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Selective laser melting (SLM) technique is a viable alternative to fabricating metal matrix composites (MMCs)
with controllable structures; however, its implementation remains challenging because of the unpredicted
defects arising from the reinforcement. This study primarily examined the microstructural evolution and
grain growth in the Ag—Cu/diamond composites at the molten pool scale during the SLM process via
a thermodynamic analysis. The feasibility of manufacturing Ag—Cu/diamond composites was verified
using several processing parameters. Moreover, the influence of energy density on the microstructures
and grain growth was also demonstrated theoretically and experimentally. The formation of different
kinds of grain morphologies in the molten pool was ascribed to the temperature gradient and cooling

rate, corresponding to the direction and size of grain growth. The generation of Ag—Cu nanowires at the
Received 21st September 2022 . . . . . .
Accepted 10th January 2023 grain boundaries was firstly found in the SLM technique, which was related to the pressure stress
generated by the high cooling rate of SLM. This work hopefully opens new paths for the applications of

DOI: 10.1039/d2ra05965g high-performance Ag—Cu/diamond MMCs in various application fields. It also provides new possibilities
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Introduction

Metal matrix (pure metals and their alloys) composites (MMCs)
are the most promising materials for advanced applications
because of their high performance in terms of specific strength,
thermal conductivity, rigidity, wear resistance and elastic
modulus by adding fibres, whiskers and particles as reinforcing
materials."™ Owing to the high thermal conductivity (up to
2000 W m~' K1), low thermal expansion coefficient (1.0 x 10~°
K1), extremely high hardness, high wear resistance and chem-
ical inertness of diamond, they are extensively used as a desirable
reinforcement phase material in the Cu, Al, Ni and Ti metal
matrix.”® Among the available metals, silver (Ag) alloy is regarded
as an extremely favourable matrix because of its excellent elec-
trical properties (1.59 x 10~% Q m), thermal conductivity (429 W
m ' K ), high reflectivity (98.8%, 650 nm) and ductility (elon-
gation: 25%p;n ).>"° Hence, the Ag/diamond composite is an
excellent combination of MMCs. The addition of nano/micron-
sized diamond particles can customise Ag's coefficient of
thermal expansion and enhance its corrosion resistance,
mechanical properties, and thermal conductivity properties. This
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for the controllable manufacturing of Ag nanowires during SLM.

kind of MMCs is promising to revolutionise photodetections,"*
thermal convection reuse," and imaging sensor industries.**

To date, MMCs are primarily manufactured by solid-state
processing (i.e. powder metallurgy, mechanical alloying) and
liquid-state processing (i.e. squeeze casting, stir casting)
methods.” However, these methods can only produce simple
geometries and substantially restrict the full capabilities of Ag-
diamond composites. Selective laser melting (SLM), as a powder
bed-based additive manufacturing technology, can fabricate
sophisticated and precise structures via a laser beam to maxi-
mise the performance of materials by taking advantage of the
structure design. Researchers have focussed on the diamond-
reinforced Cu-Sn-Ti matrix, Al matrix"® and Cu matrix'® man-
ufactured by SLM, and made some advancements with time.
Tian et al.'” demonstrated the excellent compression, bending
and flexural performance of the AlSi10Mg/diamond with
cellular structures fabricated by SLM. Constantin et al'®
proposed the remelting strategy and realised a high thermal
conductivity (349 W (m~" K™ ")) in the Cu/diamond composite.
Gan et al.* verified the better wear resistance of Cu-Sn-Ti/
diamond manufactured by SLM compared to that of the hot-
pressed sintered samples. However, the fabrication of MMCs
by SLM is still in the preliminary stage, and the problems
arising from the addition of diamond particles are still difficult
to address. These issues significantly affect the densification
behaviour of final parts. Although the feasibility of Ag-Cu alloy
parts realised by SLM has been initially confirmed,®*® the
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addition of diamond particles considerably alters the transit
molten pool dynamics, rheology and flowability, resulting in
unexpected defects.

Furthermore, a high-temperature gradient and a large cool-
ing rate are generated in the molten pool because of the selec-
tive heating mechanism, which is linked to the formation of
nuclei and grain growth. Importantly, the properties of SLM-
processed parts are closely related to microstructural evolu-
tion and grain growth; for example, the anisotropism of
columnar grains indicates the anisotropy of mechanical
performance in the parts.”* Meanwhile, the boundary structure
and misoriented grains in the molten pool may cause the
performance deterioration of the final parts—the pores and
cracks usually manifest in the microstructural transition area in
the molten pool and the bonding region between the neigh-
bouring molten pools.>** Due to the high thermal conductivity
of diamonds, they can directly influence the heat transfer
mechanism in the surrounding metal matrix, which also
changes the thermal behaviour in the molten pool. Therefore, it
is crucial to further examine the microstructural evolution and
grain growth of SLM-fabricated parts at the molten pool scale
through a comprehensive analysis of quantitative thermal
behaviour and microstructural characterisation.

Here, the Ag-Cu/5 vol% diamond composites were success-
fully fabricated with an SLM printer by implementing different
printing parameters (i.e. laser powder, scanning speed and
hatch distance). Meanwhile, a three-dimensional (3D) numerical
simulation of thermal behaviour within the molten pool of the
Ag/diamond composites was performed during the SLM process.
The Ag-Cu alloy nanowires were firstly observed in SLM 3D
printing, and the origin of stress was also analysed. The micro-
structural development and matched grain growth mechanisms
in the molten pools influenced the materials' characterisation
but were less explored. Therefore, the optimisation of the
parameters and the grain growth behaviour could open a new
avenue for enhancing the properties of materials from the
microstructural evolution. This study aims to investigate the
internal relationship among thermal behaviour, microstructural
evolution, and grain growth at the molten pool scale based on
a comprehensive analysis of thermal dynamics and
crystallography.

Experimental
Materials

Gas-atomised 92.5 wt% Ag alloy powders were supplied by the
Legor Group Company, Italy. This Ag alloy, containing 7.5 wt% of
other compositions, is also known as standard sterling silver and
is widely used for commercial products and industrial compo-
nents.” According to the Legor Group Company report, the other
7.5 wt% of the reserved non-silver solute was mainly Cu. The
diamond particles, coated with Ti, with a mean diameter of 25 pm,
on the surface by a vacuum deposition method were provided by
Henan Huajing Superhard Materials Co., Ltd. (China) (Fig. S17).
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Preparation of Ag-Cu/diamond components via SLM

In total, 5 vol% of Ti-coated diamond particles were mixed with
Ag—Cu alloy powders using a dry grinding method by a planetary
milling machine (YXQM-0.4L, MITR Technology Co. Ltd.,
China). The machine operated at a low rotational speed of 60
rpm min~" without abrasive for 120 min of effective working
time—the machine paused for 5 minutes every 30 minutes to
prevent overheating in the tank. Then, the well-mixed powders
were dried at 60 °C for 4 h in a furnace (DGH-9037A, Shanghai
Jinghong Experimental Equipment Co., Ltd.) to eliminate the
humidity of the powders before usage.

The samples were produced by the MYSTINT100 SLM printer
(SISMA, Italy) with an Nd: YAG fibre laser (wavelength: 1060 nm,
maximum laser power: 200 W and spot diameter: 30 um) under
a nitrogen protection gas atmosphere having high purity
(residual oxygen content of 0.5 vol%) to prevent the oxidation of
powders. Rectangular contour samples (1 mm x 5 mm) were
firslty fabricated with a single line strategy as a pre-experiment
to reduce the experimental parameter range of cubic samples.
Table S17 and Fig. S27 enlist the detailed process parameters
and calculated line energy densities (] m ™", eqn (1)). Fig. 1
presents the adopted scanning strategy in the cubic samples,
and the size of the cubic samples was 5 x 5 x 5 mm®. The
volumetric laser density (D, ] mm™?) is crucial for the simula-
tion and experimental results, which could be mathematically
calculated as follows:

_ P
T hxtxv

(1)

where P, h, t and v represent laser power (W), hatch distance
(mm), layer thickness (mm) and scanning speed (mm s '),
respectively. Table S21 presents the processing parameters
window of cubic samples.

Characterisation techniques

The size distribution of the starting Ag—Cu alloy powder was
performed by a laser particle size analyser (Runzhi Rise-2002,
China). The diamond particles were analysed by a focussed
ion beam equipped with a scanning electron microscope and
energy dispersive spectroscopy (FIB-SEM-EDS, Thermo Fisher
Scientific Helios G4, America) to estimate the layer thickness

and the element distribution. Before metallographic
Rectangular contour
T i/
E sunningschemali: 5 < H
o d— C——
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Y
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scanning schematic

Fig. 1 Scanning strategies for single line tracks and cubic samples.
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observation, the representative cubic samples were etched with
corrosive liquid (the mixture of 10 ml of H,0,, 10 ml of
ammonia water and 10 ml of distilled water) to reveal the
morphology of the molten pool in the XY plane and Z planes,
respectively.” Both the surface morphology and microstructural
image of printed parts were characterised by an optical micro-
scope (OM, Leica M205C, Germany) and SEM operating at an
accelerating voltage of 20 kV equipped with EDS (SEM-EDS,
Hitachi SU8010, Japan) to specify the element distribution
(SEM-EDS. Hitachi-Su8010, Japan). The phase structure was
analysed by X-ray diffraction (XRD, Bruker D8, Germany) with
Cu-Ka radiation at 40 kV and 40 mA in the range of 26 = 10°-
80°, using a step size of 0.02°.

Numerical simulation of SLM forming the molten pool.
JMatPro (Sente Software, Britain) and COMSOL Multiphysics
(COMSOL Inc, Sweden) were combined to simulate the melting
and resolidification temperature field in the Ag-Cu-based
system under the high-energy laser beam to thoroughly
analyse the effect of the heat transfer mechanism on parameter
optimisation in SLM printing. The former software was applied
to simulate the solidification process by importing the compo-
sition of the used Ag-Cu alloy. The latter simulated the phase
transition and temperature gradient of the liquid-solid transi-
tion under different volume energy densities.

Physical model building. The commercial COMSOL™ Mul-
tiphysics software created a three-dimensional non-equilibrium
model to describe the phase transformation and temperature
fields of the powder bed and molten pool in the SLM printing
process. Theoretically, thermal conduction is a deciding factor
for the molten pool; however, the heat loss caused by conven-
tion and radiation should also be considered to describe the
thermal behaviour precisely.>** The following simplifications
are required without distorting the temperature field to facili-
tate the simulation:

a. The Ag—Cu alloy powders have defined thermophysical
properties. The solidification curve, latent heat curve, specific
heat curve and thermal conductivity curve are simulated by
JmatPro 7.0 (Fig. S31). These parameters are input as a matrix in
the later simulation of the COMSOL software.

b. The Ag-Cu alloy particles are simplified with a regular
sphere geometry, and the input size of the diamond particles is
25 um as tested.

c. The powder bed is assumed to have a uniform density and
comprises a single Ag-Cu/diamond powder layer, which is
isotropic.

d. Both the flow of fluid in the molten pool and the Mar-
angoni effect are not considered.

e. The force of the laser beam on the particles and stress
change during phase transformation are not considered.

f. The effects of substrate and high purity of nitrogen
protection gas on heat transfer are neglected.

Governing equations. The three-dimensional conduction
equation in this nonlinear transient process for heat transfer in
a thermodynamically isotropic material is defined as

follows:****
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where p is material density (kg m™®); ¢ is the specific heat
capacity, J (kg”' °C); ¢ is the interaction time (s); T is the
temperature of the powder system (°C); the K, K, and K, are the
thermal conductivity of X, Y and Z directions, respectively, W
(m™" °C); and Q is the heat generation per volume, W m >,

In laser-dominant processing, a Gaussian heat source is
usually used as the primary heat source. This heat model is also
used in the simulations. The scanning speed (v) of the laser
beam was assumed to be constant on the powder bed for time ¢.
The Gaussian laser beam can be mathematically expressed in
the (x, y) coordinate as follows:**”

q(x,y,1) = ipz ( b= W)z) (3)

T To2

where ¢ is the absorption coefficient of powder for laser at
awavelength of 1064 nm, which is set to 1.0 in this simulation; P
is the laser power (W); r, is the radius of the laser beam (um); |x|
and |y| are the distance from the spot to the X-axis and Y-axis,
respectively (m).

The thermal boundary of the free surface can be defined as
follows:

Kng—; = 0(x,p,2,1) + ho(T — Ty) + oe(T* — Tp*) (4)
where K, represents the thermal conductivity in different
directions; N represents the normal vector of the surface on heat
flux, convection and radiation; Q(x, y, z, ¢) represents the heat
transfer term from the high-temperature region to the low-
temperature region; a.(T — T,) is the convective heat transfer
term for the surface and protection gas and 4. is the convective
heat transfer coefficient; ge(T* — T,*) is the thermal radiation
term of the surface to the environment and ¢ is the Stefan-
Boltzmann coefficient. The convective heat transfer term is
negligible because the multiphase flow of the molten poll and
the gas above are not considered.

The phase transformation region involving the silver alloy in
the laser processing is defined as follows.

(1) For a given phase transformation temperature interval
(AT;) and the onset temperature at which the defined phase
transformation occurs (Tp.), the temperature range where the
occurrence of phase transformation ranges from

1 1
TpC — EAT] to TPC + EAT].

(2) The change of material properties in the region where
phase transition occurs is expressed as follows:***®

pe = psbs + pLoL (5)
(psfscs + proier) da
=222 = - LV AH | —
Ct 3 + s\ g1 (6)
1 (p 0L — pgﬁs)
oy = = | —————— 7
2 (Psas +prL @)
K, = Kfs + K 0, (8)
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6S+0L:1 (9)

where p, ps and p;, are the material densities of the interme-
diate, solid and liquid phases in the phase transformation,
respectively; fg and 6y, represent the volume fraction of the solid
and liquid phases, respectively; c, cs and ¢y, are the specific heat
capacity of the intermediate, solid and liquid phases, respec-
tively; K;, Ks and K, represent the thermal conductivity of the
intermediate, solid and liquid phases, respectively; AHs is the
latent heat in phase transformation and «,, is the parameter
describing the latent heat release area.

Results and discussion
Powder analysis

The received condition of Ag-Cu alloy powders depicted a nearly
spherical shape and smooth surface. Importantly, no apparent
agglomeration or porosity could be detected (Fig. 2a). The
particle size of Ag-Cu powders varies from 13.437 to 34.710 um,
and the average diameter was 22.980 pum (Fig. 2b), similar to the
size of diamond particles (25 um). The sphere geometry and
non-uniform size of Ag-Cu alloy particles increase the multiple
scattering on highly reflective metal powder. This property can
improve the absorption rate and enhance the bulk density of
final fabricated parts.** The chemical compositions of the Ag-
Cu alloy were also characterised by SEM-EDS as an input
parameter for the later simulation of the molten pool (Table 1).
Although the mass fraction of Ag was 92.91 wt%, a little higher
than the standard sterling silver (92.5 wt%), this slight content
fluctuation of the Ag element was acceptable. The high quality
of Ag-Cu powders favours high flowability and processability in
SLM.

Due to the lack of affinity of the nonreactive system, the
MMCs usually face the issue of low mechanical adhesion
among different compositions.'*** Therefore, to improve the
wettability between metal matrix and diamond particles, the
diamond particles used in this study were previously coated
with Ti to prevent direct contact between the Ag-Cu alloy and
diamond. Fig. 3a-c shows that Ti and C dominated the distri-
bution of elements on the surface of diamond particles.
Meanwhile, the distribution of Ti was continuous and uniform
on the diamond surface. Further magnification of the surface
demonstrated a fully dense and consolidated coating without
any pores (Fig. 3d). The coating's quality was crucial for the

20 40 60 80
Particle size (um)

Fig. 2

(a) SEM morphology and
powders.

(b) powder size of initial Ag—Cu
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Table 1 The composition of the used Ag—Cu alloy

Chemical composition Ag Cu C w

Mass fraction (%) 92.91 3.07 1.91

fluidity of mixed Ag-Cu and diamond powders. In addition to
the surface morphology, XRD was performed on the coated
diamond particles (Fig. 3e). The pattern showed sharp peaks of
43.95° and 75.28° reflected (—1 1 1) and (—2 2 0), respectively,
confirming the high degree of crystallinity of the diamond. It
also indicated no damage to the crystal structure in the vacuum
deposition process. Other peaks demonstrated the presence of
cubic TiC (the reaction of Ti element and diamond particles
during the coating process), which was consistent with the
observation of short columnar TiC grains on the diamond
surface in Fig. 3d.

Furthermore, the cross-sectional micrograph of the coated
diamond was observed under SEM, and the Pt deposited layer
was applied to protect the surface edges during the
pretreatment process of FIB (Fig. 3f-i). The stepped bonding
interface between the diamond particle and the coating layer
indicated the tightly bonded Ti and diamond particles
(Fig. 3h). According to the element mapping, Fig. 3h clearly
shows TiC mapping. This composition was also detected in
XRD (Fig. 3e). As a transition layer, there are two prominent
roles to play for TiC: (i) it can prevent direct contact between
the diamond filler and the Ag-Cu matrix during the SLM
printing process, and both the flowability and the wettability
of the mixed powders are improved;** (ii) the interfacial
bonding between both components allows a suitable thermal
transfer from the Ag-Cu matrix to the diamond particles,
avoiding the graphitisation of diamond particles.**** The
depth of coating was analysed by the elemental distribution

o
Diamond PDF 02-1400
TIC PDF 021248

1 pm

Fig. 3 The analysis of the Ti-coated diamond. (a) The morphology of
diamond particles; the element mapping of the C element (b) and Ti
element (c) in (a), respectively; (d) the columnar TiC grains on the
surface of the diamond; (e) the XRD patterns of starting diamond
particles; (f) the cross-section morphology of the diamond; (i—g) the
element mapping of Pt, TiC and C in (f); (j) the layer thickness
measurement of the diamond.
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under SEM, ranging from 135.2 nm to 244.3 nm. The average
thickness of the coating layer was approximately 209.6 nm.
Moreover, this thickness allows for the performance
enhancement of diamond particles without significantly
increasing their volume.

Simulation of the molten pool

The single molten pool is a basic unit in the SLM-fabricated
parts. Although the hatch distance and layer thickness affect
grain growth and microstructural evolution, the heat transfer
mechanism in the single molten pool is the deciding factor in
the continuous manufacturing process. Therefore, the
morphology and heat transfer were simulated in a single molten
pool with different line energy densities (LED, ] m™ ", eqn (1)).
Table 2 presents the detailed parameters. The dimension of the
molten pool also increased with the increase in LED. Fig. 4 also
illustrates this issue. Two main factors cause this phenomenon:
(i) the heat accumulation effect caused by high laser power; and
(ii) the longer interaction time between the powder bed and the
laser beam under lower scanning speed.” Importantly, the
molten pool depth values were smaller than the tested results in
a previous study.®*® This occurred mainly because the laser heat
source was simplified with the Gaussian heat flux on the
surface. However, in real experiments, the laser can penetrate
the powder bed on the pre-fabricated layers or the metal
substrate to create a deeper molten pool.

Generally, the heat transfer behaviour was nearly the same
under different energy densities (Fig. 4). The red arrows repre-
sented the hot flow's direction, all of which were transferred
along the normal direction of the bottom of the molten pool.
Therefore, the temperature gradient was formed parallel to the
opposite direction of the heat flow, and the largest temperature
difference was perpendicular to the direction of the molten pool
boundary. This kind of thermal transfer mechanism usually
provided sufficient sharp heat accumulation for the growth of
columnar grains along the building directions.

Because of the short interaction time between the laser beam
and powder, liquid lifetime—the duration time from the
melting of particles to the liquid-solid phase transformation
and eventually solidification process—was introduced to
examine the dynamic behaviour of molten pools under different
energy densities.***” The temperature gradient in the centre and
boundary region fluctuated and finally stabilised with the laser
beam's movement (Fig. 5a-c). The solidification process
occurred with the removal of the heat source. Moreover, the
grain growth started immediately from the boundary to the
centre area. It is worth noting that the relatively low scan speed
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Fig. 4 The simulation of molten pools under different LEDs.
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Fig. 5 The simulated results of variations of temperature with time at
the centre area and boundary are in the molten pool: (a) high LED; (b)
medium LED; and (c) low LED; (d) the simulated G x V and G/V under
different LEDs at the boundary and centre of the molten pool.

or high laser power is usually accompanied by a longer liquid
lifetime (Table 3). The main reason this occurs is that both
higher laser power and lower scanning speed can enhance the
energy density, leading to a higher temperature for the suffi-
cient energy absorption of powder bed and a longer liquid
lifetime to wet the surrounding particles. The duration of liquid
as a molten pool does not change with the location—the centre
area or boundary area—but changes with the input energy. As
known, the duration of liquid as a molten pool decides the time
of grain growth; therefore, the longer exposure time under high
energy density will generate larger crystalline grain sizes.
According to the classical theory of solidification kinetics,*®
the primary grain microstructures of the given alloy are mainly
determined by the local solidification condition of the molten
pool, including the thermal gradient (G) and growth velocity (V).
Generally, the G x Vvalue is the cooling rate, which governs the
scale of the solidification microstructure. The G/V ratio

Table 2 The simulated results under different laser powers and scanning speeds

Laser power Scanning speed LED Molten pool Molten pool
Energy density (W) (mm s™) gm™ width (pum) depth (pum)
High 120 400 300 183.2 112.1
Medium 120 1200 100 106.1 85.5
Low 40 1200 33 66.1 37.5
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Table 3 The simulated liquid lifetime of molten pools in different
energy densities

Energy density (J m ")

Liquid lifetime (ms) High Medium Low
Centre area 0.09 0.06 0.011
Boundary area 0.08 0.07 0.017

regulates the solidification model.*® Fig. 5d shows the simula-
tion result. By comparing the calculated results of the boundary
and centre of the molten pools, the increased G x V and
decreased G/V values resulted from better heat dissipation
efficiency at the boundary. The G x V value decided the size of
the grains. With the increase of energy density, this value
decreased, and the finer microstructure (grain space, size,
interdendritic space, etc.) features could be obtained. A high G/V
ratio corresponded to a stable planar front of crystallisation at
low LED, whereas a low G/V ratio caused instability in the
crystallisation front and dendritic solidification at a high energy
input.

Formation of SLM-fabricated Ag-Cu/diamond composites

Morphological analysis of the single tracks. In total, 81
single tracks with different LEDs (laser power: 40-120 W;
scanning speed: 400-2000 mm s~ '; Fig. S21) were preliminarily
investigated to focus on the parameters for later cubic sample
manufacturing. The processing parameters windows could be
divided into three different zones (Fig. 6a) based on the quality
of printed tracks: a 30.8% over-melting zone (the red region in
Fig. 6a, R; LED: 100-300 ] m ™), a 43.2% good melting zone (the
green region in Fig. 6a, G; LED: 50-100 J m~ ") and a 26% weak
melting zone (the purple region in Fig. 6a, P; LED: 20-50 J m ™).
Because of the excessive energy density input, the thermal
cracks (Fig. 6b) occur in zone R under high residual stress

—_
=
-~

Laser power (W)

1 1 1 1 L L 1 1 1 :
400 600 800 1000 1200 1400 1600 1800 2000
Scanning speed (mm/s)

Weak melting

-

200 pm

Fig. 6 (a) The single line tracks with different processing parameters
having typical track types, (b) over-melting region, (c) good melting
region and (d) weak melting region.
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caused by heat accumulation.” Continuous and defect-free
tracks could be observed in the G region (Fig. 6¢). However,
with the insufficient input energy in the P region, it was hard to
consolidate the powder, thus forming the discontinuous track
(Fig. 6d). This happens because of the tendency of the molten
pool to develop spherical droplets under the surface tension to
reduce the surface area and surface energy, which was also
known as Rayleigh-Tayler.** As with the simulated results, the
width of the molten pool in single line samples increased with
the LED—the width of the molten pool increased with the
decrease in the scanning speed and increase in the laser power.
The width of the molten pool was 150-220 pm in the over-
melting region, and the width decreased to 110-150 um in the
good melting region. It was difficult to measure the size of the
molten pool in the P region due to the discontinuity of tracks
and the inclusions of unmelted powders.

Formation of the Ag-Cu cubic samples. Based on the
previous single-track experiment, the fluidity of mixed powder
decreased due to the addition of irregularly shaped diamonds,
which induced the uneven spreading of powder in the printing
process of each layer. This phenomenon was more significant
under low scanning speeds because it would cause powder
splatter and a long solidification time. Meanwhile, the heat in
the molten pool was transmitted to the surrounding area
because of the good thermal conductivity of the Ag-Cu alloy.
Some gas failed to escape from the molten pool by Marangoni
convection, and the trapped gas formed the gas pores (Fig. 7a).
Spherical droplets (Fig. 7b) usually appeared on the top and side
surfaces of SLM-printed parts. It was also related to the uneven
powder spreading, which led to the discontinuity of the molten
pool and increased the heat dissipation and solidification time.
Another primary defect—inter-layer pores (Fig. 7c)—was mainly
related to low energy density input. Fish scale-like voids were
usually observed between layers, and the relative density of the
sample could be significantly influenced because of the exis-
tence of these large voids. Under a suitable energy input, the
achieved sample could be observed with good metallurgical

*% < 500 pm

Fig.7 (a) The gas pores and diamond inclusions (90 W, 800 mm s™%);
(b) the spherical drops on the top surface of SLM-printed samples
(100 W, 800 mm s7Y); (c) the inter-layer voids (60 W, 1200 mm s™3);
and (d) the good melting cubic samples with diamonds inclusion
(90 W, 1000 mm s 4.
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bonding. Moreover, the diamond was uniformly distributed on
the metal matrix without carbonisation (Fig. 7d).

Microstructures analysis of SLM-fabricated Ag-Cu/diamond
composites

SEM-EDS was used to analyse the microstructures of cubic
samples manufactured under different volume energy densities
to observe the diamond particles’ interface bonding and the Ag-
Cu alloy matrix. Fig. 8a-b shows that the good bonded area
between the diamond and matrix was only partially achieved
under a high energy density. Although the high laser power was
beneficial for improving the wettability of the diamond and
metal matrix under a slight temperature gradient simulated in
this study, it also inevitably caused thermal damage to the
diamond or its coating—the Ti element was absent in cross-
section joints according to the line scanning of EDS (Fig. 8c).
Meanwhile, because of the large difference in the thermal
expansion conductivity of diamond particles and the Ag-Cu
matrix, strong internal stress will be generated in the bonding
area under high temperatures, causing thermal cracks and then
affecting the density of the surrounding metal matrix (Fig. 8b).
The formation of inter-layer voids was usually accompanied by
unmelted powders (Fig. 8a and b). The violent fluctuation and
evaporation in the molten pool caused the spatter droplets,
hindering the further processing with voids. These voids

10 pm

10 pm 10 pm

Fig. 8 (a and b) The bad bonding between the diamond and metal
matrix under high volume energy and the related defects (120 W,
1000 mm s™Y); (c) line scanning pattern of EDS in (b); (d and e) the weak
bonding of diamond and metal matrix under low volume energy
density (40 W 1000 mm s™3); (f) the line scanning pattern of EDS in (e);
(g—j) the tight bonding between the diamond and metal matrix under
medium volume energy density (90 W, 1000 mm s7%); (k-n) the
element mapping of (j).
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provided hiding places for unmelted powder in the spreading
process (Fig. 8a).

Some powders were hard to fully melt without sufficient
energy input, especially near the diamond area, leading to the
formation of voids (Fig. 8d and e). Although the interface inte-
gration between diamond particles and the Ag-Cu matrix was
not ideal, the existence of the Ti element was detected with EDS
(Fig. 8f). The excellent interface bonding between diamond
particles and the Ag-Cu matrix requires sufficient time. Still, the
short solidification time was simulated under the low energy
density parameters. Creating a tight bond between the TiC
coating and the metal matrix is challenging without adequate
time.

The diamond particles were uniformly distributed in the Ag-
Cu matrix without agglomeration under medium energy
densities. The boundary of the diamond demonstrated a tight
bonding to the surrounding metal matrix without any cracks or
voids (Fig. 8¢ and h, j). The line scanning of EDS indicated that
the Ti element diffused into the metal matrix to create a solid
solution, and the thickness of the Ti-enriched layer ranged from
200 to 500 nm (Fig. 8i). According to the previous simulation
results, it was speculated that in the late solidification period,
the heat transfer from the diamond to the surrounding metal
matrix was the primary driving force for inter-lattice atomic
diffusion. Because the solid solubility of the Ti element in Ag
was about 5%,** the Ti at the interface could diffuse to the metal
matrix, and the maximum diffusion distance was 4.6 um based
on the EDS test (Fig. 8m). The solidification time facilitated the
formation of a strong bond between diamond and metal matrix
and benefited the Ti diffusion (Fig. 8k-n). Therefore, the energy
density was crucial for the chemical bonding of the Ag-Cu
matrix and diamond particles.

(2)
Low
energy =»
Medium
energy =»
High
energy = I ﬁ’é‘
O cquiaxed grain ‘} colnmnlrgralni}; dendritic grain

Fig. 9 The equiaxed grains under different volume energy densities:
(a) 60 W, 1400 mm s~ (b) 100 W, 1400 mm s (c) 100 W, 1000 mm
s~1 (d) dendritic grains (100 W, 1400 mm s~%); (e) grain morphology in
the overlap area (100 W, 800 mm s™%); (f) diamond particles and their
surrounding grains (100 W, 1400 mm s™%); (g) the schematic diagram
of the overlap rate of molten pools under different energy densities; (h)
the schematic illustration of grain growth in the molten pools.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Grain growth during SLM in Ag-Cu/diamond composites

The equiaxed grains were usually observed on the top surfaces
of the cubic parts (Fig. 9a-c). Meanwhile, the grain sizes of the
equiaxed crystal varied with the input energy density—the sizes
of grains decreased with the increase in the energy density,
which was consistent with the simulated result. The grain size is
believed to be determined by the cooling rate, which is also
reflected in the G/V value, as demonstrated before in this study.
Therefore, the high scanning speed and low laser power are
beneficial to forming fine grains, and the average size could
reach 800 nm under low energy density (Fig. 9a). Generally, the
direction of grain growth is determined by its preferential
orientation and the thermal gradient. The equiaxed grains were
created under comparable driving forces in different directions,
usually on the top surface of the molten pool, especially in the
centre area (Fig. 9h).** This happens because the thermal
gradient along all directions is comparable to the top surface of
the molten pool, and consistent simulated results are also ob-
tained—the thermal gradient of the boundary and the centre of
the molten pool were nearly the same.

The dendritic grains (Fig. 9d) can also be observed on the
horizontal section with a typical secondary structure. These
grains usually grow in the overlap zone of the molten pools
because of the multi-directional thermal gradients in the over-
lap area, providing the driving force for the growth of grains
along multiple orientations and also restricting the further
development of grains. Therefore, some directions of grain
growth fully epitaxially develop, and others suffer early termi-
nation. Then, the dendritic crystal is formed. In contrast to the
columnar grains, the dendrite grains are hard to grow in
a single direction continually. Meanwhile, the several directions
of grain growth usually conflict with each other, confining the
formation of equiaxed grains.**

It is also worthwhile to point out that the input energy
mainly decides the overlap rate of the molten pool. According to
the hatch distance (%) and the width of the molten pool (w), the
overlap rate of the molten pool (Hr) could be calculated as
follows:

h=((—-Hr)xw (10)

The cross-section of the molten pool approximately resem-
bled a semi-circular arc shape because of the distribution of the
laser beam's energy as a Gaussian beam profile. As simulated in
this study, the width of the molten pool increased with the
increase in the energy density. Therefore, with a fixed hatch
distance value (100 pm), the size of the overlap region also
increased with the increase in the energy density (Fig. 9g).
Therefore, several grain formations are usually present under
a high energy input. Compared with the centre area, a longer
liquid time, longer cooling rate and lower thermal gradient were
observed under the Gaussian distribution of laser energy in the
overlap areas between two molten pools, thereby promoting the
development of secondary dendrite arms (Fig. 9d). The complex
directions of the large temperature gradients contribute to the
formation of various morphological grains in the overlap region

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 9¢). The equiaxed, dendritic and columnar crystals existed
in this area, and the unique microstructural transition between
equiaxed and dendritic grains was also generated. This kind of
complex grain growth also appeared on the surrounding metal
matrix of the diamond. Fig. 9h shows that the diamond particle
shared a tight bond with the Ag-Cu metal. Therefore, because of
the excellent heat transfer ability of the diamond, it influenced
the thermal gradients around it and induced the formation of
columnar grains—the size of these grains was also much
shorter than that of the Z direction.

Distinctive columnar grains mainly grew along the Z direc-
tion, parallel to the building direction. They were also perpen-
dicular to the bottom boundary of the molten pool (Fig. 10a). The
simulation results demonstrated that the largest thermal
gradient direction was along the normal direction of the molten
pool, which provided a sufficient driving force for the growth of
columnar crystals.*” Furthermore, the high thermal conductivity
of the Ag—-Cu alloy of the deposited layers also intensified the heat
accumulation along the building direction. The preferred crystal
orientation and the largest thermal gradient all along the same
direction keep the grains from persistently growing in a single
direction for a typical columnar morphology. As mentioned
before in this study, the columnar grains also grew in the overlap
area under complex thermal gradients. However, the size of these
grains was smaller than that on the Z plane, accompanied by
dendritic and columnar-dendritic grains. Notably, there are two
directions for these grains, and they are perpendicular. They are
explained from the beginning of grain solidification. Fig. 10
shows that a group of grains solidified on the N layer, and
another group began to grow on the new track (N + 1 layer). The
grains of the N layer had a preferential crystallographic orienta-
tion along® with an arbitrary angle to the normal direction of the
track boundary (white line in Fig. 10c). Chen et al*® regarded
a high ¢ value as related to a large angle between the growing
direction in the N + 1 layer track and the direction opposite to the
heat flux direction when the crystal growth direction was
unchanged. Therefore, the growth direction of the grains in the

3 N { : y e
(¢) N+1 layer \ N layer
4 :

[100]

Solid-liquid interface Track boundary

Fig. 10 (a) Columnar grains on the Z direction (100 W, 1400 mm s™3);
(b) columnar grains on the X-Y plane (100 W, 1400 mm s™%); (c) the
schematic diagram of the columnar grain growth direction.
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new track (N + 1 layer) changed by 90° to another direction under
a high ¢ angle to minimise the growth direction and the
temperature gradient direction. In this case, the ¢ + 6 = 90°.

Ag nanowires formation

Under low energy density, Ag nanowires were observed on the
surface of SLM-fabricated samples (Fig. 11), especially on the X-Y
plane. These nanowires prefer to grow on grain boundaries.
Therefore, it is inevitable that these nanowires formed after the
SLM process stopped instead of in the printing process. “Whisker
formation” is well known as a highly localised stress relaxation
mechanism.*”** During SLM forming, the pressure stress mainly
originates from two aspects: (i) residual stress caused by rapid
cooling. Xiong et al.® have shown that greater residual stress is
generated under a low energy input with lower energy input and
higher scanning speed; (ii) the compressive stress resulting from
the diffusion of Cu at the grain boundary of the Ag-Cu alloy.
During the high-speed cooling process of SLM, the Ag-Cu alloy
rapidly precipitates as an a-silver solid solution phase.*>** Then,
during the solute redistribution process in the late solidification
process, Cu atoms diffuse to the grain boundary of Ag and
precipitate as the B-Cu alloy. Because of the difference in the
relative density between Cu and Ag, compressive stress occurs
spontaneously at the grain boundary. The stress induces recrys-
tallisation at the grain boundaries, leading to cracks in oxide
films. Also, under the restriction of oxide films, the lateral growth
was hardly formed and the nanowire grew along single direc-
tion.”** Grains grow along the cracking areas to release the
stress, finally forming whiskers. This is also the reason the Cu
content in the whiskers (8.10 wt%) is significantly higher than
that in the matrix (5.46 wt%). The enriched B-Cu at the boundary
also reflects on the compositions of whiskers.

The whiskers are concentrated near the diamond particles
(around 30-50 pm). Introducing diamond particles to the nuclei
sites in the molten pool disperses the stress relief effect from
the nanowires’ growth. Hence, whiskers depict an intensive
intertwined distribution. Meanwhile, compared with the pure
Ag—Cu alloy without diamond under the same manufacturing
conditions, the whiskers have a smaller length (8-12 pm) and
width (70-150 nm).>® The addition of diamonds has

Fig. 11 (a and b) Nanowires (40 W, 1000 mm s~ with its EDS analysis
(c); (d and e) nanowires near diamond (60 W, 1400 mm s™4).
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a complicated effect on the growth of grains. The role of dia-
monds in the rapid solidification process of the composites can
only be speculated. First, both the small laser spot of SLM (30
pum) and the diamond's size (25 pm) will restrict the rapid and
continuous solidification of the metal molten pool, further
leading to the rapid non-spontaneous nucleation and forced
growth of the silver solid solution of a-Ag near diamond parti-
cles. It will also cause the formation of finer metal nuclei near
the diamond. Meanwhile, due to the high absorptivity of dia-
mond to 1064 nm of laser, it will increase to an extremely high
temperature during the SLM process. The TiC coating with low
thermal conductivity on the diamond surface limits the speed
of heat transfer. This outcome will lead to a longer duration of
the solid phase of Ag because it provides sufficient time for Cu
atoms to fully precipitate at the grain boundary. Therefore, the
precipitation of a large number of copper atoms provides more
compressive stress, dramatically increases the nucleation
probability of whisker nuclei, and provides more ways for stress
release.

Conclusion

In this work, the first attempt was made to prepare Ag-Cu/
diamond composites via SLM with several process parameters.
The role of energy density during microstructural evolution,
grain growth and nanowires growth was investigated theoreti-
cally and experimentally. With the addition of diamond, the over-
melting region becomes larger than the pure Ag-Cu alloy, and
the well-bonded interface of diamond particles and metal matrix
mainly occurs in the low-medium energy density—the diffusion
of Ti on the diamond coating (as far as 4.6 um in the metal
matrix). The equiaxed grain is prone to grow at the centre of the
molten pool, and the input energy density influences its size—
the higher the energy density, the longer the liquid lifetime for
the larger grain formation, based on the simulated and experi-
mental results. The addition of diamond also affects the thermal
directions in the molten pool, and the complex grain growth
occurs in the overlap area and the region surrounding the dia-
mond particles. However, the development of columnar grains in
the Z directions is not affected by the addition of diamond—it is
still along the building directions and perpendicular to the
bottom of the molten pool. The SLM process and the solute
redistribution of Cu at the grain boundary cause the growth of
interwoven nanowires (length: 8-12 pum; width: 70-150 nm)
under high pressure and residual stress. This systematic analysis
provides a comprehensive understanding of Ag-Cu/diamond
composites and the relevant microstructural evolution and
grain formation. It also allows for the controllable growth of Ag-
Cu nanowires via SLM technology.
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