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Abstract 

The ex-situ incorporation of the secondary SiC reinforcement, along with the in-situ incorporation of the tertiary and quaternary Mg3 N2 and 
Si3 N4 phases, in the primary matrix of Mg2 Si is employed in order to provide ultimate wear resistance based on the laser-irradiation-induced 
inclusion of N2 gas during laser powder bed fusion. This is substantialized based on both the thermal diffusion- and chemical reaction- 
based metallurgy of the Mg2 Si–SiC/nitride hybrid composite. This study also proposes a functional platform for systematically modulating 
a functionally graded structure and modeling build-direction-dependent architectonics during additive manufacturing. This strategy enables 
the development of a compositional gradient from the center to the edge of each melt pool of the Mg2 Si–SiC/nitride hybrid composite. 
Consequently, the coefficient of friction of the hybrid composite exhibits a 309.3% decrease to –1.67 compared to –0.54 for the conventional 
nonreinforced Mg2 Si structure, while the tensile strength exhibits a 171.3% increase to 831.5 MPa compared to 485.3 MPa for the conventional 
structure. This outstanding mechanical behavior is due to the (1) the complementary and synergistic reinforcement effects of the SiC and 
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nitride compounds, each of which possesses an intrinsically high hardne  

matrix despite their small sizes and low concentrations. 
© 2024 Chongqing University. Publishing services provided by Elsevier 
This is an open access article under the CC BY-NC-ND license ( http://c
Peer review under responsibility of Chongqing University 

Keywords: Laser powder bed fusion; Mg2Si-SiC/nitride hybrid composite; Both th
graded structure; Compositional gradient; Wear resistance. 
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. Introduction 

An automobile company requires a steering gear system
especially a pinion and rack) with customized features for
igh-performance vehicles and must be able to rapidly sup-
ly these parts without stocking them. The pinion and rack
hould have high wear resistance (regarding specific strength)
n the sawtooth regions because these parts are directly linked
o driver safety. Accordingly, Mg alloys are practical because
f their high specific strengths derived from the presence of
g, which has a high tensile strength of more than 100 MPa

alloying with Mg yields even higher strength and compati-
ility) as well as a significantly low density of 1.7 g cm−3 

 1 , 2 ]. However, such alloys have poor thermal stability be-
ause of their low melting temperatures [3–5] . Additionally,
ecause the ductilities of the Mg alloys are relatively low at
oom temperature, their forming methods and conditions are
imited [ 5 , 6 ]. Moreover, as they are highly reactive with the
urrounding oxygen or even nitrogen at high temperatures,
 furnace chamber filled with inert Ar or SF6 is necessary
or heat treatment (HT) [7] . As such, Mg-based compounds
particularly Mg2 Si) can be used and operated at high tem-
eratures (up to 1102 °C) and against external forces and
ressures [8] . However, the anticipated engineering applica-
ions of this metal–metalloid compound will be continuously
xposed to extreme conditions (high loads and temperatures),
ndicating that a further increase in its specific mechanical
trength is essential even at high temperatures [ 8 , 9 ]. Various
einforcement materials, including BN, Si3 N4 , AlN, TiB2 , and
rB2 , may be incorporated into the Mg2 Si matrix to maximize

ts specific thermomechanical strength [10–12] . 
Among many reinforcement materials, SiC has become

 promising candidate owing to its extraordinary thermome-
hanical properties, which include a high elastic modulus (410
Pa), a low density (3.2 g cm−3 ), and strong thermal stability

a melting temperature of 2730 °C) [12] . In particular, the SiC
einforcement within a Mg2 Si matrix can be used to impart
igh wear resistance, thereby rendering the surface more abra-
ive [13] . Moreover, the adequate mechanical strength (and,
specially, the high wear resistance) of the resulting Mg2 Si–
iC composite can be further enhanced through the additional

ntegration of other strong reinforcement materials [14] . In
he present study, nitride compounds (Mg3 N2 and Si3 N4 ) are
uccessfully formed through facile laser irradiation in an N2 

tmosphere [15] . By selecting a 
ss, and (2) the strong adhesion of these compounds to the Mg2 Si

B.V. on behalf of KeAi Communications Co. Ltd. 
reativecommons.org/licenses/by-nc-nd/4.0/ ) 

e thermal diffusion- and chemical reaction-based metallurgy; Functionally 

unctionally graded structure (FGS) and controlling the con-
entration ratio between the inert Ar and reactive N2 gases in
he environment during additive manufacturing, even higher
trength can be achieved without sacrificing strain and elon-
ation [16–18] . 

To illustrate the feasibility of laser powder bed fusion
LPBF) of this new type of Mg2 Si–SiC/nitride hybrid com-
osite in an FGS for ultimate wear resistance, we applied the
ybrid composite to the topological optimization of the pin-
on and rack used as core parts of a steering gear system.
urthermore, laser irradiation was conducted under an N2 at-
osphere to demonstrate the influence of the build direction

uring additive manufacturing (AM) on the wear resistance in
he sawtooth and adjacent areas due to the localized genera-
ion of laser-irradiation-induced Mg3 N2 and Si3 N4 compounds
s ternary and quaternary nitride reinforcement phases. From
 microstructural perspective, the addition of a SiC reinforce-
ent in the Mg2 Si matrix results in the localization of the

econdary phase along the edges of the melt pools of the pri-
ary phase; in parallel, the strategy of controlling the concen-

ration of Ar and N2 during additive manufacturing enables
he development of a compositional gradient from the cen-
ers to the edges of the melt pools of the Mg2 Si–SiC/nitride
ybrid composite. 

. Experimental procedure 

.1. Additive manufacturing of the Mg2 Si structure, 
g2 Si–SiC composite, and Mg2 Si–SiC/nitride hybrid 

omposite 

Mg2 Si–SiC composite powder was prepared via gas atom-
zation, as described in the Supplementary information. The

g2 Si–SiC composite structure was additively manufactured
ith a layer thickness of 40 μm by applying a laser intensity
f 75 W, a spot size of 80 μm, a hatching distance of 80 μm,
nd a laser speed of 60 mm s−1 [19] . For the various layers,
he build rate ranged between approximately 5 and 20 cm3 

−1 according to the structural compositions and as-built po-
itions. Similarly, the nonreinforced Mg2 Si structure was built
y applying identical laser parameters. The Mg2 Si–SiC/nitride
ybrid composite structure was additively manufactured under
 controlled concentration between Ar and N2 in the mixture
ith a constant flow rate of 5 m3 min−1 , especially for the

teering gear parts (pinion and rack) with the compositionally

http://creativecommons.org/licenses/by-nc-nd/4.0/


J. Yang, W. Heogh, H. Ju et al. / Journal of Magnesium and Alloys 12 (2024) 1239–1256 1241 

g  

o  

i  

r  

s  

c  

i  

f  

e  

q  

t  

s  

p

2
t
M

 

t  

t
O  

c  

a  

a  

p  

t  

c  

l  

w  

p  

t  

e  

t  

u  

e  

i  

a  

t  

b  

d  

(
A  

t  

r  

t
r  

p  

c  

n  

a  

h  

c  

(  

[  

l  

t  

c  

f  

f  

t  

t  

f  

2  

u  

C  

s  

i  

r  

s  

fi

2
p

 

M  

w  

a  

c  

F  

i  

t
S

 

 

w  

d  

(  

i  

i  

fl  

k  

t  

t  

l  

fl  

a  

i  

F  

i  
raded nitride layers in the specific regions. Thus, 13 layers
f powder bedding and repeated laser irradiation were needed
n order to fill the chamber with N2 . Then, all of the non-
einforced, composite, and hybrid composite structures were
olid-solution-treated at 800 °C for 30 min, followed by rapid
ooling to 25 °C within 10 min by gas quenching, then ag-
ng at 400 °C for 30 min, and slowly cooling to 25 °C in a
urnace to (1) alleviate the residual and thermal stresses gen-
rated during laser irradiation and those accumulated from gas
uenching in the solid-solution treatment, (2) lower the crys-
alline defects and mechanical flaws, and (3) transform the
tructures into a homogeneous microstructure in the matrix
hase with tight bonding of the reinforcement materials. 

.2. Chemical characterization and physical evaluation of 
he Mg2 Si structure, Mg2 Si–SiC composite, and 

g2 Si–SiC/nitride hybrid composite 

The amount of each element contained in the powder par-
icles and as-built structures was measured using an induc-
ively coupled plasma–optical emission spectrometer (ICP–
ES; Optima 8300, Perkin Elmer, USA). Oxygen and carbon

oncentrations were determined using an oxygen/nitrogen an-
lyzer (ON–900, Eltra GmbH, Germany) and a carbon/sulfur
nalyzer (CS–800, Eltra GmbH, Germany), respectively. The
article size distributions of each of the powders (Mg2 Si ma-
rix powder, SiC reinforcement fragments, and Mg2 Si–SiC
omposite powder) were determined using a particle size ana-
yzer (PSA; LS13 320, Beckman Coulter Inc., USA) equipped
ith a laser-driven scattering measurement detector. The mor-
hologies of the precursor powder particles and microstruc-
ures of the AMed structures were studied using scanning
lectron microscopy (SEM; JSM–5800, JEOL, Japan). Elec-
ron backscatter diffraction (EBSD) analysis was carried out
sing a scanning electron microscope (SU70, Hitachi, Japan)
quipped with an accessory (NordlysNano, Oxford, UK) to
nvestigate the grain orientations of the structures before and
fter HT. Diffraction patterns and elemental compositions of
he different regions of the as-built Mg2 Si–SiC/nitride hy-
rid composite were determined by selected area electron
iffraction (SAED) and energy-dispersive X-ray spectroscopy
EDS) with transmission electron microscopy (TEM; JEM–
RM200F, JEOL, Japan). The crystalline phase changes in

he powder particles and structures were determined via X-
ay diffraction (XRD; D/Max–2500VL/PC, Rigaku Interna-
ional Corp., Japan) analysis at 40 kV and 250 mA over a 2 θ

ange of 10–90 °. The thermal behaviors of the Mg2 Si matrix
owder, the SiC reinforcement fragments, and the Mg2 Si–SiC
omposite powder were measured using a differential scan-
ing calorimeter (DSC; Q600, TA Instruments, USA) under
 flow of Ar gas while heating at 10 K min−1 . The Vickers
ardness values of the nonreinforced, composite, and hybrid
omposite structures were measured using a hardness tester
Duramin–40, Struers, Denmark) at a HV0.5 loading force
16] . The Vickers hardness, using the HV0.5 scale, was regu-
ated according to the American Society for Testing and Ma-
erials (ASTM) E92–82 [16] . All of the as-built conventional,
omposite, and hybrid composite structures additively manu-
actured using laser powder bed fusion (LPBF) were prepared
or both tensile and compression testing by using a universal
esting machine (Insight–100, MTS Systems, USA) at room
emperature to compare the strengths of each structure be-
ore and after HT and under an identical crosshead speed of
.0 mm min−1 [20] . A dry sliding wear test was conducted
sing a ball-on-disk tribometer (Ball/Pin on Disc, J&L Tech
o., Ltd., Republic of Korea) in air at room temperature. The

urfaces of the specimens were polished prior to wear test-
ng. The coefficient of friction (COF) of each structure was
ecorded during wear testing, and the scratch depth of each
tructure was measured using a three-dimensional (3D) pro-
lometer (Contour GT–X, Bruker Corporation, USA) [21] . 

.3. Governing equations of numerical simulations in laser 
owder bed fusion of the Mg2 Si–SiC composite 

The heat-transfer and fluid-convection histograms of the
g2 Si–SiC composite, additively manufactured via LPBF
ith either optimized or default laser-control parameters

s a function of duration, were simulated using commer-
ially available fluid dynamics analysis software (FLOW–3D,
LOW Science Inc., USA) [22–24] . The governing equations,

ncluding the conservation of mass, momentum, volume frac-
ion, and thermal energy, in the LPBF process of the Mg2 Si–
iC composite are expressed as follows: 

∂ρ

∂t 
+ ∇ · ( ρV ) = M̄ , (1)

∂ 

∂t 
( ρV ) + ∇( ρVV ) = − ∇P + ∇ μ

(∇ V + ∇VT 
)

+ pb + ps , (2) 

∂F 

∂t 
+ ∇ · ( VF ) = F̄ , (3)

∂ 

∂t 
( ρH ) + ∇ · ( ρVH ) = ∇ · ( k∇T ) + qpt + ql 

+ qloss , (4) 

here M̄ is the mass source term (kg m−3 s−1 ), ρ is the
ensity (kg m−3 ), V is the velocity (m s−1 ), P is the pressure
Pa), μ is the viscosity (m2 s−1 ), pb is the momentum term
nduced by buoyance force (N m−3 ), ps is the surface tension
nduced momentum (N m−3 ), F is the fluid fraction, F̄ is the
uid fraction change rate (s−1 ), H is the enthalpy (J kg−1 ),
 is the thermal conductivity (W m−1 K−1 ), qpt is the phase
ransformation-induced heat source/sink term (W m−3 ), ql is
he laser power source term (W m−3 ), and qloss is the heat
oss term by convection and radiation (W m−3 ) [22–24] . The
uid volume method was used to track the fluid-free surface,
nd the scalar F was employed to refer to the fluid fraction
n the mesh cell [22] . For a specific fluid in a mesh cell,
 = 0 indicates that this cell contains no fluid, whereas F = 1

ndicates that this cell is entirely occupied by the fluid [22] .
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 mesh cell with an F value between 0 and 1 suggests a
ixture with a specific amount of fluid [22] . Meanwhile, the

iquid volume fraction (fl ) is determined as follows: 

l =
⎧ ⎨ 

⎩ 

0 ( T ≤ Ts ) 
T − Ts 
Tl − Ts 

(Ts < T < Tl ) 

1 ( T ≥ Tl ) 

, (5) 

here T is the temperature applied to the composite (K), Ts 

s the solidus temperature (K), and Tl is the liquidus tempera-
ure (K) [25] . Thereafter, a damping force term is introduced
o decrease the migration velocity of the liquid phase in the
ushy zone during the phase transformation, which is de-

cribed as follows: 

pt = − Amushy 

(
1 − f 2 l 

)
(
f3 
l + δ0 

)V, (6)

here Amushy is the constant of the mushy zone (K m−3 s−1 ),
l is the liquid volume fraction, δ0 is the small constant to
void division by zero, and V is the migration velocity of
he liquid phase (m s−1 ) [ 22 , 23 ]. The enthalpy (Hpt ) of the

atrix in the composite in the solid-liquid mushy zone can
e calculated using Eq. (7) as follows: 

Hpt = Href +
∫ T 

Tref 

cp dT + fl L, (7) 

here Href is the reference enthalpy (J kg−1 ), cp is the spe-
ific heat (J kg−1 K−1 ), and fl is the liquid volume fraction
 22 , 23 ]. Following this, the phase transformation-induced heat
ource/sink term can be calculated as: 

pt = − ∂ 

∂t 

(
ρ�Hpt 

) − ∇(
ρV�Hpt 

)
, (8)

here qpt is the phase transformation-induced heat source/sink
erm (W m−3 ), ρ is the density (kg m−3 ), Hpt is the enthalpy
J kg−1 ), and V is the migration velocity of the liquid phase
m s−1 ) [ 20 , 21 ]. Keeping the simulation applying high energy
o the Mg2 Si–SiC composite in mind, the laser power distri-
ution in the numerical analysis area can be described as: 

 = 2ηQ 

π r 2 s 

exp 

(
−2w2 

rs 

)
, (9)

here q denotes the heat flux (W m−3 ), η denotes the absorp-
ance of the matrix in the composite, Q symbolizes the laser
ower (W), w indicates the radial distance from the beam
enter (m), and rs denotes the laser spot radius (m) [ 20 , 21 ].
he given heat flux loss (qloss ) from the free surface is as

ollows: 

loss = hc ( T − Ta ) + εσ
(
T4 − T 

4 
a 

) + qevap , (10) 

here hc is the convective heat transfer coefficient (W m−2 

−1 ), Ta is the ambient temperature (K), ε is the emissivity, σ
s the Stefan-Boltzmann constant, and qevap is the evaporation
eat [22–24] . Assuming a heterogeneous mixture of metal
apor for simplicity, the evaporation heat (qevap ) is given as
ollows: 

evap = 0. 01�H 

∗
v √ 

2πMRT 

P0 exp 

(
�H 

∗
v ( T − Tv ) 

RT Tv 

)
, (11) 
here H∗
v is the effective enthalpy of the metal vapor (J

ol−1 ), M is the molar mass (g mol−1 ), R is the universal gas
onstant, P0 is the atmospheric pressure (Pa), and Tv is the
oiling temperature (K) [26] . The recoil pressure (Precoil ) is
enerated by LPBF above the evaporation temperature on the
ree surface of the matrix in the composite, and is expressed
s follows: 

recoil = 0. 54P0 exp 

(
�Hv ( T − Tv ) 

RT Tv 

)
, (12)

here the same indices given in Eq. (11) were used as the
revious parameters used in the composite [24] . In addition,
he Marangoni shear stress is induced by the spatial variation
n the surface tension force: 

= γm 

+ dγ

dT 

�T , (13) 

here γ is the surface tension at the surface temperature (N
−1 ), T is the applied temperature (K), and γ m 

is the surface
ension at the melting temperature (kg s−2 ) [24] . 

.4. Finite element modeling of the Mg2 Si structure, 
g2 Si–SiC composite, and Mg2 Si–SiC/nitride hybrid 

omposite 

The FactSage 8.1 program was used to consider (1) the
hermodynamic simulation based on the phase diagram, (2)
he chemical decomposition of SiC within the Mg or Mg2 Si
hases, (3) the effects of incorporating the reinforcements un-
er an N2 atmosphere across the FGS, (4) the thermal sta-
ility of the nitride compounds, and (5) the phase compar-
son in the presence or absence of the gas or liquid phases
27] . The compression behaviors of the Mg2 Si conventional,

g2 Si–SiC composite, and Mg2 Si–SiC/nitride hybrid com-
osite structures before HT were analyzed using a commer-
ial finite element analysis (FEA) software package (Abaqus,
assault Systèmes Simulia Corp., France), and the simulated

tress-strain curves were compared to those obtained experi-
entally in the elastic regions [28] . 

.5. Topological optimization for developing a more 
dvanced steering gear system, complementary and 

ynergistic incorporation of a lattice structure for additional 
echanical stiffness, and strategic deposition of nitride 

ompounds on the functionally graded structure for strong 

ear resistance 

A 3D scanner (ZS–3040, Laser Design, USA) was em-
loyed to replicate the original pinion and rack used in the
teering gear system of a vehicle. The original parts were
abricated using a combination of conventional manufactur-
ng processes such as casting, forging, and machining. There-
fter, finite element modeling (FEM) was used to simu-
ate the equivalent stress distributions on each of the origi-
al parts, and topological optimization was used to develop
he newly designed parts that retained the stress-bearing re-
ions of the original pinion and rack parts while eliminating
he unnecessary stress-free regions. Meanwhile, an 800- μm
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a  
atching-distance-controlled lattice structure was auxiliary-
ccompanied (deposited) inside the inner space of the topo-
ogically optimized pinion for maximizing the mechanical
tiffness of a spatial structure, which exhibited a high me-
hanical stiffness exceeding a safety factor of 3.0, while min-
mizing the material usage to maintain the overhang design
reated to increase the fuel efficiency of the vehicle used in
his study [ 13 , 27–29 ]. For the rack, the volume reduction was
inimized for driver safety as the priority, even without con-

idering the application of the supplementary lattice structure
 Table 1 ). 

. Results and discussion 

.1. Simulations of heat transfer and fluid convection of the 
g2 Si–SiC composite additively manufactured via laser 

owder bed fusion with the optimized laser-control 
arameters 

The heat transfer and fluid flow in the melt pools of the
atrix in the Mg2 Si–SiC composite affect the track geometry

nd solidified microstructure [ 5 , 23 ]. The temperature gradient
G) and solidification rate (Rs ) are two critical factors that de-
ermine the size and morphology of the melt pools over the
olidified microstructure. Specifically, a higher G/Rs tends to
roduce finer melt pools in the microstructure, whereas the
elt pool morphology changes from planar to cellular, and

rom columnar to equiaxial, as the G/Rs ratio decreases [ 5 , 23 ].
ased on these two fundamental principles, in the numerical
nalysis of the LPBF process for the Mg2 Si–SiC composite,
he fluid dynamics of the melt pools exhibit Newtonian mo-
ion with laminar flow, depending on the Reynolds number
22] . Accordingly, the finite volume method is used to solve
he governing equations in LPBF of the Mg2 Si–SiC compos-
te. The enthalpy porosity method is also used to model the
hase transformation during the liquefaction (melting) and so-
idification processes [22] . The flowability in the melt pools
f the Mg2 Si–SiC composite is modeled in the CFD sim-
lation. In the CFD parameters, the pre-determined physi-
al properties of each Mg2 Si and SiC constituent are criti-
al for the specific morphological transformations, diffusiv-
ty differences, chemical compositions, and distribution co-
fficients that significantly influence the thermal gradient and
ooling rates of the melt pools [22] . Furthermore, the thermo-
echanical parameters of the composite can vary differently

epending on the ambient temperature in the CFD simulation
22] . Consequently, the simulation is based on the correspond-
ng thermomechanical and numerical variables (e.g., density,
eat transfer coefficient, specific heat capacity, etc.) accord-
ng to the ambient temperature, which is controlled by the
aser intensity and speed, and the resulting thermal gradient
nd cooling rates of the melt pools are modeled [22] . The
eat-transfer and fluid-convection simulations of the Mg2 Si–
iC composite that was additively manufactured via LPBF
nder the optimized laser-controlled parameters (a constant
aser power of 75 W and a scan speed of 60 mm s−1 ) pro-
uced steady-state melt pools without any mechanical flaws
uch as pores, balling, and cracks ( Fig. 1 a–c). Therefore, the
aser scan strategy prevented mechanical flaws and produced a
mooth surface, even at the end of the track. However, the SiC
einforcement, which did not follow the aforementioned equa-
ions, was pushed out toward the edges of the semi-elliptical
elt pools of the Mg2 Si matrix along the heat flow direc-

ion in the diffusive environment because of the buoyance
ffect during laser irradiation [ 12 , 30 ]. The results of a dif-
erent set of heat-transfer and fluid-convection simulations in
hich the Mg2 Si–SiC composite was additively manufactured
sing LPBF under the default laser-control parameters (an ab-
ormally high laser power of 150 W and a slow scan speed
f 20 mm s−1 ) are presented in Fig. 1 d and e. The input of
hermal energy during laser irradiation creates a Marangoni
ow on the surface of each melt pool, and the extent of the
uoyancy force is determined by the Marangoni flow and the
mbient temperature [ 31 , 32 ]. The effect of the buoyancy force
an be analyzed by using the equation of motion in the CFD
imulation, although the pores are formed when the flow-
ng gas is trapped suddenly in the melt pools during the gas
uenching process after laser irradiation [ 31 , 32 ]. The buoy-
ncy force is determined by the coefficient of thermal expan-
ion according to the ambient temperature, and the pores are
reated by the flowing gas becoming trapped in the melt pools
nder equilibrium collapse due to the imbalance between the
pward buoyancy force and the downward pressure from the
owing gas [ 31 , 32 ]. Furthermore, the pore size increases as

he extent of this imbalance increases [ 31 , 32 ]. The results
ere two-dimensional (2D) cross-sectional histograms of the

ingle laser-scanned track of the Mg2 Si–SiC composite seen
rom either the longitudinal or transverse directions with each
emperature gradient field as a function of time when inten-
ionally misguiding the laser-control parameters [ 31 , 32 ]. The
elt pool dynamics of the Mg2 Si–SiC composite became un-

teady, and pores and cracks were abundant, even at the start
f the track, depending on their positions within the melt
ools because of the substantial temperature variation (result-
ng in evaporation and spatter formation of the constituents)
 31 , 32 ]. The overheating caused by the abnormally high laser
ower and slow scan speed created keyholes because the laser
mparted excess energy to the melt pools during the following
wo processes [ 31 , 32 ]. First, the formation of pores proceeded
ia rapid collapse owing to vapor depression on the surface of
he laser-scanned track [ 31 , 32 ]. Second, the inert Ar gas be-
ame trapped within the liquid metal, with the lagging shape
owing into the pores, thereby rapidly solidifying the melt
ools [ 31 , 32 ]. Based on these simulations, AM of the Mg2 Si-
ased matrix incorporated with the SiC reinforcement was
ompleted in practice, but the process was challenging due to
pattering of the evaporated Mg and Si. 

.2. Microstructural comparison of the nonreinforced, 
omposite, and hybrid composite structures additively 
anufactured before and after heat treatment 

As deduced from the specific microstructures in Fig. 2 d,
lthough the heat generated by the LPBF process flowed di-
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Table 1 
A reference comparison of the physical and chemical properties of our Mg2 Si–SiC/nitride hybrid composite with those of the conventional and composite structures fabricated by common casting, welding, 
spraying, etc., evaluated and classified in terms of alloy design and specific strength. 

Manuf. 
process 

Alloy 
system 

Specific 
applications 

Manuf. 
advantages 

Mechanical 
properties 

Advantageous physical 
properties 

Key 
points 

Ref. 
(No.) 

LPBF Mg2 Si–
SiC/nitride hybrid 
composite 

An FGS is 
obtained in 
the intended 
regions while 
constructing a 
pinion-and- 
rack steering 
gear system 

This can be built as a 
delicate structure 
with a high strength 
and low density 

A tensile strength of 
831.5 MPa after HT 

The coefficients of friction of 
the AMed hybrid composite and 
the heat-treated hybrid 
composite were –1.13 and 
–1.67, respectively, which 
represent significant decreases 
compared to that of the 
heat-treated conventional 
structure (i.e., –0.54) 

The formation of a CGD in the 
microstructure and an FGS along 
with the build direction 

Our 
study 

Ultrasonic casting Mg2 Zn SiC 

composite 
No specific 
applications 

Achieving a uniform 

dispersion of dense 
SiC nanoparticles in 
the Mg matrix 

The Mg2 Zn 
composite with SiC 

exhibits a 
compression strength 
of 410 MPa 
compared to 50 MPa 
for the conventional 
structure without SiC 

At 400 °C, the Mg2 Zn 
composite with 14 vol.% SiC 

had a tensile strength of 150 
MPa 

The ultrahigh-performance, 
light-weight and strengthened 
composite can improve the energy 
efficiency and system performance 
in numerous applications 

[8] 

Powder bed 
fusion 

A bioinspired 
Ti–6Al–4V lattice 
structure 
infiltrated with 
Mg (Mg–Ti 
composite) 

No specific 
applications 

The strength of the 
composite was 
enhanced via 
Mg-melting 
infiltration 

The Mg–Ti 
composites exhibited 
tensile strengths of 
156.6–226.6 MPa, 
compared to 
12.2–65.4 MPa in the 
absence of Mg 

The interpenetration of the Mg 
and Ti–6Al–4V components in 
the 3D structure allows for the 
effective transfer of stress 
within and between each phase, 
thereby conferring the 
reinforcement with a high 
strengthening efficiency 

The deformation and cracking of 
the relatively weak Mg phase can 
be restricted and retarded by the 
stronger Ti–6Al–4V component, 
thereby retarding the mutual 
partitioning of the components 
within the composite 

[47] 

Selective laser 
melting and ball 
milling 

Carbon 
nanotube–AZ31B 

composite 

No specific 
applications 

Highly typical and 
conventional 
fabrication techniques 
applied 

Tensile strengths 
ranging from 264 to 
286 MPa according 
to the laser input 
energy density 

The morphology and porosity of 
the melt pools controlled 
according to the laser input 
energy density, thereby 
enhancing the tensile strength of 
the composite 

The melt pools of the composite 
were simulated based on the 
temperature distribution of each 
constituent and the interactions 
between the carbon nanotube 
reinforcements and the AZ31B alloy 

[15] 

( continued on next page ) 
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Table 1 ( continued ) 

Manuf. 
process 

Alloy 
system 

Specific 
applications 

Manuf. 
advantages 

Mechanical 
properties 

Advantageous physical 
properties 

Key 
points 

Ref. 
(No.) 

Various 
techniques and 
methods 

Mg–graphene and 
Mg–carbon 
nanotube 
composites 

Various 
applications 
mentioned 

The appropriate 
manufacturing 
methods can be 
matched to the 
desired applications 

Tensile strengths 
ranging from 150 
MPa to 500 MPa 

As high a strength as possible Their high strengths were explained 
by the intensities and extents of 
physiochemical interactions between 
the Mg alloys and the graphene and 
carbon nanotube reinforcements 
depending on the fabrication 
processes applied 

[48] 

Nanoparticle 
dispersion and 
wetting are 
provided by the 
cavitation and 
streaming effects 
due to ultrasonic 
vibration of the 
Mg melt 

AZ91/SiC + TiC No specific 
applications 
indicated 

Various, depending 
on the techniques 
and methods applied 
in the fabrications 

Depending on the 
constituents and 
concentrations of the 
matrices and 
reinforcements, the 
tensile strengths 
ranged from 191 
MPa (AZ91/SiC) up 
to 397 MPa 
(AZ91/SiC + TiC) 

As high a strength as possible The results are explained based on 
the grain refinement strengthening 
mechanism, the Orowan 
strengthening mechanism, the 
Taylor strengthening mechanism, 
and the load transfer mechanism 

[11] 

A series of 
extrusion, heat 
treatment, and 
rolling processes 

Mg–Li-based 
alloy (no 
composite) 

No specific 
applications 

The water-quenched 
and 70 °C aged alloy 
exhibited excellent 
ductility during 
rolling, achieving 
strains of over 80% 

without cracking 

The specific strength 
and elongation and 
strain were 
significantly 
enhanced with the 
optimized amount of 
Li addition 

Good strength-to-weight ratio 
(specific strength) 

The Mg–Li-based alloy was 
designed for an ultralow density 
(1.4 g cm–3 ), and was strong, 
ductile, and more corrosion 
resistant than the conventional 
Mg-based alloys reported so far 

[3] 
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Fig. 1. (a) Schematics of the LPBF process for the nitride-strengthened Mg2 Si–SiC-based hybrid composite with the FGS. (b) A 3D view of the single 
laser-scanned track on the Mg2 Si–SiC composite with the temperature gradient field. (c) 2D cross-sectional histograms of the single laser-scanned track on the 
Mg2 Si–SiC composite seen from either the longitudinal or transverse directions with each temperature gradient field as a function of time. (d) A 3D view of 
the single laser-scanned track on the Mg2 Si–SiC composite with the temperature gradient field when the abnormally high laser power of 150 W and slow scan 
speed of 20 mm s−1 were applied in the LPBF process. (e) 2D cross-sectional histograms of the single laser-scanned track of the Mg2 Si–SiC composite seen 
from either the longitudinal or transverse directions with each temperature gradient field as a function of time when intentionally misguiding the laser-control 
parameters. 
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ectly along the Mg2 Si matrix, the thermal energy flow was
uppressed by the SiC reinforcement with its lower thermal
onductivity, during which the presence of melt pools became
ess distinct than those of the nonreinforced Mg2 Si structure
 Fig. 2 a–c). Hence, the composite had a high thermal en-
rgy concentration, which could potentially form less bonding
long the interfacial boundaries between the matrix and rein-
orcement phases, attracting significant residual and thermal
tresses accumulated along the secondary reinforcement phase
 Fig. 2 e). This phenomenon was primarily caused by higher
ensities of voids, dislocations, and defects at the interfacial
oundaries between the two phases, reducing strain and elon-
ation [ 12 , 30 ]. However, if the secondary phase was tightly
onjugated to the primary phase solidified from the highly
iffusive environment during laser irradiation, then the abra-
ive wear load associated with the mechanical strength would
ave been effectively resisted throughout SiC embedded along
he melt pools without their withdrawal from Mg2 Si, thereby

aintaining the persistence of the melt pools and inducing the
einforcement effect [ 12 , 19 , 30 , 33 ]. As shown in Fig. 2 f and g,
he equiaxial dendrites in the top plane, along with the colum-
ar dendrites in the side plane (which together comprised
he secondary SiC and other nitride compounds embedded
n the Mg2 Si matrix phase), were all present, with overlap-
ing connections between the identical fluid and fan-shaped
elt pools. The nitride compounds did not affect the mi-

rostructures because of their small sizes and low concentra-
ions. Moreover, after HT (solid-solution treatment followed
y aging), all the melt pools disappeared from both the top
nd side planes of the microstructures ( Fig. 2 h–m), leaving
nly the reinforcement phases comprising SiC, Mg3 N2 , and
i3 N4 without thermal decomposition throughout Mg2 Si. For

he matrix, smaller equiaxial dendrites were developed over
he microstructures irrespective of the top or side planes; in
articular, the continuous and high-temperature environment
rovided tighter bonds between the matrix and reinforcement
hases. 

.3. Comparison of electron backscatter diffraction analysis 
esults of the additively manufactured Mg2 Si–SiC/nitride 
ybrid composite before and after HT 

Before HT, the low-angle grain boundaries (LAGBs; 1 °
 θ < 5 °), distinct phase constituents, and crystallographic

istortions were clearly revealed by the contrasting color
icrographs of the Mg2 Si–SiC/nitride hybrid composite in
igs. 3 a–n. First, the red-lined regions indicate the presence
f highly dense LAGBs (1.45 cm in length with an overall
ength of 4.62 cm) aligned predominantly along the grains.
urthermore, the map demonstrates more elongated grains of

he matrix perpendicular to the direction of laser irradiation,
ndicating that the epitaxial grains grew in a columnar man-
er [ 34 , 35 ]. As observed in the microstructure, these features
ere primarily induced by the artificial incorporation of the

einforcement phases (SiC, Mg3 N2 , and Si3 N4 ), as revealed
n the high-magnification microscopic analysis. Subsequently,
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Fig. 2. (a) Schematics of the microstructural transformation from the Mg2 Si structure, through the Mg2 Si–SiC composite, to the Mg2 Si–SiC/nitride hybrid 
composite. SEM images of the microstructures in (b) the top and (c) the side planes of the AMed Mg2 Si structure. SEM images of the microstructures in 
(d) the top and (e) the side planes of the AMed Mg2 Si–SiC composite. SEM images of the microstructures in (f) the top and (g) the side planes of the 
AMed Mg2 Si–SiC/nitride hybrid composite. SEM images of the microstructures of (h, i) the Mg2 Si structure, (j, k) the Mg2 Si–SiC composite, and (l, m) the 
Mg2 Si–SiC/nitride hybrid composite after subsequent HT. 
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he as-printed hybrid composite that was developed with the
longated grains spread out from the centers to the edges of
he melt pools perpendicular to the direction of laser irradia-
ion in the inverse pole figure (IPF) map, which is commonly
bserved in the side-plane microstructure of the AMed struc-
ure [36] . However, considering the similarity to the crystal-
ographic orientation of each grain in the as-printed Mg2 Si
onventional structure (Figure S3), the grain orientations in
he matrix of the hybrid composite were highly associated
ith the (0 0 1) and (1 1 1) planes of the matrix, which was
ainly composed of elongated grains. By contrast, in certain

pecific regions, the equiaxial grains with the preferred (1 1
) plane were predominant, especially in the peripheral areas
f the reinforcements (mostly for the microscale SiC rein-
orcement rather than the nanoscale nitride reinforcements),
n which heat flow was prevented due to the presence of ce-
amic reinforcements with lower thermal conductivity values
 19 , 36 ]. As a result, the EBSD analysis helped to determine
he crystallographic distortions that occurred predominantly
t the grain boundaries with the high density of LAGBs, es-
ecially between the (0 0 1), (1 1 0), and (1 1 1) planes
f Mg2 Si and the (1 0 − 1 0) plane of SiC. However, after
T (solid-solution and subsequent aging treatments), the in-
omogeneous microstructure comprising the melt pools and
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Fig. 3. (a, g) The IQ maps with the insets of grain boundary maps (red: < 5 ° boundary; green: > 5 ° and 〈 15 ° boundaries; blue: 〉 15 ° boundary) and (b, 
h) the grain size distributions of the Mg2 Si–SiC/nitride hybrid composite before and after HT. (c, i) The phase maps, (d, j) the kernel average misorientation 
maps (color contrast images from blue to red according to the misorientation density), (e, k) the IPF maps, and (f, l) the pole figures (f and l for the Mg2 Si 
with the antifluorite structure) of the Mg2 Si–SiC/nitride hybrid composite before and after HT. (m) The SEM images and corresponding elemental mapping 
images of the Mg2 Si–SiC/nitride hybrid composite before HT, revealing that the Mg3 N2 and Si3 N4 reinforcements were distributed around the melt pools 
of the Mg2 Si matrix irrespective of the presence or absence of the SiC reinforcement. (n) Following HT, the nitride compounds were uniformly spread out 
and became homogeneously distributed, as shown in the corresponding nitrogen mapping image. (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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longated grains disappeared, and the morphology was re-
ned, with an average grain size of 19.4 μm, irrespective of

heir locations at the centers or edges of the erstwhile melt
ools. The fraction of the LAGBs, which was associated with
he crystallographic distortions and were primarily present at
he interfacial boundaries between the matrix and reinforce-
ent phases, significantly decreased [ 18 , 37 ]. A less preferred

exture was present in the IPF map, and the measured texture
ntensity index was 1.31, which denotes a microstructure with
 weak texture [ 17 , 35 , 37 ]. Owing to a lack of a strong tex-
ure, the grains adopted a much more equiaxial morphology,
ccompanied by the transformation of a small number of fine
quiaxial grains to larger equiaxial grains [19] . 

.4. Differentiation between the functionally graded 

tructure and compositional gradient distribution in the 
g2 Si–SiC/nitride hybrid composite 

The microstructure of the Mg2 Si–SiC/nitride hybrid com-
osite with the FGS of nitride compounds in the intended
egions, which is highly applicable to a bimodal structure
hat requires the dual functionality provided by the differ-
nt chemical compositions according to the as-built positions,
s depicted in Fig. 4 c. In detail, the specific layers com-
osed of the nitride compounds were combined in each step
hrough a gradual transition from an Ar atmosphere to an N2 

tmosphere to obtain a graded structure. This graded struc-
ure contained the Mg2 Si–SiC composite, followed by a se-
ies of discrete compositional mixtures with a layer thick-
ess of 40 μm (featuring less-nitride-generated layers and
ore nitride-containing layers) in the middle and ended with

he Mg2 Si–SiC/nitride hybrid composite [ 14 , 16 , 38 ]. After sur-
ace polishing and etching, the FGS displayed a similar mi-
rostructure to that of the conventional structure ( Fig. 4 a)
ithout the reinforcements, and that of the composite without

he nitride reinforcements ( Fig. 4 b) in the low-magnification
icroscopic analysis, primarily owing to their small sizes and

ow concentrations. Furthermore, the nitride compounds were
resent, from the centers to the edges of the melt pools over
he microstructure, as another type of graded structure ow-
ng to the exposure to N2 gas during laser irradiation (Fig-
re S6). This resulted in the formation of a compositional
radient distribution (CGD) in the intended region of the hy-
rid composite. In particular, the defects caused by consti-
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Fig. 4. Panoramic SEM images of (a) the Mg2 Si structure, (b) the Mg2 Si–SiC composite, and the Mg2 Si–SiC/nitride hybrid composite before (c) and after 
(d) HT. The selective laser melting process for fabricating the Mg2 Si–SiC/nitride hybrid composite was conducted in a controlled N2 atmosphere to allow the 
formation of nitride compounds within the as-built interval of 1 mm. During HT, the Mg2 Si matrix provided the continuous and high-temperature environment 
for the dispersion of the nitride compounds, but not for the distinct rearrangement of the SiC reinforcement. (e, f) A comparison of the Vickers hardness 
values and chemical compositions along the build direction from the bottom to the top of the as-built Mg2 Si–SiC/nitride hybrid composite that was additively 
manufactured before and after HT. (g) The DSC scans of the Mg2 Si structure, Mg2 Si–SiC composite, and Mg2 Si–SiC/nitride hybrid composite. 
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utional supercooling, residual and thermal stress concentra-
ions, and coefficients of thermal expansion at the interfacial
oundaries between the dissimilar nitride layers of the hy-
rid composite were alleviated by the gradual changes in the
itride deposition layers within the FGS, which has various
rystalline defects such as voids, dislocations, and stacking
aults [ 14 , 16 , 39 ]. Specifically, the number of defects at the in-
erfacial boundaries between the fewer nitride-generated lay-
rs with low strength but high strain and the greater nitride-
enerated layers with high strength but low strain decreased
o a greater extent compared to those in a straightly bound
ybrid composite that was formed directly or bound thor-
ughly through a sudden transformation [ 33 , 39 ]. Since there
re some slight differences in the coefficients of thermal ex-
ansion between the Mg2 Si metallic matrix (13 × 10–6 K–1 )
nd the SiC ceramic reinforcement (4.5 × 10–6 K–1 ) at 25 °C,
his might have a weak adverse effect and might lead to the
eneration of residual and thermal stresses at the interface
 40 , 41 ]. A difference in the residual and thermal stresses can
esult in either contraction or expansion, which leads to un-
table bonding at the interface and, hence, some damage or
eakness over the Mg2 Si–SiC composite, especially during

he selective laser melting process [ 40 , 41 ]. Nevertheless, the
imilarity between the coefficients of thermal expansion pro-
ides positive advantages in terms of strength and stability at
he interface for the following reasons: (1) both the Mg2 Si

atrix and SiC reinforcement are covalent compounds, and
re therefore insensitive to the slight differences in the coeffi-
ient of thermal expansion, (2) the Si–Si interaction between
he Mg2 Si matrix and SiC reinforcement can provide strong
nterconnections, (3) the gas quenching process after laser
rradiation provides a clean interface with no voids, disloca-
ions, or other defects, thereby indicating strong interfacial
onding before any microstructural damage or weakness can
ccur due to the concentration of residual thermal stresses, (4)
lthough the distinctive interface is more vulnerable to exter-
al impact than is the internal morphology, the morphologies
t the interfacial boundaries are irregular rather than smooth
nd spherical, and can therefore act to straighten the propaga-
ion of cracks and fractures and further reduce the strain and
longation, and (5) due primarily to the strong suppression of
ucleation formation and grain growth, the rapid solidification
rocess allows the dendrites in the Mg2 Si matrix adjacent to
he SiC reinforcement to become smaller. In this study, we
mployed AM to construct an FGS with 25 layers per level
f compositional transition (a layer thickness of 40 μm, and
hus, a total of 25 layers, all of which were 1 mm in length)
o minimize the residual and thermal stresses at each inter-
acial region. Fig. 4 e displays the Vickers hardness measure-
ent results of the FGS for each chemical constituent as the
g2 Si–SiC composite transforms to the Mg2 Si–SiC/nitride

ybrid composite. Although almost constant hardness values
ere obtained for the stable Mg2 Si–SiC composite, a sudden

hree-fold increase was observed in specific regions where N2 

as was inserted during laser irradiation; otherwise, the hard-
ess values stabilized when Ar gas was reinserted, compared
o those of the Mg2 Si–SiC composite laser-irradiated only un-
er the Ar atmosphere. In particular, the measured maximum
ickers hardness value for the hybrid composite additively
anufactured in the N2 atmosphere was 242.8 HV0.5 owing

o the generation of these brittle phases (Mg3 N2 and Si3 N4 ).
he chemical compositions of the entire microstructure ac-
ording to the as-built positions of the hybrid composite (in-
luding the FGS) are shown in Fig. 4 f. Although there were
everal errors in the EDS analysis, the molecular percentages
f each constituent element, even including the nitride com-
ounds, in the specific regions exhibited a sudden three-fold
ncrease with each 1-mm band thickness [ 14 , 38 ]. Thus, the as-
uilt positions adequately matched the indentation locations
reated during the previous hardness measurements, which in-
icated the significant correlations between the chemical com-
ositions and hardness measurements [ 14 , 42 ]. Following HT,
he molecular percentages of the nitride compounds in the
hemical composition of the hybrid composite without the
GS slightly increased owing to the distribution over the mi-
rostructure. 

The microstructural examination of the microscale SiC-
nd nanoscale nitride-reinforced Mg2 Si matrix (Mg2 Si–
iC/nitride) was performed using TEM. Figs. 5 a–c illus-

rate low-magnification TEM images of the hybrid com-
osite. These images show that the SiC reinforcement (the
arker area) is retained within the Mg2 Si matrix (the lighter
rea) with a clean interface containing no voids, dislocations,
r other defects, thus indicating strong interfacial bonding
 19 , 30 ]. Simultaneously, a trace of the active wetting of the
atrix near the reinforcement was found at the interface be-

ween Mg2 Si and SiC, as shown in Fig. 5 c. This is because the
igh thermal energy provided by the laser irradiation process
id not melt the SiC phase, but completely melted the Mg2 Si
hase at the interface, which explains the strong diffusion re-
ction of Mg2 Si in the LPBF process [ 19 , 34 , 36 ]. Furthermore,
egardless of the envisaged nucleation of the matrix, the sta-
ilizing energy at the interface of the reinforcement caused
he occurrence of a certain orientation of Mg2 Si, which was
ignificantly limited by the interactions between Mg2 Si and
iC (despite having Si in both phases), and thus might inter-
onnect through the Si–Si interaction [35] . The microstruc-
ure of the matrix demonstrates that strong diffusion followed
y sudden cooling occurred at the interface between Mg2 Si
nd SiC, which is the unique characteristic of the laser HT
 21 , 33 ]. However, despite the use of such a high-temperature
eaction, there was no thermal degradation of SiC along with

g2 Si, as demonstrated by the SAED analysis at the inter-
acial boundary ( Fig. 5 g). To evaluate the morphological fea-
ures, heterogeneous distributions, and chemical states of the
itride compounds (reinforcements) in the Mg2 Si–SiC/nitride
ybrid composite, TEM images, SAED analyses, lattice fringe
easurements, and EDS mapping scans were also performed,

s illustrated in Figure S6. As previously mentioned, each
raded structure was distributed in the nitrides from the cen-
ers to the edges of the melt pools throughout the microstruc-
ure, including several melt pools of the AMed hybrid com-
osite. The SAED patterns in each specific region near the
elt pools revealed the overlapping presence of Mg3 N2 , α-
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Fig. 5. (a) The TEM image of the primary Mg2 Si matrix with the antifluorite structure alongside the secondary SiC reinforcement with the hexagonal 
close-packed structure. The Mg3 N2 and Si3 N4 (comprising both α-Si3 N4 and β-Si3 N4 ) reinforcements of several tens of nanometers of diameters were 
spread out in the gradient distribution within each hemi-elliptical melt pool of the Mg2 Si matrix, identical to the observations in the SEM analysis. (b) The 
low-magnification TEM image, (c–g) the intermediate-magnification TEM images, and (e–g) the high-resolution TEM images, along with the corresponding 
lattice fringe measurements and SAED patterns, of (f) the primary matrix phase and (e) the secondary reinforcement phase. (f, g) The nitride compounds 
were mostly formed by the nitridation of the Mg2 Si matrix under N2 rather than from the decomposition of the SiC reinforcement because the Mg3 N2 and 
Si3 N4 phases were mostly present in the matrix, while the microstructure of the SiC phase did not show any evidence of decomposition. (h–j) Although a 
sufficiently large amount of the secondary SiC phase was evident in the primary Mg2 Si phase, there were no additional unexpected peaks, thereby confirming 
that no chemical reactions occurred between these two phases, at least according to the XRD and XPS analysis results. 
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i3 N4 , and β-Si3 N4 (Figure S6c of Mg3 N2 compared to Fig-
res S6d and S6e of α-Si3 N4 and β-Si3 N4 ). All the three
atterns conform to the spot and dot patterns, which explain
ll the nitride compounds broadly (distributed) scattered with
heir small sizes adjacent to the molten Mg2 Si matrix in the
ybrid composite. A number of specific directions existed in
he Mg2 Si–SiC/nitride hybrid composite. Thus, while the lat-
ice spacing of 0.1305 nm indicated the Mg2 Si phase with the
 4 2 2 ] direction, the average lattice spacing of the marked
rea was 0.3793 nm, which indicated that the SiC compound
ad the [0 0 4] direction. Thus, the SAED pattern shows
hat the Mg2 Si phase has an orientational relationship of (4 2
)Mg2Si //(0 0 4)SiC 

with the SiC phase. In addition, the pres-
nce of the reinforcement in the matrix was more definitely
dentified by its SAED pattern. Thus, at the interfacial bound-
ry between the Mg2 Si and SiC phases, the SAED pattern had
 zone axis of [0 1 1]. In Fig. 5 e–g, the selected spots indi-
ate the (4 0 0), (0 2 2), and (4 2 2) planes of Mg2 Si and the
0 0 4), (0 1 2), and (0 1 6) planes of SiC. However, there
ere no electron diffraction patterns for the residual presence
f graphite and Si derived from the decomposition of the SiC
hase, which demonstrated that SiC was successfully retained,
hereby maintaining the high wear resistance of the hybrid
omposite even under the high-temperature environment dur-
ng laser irradiation. In other words, no new peaks appeared
t the interfacial boundaries between the reinforcement and
atrix phases, thereby indicating that no chemical reactions

ccurred between them, and no unexpected compounds or im-
urities were observed, even under high-energy laser irradia-
ion. Furthermore, the high-angle annular dark-field (HAADF)
mages and corresponding EDS mapping analysis results in-
icated that all the nitride compounds were formed because
f the thermal decomposition of Mg2 Si, as opposed to that
f SiC, under laser irradiation in the N2 atmosphere owing to
he high thermal stability of SiC (which helped in maintain-
ng the high wear resistance imparted by the reinforcement)
 19–21 , 30–36 ]. 

.5. Enhanced mechanical strength of the hybrid composite 

As shown in Fig. 6 , despite a slight increase in the density,
he tensile and compressive strengths of the nonreinforced,
omposite, and hybrid composite structures increased signifi-
antly because of (1) the increase in the amount of SiC and
itride reinforcements, (2) the build direction, and (3) the ap-
lication of HT. Fig. 6 a–c demonstrate the increases in the
ensile strengths of the conventional, composite, and hybrid
omposite structures, respectively, which were obtained due
o (1) the intrinsically high strengths of the reinforcements,
2) the strong bonding between the matrix and reinforcement
hases, and (3) the Hall–Petch strengthening provided from
he grain size reduction through the prevention of the grain
rowth in the matrix by the reinforcements [ 12 , 30 , 43 ]. Fur-
hermore, although the complementary and synergistic effects
f the SiC and nitride reinforcements in the Mg2 Si matrix
ere present, the microscale SiC affected the tensile strength

a bulk property) more than the nanoscale nitrides owing to
he smaller sizes and lower concentrations of the latter. The
PBF-processed structures along the vertical and horizontal
irections were compared. The primary drawback of LPBF-
ased AM is the occurrence of increased mechanical flaws
e.g., pores, cracks, and fractures) from the longer process-
ng time and more extensive overlap of the powder during
M along the vertical direction relative to that along the hor-

zontal direction [19] . Furthermore, although HT endowed all
he structures with nearly isotropic tensile strengths, irrespec-
ive of their build directions, the strain differences could not
e entirely overcome because of the remaining mechanical
aws—even after the active solid-solution treatment at a high

emperature of 800 °C [19] . Similarly, the compression test-
ng results of the conventional, composite, and hybrid com-
osite structures have been presented, as shown in Fig. 6 d–f,
hich are identical to the previous tensile testing results. For

he hybrid composite prior to HT, the FEM (Figure S7) was
sed to computationally verify the equivalent stress concen-
rations at the SiC and nitride reinforcements, but more dom-
nantly at the SiC reinforcement, due to (1) the presence of
iC with a significantly greater size and (2) the embedment
f SiC at the melt pools, which resisted the concentration of
xternal stress more effectively than did the nitrides with the
an-shaped distributions along the melt pools, even though the
atter provided extensive stress resistance [ 12 , 30 , 43 ]. Fig. 6 g–
 present the weight differences before and after wear testing,
hanges in COF, and wear depths of the nonreinforced, com-
osite, and hybrid composite structures before and after HT.
nitially, all of the COF values decreased abruptly from a
inimum of –1.20 to a maximum of –1.86 within 50 s due to

he initial contact, and then stabilized somewhat (with weak
uctuations) for the remainder of the test. Before HT, the
articularly high COF values of the conventional, composite,
nd hybrid composite structures resulted in intensive abrasion
nd active scratching of the surfaces in tribological contact,
hich generated focused pull-out junctions as the shear force

ncreased [ 12 , 30 , 43 ]. In detail, prior to HT, the hybrid com-
osite surface exhibited intensive abrasion and active scratch-
ng of the surfaces in tribological contact due to the specific
istribution of the nanoscale nitrides, which generated focused
ull-out junctions as the shear force increased. With respect to
he microstructure, the SiC reinforcement was present along
ith the melt pools in the Mg2 Si matrix. Furthermore, the
itride compounds were distributed from the centers to the
dges of the melt pools, in line with the fan shape of the
elt pools, owing to the exposure to N2 gas during laser

rradiation. After HT, however, the slippery and lubricating
ffects became slightly more dominant, with more stabilized
OF values, during identical tribology testing [ 20 , 21 ]. In the
ear depth measurements, the graphs were rapidly saturated,

hereby revealing their actual values after the polished sur-
aces of the structures were sufficiently worn by the counter-
ace WC bead [ 18 , 19 ]. The wear depth is strongly affected
y the shear strength of a composite structure and dispropor-
ional to the presence and concentration of the reinforcement
n the matrix. Meanwhile, although large undulations were
resent in both the COF and wear depth graphs due to the
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Fig. 6. (a, b, d, e) Before HT, the mechanical strengths increased in the order of the Mg2 Si structure < the Mg2 Si–SiC composite < the Mg2 Si–SiC/nitride 
hybrid composite, while the strains decreased in the same order, due to the reinforcement effects of the SiC and nitrides inside the Mg2 Si matrix. (a, c, d, 
f) After HT, the mechanical strengths and strains of all three structures were enhanced owing to (1) the alleviation of the residual and thermal stresses in 
the Mg2 Si matrix generated by laser irradiation and (2) the reduction of the crystalline defects and mechanical flaws at the interfacial boundaries between 
the Mg2 Si, SiC, and nitrides. (g–i) The wear resistance increased in all three structures due to the reinforcement effects in accordance with the tensile and 
compression testing results. 
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resence of nitrides prior to HT, these became significantly
moother after HT, mainly due to removal of the defects and
aws, along with dispersion of the nitrides, although the hy-
rid composite dually reinforced with the SiC and nitrides
ontributed to improving the anti-friction and wear resistance
erformances. 

.6. Additive manufacturing of a pinion-and-rack steering 

ear system that fulfills the effective structural stiffness and 

pecific material-strengthening performance requirements 

We conducted a case study for the topological optimiza-
ion of a pinion and rack as the core parts used in a steer-
ng gear system to demonstrate the practical feasibility of the
ew type of hybrid composite ( Fig. 7 ). First, the original pin-
on consisted of a combination of as-cast components. It was
ubsequently subjected to forging and 45 cycles of machin-
ng. Moreover, the pinion had a complicated round sawtooth
ith a 60 ° angle on the top to sustain high wear resistance
hen in contact with the sawtooth plate of the rack. A long

ound stick in the middle and a docking loop on the bot-
om were designed to resist the shear force (500 N), which
as controlled using an electronic signal. Subsequently, the

ack requires identical pre- and post-processing. It comprises
 sawtooth plate on the simple round bar structure transferring
he applied pressure (0.2 MPa) to the sawtooth of the pinion,
hich was directly interconnected to the handle of a vehi-

le. For topological optimization, we analyzed the equivalent
tress distribution on the force and pressure when the external
oad interacted with each part at a unique orientation while
xcluding any structural deformation of the entire structure for
ompliance minimization (stiffness maximization) [ 17 , 44–46 ].
he geometric boundary was divided according to the topo-

ogical optimization rule, and the maximum equivalent stress
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Fig. 7. Step 1: Schematics showing the geometries and photographs of the pinion and rack in the steering gear before topological optimization. In particular, 
the sawtooth regions of the pinion and rack required strong wear resistance because fracturing of the steering gear system is a direct safety threat to the 
driver. Step 2: Photographs and schematics showing the geometries of the two original steering gear parts 3D-scanned for reverse engineering. Steps 3 and 
4: The equivalent stress gradient distributions of the pinion and rack in response to a shear force of 500 N and push pressure of 0.2 MPa, respectively, to 
identify both the solid and potentially topologically optimizable (removable) areas prior to AM in the next step. Steps 5 and 6: The ergonomic geometries 
of the pinion and rack after topological optimization for stiffness maximization and weight minimization of the parts, which were subjected to the maximum 

equivalent stress levels of 168.2 and 172.1 MPa along the vertical and horizontal directions, respectively. The applied stress levels are, respectively, one-third 
of the corresponding directional yield strengths of the Mg2 Si–SiC composite (504.6 and 516.3 MPa, respectively) after AM of the parts with weight reductions 
exceeding 22.5% and 19.3%, respectively. Steps 7 and 8: In addition to applying the mechanical stiffness-increasing mechanism through the topological 
optimization of the two steering gear parts, the nitridation of the specific components (i.e., the sawtooth regions and regions in their vicinity) further improved 
their strength based on the material-strengthening mechanism. 
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as found to be one-third of the yield strength (168.2 MPa)
ased on the previous tensile testing result of the aged com-
osite structure (additively manufactured along the vertical di-
ection). Furthermore, the volume reduction was maximized
ntil the safety factor became 3.0. Thus, from a structural
erspective, the newly designed parts sufficiently surpassed
he required mechanical stiffness and deformation resistance.

Although the topologically optimized pinion and rack parts
ere constructed predominantly of a structurally stable solid,

he mechanical stiffness can be improved in direct correlation
ith driver safety. Thus, inside the topologically optimized
inion, a lattice structure was adopted with a double helix
hape and hatching distance of 800 μm, as depicted in Step
 of Fig. 7 . As a result, utilization of the cellular structure
nside the topologically optimized pinion provided a consider-
bly higher safety factor of 3.5 (an increase of 0.5 compared
o the safety factor of the topologically optimized part without
he cellular structure), which immediately increased the me-
hanical stiffness and minimized the material usage, despite
etention of the overhang design to increase the fuel efficiency
f the vehicle used herein [ 14 , 47 ]. It was topologically opti-
ized for the rack until having a safety factor of 3.5, even
ithout the cellular structure regarding driver safety as the
riority. However, although topological optimization of the
wo parts can ensure that each part has the required adequate
olume while the entire structure has the lowest weight pos-
ible, specifically targeting each desired region in these parts
s a complex endeavor. Furthermore, considering this geo-
etric perspective, it is impossible to increase the strength

f only the sawtooth and adjacent regions through a struc-
ural transformation. In particular, because the sawtooth re-
ions for both the pinion and rack require even higher wear
esistance than that from the SiC reinforcement in the Mg2 Si
atrix, the nitridation becomes an auxiliary and effective
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trengthening technique considering the material. Meanwhile,
ecause the nitridation occurred only during laser irradiation
nder N2 , the primary structural design and support struc-
ure alignment should be carefully considered when applying
he material-strengthening mechanism during AM, especially
long the build direction. In addition to applying the mechan-
cal stiffness-increasing mechanism through the topological
ptimization (shape and geometry transformation) of the two
teering gear parts, the nitridation of the specific components
the sawtooth regions and regions in their vicinity) further
mproved their strength based on the material-strengthening
echanism. Consequently, one can combine topological opti-
ization with the material-strengthening mechanism by con-

idering the geometric characteristic and composite material,
espectively, in addition to adopting the lattice structure for
he auxiliary strength to maximize mechanical stiffness (min-
mize structural deformation) and, ultimately, effective wear
esistance. 

. Conclusion 

The high wear resistance of the Mg2 Si–SiC/nitride hybrid
omposite was provided by the reinforcement effects of the
ulti-modal compounds (i.e., the dual ex-situ incorporated
iC micropowder and in-situ incorporated nitride nanoparti-
les) embedded in the Mg2 Si matrix. In particular, the nitride
ompounds were distributed over the microstructure from the
enters to the edges of the melt pools, due to the formation
f a CGD owing to the gradual exchange of N2 in Ar during
aser irradiation. The LPBF process created an FGS in the
ntended regions when constructing a pinion-and-rack steer-
ng gear system with the requisite high wear resistance, thus
emonstrating the feasibility of the AM process for this new
ype of hybrid composite. Consequently, before heat treat-

ent, the tensile strength and coefficient of friction of the
Med hybrid composite were 569.0 MPa and –1.13, respec-

ively, compared to 344.1 MPa and –0.47, for the AMed non-
einforced (conventional) structure. Moreover, after heat treat-
ent, these values were significantly enhanced to 831.5 MPa

nd –1.67 for the hybrid composite compared to 485.3 MPa
nd –0.54 for the conventional structure. Based on this ap-
roach, the two automobile parts were fabricated by following
he tenets of AM to identify the possibility of the practical
even commercial) use of the steering gear system in a high-
erformance vehicle. 
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