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ABSTRACT

Selective laser melted (SLMed) AlSi10Mg alloys usually fail before necking during tensile tests, which
results in inadequate ductility. To overcome this problem, here we introduced Al4C3 nanorods into
the primary Al cells of SLMed AlSi10Mg via in-situ chemical reaction. Tensile tests revealed that those
in-cell Al4C3 nanorods not only increased the strain-hardening ability of SLMed AlSi10Mg but also
delayed the fracture beyond necking. Consequently, 15% of tensile strength increase and 78% of
ductility increase were achieved simultaneously. Post-tensile TEM analysis revealed that those in-
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cell Al4C3 nanorods pinned and accumulated dislocations within cells and thus alleviated stress

concentration along cell boundaries.

Cell boundary

IMPACT STATEMENT

Al;C3 nanorods were introduced into the primary Al cells of selective laser melted AlSi10Mg via in-
situ chemical reaction, which enhanced tensile strength and ductility simultaneously.

Asan innovative manufacturing technique, selective laser
melting (SLM), also known as laser beam melting (LBM)
or laser powder bed fusion (LPBF), has drawn exten-
sive attention in multidisciplinary research. Comparing
with other additive manufacturing techniques, e.g. elec-
tron beam melting and laser metal deposition, SLM is
known for its superior printing precision and excellent
surface finishing [1], which endues it with an incompa-
rable advantage of near-net-shape forming. This in turn
enabled unlimited possibilities with regards to produc-
ing complicated and customised components to be used
as prototypes or even applied in real world [2].

Up to date, SLM has been employed to fabricate many
materials such as steels [3], Ni alloys [4], Ti alloys [5], Mg

alloys [6], Al alloys [7] as well as their composites [8].
Within all those metallic alloys, Al alloy is more challeng-
ing to be fabricated by SLM. This is mainly attributed to
its inherent low density, low fluidity, high thermal con-
ductivity and low laser absorptivity [9]. Beneficial from
the high Si content, AlSil0Mg possesses excellent fluid-
ity and castability, which enabled its SLM-processibility
over other Al alloys such as AA2024 and AA7075 [10].
As aresult, AlSi10Mg is the most extensively investigated
Al alloy by SLM [11].

As a conventional cast Al alloy, AlSilOMg fabri-
cated via die casting process possesses a tensile strength
of ~315MPa. However, the typical tensile strength of
SLMed AlSi10Mgis ~ 430 MPa [12], which is about 37%
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higher than that of casting ones. This is attributed to the
unique cellular structure in SLMed AlSil0Mg resulted
from the ultra-fast cooling rate of SLM (~ 10° K/s [13],
~1K/s for sand casting [14], ~10% K/s for die casting
[15]). Such microstructural characteristic induces high
strain-hardening rate during the plastic deformation of
SLMed AlSi10Mg, resulting in considerable strain hard-
ening to the material [13]. Theoretically, a higher strain-
hardening rate would be beneficial to both strength and
ductility. However, the SLMed AlSi10Mg fails early before
the occurrence of necking phenomenon, which lead to
limited ductility (~ 6%). Such premature failure was also
reported in other alloy systems, which was attributed
to stress concentration along microstructural bound-
aries such as grain/phase boundaries or melting pool
boundaries [16,17], and can be remedied by introducing
heterogeneous inoculant or intragranular nanophases
[18-20]. Herein, we introduced nano-sized graphite into
pre-alloyed AlSi10Mg powder via a low energy rocking
milling process, which was then used as the feedstock
for SLM. Microstructural analysis revealed that the nano-
sized graphite reacted with Al during SLM and formed
in-situ Al4C3 nanorods within the primary Al cells of
SLMed AlSi10Mg. Tensile tests revealed that those in-
cell Al4C3 nanorods were capable of alleviating the stress
concentration along cell boundaries and preserving the
strain-hardening activity beyond the necking point. Our
finding may open up a new direction in improving the
mechanical properties of SLMed materials.

Pre-alloyed spherical AlSil0OMg powder (15-53 um
in diameter, Xi’an Bright Laser Technologies Co., Ltd,
China) was mixed with 0.5 wt.% of nano-sized graphite
(~20nm in diameter, Jinlei Technology Co., Ltd, China)
using a special low energy rocking milling process (RM-
05, SEIWA GIKEN Co., Ltd, Japan). Zirconia balls
(10 mm in diameter) were used as the milling agent with a
ball-to-powder mass ratio of 0.5. The milling process was
conducted at a frequency of 60 Hz for 2 h. The as-milled
C/AlSi10Mg powder was deposited on an AlSi10Mg sub-
strate without pre-heating using an SLM machine (BLT-
§210, Xi’an Bright Laser Technologies Co., Ltd, China)
equipped with an ytterbium fiber laser. The wavelength
and spot diameter of the laser were 1070 nm and 60 pm,
respectively. The SLM parameters were 250 W of laser
power, 1100 mm/s of scanning speed, 0.17 mm of hatch
spacing and 30 wm of layer thickness. The scanning strat-
egy was strip exposure with a rotation of 67° after each
layer. Pure AlSi10Mg without graphite addition was also
fabricated using the same SLM parameters as a reference
material.

The morphology of powders and microstructure
of as-built materials were observed by scanning elec-
tron microscopy (SEM, Sigma 300, ZEISS, Germany)
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equipped with an energy dispersive spectrometer (EDS).
Phase identification was realised by X-ray diffraction
(XRD, XRD-7000, Shimadzu, Japan) using a Cu Ko radi-
ation source. The grain morphologies of as-built mate-
rials were observed using the electron backscattered
diffraction (EBSD) technique. The nanoscale microstruc-
ture was analyzed by transmission electron microscopy
(TEM, Talos F200X, FEI, USA) under different modes
including bright field (BF), high-angle annular dark
field (HAADF), energy dispersive spectroscopy (EDS)
and high-resolution transmission electron microscopy
(HRTEM). EBSD samples were prepared by mechan-
ical polishing followed by vibratory polishing using a
colloidal silica suspension. TEM samples were prepared
using an jon beam milling machine (Model 1050, Fis-
chione, USA). To evaluate the mechanical properties,
tensile specimens were machined from as-built materials
with the tensile axis perpendicular to the building direc-
tion. The gauge dimensions of the tensile specimens were
20 mm in length, 4 mm in width and 2 mm in thickness.
Each material was tested for at least three times using a
universal mechanical testing machine (INSTRON 3382,
Instron, USA) at a constant strain rate of 5 x 10~ 4571,

Figure 1(a) shows an SEM image of the as-received
nano-sized graphite and Figure 1(b, ¢) displays an SEM
image of the as-milled C-AlSil0Mg powder and its cor-
responding C EDS mapping. It can be seen that the low
energy rocking milling process employed in this study is
effective in dispersing nano-sized graphite on the surface
of AlSi10Mg powder. Meanwhile, the spherical morphol-
ogy of AlSi10Mg powder was maintained, which is essen-
tial for the subsequent SLM process [21]. Figure 1(d)
shows the XRD spectra of the as-built materials. Consis-
tent with previous publications [13,22], the XRD spec-
trum of as-built AISi10Mg consists peaks corresponding
to Al and Si. However, besides peaks for Al and Si, three
additional peaks corresponding to Al4Cj are also observ-
able in the XRD spectrum of the AlSi10Mg with nano-
sized graphite addition, while no graphite peaks were
detected. This indicates that the introduced nano-sized
graphite reacted with Al matrix and formed in-situ Al4C3
during fabrication, which could be due to two reasons:
high temperature (~ 2000 °C) within the molten pool
during SLM [23,24]; high reaction tendency between Al
and C [25,26]. Figure 1(e, f) displays EBSD orientation
maps of the as-built materials perpendicular to the build-
ing direction. It can be found that there are no observable
differences between two materials with regards to their
grain size, grain orientation, etc.

The microstructure of as-built materials was observed
using both SEM and TEM. As revealed by the SEM
images, SLMed Al4C3/AlSi10Mg (Figure 2(b)) exhibits a
cellular structure, which is similar to SLMed AlSil10Mg
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Figure 1. (a) An SEM image of as-received nano-sized graphite. (b, ) An SEM image showing the morphology of as-milled C/AISi10Mg
powder and its corresponding C EDS mapping. (d) XRD spectra of the as-built materials. (e, f) EBSD orientation maps of the as-built

materials perpendicular to the building direction.

(Figure 2(a)). Figure 2(c) shows a high magnification
TEM image for Al4Cs/AlSi10Mg, focusing on an indi-
vidual cell. Figure 2(d-f) displays the corresponding
EDS mapping for Al, Si and C, respectively. Similar to
previous studies on SLMed AlSi10Mg [13,27], the cell
in Al4C3/AlISi10Mg is rich in Al and its boundary is
made up of alternate Al and Si (Figure 2(d, e)). It’s
worth noting that the C concentration is relatively uni-
form throughout the area analyzed (Figure 2(f)), suggest-
ing that there was no obvious nano-sized graphite sur-
vived from the SLM process. This is consistent with the
XRD analysis results (Figure 1(d)). On the other hand,
HRTEM images (Figure 2(g, h)) reveal some rod-like
phases in Al4C3/AlSi10Mg, as indicated by the arrows
in Figure 2(g). The inset of Figure 2(h) is a fast Fourier
transformation (FFT) image, which verifies that those
nanorods are Al4Cs, a reaction product of graphite and
Al Figure 2(i) shows another HRTEM image for the
box i in Figure 2(h). It can be clearly observed that the
Al4Cs nanorod is surrounded by Al with the same lat-
tice fringes. Therefore, it can be concluded that the Al4C;
nanorods formed within the primary Al cell, viz. in-cell
Al4C3 nanorods. It should be noted that the size of the
Al4Cs nanorods formed in this study is extremely small
(~10nm in length) compared with those (~ 200 nm in
length) in previous publications [28-30]. This should be
attributed to the super-fast cooling rate of SLM (~ 10°
K/s) [31,32] and beneficial to the tensile properties.

Figure 3(a) displays the nominal engineering ten-
sile stress—strain curves for both AlSil0Mg and Al4Cs/
AlSi10Mg, where the points corresponding to 0.2% oft-
set yield strength and ultimate tensile strength (UTYS)
are marked by squares and circles, respectively. The as-
built AlSi10Mg has a UTS of 421 £ 11 MPa and an elon-
gation of 6.7 £0.6%. In contrast, the Al4C3/AlSi10Mg
possesses a UTS of 482 £ 8 MPa and an elongation of
11.9 £ 1.2%, reflecting 15% of strength increase and 78%
of ductility increase. Meanwhile, according to the Hol-
lomon equation [33], the strain-hardening exponent (n,
slope of the In(o)-In(€) curve, where o and € represent
true stress and true strain, respectively) for AlSil0Mg
and Al4C3/AlSi10Mg was calculated to be 0.237 and
0.256, respectively. Both values are much larger than
those of conventional cast Al-Si alloys (~0.1) [34].
A larger strain-hardening exponent reflects a higher
strain-hardening capability. Therefore, SLMed AlSi10Mg
alloys exhibit much higher strength compared with cast
ones [12,35]. However, the SLMed AlSi10Mg fails before
the occurrence of necking phenomenon, which highly
restricts its ductility [13]. In comparison, the SLMed
Al4C3/AlSi10Mg not only possesses a higher strain-
hardening exponent but also reached its theoretical UTS
and failed during necking stage. Both factors should be
related to the in-cell Al4C; nanorods introduced.

To better understand the effect of Al4C3 nanorods on
the strain-hardening behavior of SLMed AlSi10Mg, the
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Figure 2. (a, b) SEM images showing the cellular structure of as-built materials. (c) A TEM image of the as-built Al,C3/AISi10Mg. (d-f)
TEM-EDS elemental mapping of (c). (g) A HRTEM image of the as-built Al;C3/AISi10Mg with arrows indicating the Al4C3 nanorods.
(h) A HRTEM image of the boxed area in (g). (i) A HRTEM image of the boxed area in (h).
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Figure 3. (a) Engineering tensile stress-strain curves. (b) True tensile stress—strain curves (dashed line) and strain hardening curves (solid
lines). Points corresponding to 0.2% offset yield strength and ultimate tensile strength are marked by squares and circles, respectively.
The inset of (b) shows strain-hardening rate as a function of the net flow stress (o-0'y), where oy is true yield strength.
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Figure 4. A schematic showing the difference of dislocation activity during deformation between (a, b) AISiT0OMg and (d, e)
Al4C3/AISi10Mg. (d, f) Deformed microstructure of AlSi10Mg and Al4C3/AISi10Mg, respectively.

strain-hardening rate (®, equal to do/de) was plotted
against true strain (¢) in parallel with true stress—strain
curves. As shown in Figure 3(b), after yielding, both
materials exhibit rapid ® decrease followed by slow ©
decrease. This is common to see during tensile deforma-
tion of FCC metals [36]. However, for both materials, the
overall ® values are much larger than the upper limit
(E/50, where E is Young’s modulus) of strain harden-
ing contributed from dislocations accumulation for FCC
metals, which can be also confirmed from the plots of ®
against net flow stress (0-o'y) (inset of Figure 3(b)). This
is attributed to the strengthening effect of Si nanoparticles
making up the primary Al cell boundaries (Figure 2(e))
[13]. In addition, according to the Considére criterion
[37], uniform elongation can be maintained as long as
O is larger than the true stress, viz. do/de > o. In other
words, necking occurs when the ©®-¢ curve and the o-¢€
curve intersect. Similar to our previous study [13], those
two curves for SLMed AlSil0Mg didn’t intersect, indi-
cating an early fracture phenomenon before necking. It’s
worth noting that regardless of its higher ® value in the
slow ® decrease stage, the strain-hardening activity was
prolonged in Al4C3/AlSi10Mg and the two curves inter-
sected ate = 11.2%. As a result, simultaneous increase in
strength and ductility was achieved.

In general, the additional nano-sized graphite not
only increased the ® value over SLMed AlSil0Mg in
its slow decrease stage but also preserved its strain-
hardening activity beyond the necking point during
tensile deformation. Since there are no observable dif-
ferences between AlSil0Mg and Al,Cs/AlSi10Mg with
respect to their texture (Figure 1(d-f)), grain size

(Figure 1(e, f)) and cell size (Figure 2(a, b)), the observed
differences in mechanical behavior should be attributed
solely to the in-cell Al4Cs nanorods introduced. In
order to reveal the function of those in-cell Al4C;
nanorods, TEM samples were prepared near the frac-
ture surface of the post-tensile specimen to observe
the deformed microstructure. As shown in Figure 4(c),
the dislocations in deformed AlSil0Mg primarily reside
along the cell boundaries, while most areas within the
cells are absent of dislocations. In comparison, there
are much more dislocations distributed uniformly in
deformed Al4C3/AlSi10Mg (Figure 4(f)). It should be
noted that even though Al4C; nanorods are not observ-
able due to their extremely small size and the highly
distorted microstructure, based on the cell size in as-built
microstructure (Figure 2(b, c¢)) and dislocation distribu-
tion in deformed microstructure (Figure 4(f)), one can
conclude that plenty of dislocations were introduced into
the cells.

Taking above mentioned into consideration, the effect
of in-cell Al4C3 nanorods in the present study can be
interpreted as follows. As for SLMed AlSi10Mg, the cells
are primarily made up of pure Al atoms (Figure 4(a)).
Therefore, dislocations can easily glide through the
cells during tensile deformation and sink along the
cell boundaries eventually (Figure 4(b)). This would
result in stress concentration along cell boundaries and
lead to premature failure before necking (Figure 3(b)).
As for SLMed Al4C3/AlSi10Mg (Figure 4(d)), those
in-cell Al4C; nanorods pinned and accumulated dis-
locations within the cells (Figure 4(e)), which would
not only strengthen the material via Orowan looping
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Figure 5. A comparison of tensile properties of SLMed AlSi10Mg [24,35,38-58].

mechanism [25] but also alleviate stress concentration
along cell boundaries (Figure 4(f)) and delay early frac-
ture (Figure 3(b)). Consequently, a simultaneous increase
in strength and ductility is achieved (Figure 3(a)). Similar
accomplishments were achieved by others. For exam-
ple, Liu et al. [19] introduced La,O3 nanoparticles in
molybdenum grains via a complex process and improved
its strength and ductility simultaneously. Li et al. [20]
also developed a nanodispersion-in-nanograins strategy
and achieved strength-ductility synergy in both pure
Cu and pure Ni. All those results suggest that intro-
ducing in-cell/in-grain nano-reinforcement is a promis-
ing approach to improving the mechanical properties of
metallic alloys.

In order to further reveal the effect of those in-cell
Al4Cs nanorods on the tensile properties of SLMed
AlSi10Mg, a comparison on tensile properties between
this study and those reported in literatures has been
made in Figure 5. As shown by the black symbols within
the dotted circle, there are big differences among tensile
properties reported in literatures [24,35,38-58], which
could be attributed to many reasons, such as laser wave-
length and spot diameter, processing parameters, build-
ing platform temperature, scanning strategy, etc. The
SLMed AlSi10Mg in our study locates at the upper side
of the dotted circle, suggesting that a comparable ten-
sile property has been achieved by the present fabrication
process. It’s worth noting that with the additional in-cell
Al4C3 nanorods, the tensile property improved signif-
icantly and is superior to all the SLMed AlSil0Mg in
previous publications.

In summary, this study presented an approach to
introducing Al4C3 nanorods within the primary Al cell of
SLMed AlSi10Mg via in-situ chemical reaction between
nano-sized graphite and Al during SLM. Those in-cell

Al4C3 nanorods were only ~ 10 nm in size, which could
not only increase the strain-hardening rate of SLMed
AlSi10Mg in its slow decrease stage but also prolong the
strain-hardening activity beyond the necking point dur-
ing deformation. Consequently, 15% of tensile strength
increase and 78% of ductility increase were achieved
simultaneously. This study provided an effective strategy
to boost the mechanical properties of SLMed AlSi10Mg.
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