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A B S T R A C T

The Al-1Fe-1Zr alloy exploits the non-equilibrium solidification dynamics inherent to laser powder bed fusion, 
characterized by high thermal gradients and rapid solidification front velocities. Here, we investigate the alloy’s 
3D microstructure using state-of-the-art synchrotron-based nano-tomography techniques. High-resolution holo
graphic and near-field ptychographic X-ray computed tomography were employed, achieving spatial resolutions 
as small as 57 nm. Our comparative analysis shows that near-field ptychographic tomography offers superior 
signal-to-noise ratio and spatial resolution, while holographic tomography allows for faster data acquisition with 
minimal loss in quality. These methods reveal the 3D distribution, morphology, and interconnectivity of Fe-rich 
and Zr-rich intermetallic phases. Complementary X-ray fluorescence computed tomography further provides 
quantitative local information on elemental wt%, revealing Fe and Zr distribution with a resolution of 0.1 wt%. 
The findings highlight key microstructural features that contribute to the alloy’s enhanced strength and thermal 
conductivity, offering critical insights for optimizing its performance in LPBF applications.

1. Introduction

Metal-based additive manufacturing is transforming production 
strategies in various sectors, including medical, aerospace, trans
portation, and energy [1–3]. Laser powder bed fusion (LPBF) is a state- 
of-the-art additive manufacturing technique that enables the production 
of near-net-shape components with intricate geometries of high preci
sion. This is particularly beneficial in the aerospace industry for the 
production of metallic components where lightweight designs are 
crucial. Al alloys are important in this sector because of their strength- 
to-weight ratio and high corrosion resistance. The alumi
nium‑silicon‑magnesium alloys widely used today for LPBF are based on 
compositions inherited from the shape-casting industry (e.g., AlSi10Mg, 
F357) [4–6]. These alloys print well but have only moderate mechanical 
properties. Higher-strength wrought products such as AA6061, AA7050, 

or AA2195 are susceptible to hot cracking during LPBF [7–9]. The Al-Si- 
Mg casting alloys and the high-strength wrought alloys are precipitation 
hardening systems designed to be heat treated by solution treatment, 
quench, and age [10,11]. The quenching process can lead to distortion of 
parts [12], which is a major issue for many of the complex geometries 
targeted by LPBF. Quenching rates can be adjusted to limit the geometric 
issues, but in general, higher strength alloys require faster quenching 
rates to reach maximum strength. In addition, even higher quench rates 
than those necessary for strength are required to avoid grain boundary 
precipitation, which can negatively impact properties such as inter
granular corrosion and toughness. Moreover, these alloys may also have 
to undergo surface polishing [13,14] to adjust their mechanical prop
erties. Inevitably, in recent years, this has led to the development of new 
Al alloys designed to take full advantage of LPBF process conditions to 
produce components with superior overall performance (e.g. [15–17]).
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In this context, a novel Al-1Fe-1Zr alloy called Aheadd CP1® by 
Constellium, specifically tailored to the physical conditions of laser- 
based additive manufacturing, has recently been introduced to yield 
better strength and thermal conductivity properties [18]. The alloy 
shows an increase in yield strength reaching 310 MPa and thermal 
conductivity of 180 W/m.K after direct ageing for 4 h at 400 ◦C (YS - 
130 MPa and κ - 122 W/m.K in stress-relieved condition) [18,19]. In 
addition, the alloy demonstrates good LPBF processability by utilizing 
the high cooling rates taking advantage of high thermal gradients and 
the solid-liquid interface [18]. The only conventional grades that 
approach the performance (conductivity-strength balance) of this alloy 
are the 6xxx series after T6 heat treatments [18]. However, the latter 
alloys lack LPBF processability, therefore the Al-1Fe-1Zr alloy fills the 
material property space where complex design, high strength, and 
conductivity are essential, e.g. for heat exchanger applications.

Both layer-by-layer processing and the melt pools that solidify under 
the effect of the laser during LPBF manufacturing, usually result in pe
riodic structures along the build direction. Depending on the LPBF 
processing conditions, microstructural features within these melt pools 
can vary greatly in terms of grain size, precipitation types, phases 
formed, etc. [20–22]. Particularly for the Al-1Fe-1Zr alloy studied here, 
scanning electron microscopy characterization shows the complex grain 
structures formed during LPBF with a periodicity of ~100-200 μm [18]. 
Within the melt pools, columnar Al grains are elongated in the direction 
of solidification, while small equiaxed grains (<10 μm) decorate their 
boundaries [18]. Pauzon et al. [18] reported that in the fine equiaxed 
region, Fe is expected to form the Al13Fe4 phase (monoclinic) at the 
grain boundaries, while Zr forms Al3Zr primary cubic intermetallics, 
presumably acting as nucleation sites for the fine equiaxed α-Al grains 
[18,19].

Although 2D analyses such as electron or optical microscopy, offer 
valuable information on the microstructures of the alloy, they are 
inherently limited by its inability to capture the full spatial complexity. 
Only in recent years has it become possible to investigate the formation 
of 3D microstructures at the nanoscale non-destructively (e.g. [3,23]). It 
is essential to probe the intricate microstructure of this novel alloy to 
gain deeper insights into the presence, type, distribution, and mor
phologies of microstructural constituents with nanometer resolution and 
thus to understand the fundamental processes underlying their genesis 
[3,24]. Here, we present 3D quantitative characterization techniques 
that can be used to non-destructively analyse the complex internal 
structure of the new Al-1Fe-1Zr alloy at the nanoscale. The objective of 
this study is to investigate the ultrafine internal structure, morphology, 
and mass density of the alloy. This is achieved by employing phase- 
contrast nanotomography techniques, namely holographic X-ray 
computed tomography (HXCT) and near-field ptychographic X-ray 
computed tomography (NFPXCT), available at the ID16A Nano Imaging 
beamline of the European Synchrotron Radiation Facility (ESRF) 
[25,26]. In addition, a comparative analysis of the two techniques was 
conducted with a specific focus on acquisition and reconstruction times, 
as well as the quality of the reconstructed volumes. To ensure accurate 
evaluation, all experiments were performed using the same sample and 
instrumentation. While these techniques provide insight into the inter
nal architecture, particular emphasis is placed on the quantification of 
elemental distributions by complementary X-ray fluorescence computed 
tomography (FXCT). The present work provides a unique understanding 
of the spatial distribution of the microstructures and quantitative local 
elemental distribution of the amounts of Fe and Zr in the Al matrix.

2. Material and methods

2.1. Material processing

Samples of the Al-1Fe-1Zr alloy were manufactured using a minia
turized LPBF device designed and built at the Paul Scherrer Institute’s 
MicroXAS beamline of the Swiss Light Source (SLS) [27]. The device is 

optimized for installation at synchrotron beamlines and equipped with 
the basic functionalities of commercially available LPBF machines. The 
chamber was continuously flushed with high-purity argon gas to avoid 
oxygen contamination and the oxygen level was controlled. The samples 
were produced with a wall geometry of 2 mm × 0.2 mm × 1 mm (l x w x 
h) and build parameters E = 370 W, hatch = 130 μm, v = 1400 mm/s; 
layer thickness = 60 μm (thickness = 1–2 hatches), where E is the energy 
of the laser and v the scanning speed.

A cylindrical sample with a diameter of ~22 μm and a length of ~45 
μm was extracted from the additively manufactured wall (Fig. 1 (a)) 
with a dual beam (electron and Ga+) FEI Helios Nanolab 600i micro
scope by focused ion beam (FIB) milling. Prior to FIB milling, platinum 
coating was deposited on the region of extraction to protect the region of 
interest from damage. After extraction, the sample was attached to a 
modified Omniprobe tungsten needle on a Huber sample holder using Pt 
deposition.

2.2. 3D characterization techniques

The 3D characterization experiments were performed at the ID16A 
Nano Imaging beamline of the ESRF. The nanotomography techniques 
available at the beamline are Holographic X-ray Computed Tomography 
(HXCT) [29] and Near-Field Ptychographic X-ray Computed Tomogra
phy (NFPXCT) [30] in the phase contrast domain, providing the electron 
density distribution of the imaged samples. They are complemented by 
X-ray Fluorescence Computed Tomography (FXCT) [31] to provide the 
3D concentration distributions of individual chemical elements. 
Designed for hard X-ray imaging techniques, this beamline is well-suited 
for materials characterization, achieving actual spatial resolutions down 
to ~30 nm, while still maintaining a relatively large field of view of 30 
μm. The beamline operates at two distinct energies: 17.1 keV and 33.35 
keV. The X-ray beam is focused into a circular spot of about 20 nm 
diameter using multilayer-coated fixed curvature Kirkpatrick-Baez (KB) 
mirrors. In order to cover the two energies of the beamline, two pairs of 
KB mirrors have been specially designed, as each energy requires an 
independent KB system. The distance between the source and the 
focusing element has been fixed at 185 m to obtain a beam with a high 
degree of spatial coherence. After the focal point, the beam diverges 
with a well-defined cone geometry and ~ 5mrad divergence in both 
directions. To scan the sample and correct the run-out errors of the 
rotation stage, a short-range piezo-driven hexapod and a metrology 
framework based on twelve capacitive sensors are used. The system 
ensures the necessary accurate nano-positioning and high stability [32], 
with translation scanning speeds of 4 and 1 μm/s in the horizontal and 
vertical directions, respectively. A large vessel under high vacuum 
(10− 7–10− 8 mbar) houses all the KB nano-focusing optics and the sample 
stage. The high energy of 33.35 keV was used for the experiments in 
order to achieve comparably higher spatial resolutions and a reduction 
of artefacts, while still maintaining a good contrast ratio for phase 
contrast imaging. Most importantly, it allows excitation of the K-edge of 
Zr for X-ray fluorescence, resulting in higher efficiency and reduced self- 
attenuation of the emitted radiation.

2.3. Phase contrast tomography

Both HXCT and NFPXCT are full-field coherent X-ray imaging tech
niques and share the same experimental setup at ID16A (Fig. 1 (b) and 
(c)). The projections are recorded with an indirect X-ray detector con
sisting of a scintillator (20 μm thick Tb doped Lu2SiO5 active scintillating 
layer on a 200 μm thick YbSO substrate), an objective lens (custom-built, 
10× magnification with a NA of 0.4) and a XIMEA sCMOS detector with 
6144 × 6144 pixels. The optical magnification results in an effective 
detector pixel size of 1 μm, which was binned by a factor of three, 
resulting in projections with 2048 × 2048 pixels and a detector pixel size 
of 3 μm. The detector is positioned at a fixed focus-to-detector distance 
of z12 = z1 + z2 = 1.265 m. A target pixel size can be selected in the 
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projections by exploiting the X-ray magnification and positioning the 
sample along the axis of the divergent cone beam. This produces a phase 
contrast image on the detector with a geometrical magnification M =
(z1 + z2)/z1, where z1 and z2 are the focus-to-sample distance and the 
sample-to-detector distance, respectively, along the X-ray beam direc
tion. Specific details of each technique are given below.

2.3.1. Holographic X-ray computed tomography
Holographic X-ray Computed Tomography is an amalgamation of in- 

line X-ray holography and computed tomography. This technique ex
ploits the magnification effect of the divergent cone geometry of the 
beam to achieve the required voxel size in the final reconstructed vol
ume [33]. Due to free-space propagation and the high degree of 
coherence of the beam, the recorded radiographs are actually magnified 
Fresnel diffraction patterns in the holographic regime, briefly in-line 
holograms. They contain both attenuation and phase information. Ac
curate and robust phase retrieval is achieved by combining radiographs 
recorded at different sample-to-detector distances along the X-ray beam 
[29]. For this experiment, 4000 projections over 180◦ are acquired at 
three focus-to-sample distances with an exposure time of 0.3 s per pro
jection. The first distance with the highest magnification was set at a 
voxel size of 15 nm, allowing the entire sample to be in the field of view. 
At each angle, a random lateral motion is added to the sample to avoid 
ring artefacts in the final reconstructed volume [28]. To perform a flat- 
field correction, projections without the sample and dark images were 
recorded at each distance as well. Prior to phase retrieval, the pro
jections at different distances were interpolated to match the pixel size 
of the first distance and aligned precisely. The phase maps were ob
tained by an iterative holographic phase retrieval procedure for each 
angle.

The procedure begins by employing the Paganin methodology [34] 
presuming the sample is comparatively homogenous. This assumption 
allows for the evaluation of the ratio of refractive index decrement to 
absorption coefficient δ/β ≈ 554 for the alloy at 33.35 keV. An iterative 
nonlinear conjugate gradient method (CGM) using this estimation as a 

starting point, enables convergence in a few iterations to a good solution 
for the phase map at each angle. The phase retrieval is performed with 
ESRF in-house code using GNU Octave and ImageJ. As a sufficient 
number of angles were recorded, the tomographic reconstruction was 
done using the analytic Filtered Back-Projection (FBP) algorithm on the 
aligned phase maps with the ESRF PyHST2 software [35]. The value 
provided by the reconstruction is ω = − 2π

λ δ, where ω is the grey value 
of the voxel after correction of the offset and δ is the refractive index 
decrement in the tomogram. The X-ray wavelength λ is calculated from 
the energy. Assuming the ‘Guinier’ approximation (Z/A ≈ ½), the grey 
values in the tomograms are essentially proportional to the mass density 
of the metallurgical phase [36]. With this approximation, the mass 
density (ρ) was calculated for each voxel as, 

ρ
[
g
/
cm3] = −

10− 2ω[cm− 1]

1.3λ
[

A
˚]

2π
(1) 

2.3.2. Near-field ptychographic X-ray computed tomography
Near-Field Ptychographic X-ray Computed Tomography is an effi

cient way to retrieve the sample transmission function (object) and the 
incident illumination function (probe) [37]. Compared to HXCT, this 
technique can provide higher quality data in terms of signal-to-noise 
ratio and potentially spatial resolution. A key advantage is that no 
prior knowledge of sample composition is required, unlike HXCT, which 
requires to choose the δ/β ratio. However, the acquisition time is longer 
due to the need to acquire more data. A sequence of holograms is 
collected at different lateral translations of the sample at a fixed focus- 
to-sample distance z1. The structured illumination created by the KB 
optics is exploited for efficient phase retrieval from the holograms. For 
this experiment, holograms at 16 lateral pseudo-random positions [37] 
of the sample were collected with respect to the illumination for each 
projection angle, where the sample was at a focus-to-sample distance z1 
= 6.32 mm that defines the voxel size of 15 nm in the final 3D volume. 
To avoid residual ring artefacts a random lateral motion was added to 

Fig. 1. (a) SEM image of the additively manufactured wall showing the position of the extracted sample (marked in black) for high-resolution 3D characterization. 
Schematic representation of the different techniques at the ID16A beamline of ESRF (b) Holographic X-ray Computed Tomography (HXCT) [28] (c) Near-field 
ptychographic X-ray computed tomography (NFPXCT) and (d) X-ray fluorescence computed tomography setup (FXCT). The raw X-ray fluorescence spectra of the 
extracted sample, summed over the different detector elements are shown.
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the average sample position at each angle, similar to HXCT [28].
The recorded radiographs are in-line holograms recorded for 

different transverse shifts of the sample with respect to a structured 
illumination. A total of 4000 projections were recorded with 4 sub- 
tomograms, forward and backward over 180◦ with an exposure time 
of 0.3 s per radiograph. The phase retrieval was performed with the 
Python package PyNX [38]. The phase retrieval of the first projection 
was done using one iteration of Alternating Projections [39] followed by 
Maximum Likelihood optimization [40] for 4000 iterations while 
updating the probe. The following projections were started with the 
previous reconstruction as an initial guess and then improved by 
Maximum Likelihood optimization [40] for 100 iterations without 
updating the probe followed by 200 iterations updating the probe. 
Finally, in order to avoid phase unwrapping, the tomographic recon
struction was carried out on the horizontal derivative of the phase maps 
using the FBP method with a Hilbert filter [41] with the ESRF in-house 
software NABU [42]. The calculation of the mass density (ρ) for the 
volumes is similar to the HXCT method [36].

After deriving the quantitative results from the resulting tomo
graphic volumes, they were further processed for visualization purposes 
using bandpass filters available in ImageJ [43] to correct for grey value 
gradients caused by the Pt deposition.

2.4. X-ray fluorescence computed tomography

XRF provides access to elemental concentrations with high effi
ciency, down to trace elements. The XRF setup uses two energy resolving 
X-ray detectors based on multi-element Silicon Drift Detector (SSD) 
technology (Fig. 1 (d)). The first detector is a custom Ardesia-16 detector 
from Politecnico di Milano [44] consisting of 16 monolithic SDD ele
ments, whereas the second detector is a commercial Vortex ME7 from 
Hitachi High-Tech Science America consisting of 7 individual SDD ele
ments. At the X-ray focus, the detectors are positioned on either side of 
the sample, perpendicular to the beam direction in the horizontal plane. 
The sample is scanned on-the-fly (grid scan) through the nanofocus 
while the emitted X-ray fluorescence signal is recorded.

Being a scanning method, FXCT is typically orders of magnitude 
slower than full-field phase imaging methods. To obtain 2D XRF maps 
the full X-ray fluorescence emission spectra are collected using the 
energy-dispersive detectors. They are stored for each individual detector 
element. In addition, a sum spectrum of all detector elements is gener
ated and saved owing to the common energy calibration. The same 
procedure is repeated for different angular positions of the sample for 
FXCT. For this experiment, to provide more information about the 
sample, a region of interest was selected based on the observation of 
more intra- and intergranular features in the reconstructed phase 
contrast tomography volumes. A rectangular region, 28 μm wide and 5 
μm high was selected and scanned with a grid scan and a step size of 100 
nm in the x-y plane. A total number of 65 projections over 180◦ were 
acquired with 2 sub-tomograms of 32 projections each and a final pro
jection at 180◦ to improve the alignment of the projections. This setting 
provides the best compromise between the target resolution and the 
field of view, while still having a sufficient number of projections. 
Taking into account the dwell time of 50 ms for each pixel step and the 
acquisition overhead time, each projection took ~18 min to acquire, 
resulting in a total scan time of a little over 20 h.

The spectral fitting and normalization of the XRF data were per
formed with a Python script using the PyMCA library [45]. The results 
were 2D maps of the areal mass density (in ng/mm2) of the different 
elements in the sample with atomic number Z > 12. These projections 
were then precisely aligned based on the tomographic consistency 
[46,47]. Contrary to HXCT and NFPXCT, the tomographic reconstruc
tion of each individual element was done using an advanced algebraic 
reconstruction method – regularized Maximum Likelihood Expectation 
Maximization (MLEM) [48] implemented with ESRF in-house software 
using the ASTRA Toolbox [49]. The tomographic voxels provide 

elemental concentrations in mg/cm3 by default. To express these con
centrations in weight percent (wt%), we first computed the total mass 
density as the sum of all elemental concentrations (Al, Fe, Zr, and Ga) 
derived from the FXCT dataset. The relative contribution of each 
element was then determined through voxel-wise normalization, 
masked to the region within the object. For the Al matrix, the FXCT 
result suffers from strong self-attenuation, and instead, a homogeneous 
density of 2.7 g/cm3 was assumed. However, the initial Al values were 
slightly underestimated (~2 g/cm3). To correct for this, a scaling factor 
of 1.336 was applied to adjust the Al values to 2.7 g/cm3. This correction 
was consistently applied to all other elements to ensure accuracy in the 
total mass density calculations.

3. Results

3.1. Correlative X-ray nanotomography

To demonstrate the potential of the two full-field coherent imaging 
techniques, HXCT and NFPXCT, and to accentuate the accuracy of the 
results, the measurements were carried out with the same voxel size of 
(15 nm)3 and 4000 projections with an exposure time of 0.3 s/projec
tion. Fig. 2 shows representative 2D reconstructed slices of the investi
gated alloy obtained by HXCT (Fig. 2. (a), (e)) and NFPXT (Fig. 2. (b), 
(f)). The microstructure is formed by the grey Al matrix and bright 
intermetallic phases that are most likely Fe- and Zr-rich [18]. These 
phase contrast tomography characterization techniques reveal the 
morphology, distribution, and interconnectivity of these intermetallic 
phases decorating fine equiaxed Al grains (<10 μm) (Fig. 2). Fe-rich 
intermetallics forming an intergranular network at the grain bound
aries and the more compact cuboidal Zr-rich primary particles within 
some of the Al grains are marked in Fig. 2 (a), and can be correlated to 
those reported in [18,19].

The separate reconstruction of the object (transmission function) and 
the probe (incident illumination function) in NFPXCT results in 
improved spatial resolution according to an evaluation by Fourier shell 
correlation (FSC) (57 nm for NFPXCT and 70 nm for HXCT, see sup
plementary Fig. S 2). In addition, the reconstruction provides a better 
signal-to-noise ratio because it does not require the flat-field correction 
approximation used in HXCT [50]. Nevertheless, the reconstructions 
produced by HXCT maintain a sufficiently good quality. Fig. 2 (e) shows 
vertical line artefacts in the axial HXCT slices, whereas NFPXCT is free of 
such artefacts. Fig. 2 (c) and (g) show enlarged regions of interest from 
the NFPXCT slice (marked as red and green rectangles in Fig. 2 (b)) in 
which intermetallic phases with similar morphologies (in 2D) and slight 
variations in mass density, as revealed by the line profiles in Fig. 2 (d) 
and (h). The accuracy of the mass density of these microstructural 
constituents derived from the NFPXCT reconstructions indicates that 
there may be variations in the composition of these intermetallic phases. 
Addressing the need for local elemental wt%, FXCT was incorporated as 
a pivotal factor. As longer acquisitions are required for FXCT, a field of 
view with a reduced height of 5 μm and a width of 28 μm was selected in 
a region of interest where more intermetallics were observed in the 
reconstructed volumes. For a more detailed correlative analysis, the 
FXCT results in Fig. 3 show the same region as the phase contrast slices 
in Fig. 2 (a) and (b).

The quantification of individual elements from the FXCT data pro
vides two further insights: 1) The detection of Zr in the Al grains in
dicates that this element may be either partially trapped in solid solution 
in the Al matrix or forming nm-range Al3Zr precipitates, and 2) the 
presence of Ga decorating Al grain boundaries. Ga was introduced in the 
alloy during sample preparation by FIB using Ga+ ions. This element is 
known to have a high affinity for Al grain boundaries [51], and thus, it 
can be used as a marker to identify individual grains. Fig. 3 (a) and (b) 
show axial radial FXCT maps of Zr, Fe, and Ga. The distribution of Zr and 
Fe in the enlarged regions of interest in Fig. 3 (region enclosed by green 
and red rectangles in Fig. 3 (b)) confirm the presence of different types of 
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Fig. 2. Comparison between HXCT (a, e) and NFPXCT (b, f) slices of the phase-contrast nano-tomography to reveal the intra/inter granular structures of the Al-Fe-Zr 
sample. The mass density maps are shown parallel (a and b, contained in the plane of x-y slices) and perpendicular (e and f, x-z slices) to the building direction 
(marked BD indicated by gold arrow). The Fe-rich intermetallics and Zr-rich primary particles are shown in (a). The enlarged images in (c) and (g) are highlighted 
regions of interest in the NFPXCT slice marked in (b, red and green). (d) and (h) are plots of the line profile (marked blue in (c and g)) of the respective regions of 
interest that indicate the total mass density of the intermetallic phases. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)

Fig. 3. Orthogonal views of X-ray fluorescence tomography volumes showing the distribution of Zr (left), Fe (middle), and Ga (right). The axial (a) and radial (b) 
slice (same slice as shown in phase contrast tomography, Fig. 2) reveal the local wt% of the alloying elements Zr and Fe as well as of Ga (introduced as result of 
sample preparation). Enlarged regions of interest (c) of Zr (marked in green) and Fe (marked in red) corresponding to the regions shown in Fig. 2 (NFPXCT), which 
indicate they are different intermetallics. The enlarged region of interest of Ga reveals the presence of a grain boundary, with the corresponding region of Fe dis
playing no observable accumulation of its intermetallics (marked in orange, also refer Fig. 2. b). 3D volume renderings of the elements distributions are shown in (d). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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intermetallic phases despite partly showing a similar 2D morphology 
and only slight variations in the total mass density (Fig. 2 (d) and (h)). 
The enlarged region on the right side of Fig. 3 (c) shows Ga clearly 
decorating a grain boundary, while the same region in the center of 
Fig. 3 (b) (marked in orange) shows a discontinuous distribution of Fe 
along this grain. A direct comparison of the elemental content (FXCT), 
the mass density (NFPXCT) of the three enlarged regions, and 3D visu
alizations can be found in the Supplementary Fig. S 1 and Movie 1.

Figure 4 (a) show the element distribution and mass density obtained 
from the FXCT and NFPXCT reconstructions, with a single grain 
enlarged in Fig. 4 (b). Moreover, the element wt% and mass density 
along a line profile are shown in Fig. 4 (c). Note the use of a logarithmic 
scale for the Zr and Fe profiles to exploit the large dynamic range of the 
reconstructions. The line profile plot of Zr shows a high wt%, most 
probably a primary Al3Zr particle, in the center of an Al grain. This 
particle is surrounded by a uniform distribution of 0.9 wt% of Zr within 
the Al grain. This uniform distribution is approximately in line with the 
nominal composition of the alloy. Conversely, the wt% of Fe is higher at 
the grain boundaries whereas trace amounts of Fe remain trapped in 
solid solution in the Al grain. Fig. 4 d (left) shows a 3D rendering of the 
Al grain shown in b, highlighting the heterogeneous distribution of Fe- 
rich intermetallics at the grain boundary (see also Supplementary 
movie 2) and the cuboidal Al3Zr primary particle in the centre of the 
grain. In the measured FXCT region, the volume fractions of Fe- and Zr- 
rich intermetallics are 0.23 % and 0.37 %, respectively. The 3D size 
distribution of the primary Al3Zr particles within the investigated 

volume is shown on the right side of Fig. 4 (d). Nearly half of the Al3Zr 
particles range between 300 nm and 400 nm in size.

4. Discussion

Focusing on the comparison of HXCT and NFPXCT, one factor to 
consider is the time needed to acquire the data. The data acquisition 
time for HXCT is ~4 h, while NFPXCT takes approximately 3 times 
longer for the same number of projections (4000). This can be explained 
by the latter method requiring more positions per angle (3 vs 16). 
Although faster in acquisition and processing time, HXCT requires prior 
knowledge of the average sample composition to estimate the δ/β ratio 
for sufficient contrast in the final reconstructed volumes, whereas 
NFPXCT requires no previous knowledge of the material’s composition 
[30,37]. The reconstruction from NFPXCT achieves a higher spatial 
resolution, and offers a better signal-to-noise ratio, as it avoids the flat- 
field correction approximation needed in HXCT. While NFPXCT volumes 
are devoid of the line artefacts observed in HXCT, a combined wavelet- 
FFT filter (stripes filter), accessible as the ImageJ plugin, Xlib [52,53], 
can be applied while processing the HXCT phase maps or to x-z slices 
post-reconstruction for the artefact removal. The efficacy of this meth
odology may be constrained by the severity of the line artefacts [53]. In 
this case, applying the stripes filter to the HXCT volume preserved the 
majority of the image information, in addition to the qualitative visual 
assessment. Nevertheless, NFPXCT results in higher quality volumes 
with reduced noise and is particularly suitable for samples where noise 

Fig. 4. Quantitative evaluation of an individual grain with FXCT and NFPXCT. (a) Radial slice of elemental maps from FXCT and mass density map retrieved from 
NFPXCT. (b) Enlarged images of a typical individual grain and (c) line profile plots along a diagonal of the grain tracing the elemental wt% and mass density from 
FXCT and NFPXT, respectively. (d, left) 3D rendering of the elemental composition of the individual grain (also refer supplementary movie 2), (d, right) histogram for 
the number of primary Zr-rich particles in the total volume (imaged by FXCT) shown as a function of their volume (μm3).
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can impair analyses. The Supplementary Fig. S 3 illustrates a direct 
comparison of an x-z slice from HXCT volumes before and after applying 
the stripes filter, alongside the same region of interest from NFPXCT.

These techniques allow qualitative and quantitative 3D character
izations of the Al-1Fe-1Zr microstructure, facilitating the determination 
of the local mass density of the Al matrix and the intermetallic phases 
with a spatial resolution of 57 nm and detectability limit of 0.1 g/cm3 for 
mass density. However, in the case of phases or regions with similar 
mass densities, their nature can only be assumed based on other 
microstructural features such as their 3D morphology. This can still be 
uncertain, highlighting the significance of FXCT, which yields quanti
tative local elemental information in 3D (Fig. 3). For the studied alloy, 
we can precisely quantify each individual element at a voxel size of 100 
nm, with a wt% resolution of 0.1 wt% for Zr and Fe, and 0.01 wt% for 
Ga, within a large dynamic range. This is especially true for the detection 
of Zr in the Al matrix (which may be trapped in solid solution or forming 
nm-sized Al3Zr precipitates). While low vapour pressure and low diffu
sivity were the main criteria for the selection of the alloying elements in 
this Al-1Fe-1Zr alloy [18], the role of Zr is twofold: (i) to act as a grain 
refiner (in the form of primary Al3Zr particles) to promote heteroge
neous nucleation at the melt boundaries to prevent hot cracking [54], 
and (ii) to act as an age hardening phase that strengthens the alloy owing 
to nanoprecipitation of coherent Al3Zr intermetallics during heat treat
ment [55]. The former can be explained taking into account that the 
solidification front velocity is the lowest for the liquid that solidifies 
first, while the thermal gradient decreases from the first solidified liquid 
to the last [56,57]. As this is sufficiently low at the melt pool boundary, 
it allows the formation of primary Al3Zr cuboidal particles (Fig. 4 (d)) 
that act as nucleation sites for the fine equiaxed Al grains [58]. 
Furthermore, as the solidification process continues, it may trap Zr in the 
solid solution if this is slow enough (also indicated by FXCT, Fig. 4). In 
contrast, the rejection of Fe to the liquid in the peripheral regions of the 
grains results in the formation of Al13Fe4 intermetallics forming a 3D 
network that decorates the grain boundaries (Fig. 4). This is also 
revealed by the Ga distribution which acts as a grain marker in FXCT 
results (Fig. 4). The theoretical mass densities for Al3Zr (4.1 g/cm3 

[59–61]) and Al13Fe4 phases (3.8 g/cm3 [62–64]), were compared with 
the total mass densities calculated from the FXCT dataset, which were 
found to be 3.9 g/cm3 and 3.4 g/cm3, for Al3Zr and Al13Fe4 phases, 
respectively. These values are reasonably close to the expected theo
retical densities.

5. Conclusions

The present study demonstrates the strength of different 
synchrotron-based nanotomography techniques, namely holographic X- 
ray computed tomography (HXCT) and near-field ptychographic X-ray 
computed tomography (NFPXCT) and X-ray fluorescence computed to
mography (FXCT), to characterize a novel Al-1Fe-1Zr alloy specifically 
designed for LPBF. The comparative investigations non-destructively 
reveal the 3D microstructural features down to a spatial resolution of 
57 nm, a total mass density resolution of 0.1 g/cm3 and elemental dis
tribution resolution of 0.1 wt%, depending on the element. The full-field 
coherent imaging techniques are especially useful for these types of in
vestigations, as they provide a larger field of view and also allow 
selecting a region of interest for FXCT. The improved spatial resolution 
of NFPXCT (57 nm vs 70 nm for HXCT) turns out to be particularly 
relevant considering the size of the ultrafine microstructures in the 
studied alloy. The results of X-ray phase contrast experiments provided 
precise mapping and quantification of the microstructures. Combining 
these techniques with FXCT allows for the unambiguous identification 
and distribution of the elements and their distribution local wt%.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.matchar.2025.115109.
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