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ABSTRACT

Hard X-ray transmission microscopy based on refractive X-ray optics can be

employed as a tool in material science to investigate buried-in microstructures

in two or three dimensions with spatial resolution approaching 100 nm.

Switching from monochromatic to radiation with a broader bandwidth, frame

rates down to a few milliseconds can be realized, opening new possibilities for

in situ studies of microstructure evolution and response to external fields at

spatiotemporal resolutions that go well beyond previous benchmarks, demon-

strated by *200 nm resolution tomograms of eutectic microstructures acquired

in less than 2 s. The microscope can also be operated in Zernike phase contrast

mode, which expands the range of possible applications to cases which other-

wise would produce only very faint contrast. A few possible application areas

for the microscope are illustrated by a selection of material science test cases.

Introduction

Compared to electron- or visible-light microscopy, an

X-ray-based alternative would have enhanced sam-

ple penetration depth and would allow for observa-

tions of the internal structures of otherwise opaque

samples. Many samples, however, would remain

opaque at photon energies well into the softer part of

the X-ray regime. When this is the case, harder X-rays

must be employed to increase the penetrating power.

Herein, hard X-rays refer to photon energies above

15 keV, considered outside the typical operating

range for conventional diffractive X-ray optics.

At present, non-magnified projection radiography

at synchrotrons can reach spatial resolutions down to

*0.7 lm. For in situ studies, extreme temporal res-

olutions can be reached, with exposure times down to

the *10 ns range, and frame rates up to 1.4 MHz

[1–3]. However, the high temporal resolution comes

at the expense of both field of view and spatial res-

olution which in these setups is limited to several

tens of microns. In high-resolution X-ray imaging

detectors, it is a common practice to use indirect

detection, i.e. to place a light microscope between a

CCD or CMOS pixel array and a scintillator crystal

that converts X-rays into visible light. The effective
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pixel size is determined by the physical CCD/CMOS

pixel size, the optical magnification and spatial res-

olution of the visible-light microscope, and the

thickness of the scintillator crystal. Current limits for

such setups may yield temporal resolution of *1 ms

in combination with an effective pixel size of

*0.5 lm over a Field of View (FoV) of *1 mm2 [4].

Geometrically magnified radiography based on

micro-focus home laboratory X-ray sources, on the

contrary, is ultimately limited in spatial resolution by

the source size to 1–2 lm and to temporal resolutions

[0.2 s [5, 6].

The pixel size, source size, and time resolution

limitations can all be lifted by using synchrotron

radiation with X-ray optical elements to create mag-

nified and focused X-ray images, i.e. by using X-ray

microscopy. The magnification of the X-ray image

further reduces the effective pixel size, and the fact

that the image is focused, as opposed to projected,

eliminates any adverse effects of the source size. In

fact, increasing the source size will usually have a

positive effect on the spatial resolution [7].

For in situ applications, a compromise must be

struck between spatial and temporal resolution. A

good temporal resolution has merit on its own. Fur-

thermore in studies of non-static samples, temporal

and spatial resolution are coupled due to blurring of

contrast objects in motion relative to the detector

system during exposure, i.e. so-called motion blur-

ring. Thus, it is desirable to increase the frame rate

whenever possible, provided that the exposure

remains adequate to obtain a reasonable signal-to-

noise ratio. The high efficiency of compound refrac-

tive lenses (CRLs) [8] makes them a suitable choice

for in situ hard X-ray transmission microscopy

(HXTM). Other reasonable choices are reflective

optics [9], and multilayer Laue lenses [10]. X-ray

microscopy based on Fresnel zone plates (FZPs) has

for a long time been used to study a wide range of

samples [11–13]. However, FZPs are used primarily

at energies below 12–15 keV due to their low effi-

ciency in the hard X-ray regime [14]. While FZPs can

achieve spatial resolution as low as 15 nm on static

samples[15], they are currently not suitable for in situ

applications with hard X-rays.

Using CRL-based HXTM, both 2D and 3D images

can be produced with spatial resolution down to

100–200 nm [16], while maintaining frame rates

comparable to parallel beam performance, *1 kHz.

Method

A schematic drawing of a CRL-based full field micro-

scope is illustrated in Fig. 1. The monochromator is

used to filter out photons that are not at the desired

energy, increasing the spatial resolution at the cost of

photon flux, which in turn affects the temporal reso-

lution. In this setup, the illuminating beam goes

through the condenser, illuminates the sample, goes

through the objective lens, and hits the detector. The

physical pixel size of the CCD/CMOS camera is typi-

cally 5–15 lm but the visible-light microscope can

magnify the image of the scintillator by a factor of

*10–20. These are the standardworking principles for

high-resolution X-ray detectors used for imaging at

synchrotron sources [6, 17, 18].

The inclusion of the X-ray lens further magnifies the

image, making the effective pixel size even smaller.

The X-ray magnification typically lies in the 5-100

range [16, 19] but is not strictly limited at either bound.

With the extra magnification from X-ray optics, the

maximumspatial resolution is no longer limited by the

detector pixel size, but by the X-ray optical compo-

nents. The main factors that influence the spatial res-

olution are the numerical aperture and aberrations of

the objective CRL. Of secondary importance, but by no

means negligible, are the properties of the illuminating

Figure 1 Schematic

illustration of the hard X-ray

transmission microscopy

setup.
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beam. The use of a condenser lens and a beam deco-

herer can greatly improve the image quality. A con-

denser lens increases the intensity of the illumination,

and can also be thought of as increasing the effective

numerical aperture, which improves spatial resolu-

tion. A decoherer usually comprises a disc, inserted in

the beam somewhere upstream of the sample, that

destroys the spatial coherence of the incident X-rays by

scattering. The disc is spun to average out structure in

the scattering, providing an even illumination. The

most notable effect of the decoherer is the removal of

speckles stemming from imperfections of beam line

optics such as Be-windows, multilayer mirrors, and

the condensing optics.

An example of the capabilities of the CRL HXTM is

given in Fig. 2, which shows an image of a Siemens star

resolution test object [20]. The resolutionwas*150 nm

over a *150 lm 9 150 lm field of view, using 17 keV

photon energy. It is worth mentioning that a recent

development [21] couldmakeMultilayer Laue Lenses a

good option for HXTM. With Multilayer Laue Lenses,

resolution in the 15–50 nm range is possible [22–24].

Monochromatic versus pink beam
illumination

In most X-ray microscopy experiments, the incident

beam is energy filtered by a Si-111 double crystal

monochromator to a relative bandwidth DE/
E *10-4, where E is the peak energy and DE is the

width of the peak (full width at half maximum). For

HXTM, synchrotron undulator sources are the pre-

ferred alternative over bending magnet or wiggler

sources, due to the higher brightness of the undula-

tor. The energy spectrum emitted from an undulator

is concentrated in harmonic peaks [25], typically with

DE/E *10-2. Thus, when a monochromator is

employed, only a narrow part of one of the harmonic

peaks is used to illuminate the sample. Approxi-

mately two orders of magnitude in flux can be gained

by using the full undulator harmonic peak, i.e. so-

called pink beam illumination, allowing temporal

resolution down to the ms range. While

monochromatization is beneficial for the spatial res-

olution of static samples, it is often the temporal

resolution that ultimately determines the spatial res-

olution for in situ experiments.

Traditional chromatic correction schemes used

with visible-light optics, that rely on combining

positive and negative lenses of different materials

[26, 27], are not suitable for X-ray lenses, but it is

possible to limit chromatic aberrations by using short

focal lengths and focusing the illumination at a locus

inside the objective [28]. A potential benefit of chro-

matic aberrations is the artificially increased depth of

field due to the ambiguity of the imaging condition in

Figure 2 a Image of a

Siemens star resolution test

object, with its inner structures

enlarged in (b). Finest

resolved line is 165 nm wide,

corresponding to 3.0 lp/lm.

c Intensity profile sampled

from the black arc in (b).
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a chromatic beam. Forthcoming improvements to

synchrotron storage rings, i.e. so-called new genera-

tion low emittance storage rings [29, 30], are likely to

increase the temporal resolution for pink beam, as

well as monochromatic X-ray microscopy due to the

expected 10–100 times increased brilliance [29]. Fur-

thermore, the bandwidth of undulator peaks is also

expected to decrease by one order of magnitude,

further reducing chromatic aberrations.

Tomography

With X-ray energies sufficient to penetrate bulky

samples, a series of 2D projection images taken for

different sample orientations about a fixed rotation

axis can be used for 3D sample reconstructions in the

form of a tomogram. Tomographic imaging is fre-

quently used with X-ray microscopes [31, 32]. Typi-

cally, 500–2000 radiography projections are needed to

make a complete high-resolution tomogram, with

acquisition times corresponding to the accumulated

frame exposures. Although this poses a challenge for

many in situ experiments, it will be shown here that

pink beam illumination can be used to record tomo-

grams in *1 s.

Zernike phase contrast

In the standard implementation of HXTM, the main

contrast mechanism is absorption. Contrast becomes

weaker with increasing photon energy. If high energy

photons are needed to penetrate the sample, or to

avoid radiation damage or heating of the sample,

then the absorption contrast will likely be weak.

Furthermore, some samples produce only weak

absorption contrast even with fairly soft X-rays.

When this is the case, it is beneficial to turn to phase

contrast rather than absorption contrast. In general,

phase contrast is stronger than absorption contrast

with X-rays [25].

Zernike phase contrast (ZPC) is a microscopy

technique that produces phase contrast by converting

phase modulations in the image into detectable am-

plitude modulations [33]. This is different from

propagation-based phase contrast, which relies on

near-field interference fringes around sample fea-

tures [34–36]. Since ZPC is not propagation based,

phase contrast can be obtained while keeping a sharp

image, without numerical phase retrieval.

ZPC can be introduced into a standard microscope

with only minor modifications. A phase plate of

appropriate dimensionsmust be inserted into the beam

somewhere downstream of the sample, preferably near

or inside the objective, and the illumination must be

focused at the phase plate. The X-rays that are scattered

from the sample will be distributed over a larger beam

cross section. Therefore, when the phase plate has the

appropriate size, it will selectively phase shift the

background illumination by p/2 with respect to the

scattered X-rays. This phase shift causes the phase

modulation, rather than the absorption modulation, to

interfere with the background to form the image. It is

possible to fix the phase plate inside the objective,

eliminating the need for an extra set of motors to align

the phase plate [19]. Selection of a suitablematerial and

optimization of the phase plate diameter and thickness

depend both on the X-ray photon energy and on the

exact X-ray optical configuration chosen, like CRL

physical aperture, focal distance and focal spot size, and

are thereforehighlycase specific.Furtherdetailsonhow

to assign the appropriate phase plate parameters can be

found elsewhere [19].

Results and discussion

Radiography with monochromatic
illumination

One potential application area for HXTM is in situ

studies of eutectic phase transformations in metallic

alloys. In the Al–Si irregular eutectic, a facetted Si

component tends to lead the eutectic transformation

since it generally requires a higher growth under-

cooling than the non-facetted Al component to be

able to branch effectively and expand into a 3D net-

work. The introduction of certain elements, such as

Na, Sr or Ca, can alter both the nucleation conditions

and the branching ability of the Si crystals at the

growth front, leading to a remarkable refinement of

the eutectic microstructure [37–41]. HXTM in situ

microscopy may contribute to advance the under-

standing of such nucleation and growth mechanisms.

The images in shown Fig. 3 were obtained using

HXTM with 17 keV monochromatic radiation, and

captures the nucleation and growth of a facetted Si

crystal in a slightly hypo-eutectic Al–16.4Cu–7.1Si (all

compositions are in wt%, unless otherwise indicated)
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with 5 ppm P and 100 ppm Sr added to provide

nucleation sites for Si and to yield eutectic modifi-

cation, respectively. The resolution offered by HXTM

allows for unambiguous identification of the particle

as a Si crystal at an early growth stage based on its

octahedral growth morphology [42, 43]. Differently

from previous studies with conventional synchrotron

radiation imaging [44], the spatiotemporal resolution

achieved by HXTM makes it possible to study in

detail how branching evolves from the primary Si-

crystal. After nucleation and a few seconds of Si

crystal growth, instabilities and structures are

observed to evolve starting from two vertices and

then from the edges of the crystal, which act as sub-

strates to formation of Al–Si eutectic colonies. In this

example, 10 9 magnifications were employed both

for the visible-light camera and the X-ray microscope

yielding an effective pixel size of 125 nm. The expo-

sure time was 0.3 s.

Radiography with pink beam illumination

Regular eutectics have been thoroughly investigated

over the last fifty years. For binary systems, there are

well-established models available to link the eutectic

pattern formation, planar interface stability and

growth, and further insight into the limits of stability

is continuously driven forward by in situ experi-

ments and numerical simulations [6, 45–52]. For

multicomponent systems, however, and for systems

processed under conditions that fall outside the range

where the existing framework can be applied, it is of

both fundamental and practical interest to under-

stand the exact conditions under which regular

eutectic patterns are stabilized, destabilized and

altered [53–58]. For instance, planar-to-cellular and

planar-to-dendritic eutectic morphology transitions

have been demonstrated in situ with parallel beam

synchrotron radiography in the Al–Cu–Ag ternary

system [54]. However, while the spatiotemporal res-

olution was adequate to detect the eutectic mor-

phology transitions at a mesoscopic scale, it did not

allow for a simultaneous tracking of the detailed and

dynamic changes in the eutectic lamella patterns

during morphological transitions.

Figures 4 and 5 show selected frames from direc-

tional solidification experiments performed on a

binary Al–33Cu alloy and a ternary Al–33Cu–2.8Ag

alloy, respectively. In both cases, the solidification

direction is downwards, parallel with gravity. For the

Al–33Cu binary system, a Al–Al2Cu eutectic quasi-

planar front was established in the FoV (Fig. 4) under

Figure 3 Sr-modified irregular eutectic microstructure formation

in near-isothermal solidification of Al-16.4Cu-7.1Si alloy with

5 ppm P and 100 ppm Sr added. DT values given in the upper

right of each image are relative to the frame at which the Si crystal

is first observed in the field of view. The cooling rate was 0.1 K/s.
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constant temperature gradient of 65 K/mm and

cooling rate of 0.05 K/s, imposed to both furnace

compartments. When semi-steady growth had

established, the growth front and eutectic pattern

were destabilized increasing the cooling rate by

introducing a pulling of the sample at a constant

speed of 10 lm/s into the upper cold furnace com-

partment. In accordance with theory, this caused a

refinement of the growth pattern by the formation of

new lamellae, leading to a decrease in the lamellar

spacing from *6 to *3 lm. The dynamic evolution

of the microstructure could be easily monitored due

to the high spatial and temporal resolution achieved

with HXTM and pink beam illumination.

In this experiment, the exposure time was 20 ms,

and the effective pixel size was 125 nm. The magni-

fication of the visible-light optics was 10 while the

X-ray magnification was 8. Similarly to the

monochromatic experiment presented in the previ-

ous subsection, the X-ray energy was 17 keV. A rel-

ative bandwidth of 1.4% (full width at half

maximum) was used. Although this experiment was

not identical to the monochromatic experiment pre-

sented above in terms of sample contrast and image

quality, pink beam illumination improved the time

resolution by at least an order of magnitude. Fur-

thermore, the average photon count per pixel was

more than 5–10 times larger in the pink beam

experiment. Note that, the real gain in time resolution

is highly situational, as it depends on bandwidth, the

spatial coherence of the illumination, and the

required resolution. The benefits of high spatiotem-

poral resolution are particularly evident for the case

of the ternary Al–33Cu–2.8Ag alloy (Fig. 5), in which

the changes in eutectic lamella patterns associated

with morphological transitions occur very rapidly.

For the in situ radiography demonstrations shown

in Figs. 3, 4, and 5, a gradient furnace of the Bridg-

man- type was applied, with two independently

controlled heaters separated by an adiabatic zone of

4 mm, and with the X-ray camera field of view situ-

ated in the centre of the adiabatic zone. Although this

furnace has been used extensively and successfully in

other in situ solidification studies [5, 6], a custom

built furnace with an adjustable adiabatic zone would

be preferable for future studies. The alloys used in

these studies were prepared from high purity master

alloys, and cast in a bottom-chilled Cu mould. Sam-

ple material was taken from the central region of the

castings, grinded and polished down to *190 lm
thin sheets with lateral dimension 50 9 5 mm2.

Tomography

Investigations of phenomena associated with

microstructure formation and pattern selection dur-

ing solidification would greatly benefit from extend-

ing in situ observations to three dimensions. By

Figure 5 Representative radiograms taken during cellular regular

eutectic growth in directional solidification of Al-33Cu-2.8Ag

alloy. The solidification parameters were set as follows: thermal

gradient 25 K/mm and pulling speed 2 lm/s. Times given in the

upper left of each image are relative to the first frame of the figure.

Figure 4 Decreased lamella spacing of Al-Cu regular eutectics

during accelerated directional solidification. The solidification

parameters were set as follows: thermal gradient 65 K/mm,

cooling rate 0.05 K/s, and in the latter parts of the sequence:

pulling speed 10 lm/s. Times given in the upper left of each image

are relative to the first frame of the figure.
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reducing the minimum exposure time and conse-

quently the total acquisition time needed to record a

tomogram, pink beam illumination enables mean-

ingful 3D studies of solidification microstructures.

Figure 6 shows a slice of a reconstructed tomogram

of a solidified Al–Al2Cu eutectic microstructure. The

tomogram was constructed from 900 projections,

each recorded with 2 ms exposure time, making the

total acquisition time 1.8 s, and spanning a volume of

*200 9 200 9 200 lm3. The lamella spacing is

observed to vary markedly across the field of view,

where the smallest lamella half-period measured was

270 nm. The magnification of the X-ray image was 8

while the magnification of the visible-light optics was

10.

Another interesting application of HXTM is

tomography investigations of colloidal crystals.

Studies of colloids are of interest to several research

fields such as soft matter [59], biology[60], photonic

crystals [61], and fundamental solidification science

[62], to mention some. Many studies of colloids are

based, or partially based, on visible-light confocal

microscopy [63–65]. The improved resolution of

HXTM makes it possible to directly observe systems

with sub-micron-sized particles. Furthermore, HXTM

is capable of rapid 3D imaging of colloidal crystal

structures, which could allow for in situ studies of

self-assembly in several different experimental con-

ditions, and under the application of external fields

such as temperature, pressure or electromagnetic

fields for charged or paramagnetic particle systems.

However, it should be mentioned that controlling

temperatures under pink beam illumination poses an

experimental challenge due to a local beam-induced

heating.

Figure 7 demonstrates the possibility of recording

tomograms of colloidal crystals made of 1.5-lm-di-

ameter silica spheres using HXTM. The images were

recorded with 0.3% energy bandwidth. In this case,

both the magnification of the X-ray image and the

visible-light optics between the scintillator and the

camera were 10. The effective pixel size was 110 nm

and the field of view was *100 lm 9 *100 lm. The

tomogram was reconstructed from 900 projections,

each acquired with 30-ms exposure time, making the

total acquisition time 27 s, which is relatively long

compared to the acquisition time used to obtain the

tomogram in Fig. 6. The relatively slow acquisition

time for the colloid tomogram was due to particular

circumstances during the experiment that caused a

severe flux reduction of the incident beam. It is rea-

sonable to expect that the tomogram could be

acquired at a similar time scale as in Fig. 6 given the

same experimental conditions.

Figure 6 Reconstructed tomogram slice of Al-Al2Cu eutectic

microstructure recorded using 17 keV photon energy. Large dark

pockets are a-Al primary dendrites, while dark and bright areas

inside the eutectic are the Al phase and the Al2Cu phase,

respectively. The smallest lamellae half-period found was

*270 nm. The orange line in the zoomed view indicates where

the lamellae were measured, averaging over 5 periods. The pixel

size is 125 nm.

Figure 7 Orthogonal slices from tomographic reconstruction of

colloidal crystal grains made of 1.5-lm-diameter SiC spheres. The

pixel size was 110 nm. The tomogram was recorded using 20 keV

photon energy.
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An overview of the current capabilities of other

imaging techniques suitable for imaging colloid par-

ticles can be found in a recently published paper [66].

Even with experimental difficulties, the acquisition

time made possible by HXTM is a significant

improvement over other methods, with the exception

of the stimulated emission depletion technique which

has reported imaging with 50-ms exposure time [67].

The high penetrating power of hard X-rays and the

large depth of field due to the short wavelength and

chromaticity makes HXTM capable of handling the

*1 mm sample thickness without problems.

Zernike phase contrast

As an illustration of the effect of using ZPC with

HXTM, still images of Al–Si microstructure using

both ZPC and non-ZPC in a monochromatic beam are

shown for comparison in Fig. 8. For adequate trans-

mission through 100–200 micrometers of an Al–Si

alloy, hard X-rays with photon energy above

*10 keV are needed. At such energies, however, the

absorption contrast between the two elements is very

weak, as their photo-electric absorption edges lie

below 2 keV, making it difficult to distinguish

between, e.g. the a-Al primary phase and the Al–Si

eutectic phase. Employing ZPC improves the contrast

remarkably. The images were recorded with an X-ray

magnification of 3, and a visible-light magnification

of 20, resulting in a pixel size of 240 nm.

Concerns have been raised regarding the ability of

HXTM to image weakly absorbing particles [67].

With ZPC, however, imaging of single small organic

particles, like e.g. polystyrene, is indeed possible.

Figure 9 shows images of 2-lm-diameter polystyrene

spheres on a membrane. The experimental setup was

the same as the one used for acquiring the images

shown in Fig. 8. Although absorption in the poly-

styrene is negligible, the spheres are visible, even

without ZPC, due to scattering contrast. This con-

trast, however, is much weaker compared to the

phase contrast produced by ZPC. This point is well

illustrated at the edges of the colloidal cluster, where

particles remain clearly distinguishable, even as the

sample becomes a monolayer. It is also worth noting

that even in cases where the absorption contrast is

reasonable, it might be worth using ZPC to improve

the signal-to-noise ratio, to further reduce the acqui-

sition time.

Conclusion

In situ studies of microstructure evolution or changes

in response to external fields in materials can be

extended to resolutions beyond the current limits by

the new hard X-ray transmission microscopy being

developed at the ESRF. Using compound refractive

X-ray optics, the microscope can be operated both in

monochromatic and non-monochromatic modes, the

latter by applying a special illumination scheme that

works effectively to reduce chromatic aberrations.

The non-monochromatic mode provides to orders of

magnitude increase of the brilliance in the sample

position, which opens for X-ray tomography acqui-

sition on the scale of 1–2 s, with spatial resolutions

below 200 nm, while radiography with similar spatial

resolution can be acquired at millisecond frame rates.

Potential application areas of fast 2D and 3D micro-

scopy have been demonstrated with a few selected

test cases, comprising regular and irregular eutectic

solidification microstructure formation in different

Figure 9 Comparison of image contrast 2-lm-diameter polystyr-

ene spheres with and without ZPC on the left and on the right,

respectively. The photon energy was 17 keV, and the pixel size

was 240 nm.

Figure 8 Comparison of image contrast in a Al–Si alloy sample

with and without ZPC on the left and right, respectively. The

photon energy was 17 keV, and the pixel size was 240 nm.
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Al-based alloys, and self-assembly of colloidal crystal

systems composed of different polymer particles with

diameters in the micrometer range. Operation of the

microscope in Zernike phase contrast extends the

range of possible applications to samples that other-

wise would produce only faint contrast.
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