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Abstract
Isotropy in microstructure and mechanical properties remains a challenge for laser powder bed fusion (LPBF) processed 
materials due to the epitaxial growth and rapid cooling in LPBF. In this study, a high-strength  TiB2/Al-Cu composite with 
random texture was successfully fabricated by laser powder bed fusion (LPBF) using pre-doped  TiB2/Al-Cu composite 
powder. A series of advanced characterisation techniques, including synchrotron X-ray tomography, correlative focussed 
ion beam–scanning electron microscopy (FIB-SEM), scanning transmission electron microscopy (STEM), and synchrotron 
in situ X-ray diffraction, were applied to investigate the defects and microstructure of the as-fabricated  TiB2/Al-Cu composite 
across multiple length scales. The study showed ultra-fine grains with an average grain size of about 0.86 μm, and a random 
texture was formed in the as-fabricated condition due to rapid solidification and the  TiB2 particles promoting heterogeneous 
nucleation. The yield strength and total elongation of the as-fabricated composite were 317 MPa and 10%, respectively. The 
contributions of fine grains, solid solutions, dislocations, particles, and Guinier–Preston (GP) zones were calculated. Failure 
was found to be initiated from the largest lack-of-fusion pore, as revealed by in situ synchrotron tomography during tensile 
loading. In situ synchrotron diffraction was used to characterise the lattice strain evolution during tensile loading, providing 
important data for the development of crystal-plasticity models.

Keywords Aluminium metal matrix composite · Laser powder bed fusion · Heterogeneous nucleation · Synchrotron 
characterisation

1 Introduction

Laser powder bed fusion (LPBF), an additive manufacturing 
(AM) technique, uses a laser to melt and fuse the powder 
selectively to form a 3D structure in a layer-by-layer fash-
ion [1–3]. The development of LPBF enables the rapid pro-
duction of complex components based on computer-aided 
design models. To meet the growing demand for lightweight 
components in the automotive and aerospace sectors, many 
researchers have used LPBF to fabricate high-performance 
aluminium (Al) alloys and composites. A variety of Al-
alloys have been successfully printed using LPBF, includ-
ing Al-Si [4], Al-Si-Mg [5, 6], Scalmalloy [7, 8], Al-Mn-Sc 
[9, 10], Al-Mg-Si-Sc [11, 12], Al-Cu [13, 14] and Al-matrix 
composites [15–17].

One of the major challenges facing LPBF of Al alloys is to 
suppress the defects and detrimental microstructures, such as 
hot tearing and columnar grains, mostly related to the steep 
thermal gradients in the confined melt pool and the rapid 
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solidification associated with laser heating [2, 9, 11, 18–24]. 
This is the main reason why there is a limited number of 
Al alloys that can be fabricated by LPBF. One promising 
solution to improve the processability of Al-alloys is to dope 
the alloys with nanosized high melting point particles, such 
as  TiB2, SiC, TiN, and TiC [17, 25–28], which benefits the 
material in three ways. Firstly, the particles can act as sites 
for heterogeneous nucleation during solidification, leading 
to ultra-fine grains, and avoiding columnar grains [29, 30]. 
Secondly, as fine grains are introduced, the strain caused by 
volumetric solidification shrinkage and thermal contraction 
can be accommodated within the semi-solid state, preventing 
the formation of hot tearing [28]. Finally, the nanoparticles 
introduced and the fine equiaxed grains formed are both ben-
eficial to the mechanical performance [31].

To date, there are several methods to introduce nano-
particles to Al alloys. One approach is to decorate nano-
particles onto the surface of the Al-powder as nucleation 
sites for α-Al grains [32–34]. For instance, Martin et al. 
[28] coated 7075 and 6061 alloy powders with nano-ZrH2 
[28]. Recently, Tan et al. [35] mixed 2024 Al alloy powders 
with Ti nanoparticles, and fine-grained 2024 alloy was suc-
cessfully fabricated by LPBF. The composite produced by 
mixed powder shows mechanical properties close to that of 
wrought 2xxx series alloys [17, 29, 36]. Another approach is 
to pre-dope the Al-alloy with nanoparticles. Ghoncheh et al. 
produced  TiB2 pre-doped A205 alloys via LPBF [37]. Li 
et al. [38] fabricated Al-10Si-Mg ingot reinforced with  TiB2 
nanoparticles using a salt-metal reaction method. The ingot 
was then used to produce powders by gas-atomisation. This 
led to exceptionally high-strength Al alloys and good duc-
tility. However, the influence of nanoparticle size on grain 
formation remains further study. The distribution of defects, 
 TiB2 and precipitates, and failure mechanism significantly 
affect the properties of LPBFed  TiB2/Al-Cu composite, but 
is difficult to be studied via traditional methods. By utilising 
the advantage of synchrotron in situ testing and advanced 
microscopes, our study produced Al-Cu-based powders pre-
doped with  TiB2 particles for the LPBF process and inves-
tigated the defects, formation of fine grains, distribution of 
particles, and their behaviours during deformation.

In this study, the LPBF printed  TiB2/Al-Cu composite 
with good mechanical properties comparable to that of 
Al-Cu-based cast and wrought products, was successfully 
printed by LPBF. A comprehensive analysis was performed 
to understand its microstructure, mechanical properties, and 
failure mechanisms. The mechanical performance of the 
printed  TiB2/Al-Cu composite originates from its micro-
structure. Hence, it is important to map the distribution of 
defects, the hierarchical microstructure, and their influence 
on the deformation behaviour of the composite. We used 
high-resolution synchrotron computed tomography (CT), 
3D scanning electron microscope (3D-SEM), and scanning 

transmission electron microscopy (STEM) characterisation 
to analyse porosity, grain structure, secondary particles, and 
nanoprecipitation. Additionally, in situ synchrotron CT and 
diffraction were used during tensile loading [5, 39, 40] to 
probe the micro-mechanical properties and failure mecha-
nisms of LPBF printed composite at the I12 beamline dia-
mond light source. The detailed characterisation and in situ 
tests allowed us to establish the multi-scales architecture 
of the  TiB2/Al-Cu composite, which significantly facilitates 
the understanding of the structure–properties relationship 
of the composite.

2  Experimental

2.1  Materials and Process Parameters

Pre-doped  TiB2/Al-Cu alloy electrode induction gas atomi-
sation powder, which contains 4–6 wt% Cu, around 0.2–0.4 
wt% Mg, around 0.5–1 wt% Ag, 2–3 wt% Ti and 0.7–1 
wt% B, was provided by TLS Technik GmbH & Co. Spe-
zialpulver KG, Germany, with particle size between 15 and 
53 µm. Solid samples were fabricated by an SLM500HL 
LPBF machine (SLM solution GmbH, Germany) under 
argon atmosphere (less than 0.01% oxygen content), using 
an 80 µm diameter Gaussian laser beam. The processing 
parameters were 360 W power, 1500 mm/s scan speed, 
0.15 mm hatch spacing and 30 µm layer thickness. The plat-
form was heated up to 150 °C before LPBF processing and 
kept during the processing. The use of the platform preheat 
aims to reduce the residual stresses associated with LPBF, 
while facilitating the powder spreadability by removing any 
moisture. The scan strategy used in this study was 10 mm 
width strip scans and the 90° strip rotation between layers. 
The building direction (BD) was defined as the Z direction. 
The machine runs on a full-powder recycling system using 
a sieving station and an extruder powder delivery system. 
Thus, some irregular-shaped partial melt powders and spat-
ter particles were occasionally observed. The recycled pow-
ders were collected from the powder tank before the build 
started, and spatter particles were collected from the down-
wind side of the build chamber after the build finished.

2.2  Metallurgy Preparation and Mechanical Testing

The samples for microstructure analysis and in situ tensile 
testing were cut from a 30 mm × 20 mm × 30 mm block, 
via electrical discharge machining (EDM) and then were 
ground by sandpapers and polished by both 3  µm and 
0.05 µm diamond suspension, followed by microstructural 
investigations.

Three M8 tensile bars with 20 mm gauge length and 
4 mm gauge diameter were tested using an ESH tensile 
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testing machine to obtain the stress–strain curve accord-
ing to the ASTM-E8 standard [41]. The geometries of the 
in situ tensile and ASTM-E8 samples are provided in the 
supplementary note. The loading direction of both in situ 
and standard tensile tests was paralleled to the BD (Z direc-
tion). The details of sample geometry can be found in sup-
plementary materials.

2.3  Electron Microscopy

The as-fabricated samples were then characterised using a 
ZESIS crossbeam 550 FIB-SEM, after locating the defects 
from the X-ray computed tomography (CT) results. During 
the milling, secondary and backscatter images were taken 
from 785 sections with 14 nm slice intervals, using 1.5 kV, 
5 nA beam and a pixel size of 10 nm. Meanwhile, 75 energy-
dispersive spectroscopy (EDS) maps with 100 nm pixel size 
were taken from the investigated volume with 140-nm slice 
intervals.

SEM imaging and electron backscattered diffraction 
(EBSD) mapping were acquired using TESCAN Mira3 
SEM, Czech Republic. The step size of EBSD mapping 
was 0.1 µm. The acquisition rate was higher than 80%, and 
the post-processing was done by MTEX software [42]. The 
inverse pole figure (IPF) map was processed using the fill-
ing missing function. The grain boundary angle > 15° was 
defined as a large angle grain boundary, and the grain size 
less than three times of step size (less than 0.3 μm) was 
eliminated as noise. The pole figure analysis was done on 
raw data without post-processing. The transmission elec-
tron microscopy (TEM) investigation was performed using a 
Tecnai F30 (FEI, USA), operated at 300 kV. The high-angle 
annular dark-field scanning TEM (HAADF-STEM) char-
acterisation was done using an FEI Talos TEM at 200 kV. 
The TEM samples were prepared via mechanical grinding, 
polishing and ion milling (PIPS™, Gatan, Inc., USA).

2.4  In Situ Synchrotron Characterisation

In situ X-ray diffraction and CT were performed at the I12 
beamline of Diamond Light Source, UK [43]. The Deben 
CT5000 micromechanical testing machine was used for 
in situ tensile loadings. The in situ tests were conducted on a 
flat dog-bone tensile sample with 1.8 mm width and 10 mm 
length gauge (see supplementary). The energy of the mono-
chromatic beam was 53.7 keV (wavelength of 0.23088 Å). 
For tomographic imaging, pco.edge 5.5 CMOS detector 
was used with module four optics at a sample-to-detector 
distance of 0.55 m. Each tomogram comprised a total of 
1800 equally spaced radiographs over a 180° rotation with 
0.5 ms exposure. All tomograms were reconstructed with 
Savu software [44–46]. The voxel size of the tomograms 
was 1.3 μm. The X-ray diffraction pattern was acquired 

using Pilatus 2 M CdTe detector, positioned at a distance 
of 0.742 m from the specimen and calibrated with a  CeO2 
powder sample using DAWN software [47–49]. The beam 
size of 200 µm × 200 µm was used with 1 s exposure time. 
The noise reduction filter was set at 3 pixel size; therefore, 
the minimum recognisable pore size in this technique is 
3.9 μm. Tomograms and diffraction patterns were captured 
alternatively on the same sample, as the load increased. The 
changeover between tomography and diffraction at load 
steps of interest was achieved by the movement of the detec-
tor and beam-stop stages.

For diffraction data analysis, the azimuthal integrations 
of 15° (from − 7.5° till 7.5°) were performed in two direc-
tions: along the tensile load direction and perpendicular to 
the tensile direction. Single peak fitting of diffraction pat-
terns was carried out with the pseudo-Voigt function using 
the TOPAS software. The lattice strain was calculated using 
the following equation:

where ɛhkl, dhkl and d0
hkl are the lattice strain, inter-planar 

spacing under stress and stress-free lattice spacing of (hkl) 
crystallographic plane family, respectively [50].

After in situ tensile testing, the fractured samples were 
tomography scanned by a ZEISS Xradia 620 Versa 3D X-ray 
microscope to identify defects. The tomography results were 
stitched from the two high-resolution scans with 1.25 µm 
voxel resolution, which were done by 50 keV beam with a 
4 × magnification secondary objective lens. Each scan was 
covering 360° with 3000 equally spaced projections and 
each projection taking 12 s. The tomography, from both 
synchrotron and laboratory sources, was analysed by Avizo 
2020.1 (Thermo Fisher Scientific). 3D median filter followed 
by interactive thresholding was used with the thresholding 
values chosen based on the Otsu's method [51].

3  Results and Discussion

In this section, we first presented the microstructural char-
acterisation of the as-fabricated  TiB2/Al-Cu composite, 
including porosity, grain structure,  TiB2 and  Al2Cu phase, as 
well as nanoprecipitation. Afterwards, the tensile mechani-
cal properties of the alloy were presented together with the 
in situ diffraction and tomography analysis.

3.1  Porosity

Figure 1 shows a three-dimensional visualisation of pores in 
the gauge section of the as-fabricated  TiB2/Al-Cu composite, 
which was obtained from the CT data. No crack but many 

(1)�hkl =
dhkl − d

0
hkl

d
0
hkl

.
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relatively homogeneously distributed pores were observed 
within the sample. The pores were rendered in three differ-
ent colours according to their sizes, as shown in Fig. 1a. 
The average equivalent diameter of the pores is 7.1 ± 3.7 μm, 
and the volume fraction of pores is 0.43 vol.%. Most pores 
within the sample are small which were rendered as red and 
green in Fig. 1a. Figure 1b shows the histogram of the equiv-
alent diameter (d) of the pores. The pores with an equivalent 
diameter less than 3.9 µm (3 times that of resolution) were 
excluded, due to the noise reduction process. More than 70% 
of voids are smaller than 10 µm, which were identified as 
small pores, while less than 0.03% are larger than 30 µm, 

which were identified as large pores. Figure 1c shows the 
sphericity of pores ( � ), which was determined by Eq. 2:

where Vp is the volume of the pores, and Ap is the surface 
area of the pores [52]. Both Vp and Ap were obtained from 
the quantification of CT data. The histogram of sphericity 
within the logarithmic scale is presented in Fig. 1c, showing 
more than 85% of pores have near spherical morphology ( � 
>0.7), and less than 0.3% of pores have lower sphericity ( � 
<0.5), which are considered as irregular shapes. In addition, 
there is a strong relationship between equivalent diameter and 

(2)� = 36�1∕3
⋅ V

2∕3
p

⋅ A
−1
p

Fig. 1  X-ray tomography characterisation and analysis of the pores in the as-fabricated  TiB2/Al-Cu composite: a three-dimensional visualisa-
tion of pores; b the histogram of pores equivalent diameters shown in logarithmic scale; c histogram of porosity sphericity shown in logarithmic 
scale; and (d) sphericity versus equivalent diameter, the colour scale indicates the number of pores at certain size and sphericity. The red arrows 
indicate the largest pore in the section
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sphericity in LPBF  TiB2/Al-Cu composite, as shown by the 
plot of sphericity versus diameter (Fig. 1d). The colour scale 
in Fig. 1d indicates the number of pores in a certain size and 
sphericity. It is found that the larger pores (d > 30 µm) are the 
least spherical, which is a lack-of-fusion defect [53, 54]. The 
largest pore found in the section is 58 μm diameter with 0.15 
sphericity (indicated by the red arrow in Fig. 1a and d). The 
most of pores are small and spherical pores, which might be 
hydrogen gas pores formed during solidification.

3.2  Grain Structure

Typical melt pool patterns with around 150 µm in width 
were revealed by the EBSD band contrast map in Fig. 2a. 
The EBSD IPF map (Fig. 2b), along the building direction 
(BD or Z), reveals a distinctive fine equiaxed structure with 
an average size of 0.86 ± 0.49 µm. The grain size is less and 
a half of other LPBF Al composite prepared by mechanical 
powder blending, which is more than 2 µm in size [29, 36]. 

Fig. 2  EBSD map results of a melt pool structure in the band contrast map of as-fabricated LPBF  TiB2/Al-Cu composite; b IPF map, with equi-
axed grains with 0.86 µm average size and weak texture, the melt pool boundary indicated by white dash line; c pole figure of b; d subset d of 
IPF map b, e subset e of IPF map b; f KAM and grain boundary map with even misorientation distribution; g grain size distribution calculated 
from IPF map b; and h misorientation distribution
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Figure 2g shows the grain size distribution. Most grains are 
within the range between 0.3 and 1.6 μm. The decrease in 
grain size would improve the mechanical properties of the 
composite. In addition, the LPBF  TiB2/Al-Cu composite in 
this work shows a more homogeneous microstructure than 
other LPBF Al alloys and composite. The (100) pole figure 
(PF) in Fig. 2c has low intensity (maximum 1.1). Compared 
to the LPBF printed Ti-modified Al-Cu-Mg alloys, the grain 
size in the present work is significantly smaller (0.86 μm 
vs. 1.64 μm), while the maximum texture intensity is simi-
lar (1.1 vs. 1.188) [55]. Compared to LPBFed Ti-modified 
A205 alloys, the grain size in the present work is similar 
(0.86 μm vs. 0.96 μm), while the maximum texture intensity 
is smaller (1.1 vs. 1.36) [37]. The calculated texture J-index 
[56] is 1.02 which confirms the material exhibits a weak 
texture (where unity J-index corresponds to a random texture 
while a single crystal texture has infinity J-index). This is 
different from a typical highly textured grains microstructure 
found in other LPBF materials [9, 57, 58].

The area near the melt pool boundaries, between the 
white dashed lines in Fig. 2b, consisted of many fine grains 
under 1 µm as shown in Fig. 2d. Grains within the melt 
pool had a slightly larger size, of around 2 µm, but remained 
equiaxed (Fig. 2e). The relative finer grains at the melt pool 
boundaries indicate a higher cooling rate during solidifica-
tion [28]. In addition, the grain boundary map in Fig. 2f 
shows the amount of low-angle grain boundaries (2 to 15°) 
is small (around 5%), which is also distinguished from typi-
cal LPBF grain structures and much less than the LPBFed 
Ti-modified Al-Cu-Mg alloys (11.3%) [59, 60]. The kernel 
average misorientation (KAM) map in Fig. 2f shows an even 
distribution of misorientations in the as-fabricated condi-
tion (max. of 2). The distribution of misorientation is shown 
in Fig. 2h, suggesting that the most misorientation angle 
is around 45° with even distribution. This is similar to the 
LPBFed Ti-modified Al-Cu-Mg alloys and Zr-modified Al-
Cu-Mg alloys [55, 61]. The average misorientation angles 
around the measured point are 42.04°, which can be used to 
calculate the geometrically necessary dislocations (GNDs) 
density ρGND [62, 63]:

where θ is the average misorientation angle, u is the unit 
length (equivalent to the step size, 0.1 μm), and b is the 
Burgers vector (0.286 nm for aluminium [64]). The cal-
culated GNDs density of the as-fabricated sample is 
2.94 ×  1012/m2, which is lower than the LPBFed Al-Li alloys 
(2.13 ×  1013/m2) [62]. The low GNDs densities indicate a 
low residual stress level. The introduction of high melting 
point nanoparticles significantly improves the homogeneity 
of misorientation via heterogeneous nucleation. In summary, 
EBSD results demonstrate a distinctive microstructure in 

(3)�GND =
2�

ub
.

the as-fabricated LPBF  TiB2/Al-Cu composite: fine equi-
axed grains, a weak texture, a narrow range grain-size dis-
tribution, high fractions of high-angle grain boundaries, and 
evenly distributed misorientation. The rapid cooling nature 
of the AM process and high temperature gradients normally 
introduce directional microstructure with large and elon-
gated grains [65]. This heterogeneous microstructure often 
leads to anisotropy mechanical properties of materials and 
becomes a challenge in AM application [66]. This study 
shows that pre-doping  TiB2 in Al-Cu alloys can significantly 
reduce the grain size, hence improve the microstructural 
homogeneity of LPBFed Al alloys composites.

3.3  Secondary Particles  (Al2Cu and  TiB2)

Figure 3a presents the three-dimensional rendering of a Cu-
rich area in the LPBF  TiB2/Al-Cu composite, taken by FIB-
SEM using backscattering contrast. The formation of this 
defect might be caused by the Cu-rich spatter generated dur-
ing processing, and the detail is discussed in supplementary. 
Fine globular grains are surrounded by secondary phases (in 
white contrast). As shown by the zoomed-in image (Fig. 3b), 
the secondary phase appears to be highly connected. The 
3D EDS (Fig. 3c) mapping of the same region confirmed 
the phase is rich in Cu; hence, they were identified as  Al2Cu 
according to the alloy’s solidification path [67]. The  Al2Cu 
particles are finer than those reported in casted Al-Cu alloys 
[68]. The EDS point analysis shows the Cu composition in 
the α-Al matrix is 1.28 wt%, although the overall Cu com-
position in the material is around 5 wt%. The Cu dissolved 
in the Al matrix via solute trapping during rapid solidifica-
tion [69]. Most of Cu is segregated to grain boundaries as 
θ-Al2Cu precipitates.

In addition to  Al2Cu, faceted shaped particles that 
have slightly different contrast from the matrix were also 
observed, as marked by the dash lines and arrows in Fig. 3b. 
EDS analysis (Ti map of Fig. 3c) shows that these particles 
are rich in Ti; hence, they were identified as  TiB2 particles. 
The area fraction of  TiB2 was around 7%, as calculated from 
the BSE images. The typical  TiB2 morphology in Al alloys 
is a cuboidal or hexagonal shape, with some occasionally 
rod-shaped [31, 70]. The large  TiB2 particles have similar 
size and morphology to those observed within the powders, 
locating on the dendrite boundaries as shown in Fig. 4a. 
Figure 4b shows the  TiB2 particles are a few µm in size, 
comparable to the size of the grains. Some of them clus-
tered together into a flower shape in as-fabricated samples 
(Figs. 3b, and 4b). One  TiB2 particle together with  Al2Cu 
from the 3D FIB-SEM dataset was rendered as shown in 
Fig. 4c and d—TiB2 (red) and  Al2Cu (yellow). This  TiB2 
particle has a rectangle pie shape with around 200 nm in 
thickness and 1 µm in width; hence, it looks like a rod shape 
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particle from the side (Fig. 3a). The rectangle shape particle 
has a round edge and corner.

High-resolution scanning transmission electron micros-
copy (STEM) was used to further characterise the second-
ary particles (Fig. 5). High-angle annular dark-field images 
(HAADF) show both  TiB2 and  Al2Cu particles. We used 
EDS mapping to identify the species of the particles (Ti 
mapping to identify  TiB2, and Cu mapping for  Al2Cu). Large 
rectangle  TiB2 particles were found with a size of around 
500 nm presented at the grain boundaries. A few  TiB2 par-
ticles with a size of about 50 nm were found within the 
grain, as indicated by blue arrows in Fig. 5a. A cluster of 
small  TiB2 particles was found, located at the left top corner 
within the grains. The nanosized  TiB2 particles within the 
grain could be the main nucleation sites for primary grains 
during solidification. The large  TiB2 particles on the grain 

boundaries might also serve as potential nucleation for mul-
tiple primary grains around its facets. Additionally, they can 
serve as pinning particles to restrict grain growth, which 
can also reduce grain size. The formation of fine grains due 
to heterogeneous nucleation also helps to prevent hot tear-
ing via reducing volumetric solidification shrinkage during 
solidification [28, 32]. This combination of fine and large 
 TiB2 particles reduces the distance between nucleation sites 
which causes fine grain in  TiB2/Al-Cu composite, compara-
ble or slightly finer than the other Ti-modified Al alloys [55].

The  Al2Cu particles, identified by the Cu element map, 
are mainly presented at the grain/dendrite boundaries, or 
attached to the  TiB2 particles as indicated by yellow arrows 
in Fig. 5a. They were formed because of segregation during 
solidification. Higher-magnification STEM characterisation 
in Fig. 5b reveals elements distribution at the grain boundary 

Fig. 3  Correlative electron microscopy (CEM) of LPBF  TiB2/Al-Cu composite: a 3D reconstruction result of backscatter imaging; b 2D micro-
structure with  TiB2 indicated by yellow arrows, red dash lines; and c EDS map where the bright contrast area is Cu-rich, while  TiB2 clustered as 
a flower shape
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and  Al2Cu precipitates. It is found that the grain boundary is 
slightly enriched with Cu, Mg and Ag as shown by the white 
arrows in Fig. 5b. A particle-free zone was also observed 
along the boundaries. A triangular-shaped  Al2Cu particle 
is decorated within the grain trijunction. There appear to be 
some other particles embedded within the  Al2Cu, shown by 
red and blue arrows, which are Ag- and Fe-rich, respectively.

The high-resolution bright-field (BF) TEM image of a 
nanosized  TiB2 particle in Al matrix shows that the particles 
have square shape morphology, and the distance between the 
(0001) plane is around 3.2 Å, as shown in Fig. 6a. Interphase 
between  TiB2 and Al matrix was observed with a contact 
angle of 90° on the (0001) plane of  TiB2. The EDS results 
in Fig. 5a (blue arrow) show the interphase is enriched with 
Cu. Similar interphase in aged Al-Zn-Mg-Cu alloys rein-
forced with  TiB2 was reported previously [71]. The repeated 
cycle of laser heating and the preheated platform (150 °C, 
which is very close to 170 °C ageing temperature) in LPBF 
provided a higher temperature in situ ageing environment for 
the printed  TiB2/Al-Cu composite, thus allowing interphase 
to be formed, which might reduce the mismatch of the  TiB2/
Al interface [71, 72]. This semi-coherent  TiB2/Al interface 
is considered beneficial to the heterogeneous precipitation, 

which reduces nucleation energy barrier and diffusion paths 
for transporting solute atoms and vacancies during ageing 
[73].

3.4  Nano‑precipitates

It is well known that the Guinier–Preston (GP) zone in Al 
alloys is a metastable solute-rich cluster and develops to θ 
or S phase during the following ageing treatment [74, 75]. 
The high-angle annular dark-field image (HADDF) image 
in Fig. 7a shows bright nanosize particles homogenously 
distributed within the α-Al matrix. A higher-magnification 
TEM investigation in Fig. 7b shows particles are below 
10 nm size corresponding to the GP zone [76]. The fast 
Fourier transformation (FFT) pattern and the correspond-
ing inverse FFT image of area 1 (marked square area) in 
Fig. 7a illustrate diffuse streaks along (111) planes of α-Al 
direction, indicating that the GP zone forms on these planes. 
The formation of the GP zone in the as-fabrication sample 
could be due to the 150 °C platform preheat which intro-
duced the ageing effect during manufacturing, as this tem-
perature is very close to the ageing temperature of Al-Cu 
alloys (around 170 °C). However, it is difficult to identify 

Fig. 4  SEM imaging of a  TiB2 particle found in powder, b  TiB2 particle cluster in as-fabricated composite, c and d three-dimensional recon-
struction of  TiB2 (red colour) and  Al2Cu precipitates (yellow colour)
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the chemical composition and morphology of the GP zone, 
advanced characterisation, such as atom probe tomography 
and aberration-corrected TEM would be required. Further 

TEM characterisation will be carried out in a future study, 
especially as a function of post-process heat treatments to 
maximise the strength of the alloy.

3.5  Mechanical Properties

The stress–strain curves of the as-fabricated LPBF  TiB2/
Al-Cu composite from standard tensile tests are shown in 
Fig. 8, together with the in situ testing result. The average yield 
strength and ultimate tensile strength (UTS) of three stand-
ard tensile tests were 316.9 ± 7.3 MPa and 403.2 ± 6.9 MPa, 
respectively. The total elongation was 10.2% ± 0.5%, and the 
elastic modulus was 71.35 GPa. The standard tensile tests 
show similar mechanical properties to the in situ tests despite 
the different sample morphology. Figure 8b shows the com-
parison of yield strength and total elongation between LPBF 
fabricated  TiB2/Al-Cu composite and other LPBF Al alloys 
and composites. The LPBF  TiB2/Al-Cu composite has similar 
yield strength to the LPBF  TiB2/Al-Cu-Mg-Si composite [36] 

Fig. 5  STEM characterisation of LPBFed  TiB2/Al-Cu composite: a fine  TiB2 particles (around 50 nm) in α-Al grain, while large  TiB2 particles 
around 500 nm size at grain boundary (indicated by blue arrows), and  Al2Cu precipitates (indicated by yellow arrows) at the grain boundary 
(indicated by white dash lines); b  Al2Cu precipitating particles around 150 nm and grain boundary (indicated by white arrows), EDS mapping at 
grain boundary showing slightly Cu-, Ag- and Mg-rich, and the fine particles in  Al2Cu precipitate is Ag- and Fe-rich (indicated by red and blue 
arrows, respectively)

Fig. 6  TEM bright-field image on fine  TiB2 particles in α-Al matrix, 
with d001 plane distance of 3.2 Å
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and Ti-modified Al-Cu alloys [37, 55], but higher than the 
 TiB2 pre-doped A205 alloys (269 MPa) [37].

3.5.1  Strengthening Mechanism

The yield strength of Al alloys can be calculated by the fol-
lowing equation [77]:

where σ′0 is the yield stress (σy) of pure Al (about 50 MPa) 
[78], σss is the solid solution strength for Cu in Al, which 
is 7 MPa/wt% [77, 79]. According to the EDS analysis, the 
solid solution of Cu in Al matrix is 1.3 wt%; therefore, the 
σss is 9.1 MPa. Although there are other elements like Mg, 
Fe, Ag and Si in the materials, the percentage of these ele-
ments is very low. Therefore, they were not included in this 
calculation. The σgb is grain boundary strength, σdis is dislo-
cation strength, and σp is particle dispersion strength.

The contribution of grain boundaries (σgb) can be calcu-
lated by the Hall–Petch relation [80]:

where  DGB  is the grain size. k is a constant, which was 
reported as 0.08 MPa·m1/2 [77]. Accordingly, the yield 
strength caused by the ultra-fine grain is 86.3 MPa. The 
results suggest the refinement of grain size provided higher 
strength compared to the LPBF  TiB2/Al-Cu composite man-
ufactured via mechanical blending (79.6 MPa for 2.5 μm 
average grain size [36]).

The strength contribution from dislocation (σdis) can be 
calculated with the Taylor equation:

where M is the Taylor factor (∼3 for randomly oriented fcc 
polycrystals) [64, 81]. α is a constant, which is ~ 1/3 in alu-
minium [82]. G is the shear modulus of Al (28 GPa), and b 

(4)�y = ��
0
+ �ss + �gb + �dis + �p.

(5)�gb = k1D
−1∕2

GB
.

(6)�dis = M�Gb�1∕2.

is the Burgers vector of Al (0.286 nm). ρ is the dislocation 
density, which is calculated from EBSD results. Therefore, 
the contribution to strength from dislocation was estimated 
to be about 13.7 MPa.

The microscopy analysis shows a few different parti-
cles with various morphology, size and composition in the 
LPBFed  TiB2/Al-Cu composite, including  Al2Cu at grain 
boundaries, micrometer and nanometer size  TiB2, and GP 
zones. It is difficult to directly calculate the strengthening 
contribution of each particle using Orowan mechanism, but 
the total contribution to strength from these particles (σp) 
can be calculated using experimental results and Eq. 4:

The calculated yield strength apart from σp was 
159.1  MPa. Hence, the estimated total contribution to 
strength from  Al2Cu,  TiB2, GP-zones and a small number of 
other elements (including Ag, Fe and Mg) was 157.8 MPa.

As shown in Fig. 8a, the stress–strain curve of in situ 
tensile testing is very close to that of the standard test. 
To record diffraction and tomography measurements, the 
tensile specimen was held at different displacement levels 
after yielding. The stress values dropped during the holding 
period due to stress relaxation.

3.5.2  In Situ Diffraction during Tensile Loading

In situ high-energy X-ray diffraction examination was per-
formed to provide atomic-level strains to help understand the 
deformation mechanisms of the as-fabricated LPBF  TiB2/
Al-Cu composite. Figure 9a shows the diffraction patterns of 
the sample, where the diffraction peaks of α-Al matrix,  TiB2 
and  Al2Cu phases were observed and identified.

Figure 9b shows the lattice strain versus stress in 0° (ten-
sile loading direction (LD), parallel to build direction (BD)) 
and 90° (transverse) directions. The lattice strain linearly 
increased with increasing stress during elastic deformation. 

(7)�p = �y − (��
0
+ �ss + �gb + �dis).

Fig. 7  STEM characterisation reveals nanosize particles within the Al matrix: a HADDF image with bright particles of a few nm in Al matrix 
and b higher-magnification image and the diffraction pattern of the matrix nanoparticles and GP zone
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The Young’s modulus, as well as Poisson’s ratio of the as-
fabricated  TiB2/Al-Cu composite in each crystallographic 
orientation, was calculated by linearly fitting the elastic 
deformation stage as listed in Table 1. The variation between 
different grain families is small (around 6%). It is found that 
the (111) and (200) grains exhibit the lowest and greatest 
tensile elastic modulus, respectively. This is similar to other 
face-centred cubic materials [83]. However, (220) grain fam-
ily shows the highest Young’s modulus under compression. 
The Poisson’s ratios are around 0.3 in most of the grain fami-
lies apart from (220), which is 0.12.

A drop of lattice strain after the elastic stage, parallel to 
the loading direction (LD), was found in all lattice planes. 
The softer matrix α-Al grains are easier to deform than the 
more rigid  AlCu2 and  TiB2 particles, which leads to plas-
tic stress partitioning [84, 85]. The transition period starts 
from yielding onset until reaching yield strength, and the 
nonlinear stress–strain relationship indicates the load trans-
fers from ‘softer’ grain families, e.g. (220), to ‘harder’ grain 

families, e.g. (200). The lattice strain in (200) started the 
reduction first at 260 MPa, followed by (311) and (220) 
grains. They have a similar amount of strain reduction until 
reaching 0.2% yield strength at 316 MPa (indicated by 
the yellow dash line). However, the lattice strain of (111) 
grains remains at the same level during yielding. This is 
because the distance between lattice planes in (111) direc-
tion is the smallest, while the distance in (200) direction is 
the largest. The strain partitioning starts at the loosest lat-
tice planes where the resistance is the smallest. At the end 

Fig. 8  Strength–strain curves of as-fabricated LPBF  TiB2/Al-Cu composite samples under standard tensile and in situ tensile tests

Fig. 9  Diffraction of LPBF  TiB2/Al-Cu composite during tensile loading: a diffraction peaks and presents phases and b lattice strain versus 
stress including elastic deformation stage, transition period (260 MPa–320 MPa), and stress redistribution during the plastic deformation stage

Table 1  Orientation-dependent Young’s modulus and Poisson’s ratio 
of the as-fabricated  TiB2/Al-Cu composite

Lattice direction (111) (200) (220) (311)

Tensile E0 (GPa) 86.6 81.0 84.9 81.8
Compressive E90 (GPa)  − 280.9  − 220.8  − 714.3  − 245.7
Poisson’s ratio ν 0.31 0.37 0.12 0.33
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of the transition period, a clear step of strain increasing was 
found in all crystal directions after yield strength, which 
indicates the start of plastic deformation. Afterwards, the 
lattice strain responds linearly to the applied stress again 
as the sequence of (220) = (311) < (200) < (111). The lattice 
strain in (111) grain family is significantly larger than the 
other directions during plastic deformation, as the slip plane 
for lowest energy dislocation is [86] close packed plane.

3.5.3  Tomography Analysis

X-ray CT scans during in situ tensile testing at 0 MPa, 
351 MPa, 369 MPa, and 321 MPa (after sample necking) 
show the development of pores and cracks (see Fig. 10). 
The crack initiates from an irregular pore within the as-fab-
ricated sample (marked by the yellow arrow). This pore was 
extracted out from the volume and is shown in Fig. 10e-g. 
By comparing the CT result after loading (Fig. 10) and sta-
tistical results before the loading (Fig. 1d), it was found that 
the initial pore was irregular (0.15 sphericity) and the larg-
est (58 μm equivalent diameter) within the sample volume, 

which might be a lack-of-fusion pore. It increased from 
58 μm to 400 µm during loading as shown in Fig. 10a–d. 
Two small irregular pores of around 10 μm, about 400 µm 
away from the largest pore at the same horizontal plane, 
were also expended and coalesced with the largest pore after 
351 MPa, as indicated by the orange arrow in Fig. 10b. The 
largest pores propagated to a V-shape crack after reaching 
the ultimate strength.

The statistical quantification of porosity is shown in 
Fig. 11. Both volume fraction and the size of the maximum 
pore within the materials gradually increased from 0.45% 
and 59 μm to 0.68% and 88 μm, respectively, during the 
plastic deformation stage (below 362 MPa). The size of the 
maximum pore then proliferates during further loading and 
reached around 400 μm at 369 MPa (near the ultimate tensile 
strength). The number of pores and the average diameter, 
however, remain at the same level during plastic deforma-
tion. Together with the 3D results shown in Fig. 10, it can 
be concluded that it was the largest lack of fusion defect that 
developed into cracks during tensile loading.

Fig. 10  In situ μCT results of porosity during tensile loading a–d, and crack development during tensile loading e–g 
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3.5.4  Fracture Surface

The fractured surface of in situ sample and standard mechan-
ical test samples were similar. The three-dimensional visu-
alisation of the fractured surface is shown in Fig. 12a, and 
the area of the initial pores is indicated by the black dash 
box. This initial pore is consistent with the largest irregular 
porosity in this area, revealed by CT visualisation before 
loading. The porosity grew uniformly across all directions 
during tensile loading, before developing into a V-shaped 

crack before breaking. The fractography in Fig. 12c shows 
a few spherical dimples within the centre-right area (crack 
nucleation region) of the fractured surface (indicated by the 
white box in Fig. 12b). Higher-magnification SEM images 
show that there are spherical particles of around 10 μm size 
within the dimples, confirming the pore that opened into the 
crack is a lack-of-fusion defect. The brittle fracture around 
the crack nucleation area is shown in Fig. 12d, which indi-
cates the fracture transformed from ductile to brittle dur-
ing loading. Further high-magnification image in Fig. 12e 
reveals intergranular fracture near the crack initiation region, 
which indicates that cracks propagate along the grain bound-
aries after yielding. Further away, the brittle fracture area 
with a relatively smooth surface was observed, suggests the 
cracks propagate quickly through the slip plane, and shows 
shear dominated failure [87]. Figure 12f shows a defect, 
within which particles of around 4 μm size are observed. 
This defect is around 400 μm away from the crack initiation 
region. This is associated with the secondary crack devel-
oped from small irregular pores after 351 MPa, indicated by 
the orange arrow in Fig. 10c. The fractography investigation 
combined with in situ μCT results suggests the fracture was 
opened from a lack-of-fusion defect (red circle in Fig. 12b) 
via grain boundary cracking before 328 MPa. The fracture 
then transformed from ductile (area indicated by the yellow 
line in Fig. 12b) to brittle fractures after 369 MPa (green 
lines in Fig. 12b), leading to final failure.

Fig. 11  Variation of porosity, number of pores, maximum pore diam-
eter and average pore diameter during tensile testing

Fig. 12  Fractography of the in situ test samples after failure: a 3D volume rendering of the CT scan of the fractured specimen; b–f secondary electron 
images: b a large region showing relative smooth fracture surface with the crack initiation region, indicated by the white box; c the crack initiation region 
with some particles and smooth surface; d a zoomed-in image of box d in c; e a further zoomed-in image of box e in d; f a zoomed-in image of box f in c 
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4  Conclusions

This study fabricated  TiB2/Al-Cu composite by LPBF, 
using Al-Cu powders pre-doped with sub-micrometre  TiB2 
particles. Synchrotron X-ray tomography, 3D SEM and (S)
TEM were also used to study the defects and multi-scale 
microstructures of the  TiB2/Al-Cu composite. In situ syn-
chrotron X-ray measurements including tomography and 
diffraction during tensile loading were used to investigate 
deformation and fracture mechanisms.

1. The printed alloy is crack-free, but many pores were 
found. The porosity was 0.43 vol.%, and most of the 
pores were small in globular morphology with an aver-
age equivalent diameter of 7.1 μm. A few large ones 
(equivalent diameter > 30 μm) were in irregular shapes.

2. Ultra-fine equiaxed grains with 0.86 μm average grain 
size were introduced by the combined effects of rapid 
solidification and heterogeneous nucleation on the doped 
nanosize  TiB2 particles. The calculations showed  TiB2/
Al-Cu composite has fine grains, weak texture, low GNDs 
density and homogeneous misorientation distribution.

3. Nanometre sized  TiB2 particles (around 40 nm) were 
found within the grains, acting as heterogeneous nuclea-
tion sites. Micrometre sized  TiB2 (0.5–2 μm) particles 
were found located along the grain boundaries, which 
could serve as both nucleation sites and pinning particles 
for growth. Some  TiB2 were clustered together. Inter-
phase was found between the matrix and  TiB2.

4. The tensile strength of the as-printed composite 
reached 403 MPa with total elongation of 10%. Orien-
tation-dependent Young’s modulus and Poisson’s ratio 
of  TiB2/Al-Cu alloy were determined by in situ X-ray 
diffraction.

5. The contributions of Cu solid solution, dislocations, 
grain boundaries, and particles to the yield strength 
were calculated. The particles and grain boundaries 
strengthening contributed to the major part of the yield 
strength.

6. In situ X-ray tomography shows that during tensile 
loading, the fracture initiated from the biggest lack-of-
fusion pore and grew alongside the slip plane into a large 
V-shaped crack, leading to the fracture of the specimen.
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