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Tomographic images constructed from small-angle X-ray scattering (SAXS) intensities utilizing microbeams have been examined for a model
multilayered aluminum alloy sample heat-treated to form spatially modulated composition and microstructures. Spatial distributions of composition
and precipitation microstructure have been examined by one-dimensional scanning SAXS measurements and two-dimensional tomographic
images of attenuation parameters and integrated intensity of SAXS intensity. Reconstructed images using the integrated intensity reflected the
distribution of precipitates in terms of their volume fraction over the sample inside the sample, and agreed with more detailed analysis made in the
one-dimensional case. © 2019 The Japan Society of Applied Physics

A
luminum based age hardenable alloys, e.g., Al–Mg–
Zn–Cu,1,2) Al–Li–Cu,3) Al–Mg–Si4,5) alloys, play
important roles in designing an energy-efficient

transportation system. Such alloy systems have been applied
to, for example, high speed trains,6) automobiles,7) and
aircrafts.8) Although the peak strength of these alloys after
optimized heat-treatment sometimes reached close to 1 GPa
level,9,10) requirements on the materials are often not on a
single property but a combination of several properties,
some of which are challenging to be compatible in nature,
such as ductility, strength, hardness, humidity-resistance,
excellent mechanical properties and low cost. One of
the solutions to the requirements is to design composite
materials that combine several materials that have different
properties11,12) at a reasonable cost. Combination of different
Al-based alloys realized by multilayered structures have been
proposed13,14) aiming at rapid and large age-hardenability. In
such alloys, spatially modulated composition induces micro-
structures whose local strength, or the precipitation micro-
structure, changes with position. To examine such samples,
small-angle X-ray scattering (SAXS) measurements with an
X-ray microbeam is an attractive solution, since the SAXS
pattern gives information on nanostructure of the region
illuminated by the beam, where the size of the microbeam
may be small enough to study compositional modulation, and
still view large landscape up to a mm by scanning the beam
in the sample. For example, Sato et al.14) examined Al-Mg/
Al-Zn 5 alternative multilayer sheets by scanning SAXS.
Such one-dimensional scanning measurements can be useful
to understand spatially modulated nanostructures,14–18) if the
multilayer sheets are homogeneous along the beam, and
changes only in the direction normal to the layer interface in
the edge-view configurations. In some cases, the distribution
is heterogeneous in-plane, sometimes due to undulation or
local damage during rolling or additional processes such as
machining, jointing, or welding. Examining the nanostructure
distribution in such samples is useful in anticipating mechan-
ical properties of such complex structures. Computed tomo-
graphy (CT) is a powerful tool to examine such heterogeneity
existing inside the sample, and widely used from biomedical
applications/diagnosis19–21) to materials science,22,23) where

the measured data comprised of a set of scalar quantity.
Successful analysis have been reported for SAXS tomo-
graphy of biomedical/softmatter materials which are weakly
absorbing objects.24–27) In the present work, we performed
simultaneous measurements of attenuation and SAXS, and
showed the distribution of attenuation, related to the con-
centration distribution of Zn, and that of integrated intensity
obtained from SAXS, related to the volume fraction of the
precipitates, and presented a two-dimensional distribution of
these quantities calculated from the filtered backprojection
(FBP) method.28,29)

Present measurements have been performed at beam-line
40XU of SPring-8, Japan. X-rays with the photon energy of
15 keV have been collimated by a pinhole with a diameter of
20 micrometers, and introduced to a sample stage. Schematic
illustrations of the present measurements are shown in Fig. 1.
Samples are placed at the center of rotation stage fixed on a
translation stage. At each translation position u, the sample
was rotated from θ= 0 degree to 180 degrees and measured
at every 3 degrees, with translation step of 20 micrometers.
The transmitted beam was monitored by an ionization
chamber and a photo diode, and the SAXS intensity was
measured by a Pilatus 100k detector set its longer side of
sensor area parallel to the rotation axis of the sample stage.
In the present work, a model age-hardenable alloy of

Al/Al-Zn/Al alloy three-layered sheet with nominal thickness
of 0.5 mm was heat-treated at 773 K for 4 h to form a
compositional gradient inside the sample by interdiffusion.
Then the sample was cut into a rod with a width of
approximately 0.6 mm, solution treated at 573 K for 5 min
and quenched into iced water. After aging treatment of 24 h
at 313 K, the sample contain Guinier-Preston (GP) zones
where the spatial distribution may vary depending on the
compositional modulation.
Figure 2(a) shows the SAXS intensity after correction with

respect to transmission, background and fluorescence, shown
for each positions with θ= 0, giving the sum of SAXS profile
of the voxels along the direction parallel to the surface
(x direction in Fig. 1); this corresponds to the one-dimen-
sional scanning SAXS after subtraction of the background
and fluorescent intensity, IBG(q) and IFL(q). Since the
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measured SAXS intensity, Iobs(q) is related to the normalized
SAXS intensity, Icoh(q) by

( ) ( ) ( ) ( )= + + ¢I q tTI q TI q T I 1obs coh BG FL

with
( ) ( ) ( ) ( )= + +I q I q I q I qcoh GP def DB

where T= (I1/I0)= { }( )ò m- t dtexp
t

0

0

is the transmission,

I0 and I1: the intensity of the incident beam and transmitted
beam respectively: t the sample thickness, μ and μ′: the linear
absorption coefficient for the incident and Zn fluorescense
photon energy. T′ is an effective transmission for fluorescent
X-rays defined by,
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Coherent SAXS intensity contains the intensity from GP
zones (IGP), lattice defects and grain boundary oxides (Idef),
and parasitic scattering mainly by double Bragg reflections
and surface scattering (IDB). The latter two components have
quite different shape (streaks) and/or q-range (far low angle

regions) from IGP(q) in the present case, and subtracted from
the intensity. SAXS intensity profiles between y= 280 μm
and y= 460 μm shows a peak around q= 0.5 nm−1, known
as characteristic for cluster systems with moderately large
volume fractions.30–33) In contrast, very strong scattering
profiles at y= 100 μm and y= 120 μm are due to the
parasitic scattering at the sample surface, and removed
from the analysis. The distribution of attenuation parameter,
μt, in Fig. 2(b) shows a bell-shaped peak between
y= 140 μm and y= 560 μm, suggesting that Zn atoms
spread out close to the sample edge by interdiffusion. Still,
the integrated intensity, Q, which is related to the SAXS
intensity from GP zones, IGP(q) and precipitation micro-
structural parameters by

( ) ( ) ( )òp r= = D -
¥

Q q I q q V V4 d 1 , 2GP
0

2 2
f f

takes a positive value only in the vicinity of the sample
center. Here, Δρ is the electron density contrast between the
GP zones and the matrix, Vf is the volume fraction of the GP
zone. For small Vf, Q is approximately proportional to Vf.
Since the composition of the precipitate is known to be the
same over the sample,30) normalized Q in Fig. 2(b) represents
the change in the volume fraction of the GP zones.
The integrated intensity disappears at y= 230 μm and
y= 480 μm, suggesting that precipitates exist only inside
this region, and the change in the attenuation parameters in the
outer region should be attributed either by Zn concentration in
the solid solution state, or heterogeneity of the outer shape of
the sample. Simple one-dimensional scanning measurement is
not enough to conclude the question. The spherical radius, Rs,
obtained by the Guinier approximation30–33) of Icoh(q) in
Fig. 2(a),

( ) ( ) ( ) ( )/= -I q I S q R qexp 5 3scoh 0
2 2

is also shown as the average radius in the figure, where S(q)
is the structure function giving interference between neigh-
boring GP zones, and evaluated by recursive procedure on Rs
and S(q).31,33) The average size of the precipitates is largest at
the peak composition, which is reasonable considering the
composition-dependent coarsening rate of the precipitates.34)

To reconstruct the tomographic picture by standard FBP
methods,28,29) the quantity used for the tomographic calcula-
tion need to have a linear character, i.e.

( ) ( ) ( )åq =
q

f i jf u, , . 4
u,

For example, attenuation constant, μt, satisfies the relation-
ship because
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Similarly, the integrated intensity also satisfies the same
relationship as
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where μ(i,j), Q(i,j), and Iij(q) belong to the voxel (i,j). It
should be noted that Iij(q) need to be taken with the scattering
vector, q, parallel to the rotation axis. Sum is taken at a fixed
u and along a fixed θ. Figure 3(a) and 3(b) give CT images

Fig. 1. (Color online) Schematic illustration of the present measurement
system.

Fig. 2. (Color online) SAXS profiles during one-dimensional scanning
along y-axis (a) and the attenuation parameter, μt, integrated intensity, Q, and
spherical radius, Rs obtained from the one dimensional scan (b).
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using the attenuation constant, μt, and the integrated inten-
sity, Q. The integrated intensity was calculated after subtrac-
tion of SAXS components other than precipitates. The
reconstructed image of attenuation shows that the outer shape
of the sample is slightly deformed at the corner, and the Zn
concentration is not uniform in the in-plane (x) direction. The
map obtained for the integrated intensity shows nontrivial
value in the region only close to the center of the sample,
where the Zn concentration is high, and the in-plane
heterogeneity is similar to that of the attenuation map.
From the reconstructed maps, we concluded that the present
sample is not heterogeneous in the in-plane direction, both in
concentration and precipitation, and therefore the one dimen-
sional analysis shown in Fig. 2 gave the nanostructure
average over some extent of different compositions. A similar
comparison to Fig. 2(b) is shown in Fig. 3(c), which was cut
at a fixed position, x= 480 μm of the maps. Although the
statistics is not as good as Fig. 2, the figure suggests a
Gaussian shaped Zn concentration. Concerning the distribu-
tion of Rs, the approach used for the volume fraction map is
not applicable since the Guinier radius, which has a statistical
meaning as30)

( )
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ò
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R 7s

v
i

v
i

2

8

6

requirement on linear relationship of Eq. (4) is not fulfilled.
In principle, Q(i,j) can be calculated either by FBP process of
I(q) into Iij(q) first and then integration at each voxel, or
integrate to obtain Q(u,θ) first and then FBP process to obtain
Q(i,j). Present work adopted the latter for better stability of
the solution. However, the FBP process of I(u,θ,q) needs to
be made first, and then Rs at each voxel can be calculated
from SAXS profile mapped for each voxel. However, the

data statistics is not good enough to evaluate the slope of a
decomposed SAXS map in the present measurement, and left
for future measurements.
Tomographic analysis has been made for a model Al/Al-

Zn/Al sample after heat treatment. Simultaneous transmission
and SAXS measurements of about 3000 exposures resulted in
mapping of Zn concentration and Zn-rich precipitates that
contribute to hardening of the material in success. Present
result opens a new approach of nondestructive (pre-deforma-
tion) evaluation of mechanical properties of precipitation
hardened composite materials having complex shape, a
useful tool for designing structural components.
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