.040 
and 0.126 are summarized Fig. 5, where the average tensile strain for 
each grain is plotted as a function of the initial grain diameter (maps 
showing grain average strain values are shown in Supplementary In
formation Figs. S4a and b). At both strain levels cases a wide variation in 
gεxx for all grain sizes is observed, though many of the lowest grain- 
average strains are associated with regions containing small grains. 

Data points in Fig. 5 with an attached horizontal line indicate edge 
grains, with the right-hand end-point of the horizontal line showing the 
estimated diameter in the investigated sample section as described in the 
following. Small edge-grains (dECD < 5 μm in the tracked area) were 

Fig. 4. DIC results showing the variation of local tensile (εxx) strain of after loading to average strains of (a) εt = 0.006, (b) εt = 0.040 and (c) εt = 0.126. Grain 
boundary positions (obtained from EBSD mapping) are overlaid in black in (a, b, c); (d) electron channeling contrast image of the examined area after a strain of εt =

0.126. The tensile loading axis is parallel to the scale bar in (d). 
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ignored. For all other edge grains, the grain diameter in this section was 
taken, where visible, from the lower strain maps (as these covered a 
slightly larger area), and in other cases from an estimation of the ex
pected grain shape. Grains were only included in the analysis if the 
observed area at any strain was estimated to cover more than 50% of the 
grain-section. Very small grains in the tracked area (defined as those 
with area of less than 20 pixels, i.e., dECD < 0.75 μm in the initial un
deformed state) were also ignored. Fig. 6 illustrates the grains included 
in all subsequent quantitative analysis in this paper based on these 
definitions. 

As can be seen from Fig. 5, the values of gεxx for the larger grains after 
an applied tensile strain of εt = 0.126 lie mostly in the range from 0.1 to 
0.2, while the smaller grains are associated with a wider spread in gεxx, 
with the largest average strains found for some of these grains. The 
majority of the smaller grains, however, have a gεxx strain value of less 
than the average over all grains (εt = 0.126). Comparison with the data 
at the lower tensile strain of εt = 0.040 shows that for some grains there 
is only a relatively small increase in the average grain strain between 
these two strain steps, though for most grains a consistent pattern is 
found (for grains larger than 4 μm diameter the grains with largest/ 
smallest average strain at εt = 0.040 are the same as those with largest/ 
smallest average strain at εt = 0.126). As there is significant overlap of 
the data points for the smaller grains in Fig. 5, the relationship between 
grain size and gεxx strain for grains with a diameter of less than 5 μm at εt 
= 0.126 is shown in more detail in histogram form in Supplementary 
Information Fig. S4c. 

A similar procedure was carried out for analysis of the change in 
average orientation of each grain during tensile loading, where for each 
strain step the average orientation was calculated using renormalization 
of a simple quaternion sum of all the pixels within the grain, taking care 
first to condense all orientations to a single cluster in orientation-space 
[45]. The relationship between grain diameter and rotation angle from 
the initial to deformed average orientation is shown in Fig. 7 for strains 
of εt = 0.040 and εt = 0.126. At each strain level there is a wide spread in 
the grain-average lattice rotation, with a continuous evolution with 
strain for most grains. At the final strain of εt = 0.126 the average 
number-weighted rotation angle is close to 4◦. The largest change in 
average orientation is seen for the largest grain examined, but many 
small size grains also show large rotations in average orientation, 
though for small size grains most of the data are clustered in the range of 
≈ 1◦– 4◦. Maps showing the change in average grain orientation at these 
two strain levels are provided in Supplementary Information Figs. S5(a 

Fig. 5. Average strain for each grain as a function of initial grain diameter after 
deformation to εt = 0.040 and εt = 0.126. Points with horizontal lines attached 
represent grains at the map edge (only shown for εt = 0.126) and indicate the 
difference between diameter based on the mapped grain area (left-hand side 
marker) and the estimated full grain area in the tracked plane (right-hand side 
line end-point) Fig. 6 gives further details of the handling of map-edge grains. 

Fig. 6. Grains tracked and analyzed in the in-situ experiment are shown in 
blue; magenta colored areas show the estimated full grain area in this section of 
edge-grains included in the analysis (areas with hatching are based on direct 
observation of the grain shape from other EBSD maps; areas without hatching 
are best-guesses based on a typical grain shape). Red colored areas are for 
grains which are either estimated to be less than 50% characterized in all maps 
or less than 20 pixels in area, and thus ignored in the analysis. The black scale 
bar represents 20 μm. White areas indicate areas with no EBSD indexing in the 
final strain step. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 7. Rotation of average orientation during deformation to εt = 0.040 and εt 
= 0.126for each grain as a function of initial grain diameter. 
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and b). 
The analysis above considers the change in average orientation of 

each grain. For deformation in tension it is also instructive to examine 
the change in tensile axis during loading (θTA), where this is expected to 
form the majority of the total change in crystallographic orientation 
(θtot). These two measures of crystal rotation at the final strain of εt =

0.126 are compared in Supplementary Information Fig. S6, where the 
symbol size indicates the grain size. It is seen that for many grains this is 
indeed the case, although clearly for some grains, covering a range of 
sizes, the rotation of the tensile axis is much smaller than the total 
rotation. These grains are discussed further in section 4.3. 

3.5. Strain-normalized grain rotation 

An additional measure, that is only possible using combined EBSD- 
DIC investigations, as in the present experiment, is the average strain- 
normalized grain rotation (i.e., rotation per unit strain), calculated on 
the grain scale by dividing the change in average grain orientation 
(relative to the initial orientation of each grain) by the grain-average 
strain obtained from the DIC measurements (gεxx). The results of this 
calculation are shown in Fig. 8a. Note, however that as for the EBSD data 
grains with initial areas of less than 20 pixels are not considered in this 
analysis. 

The strain-normalized average grain rotation varies over a wide 
range, from 5◦ to 158◦ gεxx

− 1 (to be read as “grain-average rotation angle 
in degrees per unit grain-average tensile strain”) indicating a high de
gree of heterogeneity in behavior. Moreover, the highest rotation rates 
are found for a few of the finest grains. Based on this data, two classes of 
grain size are defined: (i) near-micrometer grains (NMGs), and (ii) larger 
grains (LGs), using a dividing threshold of dECD = 4 μm. This value also 
closely separates the grains expected to arise from the two mixed pow
ders, as seen Fig. 1b (showing cumulative area vs. grain diameter for the 
SPS material), where 37.5% of the total grain area corresponds grains 
with diameter less than 4.2 μm. 

From the DIC data, the average strain in the NMGs after the final 
strain step is found to be approx. 40% lower than in the LGs, corre
sponding to average tensile strain values over these two grain-size 
classes of 0.098 for the NMGs and 0.135 for the LGs. The average 
rotation per unit strain of the NMGs is 47◦ gεxx

− 1, while the average 
rotation rate of the LGs is 31◦ gεxx

− 1, both of which are close to, but 
smaller, than the calculated average rotation rate reported in a 3DXRD 
study of polycrystalline aluminum [46]. The behavior of the NMGs is 
further analyzed in Fig. 8b, which shows the relationship between 
grain-averaged strain and rotation angle only for these grains. The in
clined line in the figure corresponds to a rotation rate of 70◦ gεxx

− 1 

(twice the mean value for all grains). The vertical and horizontal 

dashed-lines in the figure indicate the average strain and rotation angle 
for the NMGs. It is seen that most of the grains with a rotation rate 
greater than 70◦ gεxx

− 1 have a rotation (change in average orientation) 
higher than the average value, and almost all of these grains have an 
individual grain-average strain lower than the average value for all 
grains. 

4. Discussion 

4.1. Combined EBSD and DIC measurements 

The results show that by controlled use of colloidal silica particles as 
markers it is possible to repeatedly obtain both EBSD and DIC infor
mation during an in-situ experiment. The transparency of the colloidal 
silica markers to the EBSD signal is reflected by the fact that on unde
formed samples decorated by the markers, EBSD maps with indexed 
fractions of >95% can be achieved (without the use of correction al
gorithms). The colloidal silica markers do not, however, have as good 
signal contrast as the “gold-standard” DIC markers, which at present 
happen also to be gold nanoparticles [47,48]. As a result of the lower 
contrast, it was found necessary in this study to use a relatively large DIC 
window size of 59 × 59 pixels in order to obtain correlation results over 
most of the tracked area. Combined with the fact that the DIC data were 
calculated from a single SEM images covering the tracked area, this 
places some limitation on the achievable spatial resolution. For example, 
slip bands seen in the electron channeling contrast images after defor
mation to εt = 0.126 (Fig. 4d), are not resolved in the DIC maps, whereas 
with Au nanoparticles, such features can be sharply defined [47,48]. 
Ongoing work using DIC over a similar area but using a montage of 
images collected at higher magnification has shown that such slip band 
features can be resolved, though still not quite as clearly as using Au 
nanoparticles. The contamination associated with repeated EBSD map
ping of the same area still leads to degradation of signal quality, limiting 
the number of strain steps where both DIC and EBSD are be collected 
during an in-situ experiment. 

4.2. In-grain orientation spread during tension 

Inspection of the maps showing misorientation to initial orientation 
(Fig. 3) reveals some heterogeneity in the crystal lattice rotations within 
each grain. Here we investigate further this heterogeneity by examining 
the spread and overall change in tensile axis direction for individual 
grains during in-situ loading. It is of interest here also to compare the 
pattern of tensile axis rotation for grains in this sample with those re
ported previously for aluminium with more conventional grain sizes (i.e. 
grain diameters of tens of micrometers) based on a 3D X-ray synchrotron 

Fig. 8. (a) Variation of strain-normalized grain rotation as a function of grain size; (b) relationship between average rotation angle and average strain for the near- 
micrometer grains (NMGs). In (b) the diagonal solid magenta line denotes a rotation rate of 70◦ gεxx

− 1; red dashed lines show the average rotation angle and average 
strain for the NMGs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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study [49]. 
For this analysis we consider initially the behavior of the larger 

grains (LGs, as defined as in section 3.5 with diameter > 4 μm). For 
better statistics, data from the EBSD maps already presented in this 
paper are supplemented by 35 grains with diameter > 4 μm (to give a 
total of 73 LGs) from another nearby region in the same tensile sample, 
where orientations were also measured using EBSD both before and after 
each strain step, and where a similar pattern of rotations was seen in the 
EBSD data. 

For each of the LGs an inverse pole figure (IPF) was constructed 
showing the distribution of tensile axis direction at each loading step. 
Inspection of the IPF maps reveals that the evolution of in-grain tensile 
axis (TA) spread can be divided into the following four categories, as 
illustrated in Fig. 9: 

Type A: moderate TA spread, characterized by a single rotation path 
with a similar superimposed spread in the TA distribution; 
Type B: a wider and more complex TA spread, often with a split into 
two parts at the highest strain, where the overall rotation still follows 
loosely the change in average orientation; 
Type C: well-defined TA axis spread not following the change in 
average TA direction; and 
Type D: ill-defined spread in TA at each strain with only a very small 
rotation-in the average TA direction. 

The tensile axis rotations for all 73 LGs are summarized in Fig. 10. 
Just under half (47%; 34/73) of these grains are Type A, with the other 
three types accounting for 22%, 16% and 16%, of the grains, respec
tively. For the Type A grains, where the rotation path of the tensile axis 
is well-defined, the rotation path of most grains (26 out of 34 grains) 
follows an orientation dependence in good agreement with previously 
reported results for aluminium with a significantly larger grain size [49]. 
The rotation paths for the remaining 8 Type A grains, however, follow a 
different pattern (indicated by ‘blue tails’), which may be due to either 
the influence of surrounding grains, the fact that only part of each grain 
is sampled during the present 2D examination, or the smaller grain size 
compared to previous studies. For the Type B grains, where there is a 
split in the tensile axis rotation pattern, the average orientation repre
sents less well the grain behaviour, resulting in a less consistent pattern 

in tensile axis rotation. For type C and D grains the rotation in tensile 
axis direction is only small, and is therefore also weakly defined. 

The tensile axis rotations for the NMGs have also been analyzed. Due, 
however to the smaller number of EBSD measurements within these 
grains, the tensile axis spread is less well defined and so here we only 
analyze the rotation path in the average tensile axis of the NMGs with 
high rotation angle (>4◦). For these grains it was also checked that none 
showed a split in the tensile axis spread. The results are shown in Fig. 11. 
In this figure grains where the rotation in tensile axis follows the ex
pected path are marked by red tails, and blue tails are again used to 
highlight grains that follow a different rotation path to that expected, 
based on the previously reported data for conventional grain size 
aluminum [49]. It can be seen that the NMGs show a complex pattern of 
tensile axis rotation, with many grains showing a large lattice rotation 
during tension in an unexpected direction, suggesting that the defor
mation of some small grains may be influenced by factors such as the 
size, strain, and orientation, of the surrounding grains. 

4.3. Deformation in materials with a transmodal grain-size distribution 

Although this mixed powder sample can be characterized as 
bimodal, it is important to also recall that in this material the variation 
in length scale corresponds to a mixture of two partly overlapping dis
tributions where the individual modal values span a transition in me
chanical properties. For this reason, the grain size distribution in the 
present sample is better described as transmodal, reflecting this com
bination of characteristics. Additionally, it has been shown elsewhere 
[50] that changes in dislocation patterning for aluminum take place in 
the length scale (and strain) regime covered in the present study. In that 
study of samples deformed 30% in compression it was found that con
ventional dislocation patterning, including the formation of extended 
planar boundaries, takes place for grain sizes above ≈7 μm, with a 
transition to a cell structure for grains with grain size less than ≈3 μm, 
and only loose dislocation tangles present in grains of less than ≈1 μm 
diameter. The effect of these changes on texture evolution has not been 
explored in detail, but it is known that secondary slip system activity is 
driven by stresses established through dislocation patterning [51] and as 
such this may contribute to the differences in pattern of tensile axis 
rotation seen not only for the smallest grains but also in some larger 

Fig. 9. Characteristic types of spread in 
tensile axis during loading – the corre
sponding rotation in tensile axis based on 
the change in average orientation for each 
grain is shown in the magnified view on the 
right-hand side of each inverse triangle. Red, 
blue and green points represent the unde
formed state and tensile strains of εt = 0.040 
and 0.126, respectively, and red arrows 
represent rotation trends. In the magnified 
views a black circle point represents the 
tensile axis corresponding to the average 
grain orientation at εt = 0.126; the attached 
black line ends at the tensile axis corre
sponding to the initial orientation. (For 
interpretation of the references to color in 
this figure legend, the reader is referred to 
the Web version of this article.)   
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grains. 
Despite good mixing of the powders, some clustering of grains from 

the finer powder is still present, and in fact necessary for space filling 
requirements. To examine if this also has any influence on the defor
mation pattern the positions of grains (outlined in white) with either a 
high rotation angle (>4◦), a high rotation rate (>70◦ gεxx

− 1), an unex
pected tensile axis (TA) rotation direction, or a large non-TA rotation 
component (θtot/θTA > 2), were superposed on the DIC map showing the 
strain distribution at the end of the experiment (see Supplementary In
formation Fig. S7(a-c). For each case no strong correlation is seen be
tween the locations of grains with these characteristics, the local strain 
pattern and regions with obvious clustering of the NMGs. Some prefer
ence for NMGs with high rotation angle to be found in small clusters is, 
however, seen, with somewhat expectedly no clear correlation to the 
regions of highest macroscopic strain. It could be hypothesized that 
clusters of NMGs may act as hard volumes, leading to more deformation 
in neighboring LGs, as may be expected in a hard-soft composite ma
terial. No evidence, however, is seen for this, although the spatial dis
tribution of the smallest grains clearly plays some role on the overall 
strain heterogeneity, as the largest areas with lowest plastic strain are 
associated with clusters of the small grains. It may be relevant here, 
however, that in the smallest grains very little dislocation storage is 
expected [50], and hence these grains will not work-harden and thus 
become relatively less hard compared to the larger grains during tensile 
loading. It is also important to note that the NMGs with high rotation per 
unit strain (or with unusual tensile axis rotations) are in general not 

located between LGs with high average strain, and show no clear cor
relation with local strain concentration. It is expected nevertheless that 
the complex pattern of deformation heterogeneity is linked to the strain 
compatibility between the differently sized grains, with a larger grain 
neighbor interaction effect than found in conventional aluminum sam
ples with a unimodal grain size distribution. 

Although, based on the results in this study, it is not possible to ac
count directly for the pattern of both local strain and rotation with re
gard to the grain size heterogeneity, it is possible to note that neither the 
grain orientation, the grain size, nor the mesoscale grain arrangement 
(in terms of clustering of the NMGs) can explain the observations. 
Further insights into the pattern of strain localization on the grain scale 
may however be possible from the combined use of crystal plasticity 
finite element modelling, where the ability to provide data both from 
EBSD and from DIC can be fed into the models for calibration and/or 
verification. 

The present experiment relies on 2D observations, both in terms of 
the data obtained from the DIC investigation (where only in-plane sur
face displacements are followed) and also with regard to the fact that 
grains are tracked on the sample surface. This may have some influence 
on the results. For the larger grains, however, the orientation depen
dence of the tensile axis rotations follows that expected from the pre
vious 3D X-ray synchrotron-based investigations, suggesting that the 
stress-state experienced by these grains (and presumably by extension 
the NMGs between these grains) should be similar at least to those in 
bulk material. 

4.4. Relationship to overall mechanical properties 

In terms of the overall mechanical response, a simple rule of mixtures 
for the yield stress gives a value of 113 MPa (compared to the measured 
value of 95 MPa), suggesting that the yielding is weighed towards the 
larger grain size component. An alternative calculation for the yield 
stress can be made, based on the Hall-Petch parameters of σ0 = 20 MPa 
and kHP = 140 MPaμm0.5 [2]. The mean boundary spacing is calculated 
from the stereological relationship d = 2/SV, where SV is taken from the 
volume weighted contributions of the grains from each powder 
component, i.e., SV = 0.375(2/d1μm) + 0.625(2/d6μm) with d1μm and 
d6μm as the mean grain sizes of the two powders (i.e., 1.2 μm and 4.4 μm, 
respectively). This gives a value for SV = 0.91 μm− 1 (and thus d = 1.1 
μm), leading to a similar estimated yield stress of 114 MPa. It should be 
recalled here that the value of kHP = 140 MPaμm0.5 already reflects 
significantly enhanced strengthening associated with near-micrometer 
sized grains (cf. kHP = 40 MPaμm0.5 for conventional grain size 
aluminium [52]). From the DIC data at the lowest strain studied in the 
present experiment (εt = 0.006) the LGs with a volume fraction of 63% 
carry 75% of the total strain, showing that while deformation is trans
ferred as expected partly to the larger grains, the NMGs still undergo 
appreciable plasticity. Additional studies in the ultra low strain regime, 
using X-ray synchrotron diffraction, are underway to explore the onset 
of plastic deformation in the near-yield point regime at strains below εt 
= 0.006 [53]. 

Fig. 10. Rotation of tensile axis during 
deformation for larger grains (LGs) identi
fied as Type A, B, C and D. Blue points show 
the tensile axis direction corresponding to 
the mean orientation of each grain after the 
final deformation step; the tail is drawn 
connecting the tensile axis corresponding to 
the mean orientation at each deformation 
step (terminated at the initial undeformed 
state). Rotations that differ significantly 
from those reported for conventional grain- 
size samples [49] are shown with blue 
tails. (For interpretation of the references to 

color in this figure legend, the reader is referred to the Web version of this article.)   

Fig. 11. Rotation of tensile axis during deformation for NMGs with high overall 
rotation angle (>4◦). See Fig. 10 for meaning of the blue and red tails. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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With regard to ductility, as reported above, regions with clusters of 
NMGs tend to undergo smaller strains, however the extent to which this 
leads to macroscopic strain localization preceding tensile instability 
cannot be inferred from the present data set. Further studies on samples 
with different fractions of mixed powders are in progress and experi
ments of the kind presented here, where EBSD and DIC are performed for 
microstructures with different grain size characteristics are expected, to 
provide answers to this question and as well as to lead to a better un
derstanding, of influence of grain size heterogeneity on mechanical 
properties. 

5. Conclusions 

Samples of aluminum prepared using SPS from a mixture of coarse 
(average powder particle size of 6 μm) and fine (average powder particle 
size of 1 μm) powders have a microstructure with a transmodal grain 
size distribution, where in this work, grains with diameters <4 μm (near- 
micrometer grains, NMGs) are distinguished from grains with larger 
diameters (larger grains, LGs). The deformation behavior of the sample 
has been studied during in-situ tensile loading to a strain of εt = 0.126 to 
examine the influence of grain size and spatial distribution on hetero
geneity in plastic deformation. Based on the results the following con
clusions may be drawn regarding the deformation of this material:  

(a) Strain concentrations are found predominantly in the largest 
grains in the LG subset, with some evidence also for mesoscopic 
strain localization. Regions of lowest strain are found to corre
spond predominantly to clusters of NMGs. After the final strain 
step (corresponding to an average tensile strain for all grains of εt 
= 0.126) the NMGs undertake approx. 40% less strain than the 
LGs, with average DIC-determined strain values of 0.098 for the 
NMGs and 0.135 for the LGs.  

(b) Unexpectedly, the average rotation rate of the NMGs is slightly 
higher than that of the LGs, with the NMGs also exhibiting a much 
wider spread in rotation rate, showing that these grains never
theless play an important role in the deformation accommodation 
process in this transmodal grain-sized sample.  

(c) Both the LGs and NMGs show a heterogeneous pattern of crystal 
rotation during tension, both including intragranular rotation 
and overall rotation. In agreement with previous studies [50] 
some NMGs are found where no clear evidence of grain 
sub-division during deformation can be identified.  

(d) For the LGs where the average orientation is a good measure of 
the grain rotation (approx. half of these grains) a clear orientation 
dependence is found of the tensile axis rotation during defor
mation, matching that seen in earlier studies of samples with a 
larger average grain size. A larger fraction of the NMGs show 
unexpected tensile axis rotations. Neither the grain size, grain 
orientation, nor the grain arrangement can completely explain 
the observations relating to the spatial distribution of local crystal 
rotations and plastic strain. 

The experiments also provide a clear demonstration that use of 
colloidal silica as surface markers allows the repeatedly collection of 
both DIC and EBSD data in the same area during tensile loading, thereby 
enabling a correlation between both lattice rotations and strain distri
bution as a function of grain size. In this regard the ability to perform 
both DIC and EBSD measurements on the same sample during in-situ 
deformation provides the opportunity to obtain rich data sets for 
investigation of plastic deformation, in particular in the case of samples 
with a heterogeneous microstructure. 
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