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Abstract:

Porosity and hot cracking still hinder the introduction of new additive manufactured alloys on
the market, which requires high reliability. Hot Isostatic Pressing (HIP) is thus commonly
applied to close these defects. Although HIP showed promising results as post-treatment on
steel and titanium alloys, it is detrimental on aluminum alloys. Liquid assisted healing is thus
applied during HIP to not only compress the pores, leading to stress concentration defects but
to completely heal them. An Al-Mg alloy was manufactured as a proof-of-concept and X-ray
nano-holo-tomography highlighted the healing of almost all the defects, even a 80 um diameter
pore, during liquid assisted HIP. This leads to the substantial increase of the fracture strain by
a factor 3 without strength loss and an exceptional increase in fatigue life up to a factor 100.
This healing HIP treatment is promising for post-treatment of other Al alloys but also as in-
service healing treatment.
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One of the most developed additive manufacturing technologies for metallic materials
is Laser Powder Bed Fusion (LPBF), also called Selective Laser Melting (SLM). [1] For
transportation industries, Al alloys are attractive due to their excellent strength to weight ratio
leading to fuel savings. [2] Researches have focused first on Al-Si alloys due to their excellent
castability, and thus, suitability for LPBF [2] and then, on high strength LPBF Al alloys such
as 7xxx series Al alloys. [3] However, one of the main issues of these 7xxx series Al alloys is
their hot cracking susceptibility and the porosity level in the part. [4] Such defects are known
to have a detrimental influence on fatigue life due to early fatigue crack nucleation. [5] This
still hinders the difficult introduction of new LPBF Al alloys on the high-end applications
market, which requires high reliability, i.e. high density, mechanical properties and resistance
to fatigue loading.

In order to overcome these issues, different approaches are developed such as the
optimization of the LPBF parameters, which can reduce up to a certain level the porosity. [6]
However, this is not always sufficient to fulfil the requirements of high-end applications.
Therefore, a common solution consists in a post-processing step: Hot Isostatic Pressing (HIP).

The part is subjected to a heat treatment under hydrostatic pressure in an inert atmosphere. [7]
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This is expected to compress the part in order to close the voids and thus, increase the density
and delay fatigue crack nucleation. Although HIP has shown promising results as post-
treatment on steel [8], nickel [9] and titanium [10-13] alloys, it is detrimental for Al alloys. [14-
16] In literature, different HIP treatments from 330 °C to 530 °C were investigated with
pressures from 100 MPa to 300 MPa on AISi1l0Mg. [15, 17] Note that all these temperatures
lie below the solidus of the alloy meaning that no liquid phase was present during these HIP
treatments. Santos Macias et al. selected 300 MPa as a promising pressure for HIP as it
significantly reduced the porosity and increased the fracture strain [16] while a pressure of 100
MPa was insufficient to completely remove the pores. [17] However, even at that pressure,
HIP does not fully weld the porosities but flattens them (i.e. seals them), meaning that some
pores are replaced by pancake-like defects or cracks (see Figure 1a, b and c). [15, 16] This
induces a larger stress concentration at the tip of the defects compared to the initial spherical
porosity and thus, premature failure. Moreover, some pores reopening was also reported due to
the high gas pressure initially present in the porosities. [18, 19] Finally, the increased HIP
temperature induces a decrease of the yield strength caused by a coarsening of the
microstructure. All these phenomena lead to an alloy with a lower fatigue strength after HIP
treatment. [17]

In this paper, liquid assisted healing is applied during HIP treatment on a new class of
Al alloys, especially tailored for effective HIP, see Figure 1a, d and e. The concept consists in
selecting a HIP temperature in the mushy zone of the alloy (see above 450 °C for Al-Mg alloys,
in blue area on Figure 1f) in order to induce partial melting and thus, completely heal the
defects (see Figure 1a, d and e) instead of only allowing diffusion during the HIP treatment,
which is not enough as observed in classical LPBF Al alloys (see Figure 1a, b and c¢). Al alloys
presenting a large temperature range where liquid and solid coexist (between solidus and
liquidus temperatures) are thus required. Indeed, only part of the material should melt to keep

the structural integrity of the part. After manufacturing of these alloys by LPBF, they present
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LPBF pores in a microstructure composed of a-Al cells surrounded by a eutectic phase E (see
Figure 1a). Note that this eutectic phase takes the shape of a network due to the high cooling
rate of LPBF. [20] A HIP treatment at a temperature triggering partial melting of the alloy (in
the mushy zone) is thus applied (see Figure 1f and g). Approximately 15 % of liquid fraction
is targeted here in order to mimic liquid sintering where densification is also achieved due to
solid grains coexisting with a liquid phase. [21] This liquid flows in the pores and welds them
during solidification (see Figure 1d). The rest of the alloy remains in solid state in order to

maintain structural integrity. After HIP, the microstructure had time to reach the stable full FCC

a-Al phase without eutectic (see Figure 1e).
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Figure 1. Schematic of the microstructure of commercial LPBF Al alloys (a,b,c) and
the new class of Al alloys tailored for HIP (a,d,e) in as-built state (a), during HIP (b,d) and after
HIP (c,e). The a-Al phase, solid eutectic network phase E, melted eutectic network phase E
and LPBF porosities are depicted in light grey, dark grey, red and black, respectively. Blue and
red boxes represent room temperature and HIP temperature conditions, respectively. f) Binary
phase diagram of Al-Mg system studied in this paper and g) Temperature profile during HIP.
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Binary Al-Mg alloys are materials of choice for this proof-of-concept because of their
low solidus temperature and large solidification range (see Figure 1f). In order to obtain a fully
FCC microstructure after HIP and to minimize the solidus temperature (to minimize the HIP
temperature), a composition of 14 wt% Mg is selected as it is below the solubility limit of Mg
(15 wt% at 450°C, see Figure 1f).

The Al-Mg composition studied in this work was obtained by mixing 99.7 wt% pure Al
(from 3D Systems) with 99.8 wt% pure Mg (from SFM) in a Turbula powder blender. Powder
mixing was performed for at least two hours. 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%). The particle
size distribution of the powder mix varies from 14.3 um to 57.8 um with a mean value of 35.5
pum. The samples were manufactured by LPBF on a ProX200 machine from 3D Systems under
an argon inert atmosphere with an oxygen content below 500 ppm. The LPBF parameters were
optimized using the methodology developed by Gheysen et al. [6] : laser power of 216 W,
scanning speed of 500 mm s, hatching space of 75 um and layer thickness of 30 um. Due to
evaporation of Mg during the process, the final composition of the manufactured parts, obtained
by inductively coupled plasma optical emission spectroscopy, is Al — 8.4 wt% Mg called
AlMg8 4.

Hot isostatic pressing (HIP) was performed at the “CARAMEL” platform facility of
Université Sorbonne Paris Nord (USPN). An Argon isostatic pressure of 300 MPa (as suggested
by Santos et al. [16]) with a temperature of 540 °C for 30 minutes were selected in order to
obtain 15 % of liquid fraction based on differential scanning calorimetry (see in Figure S1 in
supplementary materials and Ref. [22]). The heating and cooling rates were 10 °C min™.

Multi-scale X-ray nano-holo-tomography experiments (nano-CT) with a voxel size of
35 nm or 200 nm were performed on beamline ID16B at the ESRF synchrotron (Grenoble,
France). [23] The samples were polished to reach a thickness of 300 um and then cut using a

micro-cutting machine. They were mounted on an alumina tube using cement glue (to resist
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high temperatures) and this alumina tube was fixed on a brass holder in order to be placed on
the beam path (see the set-up in Figure S2 in supplementary materials). The samples were first
scanned at ESRF, then HIP treated and scanned again at ESRF to follow the porosity evolution.
The scans were then reconstructed, registered and segmented using the Avizo software.

Uniaxial tensile tests were performed using a Deben 5kN microtensile machine at a
strain rate of about 0.001 mm s*. Digital image correlation (camera Allied Vision Manta G-
1236B POE (12 MPix)) was used to record the true local strain. Plates were manufactured by
LPBF and then electrical discharge machined to obtain the required geometry, i.e. thickness,
reduced section length and width are 1.5 mm, 4 mm and 2 mm, respectively (see all dimensions
in Figure S3 in supplementary materials).

Fatigue tests were performed to investigate the influence of HIP on the total fatigue life.
Cylinders were manufactured by LPBF and then milled to obtain the geometry according to
ASTM E466-15, i.e. diameter of the minimum cross section and radius of curvature are 2 mm
and 40 mm, respectively (see all dimensions in Figure S3 in supplementary materials). Samples
were then polished up to a roughness Ra < 0.25 um. The tests were performed on a 25 kN MTS
Bionix servohydraulic machine following the ASTM E466-15 standard. The fatigue test is force
controlled constant amplitude axial tensile-tensile with a R ratio of 0.1 and a frequency of 30
Hz.

First, the efficiency of HIP to seal LPBF pores in AIMg8.4 is assessed using X-ray nano-
CT at European Synchrotron Radiation Facility (ESRF) on the exact same location before and
after HIP (see Figure 2). The sealing of almost all of the pores during HIP is clearly evidenced
on Figure 2(a-d) even looking at the one of approximately 80 um. It means that 300 MPa is
indeed an adequate pressure to seal the porosities by creep and plastic deformation, even the
largest ones. However, the voxel size of 200 nm does not allow to see if the pores were
completely healed or became pancake-like defects as reported by Finfrock et al.. [15] Thus,

Figure 2e and f show the porosity before and after HIP in a sub-volume acquired at a higher
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resolution, i.e. 35 nm. Even at this scale, the vast majority of pores seem again closed and no
pancake-like defect are observed. Very small pores seem to remain but will sure not be critical
as they represent 0.008 % in volume. This is much lower than in common wrought Al alloys
(e.g. 0.037 % in 6056 alloy [24]). The HIP treatment seems promising to completely heal the
inner pores. Indeed, looking at the surface of the sample (see Figure 2b), open pores remain
after HIP as expected due to the highly pressurized gas. [25] Note that sand blasting or vibratory
finishing are commonly performed on LPBF parts to minimize their roughness. [26] These open
porosities are thus expected to be suppressed during this post-treatment and should therefore

not be detrimental to the fatigue life.

Figure 2. Reconstructed volume of the full sample obtained by X-ray nano-CT a) before and
b) after HIP post-treatment with a voxel size of 200 nm. Minimum intensity projection along z
for the first 44 um of the reconstructed volumes presented above c) before and d) after HIP. 3D
rendering of the voids (in blue) within a chosen sub-volume ROI of the sample with a voxel
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size of 35 nm e) before and f) after HIP. Only the voids with a size larger than 3 voxels are
represented.

Finally, distortion and shrinkage of the part are observed (see Figure 2b) after HIP. This
is a common issue of HIP observed for all materials. In this case, this slight distortion is
probably the result of the closing of the large pores such as the one of 80 um diameter in the
middle of the part. This is not the scope here but if a highly accurate part is required, the
distortion can be taken into account during the design of the LPBF part for example based on
finite element simulation [27, 28] or neural network approach. [29]

Figure 3 shows the microstructure of AIMg8.4 before and after HIP. As expected (see
Figure 1a), a-Al cells are surrounded by a eutectic network in the as-built (AB) state (see
Figure 3a). After HIP, the microstructure became the stable (see Figure 1f) full a-Al grains
(see Figure 3b). During the HIP treatment, a coarsening of the grain size from 6.6 £ 1.3 um to
16.8 + 8.1 um is observed using the line intercept method on more than 50 grains.

Figure 4a shows the tensile properties of AIMg8.4 before and after HIP. The HIP
treatment induces a slight increase of the yield strength (from 132 + 2 MPa to 139 + 7 MPa)
and an exceptional increase of the elongation at failure (from 12 + 3 % to 33 + 1 %). This
significant improvement of the fracture strain is expectedly due to the welding of the pores
during HIP but also to the completely different microstructure which is only composed of a-Al
grains without any brittle eutectic network after HIP (see Figure 3b). [30] The disappearance
of the pores and this brittle eutectic network induces a clear decrease of the damage nucleation
sites in the alloy which is expected to be the cause of the increased ductility. All the Mg is thus
present in solid solution in the a-Al phase which induces a slight increase in strength of the
alloy. The combination of all these phenomena significantly improves the tensile properties of

the new AIMg8.4 especially tailored for HIP post-treatment.
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Figure 3. SEM images of the microstructure of AIMg8.4 a) before and b) after HIP treatment.
Insets are higher magnification observations of the microstructure.
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Figure 4. a) Representative true tensile curves of AIMg8.4 in as-built (AB) state (in blue) and
after HIP (in red). b) Wohler curve of LPBF AlMg8.4 under AB (blue) and HIP (red) conditions.
The arrowed points represent samples that did not break after 107 cycles. The straight lines
correspond to Basquin’s law fitting of the broken samples data (see Equation S1 and Table S1
in supplementary materials). SEM images of the fracture surface of the fatigue specimen
corresponding to 0,4, Of 175 MPA after ¢) LPBF and d) HIP.

Finally, the total fatigue life (Wd&hler curve) of AIMg8.4 with and without HIP treatment

can be observed on Figure 4b. Up to a maximum stress of 150 MPa (higher than the yield
strength of 132 MPa), none of the AB and HIPed samples break even after 107 cycles. Above

the maximal stress of 150 MPa, the HIPed samples exhibit a significantly improved fatigue life
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compared to the AB alloy. Indeed, HIP induces a huge increase of a factor 100 of the fatigue
life for a omax equal to 1.25 av. This is attributed to the complete welding of the LPBF porosities
during HIP due to partial melting of the alloy combined with a slightly increased yield strength
during HIP. The fracture surface of the fatigue specimen tested to obtain the Wohler curves
were observed by SEM on Figure 4c and d. In both cases, the crack responsible of the fracture
initiated at the surface of the sample. However, in the as-lpbf sample, different other cracks
initiated due to the presence of defects. In the HIPed, no clear defect could be identified and a
ductile fracture is noticed. Porosity does not reopen during fatigue loading contrarily to what is
observed for conventional HIPed LPBF Al alloys. [18, 19]

In conclusion, a new class of LPBF Al alloys inspired from liquid-state healing
strategies were especially designed for the HIP treatment. A healing temperature selected in the
mushy zone induces partial melting of the alloys during HIP and thus, a complete healing of
almost all the LPBF porosities is expected. This leads to an exceptional increase of the tensile
properties, in particular, the fracture strain of the alloy is almost tripled, as well as a substantial
increased fatigue life up to a factor 100. This liquid assisted healing HIP treatment of the alloy
is expected to be translatable to other Al alloys presenting a large solidification range but
possibly exhibiting a higher yield strength. A temperature triggering 15 % of liquid fraction
was selected. This liquid assisted healing HIP treatment might also be interesting not as a post-
treatment but as healing treatment in order to repair the part after an overload.
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Equation S1. The Basquin’s fitting law
Ao =C- N (1D
where Ac = omax — omin, N = Number of cycles to failure and b and C [MPa] are material

constants, provided in Table S1.

After LPBF After HIP
C [MPa] 1.44 0.35
b -0.19 -0.04

Table S1. Basquin fitting parameters C [MPa] and b after LPBF and after HIP treatment.
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Figure S1. Differential scanning calorimetry heating curve at 10 °C/min up to 660 °C of

AlMg8.4.

14



1l
- |

Alumina tube

Detector

Brass pin \-j360°

Figure S2. Schematic representation of the 3D X-ray nano-holo-tomography set-up.
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Figure S3. Geometry of a) the microtensile samples and b) the fatigue samples.
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