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Strategies to prevent the failure of Al alloys usually aim to optimise composition and microstructure to minimise
damage initiation and propagation. However, these are inherently limited in that any damage that nucleates will
not disappear. A new liquid phase assisted healable Al-Mg alloy is designed. Its microstructure is composed of a
network of a lower melting point eutectic phase distributed within a higher melting point matrix. After damage, a
healing heat treatment is applied at a temperature higher than the solidus temperature leading to liquid flow
towards the damage sites and their welding. The matrix remains solid maintaining the structural integrity of the
component. Correlative tomography combining insights from different 3D electron and X-ray nano-imaging
techniques on the same volume of interest before and after healing, highlighted the complete healing and
welding of voids and cracks up to 2 um within the Al-Mg alloy. While softening mechanisms are typically
associated with heat treatments of Al alloys, this Al-Mg alloy also maintains strength and ductility after healing
heat treatment. This promising concept to increase parts lifetime has potential to be extendable to other non-

eutectic 3D printed alloys.

1. Introduction

The traditional strategy to increase the lifetime of metallic parts has
mainly been using thermo-mechanical treatments and alloying to
develop microstructures that minimise damage initiation and propaga-
tion. However, defects which lead to premature failure of the part, may
already be present in parts before their use, for instance those induced
during manufacturing, such as porosities or cracks due to hot cracking
during Laser Powder Bed Fusion (LPBF) [1]. Damage prevention stra-
tegies are therefore inherently limited as any damage that nucleates will
not disappear [2]. It remains thus a major challenge to increase the
lifetime of metallic products, such as for high strength Al alloys with low
damage tolerance.

One strategy that is commonly used, specifically to close these
manufacturing defects such as porosities in LPBF, is Hot Isostatic
Pressing (HIP), i.e. a heat treatment under hydrostatic pressure in an
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inert atmosphere [3]. This compresses the part in order to close the voids
and therefore, to increase the density of the part and delay fatigue crack
nucleation. Although HIP has shown promising results as post-treatment
on steel [4], nickel [5] and titanium [6-9] alloys, it is detrimental for Al
alloys [10-12] due to the presence of an oxide film on the surfaces of the
voids [13]. This is why, a liquid assisted HIP strategy was developed in
our previous paper in order to tackle this issue [14]. It consists of a
regular HIP treatment but at a temperature selected in the mushy zone of
the alloy in order to induce its partial melting. This combines therefore,
void closure due to the pressure of the HIP treatment with complete
welding of the defects by the liquid phase. However, HIP has also sig-
nificant drawbacks. First, the application of high pressure in an inert
atmosphere significantly contributes to the part cost and repairing time,
especially for large parts. Then, the HIP treatment requires the part to be
removed from the installation. Finally, it may also lead to distortions of
the part. This can be feasible as a post-processing step to heal all the
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manufacturing defects, but it is certainly adding many maintenance
steps during the service life of a part.

Another promising approach is based on the use of “Self-healing
materials” where defect formation is accepted as long as it is counter-
acted by a process to remove them [15]. This bioinspired concept con-
sists in the generation of a mobile phase called healing agent (HA) which
migrates towards the crack and fills it. It is already well established and
commercialised for polymers [16] but designing healable metallic alloys
is more challenging due to the low mobility of metallic atoms at room
temperature. An external driving force, typically a heat treatment, is
therefore usually required to trigger this HA mobility [17]. Two cate-
gories of healing strategies are considered for metallic alloys [17].

First, the microscopic strategies are based on diffusion of solute
atoms that act as HA. Their main limitation is the restricted amount of
solute HA which can only heal nanometric damage sites [18,19]. This
HA should also selectively precipitate on the damaged sites and not in
the stable secondary phases throughout the matrix. Indeed, this would
consume the HA which would then not be available to participate to the
healing process anymore. Moreover, inhomogeneous healing is expected
as faster healing occurs for damage located on diffusion short-cuts such
as for example grain boundaries or dislocations. All these drawbacks
impede the use and development of microscopic healable alloys.

Second, the macroscopic strategies are based on the flow of a liquid
HA. This increases the amount and mobility of the HA compared to the
previously described diffusion-based healing strategies and should
therefore allow the healing of larger damage. There are three different
ways to incorporate this liquid HA in the material. Firstly, it can be
encapsulated inside ceramic tubes or capsules which can be released
when a crack propagates and breaks the container [20,21]. This means
that if the tube or capsule is not broken during the damage of the part, no
healing will occur. Moreover, a good bonding between the HA and the
matrix is required to efficiently stop the crack propagation [21]. Sec-
ondly, the HA can be deposited as a coating on the part [22,23].
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However, it is not well investigated as only non-oxidised surfaces can be
healed which is rarely the case [17]. Finally, the HA can be a low melting
point phase inside the material [24]. This was investigated in the liter-
ature in the case of Sn-Bi solder alloys for microelectronic devices
[25-27] and complete healing of the crack could not be achieved.

In this work, criteria were proposed to select promising alloying el-
ements for liquid assisted healable Al alloys. A structural liquid assisted
healable aluminium alloy is then developed based on these criteria and
its healability is fully characterised thanks to 3D in-situ high resolution
correlative techniques. The effectiveness of the healing abilities of this
new alloy were demonstrated, providing insights into the development
of healable Al alloys.

2. Design approach

The liquid phase assisted healable Al alloy developed in this work,
see Fig. 1a, mimics the HA delivery from vascular networks of living
systems. The microstructure is indeed composed of an interconnected
network of low melting point eutectic phases (in dark grey on Fig. 1a),
melting during healing heat treatment (HHT) and ensuring efficient
transport of HA towards damage sites (Fig. 1¢). This HA network is
distributed within a “structural matrix” composed of a higher melting
point phase which can be dendritic or cellular (depending on the so-
lidification conditions, Fig. S3). This high melting point phase is
remaining solid during healing and maintaining the structural integrity
of the component. During service life, an overload can initiate damage
on the strong but less ductile vascular network (Fig. 1b). It is important
that this damage initiates directly at the boundaries of this network, as it
makes it highly accessible to the HA allowing efficient and fast healing of
damage. Indeed, if damage is located inside the high melting point
phase, it will not be possible for the liquid HA to access it. In that
unfavourable case only the slow diffusion healing mechanism could be
activated. Afterwards, a HHT is applied above the eutectic temperature
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Fig. 1. Schematic representation of the microstructure in a) the as-processed state, b) damaged state and c) during liquid assisted healing. It is composed of a
structural a-Al matrix (in light grey) surrounded by the eutectic network E (in dark grey) which will play the role of healing agent (HA). The black represents the
damage sites initiated at the boundaries of the eutectic network and the red the melted HA which can flow towards the damage. The blue and red boxes represent the
room temperature and healing temperature conditions, respectively. d) Part of the binary phase diagram of the Al-Mg system with the healing conditions in red. e)
Percentage of liquid fraction of HA in AIMg8 as a function of the temperature measured by Differential Scanning Calorimetry (DSC) and f) distance travelled by
capillarity flow of pure liquid Al at 660 °C (surface tension of 850 mN/m, viscosity of 1.30 mPa e s and contact angle assumed to be 0° [28]) through a horizontal
single capillarity tube of uniform circular cross-section not in contact with the atmosphere (gravity and atmospheric pressure neglected) calculated using the
Washburn Equation [29] as a function of time for two network radii (r) 30 and 85 nm, corresponding to the eutectic network thickness (Fig. 3). The blue area in f)
corresponds to the predicted distance that the HA should travel in the LPBF AlMg8 alloy studied in this work. (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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Tg (Fig. 1c and d) to induce the melting of the HA. After this HA acti-
vation by local melting, the HA starts to flow by capillarity along the
network, fills and accumulates inside the damage sites that was initiated
at the boundaries the network itself, while the high melting point
structural matrix remains in the solid state hence maintaining the
structural integrity of the part. Upon cooling of the component, the so-
lidification of the HA effectively welds the surfaces of the void back
together and the part is healed.

One advantage of this strategy compared to the other microscopic
(based on diffusion of HA) and macroscopic strategies (with HA in
containers or deposited as a coating), is that it requires eutectic micro-
structures which can be manufactured using classical methods. Up to
now, liquid phase assisted healable Sn-Bi alloys have only been pro-
duced using conventional casting [25,26]. However, these cast alloys
present coarse microstructures with large and disconnected eutectic
phases embedded in the structural matrix. In order to reduce the time
required by the HA to flow towards the damage sites, and so increase the
healing efficiency, a thinner and more interconnected eutectic network
would be beneficial. This can be achieved using LPBF which leads to a
very fine eutectic network with high connectivity resulting from its high
cooling rate and thermal gradient (see Supplementary Material
Fig. S1) [30]. The maximum distance that the liquid HA should flow to
reach a damage site, i.e. to the middle of an a-Al cell, increases actually
from less than 1 pm in the thin microstructure of LPBF AIMg8, i.e. the
alloy that will be investigated in this paper, to about 150 um in cast
AlMg8. Experiments and more information about the healing of cast
AlMg8 compared to LPBF AIMg8 can be found in Supplementary Ma-
terial Section 1. LPBF is thus a technology of choice to manufacture this
new class of bioinspired healable alloys with vascular network of HA
similar to the human body [31]. It was therefore used in the rest of this
paper to manufacture the investigated eutectic-based healable alloy.

The binary Al-Mg system was selected as a good proof-of-concept
alloy for our healing approach as its eutectic temperature (450 °C) is
much lower than the one of a-Al phase (660 °C) (Fig. 1d and Fig. 2). The
Al-Mg system allows therefore to significantly reduce the melting tem-
perature of the eutectic HA compared to other possible alloying ele-
ments in Al (Fig. 2). In order to obtain this two-phases microstructure,
the composition must be hypo-eutectic (Mg < 33 wt% Fig. 1d). Indeed, a
hyper-eutectic Al-Mg alloy would present similar melting temperatures
for the HA and the structural matrix (Fig. 1d), leading thus to the
complete melting of the material instead of its healing. A 8 wt% Mg
composition was selected as a proof-of-concept, similarly to the one used
in our previous work about liquid healing HIP [14] and which already
showed a liquid healing potential in presence of hydrostatic pressure.
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Fig. 2. Eutectic temperatures of alloying elements in Al as a function of their
eutectic composition, data from Ref. [32]. The blue area contains the eutectic
temperatures lower than the Al melting temperature (660 °C) and the compo-
sitions with a majority of Al compared to the alloying element at the eutectic
composition, i.e. Al alloys. This blue area contains therefore the metallic alloys
of interest for the development of a low melting point healable Al alloy. (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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Indeed, this composition significantly decreases the hot cracking sus-
ceptibility compared to lower Mg contents [30] and allows avoiding
excessive amount of HA during HHT which leads to distortion due to
insufficient structural matrix (see Supplementary Material Fig. S4).

3. Materials and methods
3.1. Materials

The AlMg8 composition investigated in this paper was obtained by
mixing pure aluminium provided by 3D Systems (purity > 99.7 %) with
14 wt% of pure Mg provided by SFM (purity > 99.8 %) in a Turbula
powder blender for at least two hours. Mg was introduced in excess in
order to compensate for the evaporation of Mg during the process. The
homogeneity of the powder mixes was checked by Inductively coupled
plasma optical emission spectroscopy 5100 (Agilent, USA) on three
different mixture samples of each powder mix. The obtained chemical
composition was Al (balance), Mg (13.7 + 0.1 wt%), Si (0.05 + 0.01 wt
%) and Fe (0.1 + 0.01 wt%), which leads to a final composition of the
manufactured parts (i.e. after LPBF) of Al-8.4 wt%Mg designated as
AlMg8 in this paper. The particle size distribution of the powder mix,
measured by laser diffraction granulometry in a wet dispersion machine
LS100Q (Beckman Coulter Inc, USA), is from 14.3 um to 57.8 pm with a
mean value of 35.5 um.

3.2. Manufacturing

The manufacturing of the samples was performed by Laser Powder
Bed Fusion (LPBF) on a ProX200 machine (3D Systems, USA). It is
composed of a laser with a wavelength of 1070 nm and a maximum
power of 273 W. The build plate of the LPBF machine is not heated and
the fabrication volume was 140 x 140 x 125 mm. All the samples were
built under argon inert atmosphere, and the oxygen content was kept
below 500 ppm.

The scanning strategy was composed of hexagons of 5 mm size, with
an overlap of 100 um. The LPBF parameters were optimised using the
methodology published by Gheysen et al. [33] leading to a laser power P
of 216 W, a scanning speed v of 500 mm/s, a hatching space HS of 75 um
and a layer thickness t of 30 um (see Supplementary Material Section
1.

3.3. Characterisation

The microstructural analysis was performed by scanning electron
microscopy (SEM) Ultra 55 (Zeiss, Germany) on polished samples, using
standard metallographic procedure, to mirror-like surface (0.04 pm).
The samples are first cut using a microcutting machine along the
building direction. They are mounted in a conductive resin using a
LaboPress-3 machine (Struers, Denmark) with a 20 kN pressure at
180 °C for 6 min followed by water cooling for 3 min. Then, the samples
are ground with silicon carbide papers (#320, #1200), polished with a
diamond suspension spray for 10 min (3 pm), 10 min (1 pm) and finally
using an oxide polishing suspension (OPS) containing 0.04 pym silica
particles for at least 45 min.

In order to perform the healing heat treatment (HHT), the samples
were first sealed inside a Quartz tube filled with argon inert atmosphere.
Then, they were heat treated for 30 min at three different temperatures
(500, 540 or 580 °C) in a furnace (Nabertherm, Germany) and then
cooled down at 10 °C/min until room temperature to avoid hot cracking
during solidification. Some heat treatments were also performed in a
differential scanning calorimetry (DSC) STA 449 F3 Jupiter (Netzsch,
Germany) equipment to investigate the amount of liquid phase during
the healing. An empty graphite crucible was used as reference and the
sample was introduced in another graphite crucible. Both crucibles were
closed with a graphite lid. The heating procedure was set to a heating
rate of 10 °C/min up to 660 °C and then cooled down to room
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temperature at 10 °C/min.

The static mechanical properties were studied according to ASTM-
E8M - 15 a standard using a 50 kN tensile machine (Zwick/Roell,
Switzerland). The specimens were machined by electrical discharge
machining to get a thickness of 1.5 mm, a reduced section length of 26
mm and a width of 6 mm. They were then prepared for mechanical
testing by polishing the surface up to #1200 grit sandpaper by hand. The
extension rate of the test was 1 mm/min and samples were loaded until
fracture. Three samples were tested for each condition and their results
were averaged.

X-ray nano-holo-tomography (nano-CT) was performed on beamline
ID16B at the European Synchrotron Radiation Facility (ESRF, Grenoble,
France) [34]. Tensile specimens were pulled until fracture and nano-CT
samples were extracted close to the fracture surface in order to maximise
the damage content in the sample before healing. The samples were
mounted on an alumina tube using cement glue (to resist high temper-
atures) and this alumina tube was fixed on a brass holder in order to be
fit on the beamline and in the furnace. The beamline was equipped with
a dedicated furnace. It was therefore possible to apply a heat treatment
in between scans without moving the sample. The damaged samples
were scanned before and after HHT (30 min at 500, 540 or 580 °C fol-
lowed by a cooling rate of 10 °C/min) in order to follow the damage
healing evolution.

One scan acquires 3004 projections over the 360° revolution of the
sample, with an exposure time of 45 ms per step. A conic pink beam
(AE/E = 10-2) with an energy of 17.5 keV was used. Two scans were
performed for the HHT at 540 °C: a full sample scan at a voxel size of
200 nm and a region of interest (ROI) scan at a voxel size of 35 nm. For
the other temperature conditions, only the high-resolution scan on the
ROI was performed with the voxel size of 35 nm. The ROI was a cylinder
of 75 um diameter and 90 um height.

After the nano-CT experiment, plasma focused ion beam scanning
electron microscopy (PFIB-SEM) and electron dispersive x-ray spec-
troscopy (EDX) were performed to investigate the healing mechanism on
the exact same ROI analysed previously by the nano-CT of the samples
healed at 540 °C. First, the sample was glued to a sample holder (Thermo
Fisher Scientific, USA), containing fiducial markers for multimodal data
registration, and a whole volume of a sample was scanned with voxel
size of 2 um using a pCT lab-based Nanotom system (Waygate Tech-
nologies, Germany). HCT based data were co-registered with the holder
surface SEM images and nano-CT based data in order to define the
specific ROI coordinates within the pCT images and to be traced further
with PFIB-SEM. After precise determination of the ROI, a serial
sectioning tomography using the automated Xe PFIB Helios Hydra
DualBeam (Thermo Fisher Scientific, USA) combined with the acquisi-
tion of SEM back-scattered electron images (voxel size 60 nm) was
launched. The correlative analysis was then performed using the soft-
ware Avizo 3D 2021.1.

In order to identify the healing mechanism of the eutectic-based
healing strategy, a heating in-situ SEM experiment was performed on
polished cylindrical samples of 5 mm diameter and 1-2 mm thickness.
These samples were heated in a Clara SEM (Tescan, Czech Republic)
fitted with a FurnaSEM heating stage (NewTec Scientific, France). The
sample was mounted alongside a roughened piece of Zr to act as a getter
for residual oxygen in the chamber. High resolution images were taken
prior to experiment in a high vacuum mode. The sample was then heated
up to 200 °C at 2 °C/s for 10 min to allow the carbon cement holding the
sample to degas. Oxygen-free nitrogen was introduced into the SEM to
reach a pressure of 200 Pa to prevent Mg sublimation. Note that the
presence of nitrogen decreases the quality of the obtained images due to
scattering of the electron beam. Finally, the sample was heated up to
500 °C at 2 °C/s and held for one hour with secondary electron images
taken every 20 s. 500 °C was selected to avoid the Mg sublimation at the
selected pressure. However, the healing effect should be observed at
500 °C (Fig. 4). The sample was then cooled down at 2 °C/s to room
temperature. The SEM was set back in high vacuum in order to be able to
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obtain subsequent high-resolution images.
4. Results and discussion
4.1. Microstructure of as-built alloy

SEM provides a comprehensive picture of the HA network within the
produced alloy (Fig. 3a and b). The structural matrix is composed of
cells 0.7 + 0.2 pm width (in light grey) surrounded by the eutectic HA
network with 60 + 25 nm of average wall thickness network which has a
melting temperature of 450 °C according to the well-established binary
phase diagram [32]. This bi-phasic structure has been characterised in
3D by PFIB-SEM. As the main challenge of healable metallic alloys is the
low mobility of their atoms [17], this highly interconnected network of
HA surrounding the a-Al cells (Fig. 3b and Supplementary Movie S1) is
key to ensure the flow of HA towards damage and maximize the healing
efficiency of the material, similarly to a vascular network. This confirms
the interest of LPBF to manufacture liquid healable alloys.

4.2. Damage mechanism and related healing potential

In order to investigate the healability of AIMg8, it is important to
characterise and understand the damage mechanism of this alloy.
Fig. 3c-d highlight this damage mechanism under tensile forces. Damage
first nucleates by fracture of the brittle eutectic network and then
propagates along it. Damage sites are therefore, as required, highly
accessible by the HA flow during HHT as it is initiated at the boundaries
of the HA vascular network itself. Moreover, damage preferentially
propagates along the network and not within the tougher a-Al cells. The
width of the damage sites to be healed is thus of the same order of
magnitude as the network thickness ranging between 35 and 85 nm.
This is not the case of LPBF defects such as porosities which are
distributed inside the entire material, meaning within cells or within the
HA network. However, their size is usually larger than the cell size,
meaning that they should always be in contact with a HA source and
might thus also expect to be reached and healed by the HA.

The worst-case scenario would be a small void located in the middle
of a cell but as already mentioned this is unlikely to occur. In that case, a
different microscopic healing mechanism based on diffusion [18,19,35]
could be of interest as the a-Al cells stay in solid state during HHT. Note
that this diffusion-based healing mechanism was not experimentally
investigated in this paper as the damage sites are located on the HA
network itself and could thus be healed by liquid HA flow. However, if
required, the use of a diffusion-based healing mechanism could help the
closure of voids not accessible by the HA. For this, a supersaturated solid
solution composed of fast diffusion rate alloying elements such as Mg,
which has already shown some diffusional healing potential [19,35], is
required. [36,37] The atoms in supersaturated solution are expected to
precipitate during additional heat treatment on the void surfaces. The
driving force to trigger this porosity closure is reported to be the
decrease in interfacial energy, achieved by a reduction in free surface
area per unit volume. [35] Further research will investigate this healing
mechanism but, as stated previously, it is not expected to be required for
this LPBF AIMg8 alloy.

4.3. Selection of the healing temperature and time

An increase of the temperature is required in order to trigger the flow
of the molten HA. Therefore, a temperature allowing at least the melting
of the HA should be selected. According to the binary phase diagram
(Fig. 1d), the eutectic phase starts melting at 450 °C and more liquid
phase can be obtained if desired with a temperature higher than 506 °C
(melting of the a-Al phase) but below 610 °C to prevent the alloy from
melting completely. 15 wt% of liquid fraction is recommended for liquid
phase sintering as it is a good compromise between availability of liquid
while maintaining the structural integrity of the part [38]. Differential
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Fig. 3. A) SEM micrograph of the microstructure composed of a-al cells surrounded by the eutectic phase, b) 3D rendering of the eutectic network of the as-processed
AlMg8 alloy obtained by PFIB-SEM, c) and d) SEM images of the mid-section of a fractured tensile sample.
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Fig. 4. 3D volume of the voids in a damaged AIMg8 sample (close to its fracture surface) before and after a HHT at 500 °C, 540 °C and 580 °C during 30 min in argon
atmosphere obtained by nano-CT at ESRF with a voxel size of 35 nm. Only the voids with a size larger than 3 voxels diameter are represented. The corresponding void
evolution as a function of the initial diameter range in the damaged AIMg8 sample is represented with the green and red areas corresponding to voids shrinkage and
growth respectively. dV is the percentage of healed volume of a void calculated by 100- Vhealed — Vdamaged/Vdamaged- The initial diameters were divided into initial
diameters ranges and for each range, the average (black point on the graph) and standard deviation of the dV were calculated (error bars on the graph). (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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scanning calorimetry (DSC) reveals the liquid fraction, i.e. HA fraction,
as a function of temperature (Fig. le, see Fig. S7 for the whole DSC
curve). Note that the fraction of eutectic phase measured by DSC curve
(about 1 %) is much lower than the 20 % of eutectic measured by 2D
analysis of SEM images. This is attributed to the diffusion towards the
stable microstructure during the heating ramp up to 450 °C at 10 °C/
min. Indeed, as observed on the binary phase diagram (Fig. 1d), this
large amount of eutectic phase is not expected in this alloy composition
and is due to the microsegregation during rapid solidification. There-
fore, during the 40 min of heating from room temperature up to 450 °C
of the DSC experiment, energy is given to the system to diffuse towards
the stable microstructure. There is thus not enough liquid fraction at
450 °C for healing and temperatures in the mushy zone should also be
investigated.

To better select the healing heat treatment conditions, nano-CT ex-
periments were conducted on damaged samples at ESRF before and after
healing heat treatment (HHT) for 30 min (Fig. 4). These 30 min were
chosen based on Fig. 1f which shows the distance travelled by horizontal
capillarity flow of liquid pure Al at 660 °C through a horizontal single
capillarity tube of uniform circular cross-section of radius r not in con-
tact with the atmosphere, i.e. the atmospheric pressure and the gravity
are neglected. The tube is so small that Poiseuille covers practically the
whole flow which can therefore be calculated using the simplified
Washburn Equation [29] as a function of time for different network
thicknesses. Note that these results are calculated using data of pure
liquid Al at 660 °C. However, Mg is one of the alloying elements which
induces the largest surface tension reduction in liquid Al [39]. This
means that better wetting is expected for the HA than for pure liquid Al
As the network thickness varies between 35 and 85 nm (Fig. 3), the HA
should be able to flow along more than 15 cm in 30 min of HHT. 30 min
were thus selected for the HHT of this proof-of-concept as it is expected
to be more than enough to allow transport of the HA towards all damage
sites.

Then, to select the healing temperature, the nano-CT experiments
were conducted at three different healing heat treatment temperatures:
500 °C, 540 °C and 580 °C (Fig. 4). The 3D volume of the voids before
and after these HHT and the manual tracking for more than 1000 voids
per sample is represented on Fig. 4 and summarised in Table 1. For all
the analysed temperatures, the voids below 1 pm were significantly
healed.

During the HHT at 500 °C, the HA is only composed of the eutectic
phase which amount decreases from 20 % to 1 % during the HHT as the
microstructure tends to its stable state. At that temperature, the voids
smaller than 250 nm are not 100 % healed (Fig. 4). However, there is a
significant reduction of the volume of the voids up to 1 pm. Voids larger
than 2 pm are not significantly healed (Fig. 4). Table 1 shows that there
is a significant reduction in the number of the voids while the total void
volume reduction is about 15 %.

During the HHT at 540 °C, it is not only the eutectic phase which
melts and acts as HA but also part of the a-Al phase. At this temperature,
at least 13 % of liquid is formed according to the DSC experiment
(Fig. 1e), which is similar to the 15 % recommended in liquid phase
sintering [38]. This larger amount of HA induces a clear decrease of 95
% of the voids number which corresponds to a reduction of 42 % of the
total voids volume (Table 1). It can be seen that a significant number of

Table 1

Number N, total volume V of voids and total voids reduction volume dV = 100 e
Vhealed — Vdamaged/Vdamaged before and after HHT at the different investigated
temperatures and the resulting reduction of volume due to the HHT.

Damaged Healed Damaged Healed
Tunr [°C] Nuoids Nyoids Vooids [m®] Vioigs [um®]  dV[%]
500 2875 494 1701 1440 -15
540 4323 199 2277 1306 —42
580 3935 379 1035 475 —54
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the voids below 2 pm are fully or at least partially healed but the effect is
less significantly observed on the larger voids (equivalent diameter
around 10 pm) (Fig. 4). During the HHT at 540 °C, the larger amount of
HA increases void filling ratio improving thus the healing efficiency.

During the HHT at 580 °C, at least 40 % of HA is formed according to
the DSC experiment (Fig. 1e). This large amount of liquid phase during
the healing is too high to maintain the structural integrity of the part as
distortions of samples were observed (Fig. 5). This temperature for the
HHT was therefore disregarded even if it leads to a significant decrease
of 90 % of the voids number which corresponds to a reduction of 54 % of
the total voids volume. One could therefore conclude that this increase
HA amount leads to a better healing efficiency. However, Fig. 4 shows
that no large porosity was by chance present in this damaged sample,
and it was already mentioned that small voids are easier to heal. This
might therefore also explain the larger reduction in volume compared to
the other HHT. It is important to keep the initial voids distribution in
mind, as it may vary in the different samples. Indeed, Fig. 4 shows a
similar volume reduction for the small voids (below 2 pm) for 540 °C and
580 °C. However, there is a significant variability of dV for voids larger
than 2 pm at 580 °C. Some even grow, which was not observed at lower
temperatures. This might also be due to the too large liquid fraction.

Based on the results of the nano-CT and the 3D tracking of the voids,
the HHT at 540 °C, which induces the melting of approximately 15 wt%
of HA as recommended in the liquid phase sintering literature [38], is
the most efficient. It will thus be selected and further analysed in this
proof-of-concept.

4.4. Effect of damage size on healing

Two types of voids are expected within damaged tensile specimens
produced by LPBF: (i) LPBF defects, i.e initial porosities generated
during the LPBF process, which are large (from few pm to hundreds of
um [40]) and usually contain gas [40] and (ii) damage present as voids
or microcracks nucleating due to the tensile stresses, which in this case
are narrow cracks of approximately 100 nm width appearing at the
boundaries of the eutectic network. The largest voids, which were only
partially healed, are therefore LPBF defects filled with gas which may
hinder the healing due to gas pressure or oxidation. Indeed, to heal these
defects, an additional diffusion of this gas through the material in order
to escape towards the free surfaces would be required. Another hy-
pothesis would be that there is not enough HA to completely heal such
large pores.

As damage size about 100 nm is observed, the healing efficiency of
damage is close to 100 % (Fig. 4). Therefore, the healing treatment is
effective for voids initiated after an overload. However, the healing of
LPBF defects is less effective (Fig. 4) probably because they are usually
larger than 2 ym and contain gas. The LPBF process must thus be care-
fully optimised [33,41] or post-treatment applied (such as liquid healing
HIP [14,42]) in order to minimise LPBF defects that are too large to be
healed without the application of any pressure.

cm

Fig. 5. Distortion of a tensile specimen observed after a heat treatment
at 580 °C.
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4.5. Effect of healing on the tensile strength

The mechanical properties of an AlIMg8 alloy with and without a heat
treatment (HT) similar to the HHT (540 °C during 30 min) are shown on
Fig. 6. Note that the samples were not damaged before the heat treat-
ment of 30 min at 540 °C. This is why it is called HT and not HHT. This
HT induces a slight increase of the yield strength (from 159 + 22 MPa to
164 + 8 MPa) and does not show any significant effect on the fracture
strain (from 24 + 4 % to 25 + 2 %) of the material. It means that the
alloy keeps its mechanical properties or slightly improves them with the
HT. This component could thus potentially be further used for the same
application after its healing. This increased strength might be due to the
stable microstructure obtained after the HHT (Fig. 7b), i.e. 100 % FCC
a-Al with all Mg atoms in solid solution. Indeed, yield strength models
usually make the assumption that the individual strength contributions
can be added linearly [43] resulting in the following expression:

Aoy = Aopw + Ao + AGprec + Aoga

where Aopy is the dislocation walls strengthening, Ao is the solute
strengthening, Aoy is the precipitate strengthening and Acgp is the
grain boundary strengthening. During the HT, precipitates are dissolved,
reducing thus the precipitate strengthening contribution. Grains are
expected to either stay at the same size or grow due to the HT. This
means that the Aogp could also have slightly decreased. Moreover, a
decrease of the dislocation density due to recovery can be expected
decreasing the dislocation contribution. The last contribution is due to
solute strengthening which is usually defined as Acss=HC® where a and
H are constant parameters while C is the weight concentration of Mg in
solid solution [43,44]. Mukai et al. used 13.8 MPa/wt%" and 1 for «
[44]. This means that Acgg is approximately 115 MPa. This contribution
is thus expected to be the main contribution to strengthening.

4.6. Investigating the healing mechanism

The volume of interest previously analysed by nano-CT was further
analysed by PFIB-SEM-EDX in order to investigate the difference be-
tween the healed and partially healed areas (Fig. 7c-f). The healed areas
(Fig. 7¢) are completely welded and have the same chemical composi-
tion as the matrix. This means that these defects are completely healed
during the HHT. The surface of partially healed voids which are typically
LPBF defects or too large damage sites was enriched in Mg compared to
the matrix composition. This means that Mg, and thus liquid HA,
migrated towards the cavity, but complete healing and then homoge-
nisation could not be achieved. This could be due to insufficient amount
of HA. Another explanation might be due to the presence of gas such as
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Fig. 6. Representative true tensile curve of an as-built (AB) sample (in black)
and a heat-treated sample at 540 °C for 30 min (in red). (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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hydrogen inside the voids if the void is a LPBF defect.

Fig. 7g-i shows the healing of two voids (of approximately 2 pm and
1.2 pm diameter) at 500 °C in argon atmosphere during in-situ SEM
heating. The complete healing of these voids can be observed in the
Supplementary Movie S2. After 10 min, the voids are completely healed.
This is indeed the predicted healing time by HA flow (Fig. 1f).

One of the reasonable questions about healing of voids is “where is
this new volume which filled the void coming from?”. There are no clear
and obvious answers at this stage, however, we suggest here a few
hypotheses:

1) The first hypothesis mentioned in Ref. [45] states that the system is
closed, meaning that the volume which filled the void should come
from another location in the part. This means that we have thus only
transfer of the void from one to another location where it is less
harmful. In order to verify this first hypothesis, the total volume of
the voids was measured before and after healing heat treatment.
Table 1 shows that the number of voids within the same volume of
interest is decreased by 96 % during the HHT at 540 °C (corre-
sponding to a reduction of 43 % of the void volume). This means that
if the voids volume is still present in the part, the size of these voids is
lower than the resolution limit of nano-CT (voxel size of 35 nm) or
these voids were transferred outside of the volume of interest.

2) The second hypothesis investigated in this work is that no new vol-
ume is created but the part shrinks during the healing heat treatment.
In order to analyse this hypothesis, the entire volume of a sample was
scanned by nano-CT with a voxel size of 200 nm before and after
healing. No change in the part dimensions were observed. The total
volume of the sample even slightly increased of approximately 0.15
% from 3.2745x107 um® to 3.2797x107 pm>.

3) The last hypothesis is that the new volume expansion during the
healing is due to phase transformation and/or release of the residual
stresses induced during LPBF. Indeed, the microstructure is first
composed of approximately 80 vol% of a-Al cells surrounded by 20
vol% of a eutectic network (Fig. 3a). After healing, the microstruc-
ture is entirely a-Al with Mg in solid solution (Fig. 7b). This phase
transformation and reorganisation of the atoms might be the reason
of this volume increase. Indeed, we can perform a quick back of the
envelope calculation of the average lattice parameter before and
after healing. Based on SEM images analysis (from the PFIB-SEM
experiment used to make Fig. 3b), the as-built sample is composed
of maximum 10 % of the Samson phase $-AlsMgs. This phase has a
complex lattice structure of parameter 28.2 A but containing 1168
atoms [46]. There is also approximately 90 % of a-Al phase which
has a lattice parameter of 4.05 A but contains only 4 atoms [47]. In
order to compare both lattices, the cubic volume occupied by 4 atoms
in the Samson phase is calculated and is 4.25 A. It means that in the
as-built sample, the mean cubic volume occupied by 4 atoms is 0.9 *
4.05 + 0.1 * 4.25 = 4.06 A. The healed sample is composed of 100 %
of a-Al phase distorted due to the presence of all the Mg in solid
solution. This results in a lattice parameter of 4.09 A, also occupied
by 4 atoms [47]. In conclusion, this would mean that there is thus an
increase of approximately 0.7 % of the mean cubic volume occupied
by 4 atoms with the healing heat treatment due to the phase trans-
formation. Comparatively, as discussed above in the second hy-
pothesis, the HHT was shown to bring a total volume increase of
approximately 0.15 %. Note that these are estimated calculations
based on strong assumptions such as the absence of Mg in solid so-
lution in the as-built a-Al cells and the absence of residual stresses in
the as-built material which could distort the lattice.

5. Conclusions
In conclusion, the liquid phase assisted healing efficiency of the bi-

nary LPBF Al-Mg alloy is close to 100 % and could increase the lifetime
of parts subjected to an overload. Damage up to 2 um was efficiently
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Fig. 7. Cross section extracted a) from nano-CT volumes and b) by PFIB-SEM of a damaged sample a) before and b) after HHT at 540 °C. The healed area in c¢) and the
residual damage area in d) were further analyzed by EDS in e) and f) respectively. A two voids area was observed by SEM during in-situ healing at 500 °C after g) 0

min, h) 5 min and i) 10 min.

healed, while larger LPBF defects were only partially healed. Correlative
imaging highlighted the complete healing and welding of these voids
within less than 10 min. It also highlighted the contribution of Mg in the
healing mechanism. This concept may potentially also be applicable to a
broad class of hypo- and hyper-eutectic LPBF alloys such as for example
the high strength Al 7075 alloy or 2xxx series Al alloys which shows a
eutectic temperature of approximately 480 °C and 548 °C respectively,
as well as a similar vascular network. This technique might also be used
with other manufacturing technologies. However, if the microstructure
is coarser than the one obtained with LPBF, it might be necessary to
significantly increase the HHT time in order to let enough time for
transport of the healing agent towards the damage sites. LPBF is thus
perfectly suited for the development of self-healing materials as it pro-
duces a eutectic structure similar to the vascular network found within
living systems. Finally, this new healable Al alloy is rather inexpensive
and composed of readily available materials, thus convenient for a wide
range of applications, including aeronautic and aerospace industries. It
will just, in the future, require adding a precipitation hardening mech-
anism for its mechanical strength to reach the requirements of the
industries.
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