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� 7017 Al alloy admixed with 3 wt% Zr,
0.5 wt% TiC created fully dense
samples (<0.2 % porosity) processed
via PBF-LB process.

� Microstructure shows strengthening
as a combination of precipitation
hardening and grain size
strengthening.

� In-situ combined with ex-situ tensile
testing confirm Zr inclusions improve
ductility by deflecting crack growth.
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This study addressed a 7017 Al-alloy tailored for powder bed fusion – laser beam (PBF-LB) process. The
alloy was prepared by mixing 3 wt% Zr and 0.5 wt% TiC powder to standard pre-alloyed 7017 grade alu-
minium powder. This made printing of the alloys possible avoiding solidification cracking in the bulk and
achieving high relative density (99.8 %). Such advanced alloys have significantly higher Young’s modulus
(>80 GPa) than conventional Al-alloys (70–75 GPa), thus making them attractive for applications requir-
ing high stiffness. The resulting microstructure in as-printed condition was rich in particles originating
from admixed powders and primary precipitates/inclusions originating from the PBF-LB process. After
performing a T6-like heat treatment designed for the PBF-LB process, the microstructure changed: Zr-
nanoparticles and Fe- or Mg/Zn- containing precipitates formed thus providing 75 % increase in yield
strength (from 254 MPa to 444 MPa) at the cost of decreasing ductility (�20 % to �9 %). In-situ tensile
testing combined with SXCT, and ex-situ tensile testing combined with fracture analysis confirmed that
the fracture initiation in both conditions is highly dependent on defects originated during printing.
However, cracks are deflected from decohesion around Zr-containing inclusions/precipitates embedded
in the Al-matrix. This deflection is seen to improve the ductility of the material.
� 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

A combination of high electrical and thermal conductivity, gen-
eral corrosion resistance and high specific strength makes alu-
minium alloys lucrative for applications demanding light-
weighting combined with secondary needs [1]. Additive manufac-
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turing (AM) [2] enables a layer-by-layer fabrication of complex
geometries thereby enabling improved product designs. Combined
with improved product design, the processing conditions during
AM, particularly powder bed fusion – laser beam (PBF-LB) such
as high cooling rates of 103-105 K/s [2,3] enable alloy designers
to tailor novel compositions of alloys. When it comes to aluminium
alloys designed for PBF-LB process, the major concern with print-
ability is related to solidification cracking which is prevalent in
2xxx, 6xxx and 7xxx series aluminium alloys [4–6]. Such cracking
has shown to be detrimental as it spans across several layers of a
printed sample, thus, rendering the printed material useless for
load bearing applications. One way to avoid solidification cracking
is the addition of extra alloying elements or materials, such as Zr,
TiB2, via ex-situ mixing [7] or in-situ alloying [8,9]. This helps to
provide sites for heterogeneous nucleation thus reducing stresses
at grain boundaries and providing crack free aluminium alloys
with isotropic properties. A second method utilized by alloy
designers is to develop entirely new alloy recipes [10,11] which
provide alloy systems inherently resistant to solidification crack-
ing. Most of the alloy designers have focused on high strength as
the most relevant property [6,12,13]. Although it is reasonable to
select strength as a factor, the secondary properties make alu-
minium appealing for most applications. For example, Cann et al.
[14] have suggested that the improvement of the load bearing
capacity of aluminium above operating temperatures of 493 K
could be significantly beneficial for electrical cables and brazed
heat-exchangers or heat-sinks. Following this idea, some research-
ers [9,10,15] have applied the principle of utilizing transition-
series elements such as Mn, Ce or Zr as alloying elements com-
bined with higher solubility enabled via PBF-LB. These studies have
shown that thanks to the formation of precipitates at higher tem-
peratures, such systems are resistant to strength loss up to 573 K or
higher. Another application for high performance alloys could be
components with stiffness-limited designs, such as aircraft wing
spars, which need to resist bending deformation [16]. It is highly
beneficial for an aluminium alloy to have higher Young’s modulus
to avoid such bending deformation while retaining high strength.
Thus, it is important to leverage the alloy design tools available
together with the knowledge of PBF-LB process to get the largest
benefit to application-based alloys.

X-ray computed tomography (XCT) has been proven to be the
best tool when estimating the effect of defects on mechanical prop-
erties of PBF-LB materials [17]. In case of complex microstructure
containing additional phases (such as in case of alloying or
admixed powder), XCT gives possibility to capture the spatial and
size distribution of phases in 3D [18]. XCT, however, is naturally
limited by its resolution and for the comprehensive investigation
of the new materials at all scales should be often complemented
by microscopy. Combining XCT acquisitions with a relevant load-
ing scenario (in-situ testing) helps to give insight of the failure
mechanism and damage behaviour of the material [19,20]. Such
insights could be used not only for general description of damage
in a material but for modelling or calibration of the mechanical
experiment [21].

This study presents a novel 7017 aluminium alloy based on a
pre-alloyed base composition of 7017 alloy in powder form with
ex-situ addition of 3 wt% Zr and 0.5 wt% TiC. This ex-situ addition
made the alloy printable while providing a significantly higher
stiffness (�15–20 % increase) compared to conventional Al-alloys
and possesses high yield strength of � 445 MPa in heat treated
condition. The study focuses on as-printed, and heat treated
microstructure with help of powerful characterization tools such
as electron microscopy and synchrotron X-ray computed tomogra-
phy (SXCT). To understand the damage mechanism tensile tests
were carried out both in-situ combined with SXCT, and ex-situ fol-
lowed by fracture section analysis. This methodology is successful
2

for lighter alloys such as Al due to good atomic contrast between
Al-matrix and precipitates (especially Zr). This approach also helps
to investigate the cause of fractures and suggest possible mitiga-
tion techniques for improvement of the mechanical behaviour.
2. Materials and methods

2.1. Materials

The source material was prepared by taking a 7017 Aluminium
alloy powder (20–63 lm standard size) and combining it with 3 wt
% elemental Zr powder and 0.5 wt% TiC powder. Powder particle
size distribution was measured with laser diffraction analyser
Microtrack S3500 wet method according to ASTM B822-17. The
three powders were combined by a process of dry mixing. The final
composition was measured with ICP-OES process according to
ASTM E3061-17 as shown in Table 1.

2.2. Manufacturing and heat treatment of samples

All the printed samples were manufactured at EOS Finland Oy,
Turku, Finland using a regular EOS M290 machine equipped with
a 100 lm spot size and 400 W (370 W nominal) power Yb-fiber
laser. The samples were fabricated with standard processing
parameters utilizing a volumetric energy density of 60 J/mm3 con-
sisting of 40 lm layer thickness and infill with 7 mm stripes. Plat-
form preheating temperature was 195 �C (468 K) and argon
processing gas was used with residual oxygen content below
0.1 % in process chamber. Standard HSS recoater blade and EOS
M290 standard inlet nozzle were used. The mentioned parameter
set was considered to produce fully dense samples (>99.5 % den-
sity). The samples were printed as 20 mm side cubes, and then
cut into pieces to perform microscopy analysis along different
directions (build and transverse to build direction), as shown in
Fig. 1a. For in-situ tensile testing, prisms of
50 mm � 20 mm � 20 mm were printed horizontally (long edge
in the layer plane), and then the tensile samples were machined
by electro discharge machining (EDM) as shown in Fig. 2. For ex-
situ tensile testing, cylindrical samples of 95 mm length and
14 mm diameter were printed horizontally in the same build job
and machined to tensile bars according to ASTM E8 standard. The
supplementary data section provides more information about the
sample orientation and location on build plate. The samples were
studied in as-printed (AP) and in heat treated (HT) conditions.
The solution heat treatment was conducted in a Nabertherm NA
250/65 convection furnace with a ± 2 K temperature control at
713 K for 1 h. The samples were placed in a preheated furnace in
order to minimize heating ramp-up which in this case is below
5 min. After solution heat treatment, all the samples were
quenched in room-temperature (294 ± 3 K) water within 30 s from
opening furnace door, followed by direct ageing at 393 K for 24 h in
the mentioned convection furnace. In both cases K-type secondary
thermocouples (with thin aluminium cover to avoid direct contact
with the parts) were in contact with the parts during heat treat-
ment to ensure temperature accuracy of ± 2 K.

2.3. Microstructural evaluation and analysis

The samples were cut along two directions (parallel and per-
pendicular to the build direction) followed by mounting on Poly-
fast conductive resin (from Struers). This was followed by
grinding and polishing with 200, 500, 800, 2000 and 4000 grit silica
foils followed by polishing with 1 lm diamond-based polish [10].
The final polishing step used was OP-S silica suspension. All sam-
ples were prepared on a Struers TegraPol 31 machine. The electron



Table 1
Composition of 7017 Aluminium alloy used, measured by ICP-OES. All contents in wt%. Content of other metallic elements was measured to be < 0.05 % each and 0.25 % total.

Al Zn Mg Si Fe Mn Cu Zr Ti

Bal. 4.4 2.3 0.45 0.4 0.23 0.01 3.1 0.49

Fig. 1. A) Cubical samples used for microscopy analysis where the cutting planes are shown in red b) illustration of one side of ex-situ tensile sample (after testing). the
cutting plane is shown in red and the sample as large as the orange area was tested from both sides of the cutting plane. the build direction for both the samples is shown. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. A) Photograph of the in-situ tensile test set-up at the BAMline, b) drawing of the sample used in the in-situ tensile experiment. Note: the dimensions are in mm and the
thickness is 3 mm. Z axis is aligned with the building direction.
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microscopy was done using a Zeiss Gemini SEM 450 scanning elec-
tron microscope (SEM) with a field emission gun. The SEM was
equipped with Bruker Quantax FlatQuad Energy Dispersive X-ray
Spectroscopy (EDS) detector, which enabled chemical analysis at
sub-micron resolutions using 4 kV operating voltage and 1nA of
current.
2.4. Tensile testing and fractography

Tensile testing was conducted in an Instron 8501 servo-
hydraulic testing machine equipped with fast electronic control
system and 1 kHz data logging system. The test was conducted
as per ASTM E8 standard with a strain rate of 0.01 % s�1, and the
strain was measured with an extensometer during the tests. For
fractography section analysis, samples after tensile testing were
cut into half close to the area of failure and cut section samples
were mounted and grinded/polished in a similar method followed
for microstructural evaluation. An illustration of sample geometry
is shown in Fig. 1b.
3

2.5. Synchrotron X-ray computed tomography

The SXCT was conducted at the BAMline, BESSY II (Berlin, Ger-
many), which is described in detail elsewhere [22,23]. At BAMline
two scan modes are available, a step scan mode and a on-the-fly
scan mode. In a step scan the rotation stage stops during the expo-
sure of a projection, whereas in an on-the-fly scan the stage contin-
uously rotates while the camera constantly takes projection
images during the rotation. On-the fly scans offer a drastic reduc-
tion of scan times while step scans offer flexibility in scanning
schemes that are optimised to reduce ring artefacts or to offer a
preview reconstruction already during the scan.

The AP sample was machined to a cuboid with cross-section
dimension of 1.1 � 1.1 mm2. The ex-situ sample was scanned in
step scan mode to improve data quality to the expense of scan
time. The energy of the monochromatic X-ray beam was set to
30 keV, and an effective pixel size of 0.44 lm was achieved using
a CCD camera with 10x objective. For the measurements the inter-
laced XCT acquisition protocol was used with 3232 projections,
each with a counting time of 2.4 s. The reconstruction of 3D vol-
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umes from 2D projections was made by BAM in-house developed
software based on tomopy [24,25].

The in-situ tensile tests combined with SXCT were also con-
ducted on the BAMline with DEBEN 5kN load rig installed on the
rotation table (Fig. 2a). The samples with and without heat treat-
ment were machined to the flat dog-bone sample geometry (see
Fig. 2b). Prior to the experiment ex-situ tensile tests were per-
formed. A pixel size of 1.44 lm was chosen, giving a field-of-
view of about 3.6 mm. In this experiment, the energy of the
monochromatic X-ray beam was set to 40 keV. On-the-fly XCT
was performed with 2000 projections, each acquired with an expo-
sure time of 0.5 s. The tensile test was conducted in load control
mode in the elastic regime, and in displacement control in the plas-
tic regime. The SXCT scan (of around 15 mins) was conducted after
the nominal load was reached and stress relaxation ended.

For the SXCT data processing (aimed on the segmentation of dif-
ferent phases) reconstructed volumes were filtered by non-local
means filter in Fiji ImageJ. The segmentation was performed using
open source ilastik software [24], applying machine learning
approach (based on the manual segmentation for the training data-
sets). This approach allows avoiding false segmentation of the ring
artefacts and segment more precisely the different phases of mul-
tiphase materials. The distribution and volume fraction of different
phases were analysed and visualized in Avizo software [26].
3. Results

3.1. Resulting microstructure after printing and heat treatment

Fig. 3 shows the reconstructed SXCT slices of AP sample. In the
bright contrast the inclusions with high Zr content can be identi-
fied. Zr inclusions are present in two shapes: (i) round particles (re-
tained from initial powder as inclusions) and (ii) irregular shape
particles or smaller micro-precipitates. The chemical composition
of the latter was further studied by SEM in more details. Few inclu-
sions/precipitates with density between pure Al and pure Zr (ten-
tatively Al2O3 or TiC) are visible in the light grey; porosity is visible
in black.

For quantitative image analysis all phases could be segmented,
and their distribution and volume fraction were calculated. Al2O3/
TiC inclusions had a volumetric content of 0.05 %, while all Zr inclu-
Fig. 3. SXCT reconstructed slices of AP sample a) in th
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sions had around 0.45 % and porosity was around 0.2 %. Since the
initial amount of added Zr particles was 3 wt% (approx. 1.2 vol%),
one can deduce that part of them have molten and dissolved into
the matrix (shown previously up to 0.6–0.7 wt% Zr [9,10]). How-
ever, since many particles are left (Fig. 4a) one could assume that
there was not enough energy input in the process to completely
melt and dissolve Zr. This could possibly lead to inhomogeneous
distribution of particles along the BD. However, the data analysis
of local volume fraction of Zr particles obtained by SXCT did not
show any particular inhomogeneity towards one side of the spec-
imen along the BD (Fig. 4b), but rather a periodic distribution of
Zr with local values varying from 0.2 % to almost 0.9 %. This could
be a result of remelting phenomenon occurring due to the layer-
by-layer PBF-LB processing.

Both AP and HT samples were then introduced in polished con-
dition to an electron microscope. It was observed that both the
microstructures were rich in inclusions, precipitates, and a few
defects. The common observation for both sample conditions was
one type of precipitates/inclusions containing Zr, which varied in
size by several orders of magnitude: beginning with large globular
inclusions of around 10–20 lm to very small nanometric precipi-
tates (�0.1–0.3 lm). As seen in Fig. 5, the AP microstructure con-
sisted of a variety of inclusions and precipitates with Zr as a
common constituent; in fact, three categories of Zr-containing
inclusions were characterised. The category 1 was recognized
and confirmed as pure Zr inclusions, which are close in shape
and size to pure Zr powder. Category 1 includes unmolten Zr-
inclusions; such inclusions are thought to belong to regions where
the heat could not melt them completely. Category 2 includes
semi-molten Zr particles, and a number of Zr-Al phases formed
at the interface with the Al-matrix. Such phases are formed upon
partial melting of Zr powder particles and reaction with Al-melt/
particles, as demonstrated in Fig. 6 and Fig. 7. Category 3 includes
the Zr-rich precipitates that form upon direct solidification from
the melt upon rapid cooling of Zr in Al. High-resolution EDS point
scans (3 each) suggested clear enrichment of Zr in the two precip-
itates of category 3. Some of these precipitates (cubic Al3Zr mor-
phology) act as heterogeneous nucleation sites for solidification
of Al-grains, thus favouring grain refinement [27,28]. Because of
their size, only the precipitates with categories 1 and few from cat-
egory 2 could be visible by SXCT (as shown in Fig. 3 and Fig. 4). This
could explain a slightly conservative volume fraction estimates for
e build plane, b) perpendicular to the build plane.



Fig. 4. A) 3D rendering of Zr inclusions, b) the volume fraction of Zr inclusions as a function of the distance along BD.

Fig. 5. Electron microscopy image along build direction of heat-treated sample showing the three categories of Zr precipitates namely unmolten (category 1), semi-molten
(category 2) and fully molten (category 3) respectively.
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Zr from SXCT data. Upon studying the unmolten and semi-molten
Zr particles (categories 1 and 2) in more detail, see Fig. 6, it was
seen that most of them contained microcracks at the interface with
Al-matrix in both AP and HT conditions. This suggests that these
cracks originate from the printing process and do not change upon
heat treatments. Upon further investigation with the help of EDS
chemical analysis conducted on several of these particles and illus-
trated in Fig. 7, it was seen that category 1 or 2, Zr-containing par-
ticles could have several different Al-Zr phases formed. This is
clearly due to low energy and time available during the printing
process to fully melt the Zr powder and dissolve the Zr in Al-
matrix, thus forming several phases.

The other characteristic of the microstructure are grain boundary
precipitates rich in Zn, Mg and Si. These elements usually form low-
melting precipitates. Such precipitates accumulate at grain bound-
aries during the solidification process, as shown in Fig. 8 and Fig. 9
[29,30]. They can be dissolved in thematrix using solution heat treat-
ment. Besides the precipitation reactions, the microstructure stays
consistent at some locations after heat treatments. For example:
The Zr inclusions seen in Fig. 5 are in a similar condition after heat
treatments in the matrix. However, there are four major changes
expected in the microstructure after heat treatment namely:

1. After solution heat treatments, most of the Zn-Mg precipitates
are dissolved and then re-precipitate as nanometric GP Zones
[31] in the grain interiors and grain boundaries. These mecha-
nisms are well studied in literature [1,29,31].
5

2. The Zr dissolved in the matrix would re-precipitate as nanomet-
ric L12-Al3Zr precipitates during solution treatment; this phe-
nomenon is well documented to provide increase in yield
strength [27,28].

3. The pores/ oxides increase in visibility as also shown in the
Fig. 10 and confirmed via EDS presented in Fig. 11. Such oxides
have been observed by other authors [32,33]. Some of the oxi-
des were enriched in Si and Mg.

4. Few grain boundary precipitates enriched in Fe or Mg-Si were
observed, as seen in Fig. 11a. It is suggested that these phases
may be Al-Fe based or Mg2Si precipitates formed during solidi-
fication, but they may have been overlooked in as-printed sam-
ples as most of the precipitates at grain boundaries were
observed to be enriched in Zn-Mg or Mg-Si.

Finally, a few aluminium oxide precipitates (Al2O3) and TiC
inclusions were also found in the samples for both conditions.
The presence of Al2O3 suggests the pick-up of oxygen from the
printing atmosphere or the formation from oxide layers on Al-
powder. Interestingly, some of the oxides were seen to be deco-
rated with smaller precipitates enriched in Ti,C and sometimes
Zr. Some TiC inclusions were found in the matrix, which should
originate from the admixed TiC particles. Electron microscopy
images for the same can be found in the supplementary material.
The sizes of Al2O3 suggest that they may be on the detection limit
for SXCT whereas TiC inclusions are probably not detectable via
SXCT.



Fig. 6. Electron microscopy along build direction of AP sample with a) an intact Zr-powder particle and b) semi-molten Zr powder particle c)-d) Heat treated sample with an
intact and semi-molten Zr particle respectively. All images give clear indications that microcracks are generated during the printing process.

Fig. 7. High resolution EDX map showing different Al-Zr containing phases formed upon melting of Zr particles. Several types of Al:Zr ratio (wt%) are formed at different
regions.
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3.2. Tensile testing

Fig. 12 shows the stress–strain curves obtained during standard
ex-situ tensile test (Fig. 12a). For AP samples, Young’s modulus
(GPa), yield strength (Rp0.2, MPa), ultimate tensile strength (Rm,
6

MPa) and elongation to failure (%) of 84.9 GPa, 254 MPa,
303.5 MPa and 19.8 % are observed respectively. For HT samples,
the same values averaged over two samples are 82.5 GPa,
444 MPa, 462.8 MPa and 8.9 % respectively. Stress–strain curves
obtained during in-situ tensile test are shown in Fig. 12b. The star



Fig. 8. Electron microscopy image along the building direction of AP sample showing two melt pool boundaries (marked in red) and grain refinement. Three types of
microstructural features visible at higher magnifications marked as red, orange, and pink. They represent cubic Al3Zr, grain boundary Zn-Mg precipitates and pores/oxides
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. High resolution EDS analysis for two regions of interest along building direction of AP sample a) Shows EDS chemical maps of regions highlighting grain boundaries
with clear Zn-Mg precipitates segregated at grain boundaries with some Si, O containing precipitates, which could be oxides b) Shows EDS chemical maps focusing on the
smaller Al3Zr precipitates showing a clear segregation of Zr at these areas. Also, grain boundary Zn-Mg precipitates can be seen, similar to a).

Fig. 10. Electron microscopy image along building direction of HT sample showing that grain sizes remain small (within 1–2 lm). Four categories of microstructural features
visible at higher magnifications namely cubic Al3Zr (red), re-precipitated Zn-Mg precipitates (in grain interiors; orange), pores/oxides (pink), and Fe-enriched grain boundary
precipitates (blue). (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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symbols on the in-situ curves represent the load/displacement
levels where SXCT scan was acquired. Despite the different sample
geometries, set-up, and interruptions for SXCT scans, the two
experiments show similar tensile behaviour with negligible strain
hardening.

Fig. 13 (2D slices) and Fig. 14 (3D rendering of defects) summa-
rize the damage evolution in AP samples during in-situ tensile test
7

at the different load/displacement steps. Few lack-of-fusion defects
can be observed inside the sample. One of them were open to the
surface, as visible from the 3D rendering of the segmented defects
(Fig. 14); such defects acted as an initiation site for the fracture.
Globally, the crack grows and propagates in connection to the
lack-of-fusion defects. However, locally it can be observed that
the crack follows the borders of Zr inclusions (Fig. 13e,f in which



Fig. 11. EDS analysis done at high resolution for two regions of interest along building direction of HT sample a) EDS maps in regions highlighting area with pores/oxides,
showing enrichment of oxygen, combined with Si and Mg. Some Fe precipitates were also seen, most around grain boundaries b) EDS map with smaller pores/oxides.
Enrichment of Mg, Si, O at the smaller precipitates with darker contrast, that can be either oxides or Mg2Si precipitates.

Fig. 12. A) Ex-situ standard stress–strain curve conducted in AP and HT, b) In-situ stress strain curve of AP condition and HT condition. Star symbols represent the
displacement levels at which SXCT was performed.
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Zr inclusions are those with bright contrast), which, therefore,
deflect the crack propagation route at some points. The same beha-
viour was also observed for HT samples (see supplementary data).
3.3. Fracture characteristic inspection after ex-situ tensile testing

After ex-situ tensile testing, the samples were sectioned and
prepared close to the necking area to study the fracture character-
istics and explore the cause of failure. In both the AP and HT sam-
ples, as shown in Fig. 15, it is evident that the microcracks
observed at the interface of Zr particles by means of electron
microscopy (Fig. 6) have been sites for crack linking and propaga-
tion during tensile loading. This observation is similar to observa-
tions made from in-situ tensile testing. Similar observations were
done for fracture section of heat treated samples as shown in
Fig. 16. Secondly, it is well known that precipitate free zones (PFZs)
are formed upon heat treatment of 7-series aluminium alloys [31].
These zones are soft regions close to grain boundaries, charac-
terised by being depleted in precipitates. Such zones thus have
low strength and are typically subjected to preferential local
8

straining upon loading. Such strain localization causes in turn
some reduction in ductility upon heat treatment. Since grain
refinement occurs in this Al-alloy the grain boundary area
increases; such phenomenon could enhance the deleterious effect
of PFZs. A potential failure at grain boundaries is shown in
Fig. 16 wherein the fracture linked across several grain boundaries.
This potential phenomenon could be one important reason for the
reduction of ductility from � 20 % in as-printed to � 9 % in heat-
treated condition.
4. Discussions

This study elucidates a novel Al-alloy combining high strength
with high stiffness. The alloys have been shown to be printable
via PBF-LB process resulting in � 99.8 % relative density confirmed
by SXCT & optical microscopy. To make the alloy system practically
viable for applications demanding such properties, it is important
to understand and explain the reason for fracture in these alloys.
Such an investigation is deemed hard as it is nearly impossible to
study the formation and growth of fracture surface in a material



Fig. 13. Reconstructed SXCT slices of AP sample at different applied stress/displacement: a) initial, b) at 290 MPa (yield point), c) 5.5 % of plastic strain, d) 10 % of plastic
strain, e) 15 % of plastic strain, f) before failure. Z axis corresponds to BD.

Fig. 14. The projection of the 3D rendering of pores in AB sample to XZ, XY and YZ planes. Note: only 50 largest defects are shown, and Z axis corresponds to BD. Red arrows
indicate the same location at different strain levels. (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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during tensile loading. However, with the help of advanced in-situ
tensile testing enabled at BAMline, the authors were able to inves-
tigate the crack initiation and possible reason for crack propagation
in these alloys during as-printed and heat treated conditions. As
9

summarized in Fig. 12, the tensile testing in all the cases was con-
ducted on samples with loading perpendicular to build direction.
During in-situ tensile testing, the experiments (Fig. 13 and
Fig. 14) revealed that the failure initiated from a defect in the sam-



Fig. 15. Cross section of fracture surface of as-printed sample showing decohesion and further crack propagation at Al-Zr precipitate sites.
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ple, which is a lack of fusion pore. The same defect was not con-
firmed during SXCT and electron microscopy of the printed cubes
in both as-printed and heat treated conditions. One possible reason
could be stochastic defects formed during printing of the samples
[34,35]. These defects are unpredictable in nature and when large
enough could affect the mechanical behaviour of the samples. The
lack of fusion illustrated before in Fig. 14 could act as a site for
crack initiation in plastic tensile regime and thus cause a pre-
mature failure as compared to AP samples thereby reducing ductil-
ity. Fig. 15, Fig. 16 and Fig. 17 show decohesion of Al-Zr particles
arising from both unmolten and semi-molten conditions, which
is confirmed with in-situ and ex-situ tensile testing methods.
These fracture sites seem to depict that failure is deflected by the
decohesion boundaries at Zr-Al interfaces, which is confirmed via
both in-situ tensile testing and ex-situ fracture analysis. Conse-
quently, even though crack initiation happened due to a stochastic
defect in the sample, the propagation of the crack was controlled
via deflections along the cross section of the sample owing to Al-
Zr inclusions. This could help enhance the ductility of the material
for both the as-printed condition and possibly the heat treated
condition. This could also explain the high ductility of � 20 % for
the in-situ sample in spite of having few lack of fusion defects.
However, during heat treatments, PFZs become an additional con-
cern causing local softening around grain boundaries during plastic
deformation thus affecting ductility. These are usually controlled
via under-ageing or over-ageing the material for better ductility
[29]. It is thus suspected that such inclusions could help improve
the general mechanical properties of the alloys in one way. The
printing defects may be eventually made better with good process-
ing conditions to enhance material properties even further. How-
10
ever, the Zr-Al interfaces will always be there in such an alloy
system as it is a consequence of the printing process.

The resulting mechanical property of this alloy is quite promis-
ing too. In as-printed condition, the alloys show an upper yield
point around 295 MPa, which is also observed in other grain
refined Al-alloys processed via PBF-LB [6,33,36,37]. This upper
yield point is followed by a load drop, thus leading to a possible
Lüders band formation. On heat treating the alloy, a total increase
of yield strength from 254 MPa to 444 MPa is shown, which is
about 75 % increase in yield strength with a small reduction in
Young’s modulus from 85 GPa to 82.4 GPa. The elongation to frac-
ture reduces from � 20 % in as-printed condition to � 8–10 % elon-
gation. A negligible Portevin-Le-Chatelier (PLC) was observed in
both the conditions, unlike what is observed in several Al-Mg rich
PBF-LB alloys [9,33]. This could be linked to unavailability of Mg in
solid solution due to formation of Mg-rich precipitates (Zn-Mg or
possibly Mg-Si) in both cases as shown in Fig. 9 and Fig. 11. The
yield strength ratio (Rp0.2/Rm) for AP and HT conditions are 0.83
and 0.96 respectively. This suggests a relatively lower strain hard-
ening in these alloys as compared to conventional high-strength
Al-alloys such as 2024, 7075 etc. where this ratio is 0.80–0.90 in
heat treated condition as compared to 0.96 in this alloy [1]. As
per [36], such a phenomenon is attributed to refined grain struc-
ture which means that dislocation hardening via dislocation pile-
up during plastic deformation becomes ineffective due to high
amount of grain boundaries. Overall, this performance seems to
be better than conventionally produced 7017 Al-alloys
with� 20 % higher Young’s modulus combined with a similar elon-
gation to failure and competitive yield strength as other conven-
tionally produced 7000-series Al-alloys [1,38]. However, to



Fig. 16. Cross section of fracture surface of heat treated sample showing decohesion at Al-Zr inclusions and grain boundary cracking caused due to typical PFZs.
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statistically quantify the mechanical performance of these alloys,
more samples would need to be tested. These superior mechanical
properties are explained in terms of four microstructural feature
present in the material namely primary Al-grain refinement, Zr-
inclusions/precipitates, Zn-Mg/Mg-Si precipitates, and other pre-
cipitates/inclusions (such as TiC).

The primary Al-grain refinement is a necessary feature in the
alloy to make it processable via PBF-LB process. If the solidification
cracking susceptibility for these alloys are calculated (as men-
tioned elsewhere [10,39]), it can be seen that such 7017 Al-alloys
have high cracking susceptibility. Formation of primary Al3Zr dur-
ing solidification [6,9] and presence of TiC powder in the melt [40]
would act as heterogeneous nucleation sites leading to refined pri-
mary Al-grains thus avoiding solidification cracking. The resulting
Al-grain refinement would also result in enhanced yield strength
[41] due to well-known Hall-Petch effect. The effect of Zr-
inclusions/precipitates is central to this alloy system. As men-
tioned before, primary Al3Zr support grain refinement thus making
it feasible to print these alloys in the first place. Moreover, the
small amount of Zr that gets dissolved in the solid solution
(�0.6 wt% [10]) could provide great improvements in strength
via precipitation hardening following the solution heat treatment.
This occurs due to formation of nanometric Al3Zr precipitates, as
seen by other authors [9,28,42,43]. The majority of the 3- wt% Zr
is suspected to be left in the Al-matrix as unmolten or semi-
molten Zr inclusions, as seen in Fig. 5. SXCT could confirm about
40 % of these Zr inclusions in as-printed and heat treated condi-
tions, but it is suspected that even higher amounts could be pre-
sent as some of the semi-molten Zr inclusions were beyond the
detection limit of the tomography testing. Upon conducting high
resolution EDS analysis, a compositional variation in terms of Zr
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enrichment is observed for a few micrometres from the interface,
as shown in Fig. 7. This is explained via insufficient energy transfer
from the laser beam during PBF-LB processing to completely melt
Zr and thus caused the formation of different Zr-Al phases, based
on how much Al could diffuse into Zr. These two elements show
a response similar to the one observed on welding of dissimilar
metals Fe and Al [44]. Several Fe-Al phases are formed at the inter-
face region causing cracking. Such a phenomenon is undesirable in
Fe-Al welding due to these phases being susceptible to galvanic
corrosion and worse mechanical properties. Similar to Fe-Al, the
authors observed microcracks at Zr-Al interfaces (shown in
Fig. 6). Such microcracks result from solidification cracking phe-
nomenon occurring due to separation into multiple phases, thus
having a higher susceptibility to solidification cracking as illus-
trated in the Scheil solidification curve for Al-Zr binary system in
Fig. 18. Unexpectedly, these microcracks were confirmed to hinder
the crack propagation during tensile loading, as confirmed both via
in-situ and ex-situ tensile testing. It is only due to non-destructive
nature of in-situ testing shown in Fig. 13 and Fig. 14 that a clear
evidence could be established for the nature of such inclusions.
Thus, it is shown that these inclusions help in improving ductility
by deflecting the crack propagation during plastic tensile regime.

The third characteristic features of the microstructure are the
Zn-Mg or Mg-Si enriched precipitates around grain boundaries
(Fig. 9). Such precipitates are typical to form with 7000-series alu-
minium alloys, although it is observed that Zn-Mg and Mg-Si pri-
mary precipitates are quite refined (by an order of magnitude)
when processed via PBF-LB as compared to the conventional Al-
alloy counterparts. Thus, they could contribute to strength in as-
printed condition, which is not the case for conventional 7000-
series Al-alloys when these precipitates are formed in 1–10 lm



Fig. 17. Reconstructed SXCT slices of AP sample at different applied stress/displacement: a) initial, b) 290 MPa (yield point), c) 15 % of plastic strain, d) before failure. The
decohesion is indicated by arrows.

Fig. 18. Scheil solidification [45] for five conditions with different Al-Zr phases namely Zr (100 wt% Zr), 80Zr20Al (80 wt% Zr, 20 wt% Al), 50Zr50Al (50 wt% Zr, 50 wt% Al),
20Zr80Al (20 wt% Zr, 80 wt% Al), Al (100 wt% Al). Solidification range can be up to 1000 K (for 50Zr50Al condition), which could cause heavy solidification cracking.

B. Mehta, T. Mishurova, S. Evsevleev et al. Materials & Design 226 (2023) 111602
size range [1]. This refined microstructure formed upon printing
also affects the heat treatment procedure. It allows these alloys
for much low time for solution heat treatment to dissolve the pri-
mary precipitates from 5 to 6 h for conventional Al-alloys to 1 h for
12
PBF-LB [29]. During the second step of heat treatment, nano scale
GP zones are formed which would increase the yield strength via
precipitation hardening. However, these nano scale GP zones are
formed inside the grains or at grain boundaries due to faster diffu-
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sion of solutes, thus leaving a small channel of precipitate free
zones (PFZs) [31] which contributes to a loss in ductility of such
alloys after heat treatments. PFZs could be hard to detect with
in-situ tensile testing due to the refined grain structure making
the cracks very small and diffused. An illustration was observed
in the cross section of fracture surface in Fig. 16b wherein the third
inset shows severe cracking in refined grain region of the sample.
Such a failure could be a result of PFZs creating local soft zones
and the crack propagating through them. However, since the grains
were sub-micron sized, such a phenomenon would be hard to
catch during in-situ tensile testing.

There are a few solutions that could help reduce or completely
remove the amount of defects that are not improvable by modify-
ing processing conditions, namely:

1. The increase in Young’s modulus could be resulting through
contributions from Zr particles (Young’s modulus pure
Zr = 94.5 GPa) in the alloy, acting as reinforcements similar to
metal matrix composite (MMC) materials. Such Zr particles
could be finer in size before adding to the base alloy to ensure
more heat transfer to Zr thus improving such issues.

2. Zr could be added during atomisation of Al 7017 powder. It has
been shown that about 0.6–0.7 wt% Zr is dissolvable, and the
rest will eventually precipitate in primary Al-matrix [9,10,46].

3. Other semi-stable methods such as coating powder with ZrH2

has been shown to be successful [6] and could be tried to boost
Zr contents in the alloy.

These alloys combine a high strength (�445 MPa Yield
strength) with reasonable elongation (�10 %) and high Young’s
modulus (>80 GPa), producing mechanical properties better than
their conventionally produced counterparts [1,38]. Looking at
Fig. 19 such alloys could be very interesting in finding applications
replacing Al-based MMC materials or conventionally produced
high-strength Al-alloys. As typical for MMC, the studied material
has a relatively higher Young’s modulus. Unlike the conventional
MMCs [48–49], elongation to failure is much better in these novel
Al7017 materials combined with better yield strengths, thus utilis-
ing an ‘‘empty space” in the Ashby chart. Such alloys could be
lucrative in applications where higher stiffness is required such
as robotic arms, or products having stiffness limited designs.

5. Conclusions

� This study introduces a novel 7017 grade Al-alloy admixed with
3 wt% Zr and 0.5 wt% TiC, which gives it a crack-free, fine-
grained complex microstructure. This microstructure is primar-
Fig. 19. Ashby charts [16] showing a) Young’s modulus (GPa) vs yield stre
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ily enriched with different Al-Zr phases. Some of these phases
were prone to microcracks at the interface between the parti-
cles and Al-matrix.

� The critical part of this study is the in-situ tensile testing at syn-
chrotron facility (BAMline, Berlin) with complementary ex-situ
tensile testing in a standard tensile test at Chalmers University.
Comparing the results, a clear trend is seen wherein crack initi-
ation occurs at stochastic defects for both cases (as-printed and
heat treated). The crack propagation in both cases is attributed
primarily to Al-Zr inclusions found in the Al-matrix. This obser-
vation is expected to enhance the ductility of the material by
deflecting cracks during plastic deformation. In heat treated
conditions, formation of precipitate free-zones also impacts
ductility negatively.

� Both conditions (as-printed, heat treated) suggest good
mechanical properties in the material are derived from
microstructural features such as abovementioned Al-Zr phases,
refined Al-grains and Zn-Mg/Mg-Si precipitates showing
Young’s modulus > 80 GPa and yield strengths up to 445 MPa
in HT condition.
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