Supplementary Figures

Supplementary Figure 1: Raw data. These are measured at a single orientation of the sample
showing intensity contributions from individual subgrains: a) the second beamtime, which used a Si
condenser to produce a thinner line beam with lower angular convergence (0.01°) and thus
demonstrated higher angular resolution evidenced in clear and well-defined regions of intensity, and
b) the third beamtime, which utilised Be lenses for a larger, more convergent (0.03°) line beam to
illuminate more subgrains with higher intensity but lower angular resolution, evidenced by the more

diffuse intensity. The scale bar is 10 um.
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Supplementary Figure 2: Data for the second temperature step. This figure is plotted
analogously to Fig 3. Shown is a) the 2D map representing 257 °C (copy of Fig 3b), b) a map of the
same layer after further annealing for 0.5 h at 268 °C, and c) the orientation difference map between

these two temperature steps.
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Supplementary Figure 3: Histogram of local reorientation angles. Shown are those associated

with the low and high temperature annealing steps (246-257°C and 257-268°C, respectively).

Supplementary Note 1

Recent years have seen significant progress in both full-field and scanning x-ray microscopy
techniques™?. In full-field imaging, the entire sample is typically illuminated. Two significant
examples are bright field x-ray microscopy®*, a technique often used for biological and
environmental samples where the direct beam is used for phase contrast imaging at x-ray energies
up to 15 keV, and high-resolution x-ray microscopy®, which combines phase contrast and small
angle diffraction modalities into a powerful tool for the in situ study of soft-matter and colloidal
systems such as self-organizing dispersions®. Scanning x-ray microscopy, on the other hand, utilizes
nanometer-size x-ray beams, and creates a 3D image by scanning the sample with respect to this
beam. Such methods are highly versatile and enable 3D mapping with a resolution of 10 nm using
coherence-based methods’®®. Dark field imaging through grating interferometry is another
powerful emerging of providing local information using x-rays'® or neutrons™. Using the smalll
angle scattering information it probes the average nanoscale structure, albeit with spatial resolution

of a few micrometers.

The aforementioned techniques are all difficult to adapt to multiscale direct-space mapping studies.
In contrast, dark field x-ray microscopy exploits wide-angle diffraction contrast for full field
multiscale studies of bulk crystalline materials of mm size. The concept of dark field microscopy is

known from electron microscopy*?, where several significant developments have occurred. For



example, Liu et al. recently demonstrated a TEM method for the 3D mapping of nano-crystalline
domains with spatial resolution of 1 nm by conically scanning the incoming beam®®. However, the
samples that can be studied in this manner are thin foils and the method does not support stress

characterisation.

A key characteristic of dark field x-ray microscopy is the small numerical aperture NA of the
objective which, in our case NA = 0.00035 (as calculated below). Although this restricts spatial
resolution'® to d = 0.61A/NA (110 nm in our case), this restriction was insignificant in comparison to
the optical aberrations and blurring arising from the vibrations and mechanical errors inherent in the

ad hoc setup used. Nonetheless, a small numerical aperture has two significant advantages:

1. The angular resolution is high in all three directions (o, B, 20). Specifically, the resolution in
a, Aa, is defined by the divergence of the condensed incident beam or, when a condenser is
not used, the Darwin width of the crystal™, while the resolution in p and 26 are both defined
by the numerical aperture according to Ap = 2NA/sin(26) and A26 = 2NA. Furthermore, the
angular resolution and mapping rate can be manipulated by rotating o or § during exposures,

enabling zooming in reciprocal space.

2. The objective is an effective filter in reciprocal space, acting as a collimator for stray
radiation from outside the intended field-of-view. In this optical configuration, the
probability that an arbitrarily oriented element scatters within the reciprocal space sampled
by the microscope is 10® to 10° (see below). Combined with the ability of 3D
reconstruction algorithms to filter such stray radiation analogously to local tomography*®’,

we argue that dark field x-ray microscopy can map individual structural elements despite the

x-ray beam illuminating = 10'° or more.

A limitation of dark field x-ray microscopy is that mapping individual structural elements requires
prior knowledge of their orientation within the sample. For example, it was known that the
orientation spread of the deformed aluminium grain presented in Fig. 2b was 3°. Such information
can be readily obtained either by exploiting known orientation relationships (e.g. between parent
and child grains after phase transformations) or, more commonly, by initially mapping the structure
on a coarse scale, and using this information to identify elements of interest for mapping in high

resolution (see Fig. 2).

Mapping axial strain is facilitated by a combined 6-26 scan. Here, 6 is the base tilt at the bottom of
the sample tower, while the change in 20 is achieved by a combined rotation and translation of the
objective and the far field detector. Such a measurement of a strain-free material will result in the

line profile through 20 for any point in the image plane, which is approximately Gaussian with a



width A26 corresponding to the numerical aperture. For the work presented here, the strain profile
Ad/d = -A8 cot() will have a full-width-at-half-maximum (FWHM) of about 1.8 102, In cases
where the sample is illuminated by a line-beam, the axial strain is defined by the centre-of-mass of
this profile. Notably, the relative width and shape of the line profile are similar to those encountered
in neutron strain scanning™®, implying the strain resolution for dark field microscopy will be similar
(i.e. 10.

Supplementary Note 2

The thin lens approximation is not adequate to calculate the optical parameters for a CRL-based
condenser or objective®®, instead necessitating an approach accounting for the thickness of the lens
stack. For general reference and use in the following we utilise a ray transfer matrix formalism®
providing analytical expressions. Introducing the number of lenses, N, the lens thickness, T, the
reduced distances p’ = p — NT/2, ¢’ = g — NT/2 and the normalised lens thickness 4 = NT/fo, the

corrected thin lens formula becomes:

1,1 _tanVyA | foVAtanVA
p T T R T pa (1)
Here, fo = R/(20N) is the focal distance in the thin lens approximation, with ¢ being the refractive
index decrement (n = 1-6+if), and R the radius of curvature. The following expressions hold for

the thick lens focal distance, f, and magnification, M:

f = foVA cot VA (2)

M=Z—:cosx/x—f°fsin\/x (3)

The finite thickness of the lens also implies a correction to the numerical aperture, due to both
absorption and because the rays travel in sinusoidal path within the lens™. Treating the former

effect first, the resulting effective aperture Deg is™

Desy = 2Ro [[1 = exp(a,)]/a, @

Here, 2R, is the physical aperture of the lens, a, = xNT/2, and  is the linear absorption coefficient.
The latter effect is expressed in terms of the relevant lens diameter D=2R, by*° :

D

NA=—2 (5)
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Supplementary Note 3

As mentioned, the experiments reported were performed using an ad hoc set up. In perspective,
sample goniometers with the relevant degrees of freedom exist with spheres-of-confusion below 50
nm. Another critical source of error is the stability of the sample position with respect to the
objective, however, this can be reduced drastically through increased mechanical stiffness.
Furthermore, being a full field imaging method, dark field x-ray microscopy provides the possibility

of compensating for parasitic movements in data processing through the use of image registration.
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