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Aims

The aim of this contribution is to report on performance and selected applications
obtained in X-Ray Microscopy and u-CT from the implementation of specific devices
into a conventional Scanning Electron Microscope operated in the 10-20 keV range.
The advantages and limitations of the use of x-rays in the medium energy range is
discussed in terms of resolution, optimum thickness, etc. In XRM the selected
illustrations concern the investigation of dynamical effects in metallurgy and in
chemistry. A new procedure for elemental mapping of metallurgical samples is also
illustrated. u[1CT examples are devoted to porous materials such as geological
samples and polymer foams. Finally possible investigations based on unconventional
methods (Kossel diffraction, grazing incidence diffraction and imaging, micro-
fluorescence imaging) are indicated.

Method

Figure 1(left) shows a schematic arrangement of the instrument that is based on
simple modifications of a SEM with the addition of a movable target holder (T.H.), a
rotating specimen holder (S.H.) and a CCD camera. The incident electron
bombardment of a thin foil target, a few microns thick, generates a conical x-ray
illumination of the specimen and the geometrically magnified shadow image is
collected by the CCD camera leading to digitalized images displayed on a video
screen [1][2]. The corresponding performance in term of magnification, M, and
geometrical resolution, rg, are given in the same figure, left. SEM images of the
sample and of the target foils are obtained with the use of a standard SE detector
while the use of a EDX detector allows one to characterize the incident x-ray
spectrum irradiating the sample.

The photon energy of the spectrum of x-rays generated in a target foil is limited up to
that of the incident beam energy E° (generally below 30 keV) so that the x-rays of
interest are situated in the medium energy range. In addition they are mainly
composed of a rather low continuous radiation, bremsstrahlung, on which intense
characteristic lines are super imposed. Then different target foils placed side by side
on the movable target holder permit variation of the main energy of incoming
photons.

Calculated from numerical applications of Egs (1) to (3) in Fig 1, the geometrical
resolution rg was of a few microns and it is slightly better than that obtained from the
use of x-rays generated by ~100 keV electrons on bulk targets because the less
generation depth of x-rays, R, leads to a reduced effective source size, s (* see final
note). In the photon energy range of interest the main interaction of x-rays with the
sample is governed by t he Be el where i she [{néar abSorptien
coefficient and t is the thickness of the sample). From this law combined to Rose
criterion, one obtains ([3] and caption in top of Fig 2) an expression giving the relative
variation of Apt/ut of a detail to be detectable (sensitivity) in XRM. Consequently the
optimum thickness of the investigated specimen is of 2u™. Fig. 2 (right) shows the




large change of u* —scale in mm- as a function of x-ray energy, hv, for different
samples composed of C, Al, Fe or Au.
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Figurel. Left: Schematic representation of the instrument showing, underlined in red,
the main modifications of a basic SEM instrument [1][2]. Right: Performance in terms
of magnification (Eq. 1), M, and geometrical resolution (Eq. 2), rs. Note that rg is a
function of the source size, s, and of the pixel size, D, of the CCD, (Eq. 3).
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Fig 2a (above): Optimization of
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Fig. 2b (right): Change of u"—scale in mm- as a function of hv,
photon energy in keV, for carbon, aluminum, iron and gold.




Also expressed in an empirical form (:uprop. to Z*hv)" with n~1 to 3), the
dependence of u on Z and hv shows the advantage of using hard x-rays for the
investigation of thick absorbing samples. The use of x-rays in the medium energy
range limits the useful thicknesses to a few microns but noticeable exceptions
concern samples composed of ultra light elements such as carbon or oxygen (of
water), i.e. biological species.

Results

Dynamical studies. The CCD camera is characterized by an excellent linearity, a
large dynamic and a good sensitivity. The speed of acquisition of digital images
permits one to follow time dependent phenomena such as those occurring in
diffusion studies. These studies may concern the investigation of solid/solid diffusion
processes (of Au and Cu into a Al matrix at 550°C in [4]) but also solid/liquid
interfacial effects and ion diffusion into liquids. For such investigations various
environmental wet cells with hermetic PTFE walls may be implemented into the
SEM- see for instance the bottom left of Fig. 3-.
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Figure 3. Diffusion of Zn ions into a hydrochloric solution as a result of the corrosion
of a Zn plane electrode (left side). Top: Images acquired each 60 seconds and
resulting from the subtraction, pixel by pixel, of the initial image acquired at t=0.
Bottom left: Sketch of a wet cell. Bottom right: Time evolution —in sec.- of the local
(symbol:+) Zn concentration.

Figure 3 illustrates the direct observation of zinc (Zn**) ions diffusing in aqueous HCI
solutions during the corrosion of a zinc foil [5]. A logarithmic compression of the
images followed by a subtraction, pixel by pixel, of the initial image permits to
eliminate the contribution of the cell and of the dilute solution in order to obtain the
time evolution of the local Zn concentration at any point of the field of view. The use




of a similar cell with two biased electrodes permits to follow the time dependence of
ions’ concentration into an electrolyte but
also permits to measure directly the increasing thickness of the coating on one
electrode [2]. More, it has been possible to follow the migration of a liquid into a solid
via time series of micro-radiographic images taken during the intercalation process of
H,SO, into pyrographite [6]. When two different liquids are involved in a chemical
process it is possible to distinguish between the two by combining diffusion studies
and elemental mapping. The principle is based on the acquisition of series of pairs of
images during the inter-diffusion process, each image of the pair being taken from
the rapid change of the target material: a simple shift of the target holder leads to a
change in energy of the corresponding characteristic radiations with respect to the
main absorption edges of the two liquid of interest. This strategy has been illustrated
for the corrosion/dissolution process occurring when a piece of metallic iron is set in
contact with a copper sulfate solution [1].

Elemental (or species) mapping. A new quantification procedure has been
suggested [3] and applied for elemental mapping in x-ray microscopy [7].
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Figure 4. Elemental mapping. Top [3]: Best choice for the targets to be used (here Ni
and Cu) for mapping Co and Ni in a binary alloy. Medium and bottom [7]: Application
to a ternary alloy AlLCryNi,. Medium: Pseudo pt images obtained from the best
targets, V, Fe, and Zn. Bottom: Final concentration maps of the three components
obtained after bremsstrahlung corrections, with in addition a thickness map, Nqt.




The methodology consists in the acquisition of different sets of images of the sample
from the use of different target foils. For quantitative imaging, the dark current of the
CCD is measured for each pixel of an image obtained when the incident electron
beam is off. Free of dark current effect, pseudo-ut images are next deduced from the
logarithmic compression of the ratio, pixel by pixel, of the images obtained without, 1°,
and with the specimen I.

For a characteristic radiation R; issued from a given target and for each pixel of an
image, the intensity then deduced,i;, corresponds to (Beer

1= 1In (1°2/ 11) = Not [Ca Qa(R1) + Ce Qp(R1)  + ...+ ~tcr )

where Ny is the atomic density per unit volume; t is the local thickness of the sample;
CaCg ...are the at omi ccompmeotes B, eta Qi(R)NG:(RY; ktc;
are their photo-absorption cross sections for the characteristic radiation of interest
and (cr); is a correction term due to the use a non strictly monochromatic radiations.
Excepting the corrections terms, (cr), , one obtains a set of linear equations relating
the intensities deduced from measurements to the unknown atomic concentrations,
C,, via the tabulated or measured values of the photo-absorption cross sections.
Then a simple inversion of the corresponding matrices permits to deduce the
concentration values from the logarithm of the measured intensities. The advantage
of this approach is to optimize the choice of the target thin foil components prior to
experiments. Example of such a best choice is shown in the top of Figure 4 where
the successive use of Ni and Cu foils optimizes the precision of the concentrations of
FeCo alloys. This approach also minimizes the number, n, of radiations to be used (=
to the number of components) and it permits to obtain thickness maps, Not, from the
sum rule condition: Ca+ Cg+ ...+ y €100%. Applied to a ternary (Al; Cr; Ni) alloy,
results of such a procedure are given in the middle and bottom parts of Figure 4
where pseudo-ut images, middle, correspond to a logarithmic compression of the
experimental images without correction. Based on the incident spectral distribution
measured with the solid state x-ray detector combined to an iterative procedure
involving the first-step concentrations, a correction procedure permits to evaluate the
correction terms, (cr); in order to obtain the final concentration maps and thickness
maps as shown in the bottom. A similar procedure has also been successfully
applied to map two different species, FeSO, and CuSO, slowly moving in solution [1]
and, with the addition of darkening liquids (iodine solutions or KCI), this strategy may
be easily transposed to biological samples.

Micro-CT. A 3D image of the specimen may be derived from series of projected (2D)
images acquired from a stepped rotation of the specimen. In micro-tomography, the
resolving power is not only a function of the resolution of the initial projected images
(Eq. 2 in Fig.1) but also of the number N of different views being acquired: rzg=t/N.
For a voxel of dimension rygXrsXragy, the cumulated fluence (dose) is then Nn° with n®:
number of incident photons per pixel -Fig. 2a-. The statistical noise is increased by

~YN so that the sensitivity is deteriorated

the initial XRM images [8]. The conclusion of this simple analysis is illustrated in
Figure 5a where it is shown that any slight improvement of the resolution in CT has to
be paid by a large increase of the data acquisition time. In present investigations, the
2D resolution, rg, is of a few microns for 2D images acquired in a few seconds so that
the total acquisition time is about a fraction of hour with N~ a few hundreds. In fact,
here, the use of x-rays in the medium range adds an additional constraint for the
sample thickness. The best choice corresponds to sample thicknesses in the mm
range and to samples composed of light or ultra-light elements: more absorbing
samples lead to transmitted signals being undetectable; more thinner samples make
guestionable the interest for their 3D reconstruction. Within these constraints, Figures
5b to 5d show rather fair examples of 3D reconstructions. Derived from 2D images
acquired with a Al target, Figure 5b shows a 3D reconstruction of a polymer foam,
one-mm thick [9]. The specimen being imaged in Fig 5c is a geological sample — a




sand stone- composed of quartz and kaolin with cavities [10]. In order to test the 3D-
reconstruction method, the reconstructed external part of the sandstone —right- is
compared to the corresponding SEM image -left- that has been acquired in the same
modified SEM by only removing the target holder. Other 3D images of the same type
of sample are shown in Figs 5d. Very important in petroleum industries, the goal was
to investigate the possible interconnection between cavities and the wettability of the
sample. For this goal, the contrast has been enhanced by the injection of a KCI
solution -blue region in the left- that has been removed in the right [10].
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Figure 5. Micro-CT. a: Cumulated dose (log scale and in photons/um?) required to
reach a given resolution r (in um) and a given sensitivity S (%) in Micro-CT -full lines-
and in XRM -dashed lines- [8]. b: Example of 3 D-reconstruction of a plastic foam (Al
target, ART method) [8;9]. c: 3D-reconstruction of the external part of a sandstone,
right, compared to the corresponding SEM image -left- [10]. d: Same type of sample
as in ¢ but the porosity of the sample, in blue -in the 3D-image at left-, has been
enhanced by the injection of a KCI solution in order to determine the wettability of the
sandstone of interest [10].

Miscellaneous. Other experiments have been successfully performed in the
instrument of interest. Changing the relative position of the target to the sample,
there is the acquisition of total-reflection x-ray images of the surface of a Si crystal
where the use of soft x- ray lines (Cu La~0.93 keV) leads to a critical angle (to the
surface) for total reflection angle, ®., at around 1° [11;12]. The same arrangement
also permits the acquisition of diffraction diagrams (Kossel) at such grazing
incidences [11]. Using the transmission arrangement, a very fair pseudo-Kossel
diagram of a LiF crystal, 0.5 mm thick, has been obtained in 5 sec. from the use of a
Cu target irradiated with a 27 keV electron beam [13]. Finally using a pinhole relay
optic and a W target irradiated with a 30 keV electron beam, the feasibility of X-ray
fluorescence imaging in a SEM has been demonstrated for a copper grid sample
[14].




Conclusion

The implementation of specific devices into a conventional Scanning Electron
Microscope operated in the 10-20 keV range permits to obtain 2D x-ray images of
mm-thick samples with a lateral resolution of a few microns. Similar performance has
been achieved for 3D images derived from series of projected (2-D) images acquired
from a stepped rotation of the specimen holder. The speed of acquisition of the CCD
camera allows one to follow dynamical processes involved in solid/solid and
solid/liquid diffusion studies. The possibility of elemental (or species) mapping in 2D
has been demonstrated from the use of different targets and this ability has been
combined to diffusion studies. For the future, the elemental mapping in 3D seems
realistic. The performance of the instrument has been illustrated with various
applications in the fields of metallurgy, chemistry and geology while similar
applications may be easily imagined in biology (eventually from the use of darkening
liquids).

*Final Note: The resolution, rg,, reported here has been obtained years ago from
the use of target foils of thicknesses larger than R and one has to point out the 50
nm resolution recently obtained from the use of a PV/Ir target tip [15].
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