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Abstract

Laser powder bed fusion (LPBF) is a well-established technique for manufacturing compact and intricate lattice structures;
however, surface roughness on curved surfaces remains a notable limitation. Triple periodic minimal surface lattices are
beneficial for their lightweight, high-strength components and increased surface area for heat transfer, making them highly
desirable in aerospace applications. This study designs five TPMS lattice-based heat sinks (Gyroid, Diamond, Lidinoid,
Schwarz P, and Split P) utilizing two unit cell sizes (5 mm and 10 mm), with a consistent thickness of 1 mm and a base
thickness of 2 mm, all within a specified volume of 15 x 15x 15 mm?>. Additionally, two cylindrical designs featuring vary-
ing periodicity for the gyroid and diamond lattices have been developed, utilizing unit cell sizes of 5 mm and 10 mm. The
laser powder bed fusion technique was employed to fabricate A20x aluminium-based heat sinks, achieving excellent surface
quality. Surface texture characterization of metal heat sinks was conducted using surface topography analysis with an opti-
cal profilometer and microstructural examination via scanning electron microscopy. Additionally, the relative density of the

LPBF-printed heat sinks was measured to be over 99.5%.
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1 Introduction

Thermal analysis is important in a variety of engineering
fields, especially in the examination of electronic devices.
Compact electronic devices are indeed the current trend, and
this will result in a large increase in the rate of heat genera-
tion. To avoid overheating, the components have to be thin,
light, and short. At the moment, the rate of failure of elec-
tronic components rises as temperature rises, therefore, the
higher the temperature increases, the lower the reliability
(i.e., laptops and computers). Thermal management systems
(i.e., heat sinks) need to be optimised to achieve optimal per-
formance in the given region due to the exponential growth
in heat input in air cooling equipment.
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Heat sinks are passive electronic devices that direct heat
dissipation from a hot system and cool associated parts,
thereby improving their performance, reliability, and pre-
venting premature breakdown [1]. The heat sink is mostly
constructed of high-quality thermal conducting material to
remove undesired heat and obey Fourier's law of conduction
[2]. Many studies focused on, heat sinks with square, circu-
lar, and honeycomb enclosures [3], airfoil-shaped pin-fins
heat sinks [4], foam-fin heat sinks [5], twisted hexagonal
fins [6], straight with add semi-circular, triangle, and square
fin heat sink [7], sinusoidal wavy plate-fin heat sink [8],
micro pin—fin [9], microchannel heat sinks [10], branched
and interrupted fins heat sink [11], taper sloped fin heat sinks
[12], tree-like sinks [13] and many other types are now being
used to improve heat transfer.

The surface texture refers to the geometric irregularities
found on the surface, appearing as a sequence of peaks and
valleys with varying heights and distances. Surface rough-
ness is a crucial aspect of surface texture that measures the
height of peaks and valleys. Several roughness parameters
are employed to describe the surface profile. Ra is the most
frequently employed parameter, representing the arithmetic
mean deviation of the profile being assessed. The maximum
height of the profile, Rz, is a crucial surface parameter that

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40964-024-00923-3&domain=pdf

5542

Progress in Additive Manufacturing (2025) 10:5541-5556

is calculated by adding the height of the tallest peak to the
depth of the lowest valley. within a specific sampling length,
also referred to as peak to valley. In commercial implant sys-
tems, metal parts consistently exhibit an acceptable rough-
ness with a height variation (Ra) ranging from 1 to 2 pm. The
roughness levels are categorized as smooth (Ra<0.5 um),
minimally rough (Ra 0.5-1.0 pm), moderately rough (Ra
1.0-2.0 pm), and highly rough (Ra>2.0 pm).

Typically, these roughness features are obtained via
sandblasting with multiple metals or metal oxides, etching,
machining, coatings of micron-sized metal beads, or anodi-
sation. The ejection of solids or liquids from a melt zone,
known as a spatter, is a typical occurrence in laser manufac-
turing processes. LPBF is quite a complicated process and it
follows the ISO/ASTM 52900 standard [14]. A substantial
amount of molten droplets and powder particles are expelled
from the melt pool and often fall back into the powder bed,
causing damage to the powder layers. The "spatter" phenom-
enon inside the build chambers of additive manufacturing
system is caused by gas flow. The formation of splatter has
a negative effect on component functionality. Droplet spatter
occurs when molten metal is torn apart, while powder spat-
ter is created when non-molten metallic powder particles
around the molten pool are dispersed (see Fig. 1) [15]. Other
factors contributing to spatter include the effects of laser
power, scan speed, ambient pressure, the alloy used, and
instability in the melt pool [16].

In addition, analytical approaches were used to inves-
tigate certain modern heat sink difficulties. Naga Raju

and Sivakumar [17] investigated the impact of different
pin—fin designs (rectangular, circular, triangular, and inter-
rupted rectangular) on heat sink performance and found
total heat flux is higher for the Interrupted rectangular fin.
Furthermore, the work from Ji et al. [18] explored the heat
transfer and pressure drop performance of fractal-struc-
tured silicon-based microchannel heat sinks with bifurca-
tion angles. The research [19] proposes a numerical and
experimental work of a plate fins heat sink to optimize
surface area and heat transfer during forced convection to
overcome the problem of overheating. Hajialibabaei and
Saghir [20] conduct a critical review of the influencing
parameters and numerous designs for straight and wavy
microchannel heat sinks and utilize various nanofluids to
improve heat enhancement and overall thermal perfor-
mance. Righetti et al. [21] proposed an innovative solution
for latent thermal energy storage (LTES) systems that inte-
grates phase change materials (PCMs) within three distinct
aluminium 3D periodic structures. Their experimental
investigation revealed that the combined structure signifi-
cantly enhances performance during both the charging and
discharging phases. Matteo Morciano et al. [22] explored
the intriguing potential of an aluminum cartesian lattice
infiltrated with paraffin wax for latent thermal energy
storage. Their research unveiled impressive optimization
in performance during both the charging and discharg-
ing phases, showcasing how this innovative approach can
significantly enhance thermal energy storage efficiency.
This combination of materials not only opens new avenues

Fig.1 a Triply periodic mini-
mal surface family structures,
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Table 1 The level-set approximation equations surface equations are used to generate each TPMS

TPMS lattice

Level set equation f (x,y,z) =t

sinXsinYsinZ + sinXcosYcosZ + cosXsinYcosZ + cosXcosYsinZ
sin2XcosXsin + sin2YcosZsin + sin2ZcosXsin — c0s2Xcos2Y — cos2Ycos2Z — cos2Zcos2X + 0.3

Gyroid sinXcosY + sinYcosZ + sinZcosX

Diamod

Lidinoid

Schwarz P cosX + cosY + cosZ

Split P 1.1(sin2XsinZcos + sin2YsinXcos + sin2ZsinY cosX)

—0.2(cos2X cos2Y + cos2Ycos2Z + cos2Zcos2X)

— 0.4(cos2X + cos2Y + cos2Z)

for energy management but also exemplifies the fusion of
structural engineering and thermal technology.

Brazilian weevils, human retinas, butterfly wings, and
other species with minimal surface structures have all
been uncovered by humans during their scientific study of
nature [23]. Recent research findings unequivocally dem-
onstrate that the triply periodic minimal surfaces (TPMS)
lattice structures possess exceptional strength and supe-
rior thermal output. This is primarily due to their unique
architected, interconnected pore space, lightweight nature,
regular repeated structure, and high surface area to volume
ratio, rendering them highly suitable for heat exchangers
[24]. Peng et al. [25] conducted a numerical analysis of a
novel TPMS-based heat exchanger, demonstrating a 7.5-fold
increase in heat transfer rates compared to a conventional
plate heat exchanger. Kim and Yoo [26] used a volumetric
distance fields technique to create a revolutionary TPMS-
based compact heat exchanger with a variety of geometries,
core structures, and entrance and exit ports. The designs
support the gyroid lattice for effective heat sink/exchanger
applications due to providing a higher surface area to volume
ratio, resulting in higher heat transfer rates.

From the previous studies, it is evident that the TPMS lat-
tice structure outperforms conventional heat sinks. Alketan
et al. [27] designed sheet-networks gyroid, solid network
gyroid, and solid diamond heat sink and concluded that
sheet network gyroid exhibited the highest convective heat
transfer coefficient and pressure drop. Previous research
on lattice-based heat sinks has predominantly focused on
designs exceeding 20-30 mm, primarily addressing fluid
flow and thermal simulations. However, there remains a sig-
nificant gap in research concerning compact sizes, as aspects
like manufacturability and experimental testing have been
largely neglected [28-32]. This study aims to fill that gap
by providing a detailed examination of the compact design
and manufacturability of A20X TPMS heat sinks. Our work
includes an analysis of 14 periodic designs, explores the
capabilities of LPBF (laser powder bed fusion) manufac-
turing, and conducts extensive surface characterization to
assess performance and viability.

The development of high-strength aluminium alloys is
a notable achievement for the aerospace, automobile, and
defence industries. The incorporation of Mn, Zr, Sc, and Cu
elements into Al alloys, overcoming crack formation, reduc-
ing pores generation, and improving the microstructure like
fine surface grains [33]. The tensile strength and elongation
of several aluminium alloys made by LPBF are poor [34].
Recently, Aluminium Materials Technologies Ltd, (Worces-
ter, UK) collaborated with the University of Birmingham to
create the aluminum-copper alloy with TiB2 doping known
as A20X [35, 36]. Although it is lighter than most typical
casting alloys for aluminum, A20X is stronger than most of
them, which attracts interest from the automotive industry
today [37]. Printing complex three-dimensional (3D) metal-
lic structures is possible using the commonly used additive
manufacturing technique known as selective laser melting
(SLM) [38].

This study represents a significant advancement in the
design and production of compact heat sinks, achieved
through the innovative application of TPMS lattice struc-
tures with two unit cell sizes and varying periodicity as a
crucial geometric parameter for LPBF printed heat sinks.
In order to demonstrate this innovative idea, a thorough
experimental investigation was carried out using commercial
A20X aluminum powder. The investigation carefully exam-
ined how lattice types, unit cell sizes, and varying periodic-
ity could positively influence the manufacturability of lattice
heat sink performance. Texture analysis by scanning electron
microscopy (SEM) was conducted on the surfaces of AM-
printed TPMS heat sinks to examine surface irregularities.
Additionally, an optical profile meter was utilized for high-
resolution 3D surface mapping.

2 Materials and method
2.1 Design and development of TPMS heat sinks

The study's primary objective is to design and develop com-
pact TPMS-based lattice heat sinks that dissipate more heat
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with maximum surface area. The presented work investi-
gates the manufacturability of five TPMS surfaces (gyroid,
diamond, lidinoid, Schwarz P, Split P) that were designed
using the level-set approximation equations to define the
topology of the structure (see Table 1). The idea of using a
different TPMS surface for heat sink applications is new and
is becoming popular due to the growing application of addi-
tive manufacturing. Figure 2 displays a total of 14 designs
of TPMS lattices that have been created with two unit cell
sizes 5 and 10, using nTopology implicit modeling applica-
tion. Each lattice has two designs with a constant thickness
of Imm and a base thickness of 2mm. For the gyroid and
diamond lattice, two cylindrical varying periodicity designs
have been created with unit cells 5 and 10mm. To make a
good comparison between the different shapes, a fixed vol-
ume was established of size 15X 15 x 15 mm? in which the

geometry must fit. In this work, a volume was defined using
nTopology software to generatively design a heat sink with
the maximum surface area and least amount of mass.

The TPMS equation, f(X, y, z), is defined within cartesian
space.

The spatial coordinates X =wx, Y =0y, Z= w0z, where
® represents are defined by ® =2T“, with 1 representing the
length of the unit cell.

In this study, a comprehensive set of 14 designs for heat
sinks, based on five distinct TPMS (triply periodic mini-
mal surface) structures including gyroid, diamond, lidi-
noid, Schwarz P, and split P, was thoughtfully developed.
These designs were then carefully converted into STL files
and manufactured using selective laser melting technol-
ogy to assess their manufacturability (see Fig. 2). Additive

Fig.2 Designs and LPBF-
printed TPMS lattice heat sinks
with surface area (SA). CS
(cylindrical specimen) and UC
(unit cell)

Diamond UC-5

SA-4687.45

Diamond UC-10
SA-2821.62

Diamond CSUC-10
SA-4200.04

Diamond CSUC-5
SA-5196.06

Gyroid UC-10
SA-2395.97

Gyroid CSUC-10
SA-3625.56

Lidinoid UC-5

Schwarz UC-5

Lidinoid UC-10 Schwarz UC-10
SA-5637.60 SA-3789.56 SA-2756.60 SA-1981.97
Split P UC-5 Split P UC-10
SA-5698.24 SA-3620.98
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manufacturing effortlessly bridges the gap between a digital
heat sink design and its physical form. The current lattice
heat sinks have been produced using the concept laser M2
using laser powder-bed system situated in the School of Met-
allurgy and Materials at the University of Birmingham. It
features a maximum build height of 300 mm and a maximum
build area of 250 x 250 mm?. The M2 utilizes a continuous
wave fiber laser with a variable output (up to 200 W) and
a fixed focal diameter of 150 um for scanning across the
construction platform at a maximum speed of 7000 mm/s.
Every build was executed in an argon atmosphere with a
20 m slice thickness (Z-increment) and oxygen content was
maintained at 0.1%.

The ideal material for an additively manu-
factured TPMS heat sink would have excel-
lent thermal properties for improved circula-
tion of heat, be thin yet strong, and be suitable for the pro-
duction of intricate topologies and tiny structures. The
necessary material is Al-Cu alloys with TiB2 doping,
which meets these requirements. As the feedstock material
for printing the TPMS heat sink, a spherical, gas-atomized
A20X aluminium powder with a particle size range of
20-60 um and an average particle size of 40 um was uti-
lized. A20X is a high-strength aluminium copper alloy that
has been enhanced with titanium diboride (TiB2) doping.

Table2 A20x aluminium alloy material characterization and chemi-
cal composition

Material characterization Chemical composition

Powder morphology  Spherical Element Content (Wt%)
Size range 20-60 pm Cu 3.7-4.0
Average size 40 pm Ag 0.6-1.0
Bulk hardness mean  (110.4+3)HV,; Mg 0.3-0.6
Hardness std dev 3 Br 1.45-1.55
Average roughness 12 ym Ti 3.49-3.71
Density (A%) 99.94 Mn 0.2-0.4
Density of the alloy ~ 2.85 g/em® Si 0.10 max

Fe 0.05 max

Table 3 LPBF optimized process parameters for A20X alloy

This unique alloy offers a strength of approximately 400
MPa while maintaining a low density, making components
manufactured from A20X lightweight yet durable. It's worth
noting, however, that the coefficient of thermal expansion
(CTE) of aluminium-copper alloys is significantly higher
than that of other materials. The summarized properties
and chemical composition of these specific materials are
outlined in Table 2. The expected TPMS lattice structures
were effectively manufactured with interconnected unit cells,
structural continuity, and high fidelity to the planned file.

Table 3 summarizes the process parameters of the AM
method and laser used that are required to manufacture the
heat sinks. All the TPMS heat sinks were printed with a
build orientation of 90 degrees, and all measurements were
taken on their side surfaces.

In Fig. 2, the surface area of all heat sinks was measured
and revealed that cylindrical designs with varying periodic-
ity significantly outshine their regular lattice counterparts.
As the unit cell size increases the surface area decreases
in all cases. Split P has the largest surface area in the unit
cell 5 category (5698.24), whereas Schwarz's P is the low-
est (2756.60). The diamond with periodicity in the unit
cell 10 groups has the largest surface area (4200.04), while
Schwarz P has the lowest (1981.97). Notably, the diamond
lattice structure with a unit cell size of five, featuring varying
periodicity, emerged as the most remarkable. Its surface area
surpassed that of the standard diamond lattice with the same
unit cell size by an impressive 15%. The diamond lattice
structure with a unit cell size of 10, incorporating varying
periodicity, exhibits a 49% increase in surface area compared
to the diamond lattice structure with a uniform unit cell size
of 10. In comparison with TPMS-based and conventional
pin fin heat sinks (SA-2344.94 mm?), the surface area of
TPMS heat sinks was nearly 1.5 times higher in the unit cell
10 groups and doubled in the unit cell 5 group.

Optimal parameters used for the TPMS heat sink build

Process parameters

Laser parameters

Parameter Laser power Scanspeed  Hatch spac- Layer thick- Energy Beam com-  Contour dis- Rastes type  Contour no
(W) (mm/s) ing (um) ness (um) density (J/ pensation tance (um)
mm”) (um)
Value 200 1450 52.5 30 88 25 50 Island 2
5X5 mm
rotated of
90° each
layer
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3 Results and discussion
3.1 Relative density measurement

To examine the impact of various TPMS surfaces and unit
cell sizes on the microstructure and porosity of AM sam-
ples, the heat sinks were cut from the centre and images
were captured using Hitachi TM3030 scanning electron
microscopy (SEM) equipment. The images were subse-
quently examined with ImageJ software to determine the
defect percentages in the heat sinks. Achieving near fully
dense (> 99.5%) heat sinks for A20X material have been
recorded. As can be seen in the Fig. 3, voids and tiny
cracks have been noticed in unit cell 5.heat sink, which
makes them less dense. The unit cell size 10 heat sinks
demonstrate a higher density of 99.7% and unit cell size
5 shows the lowest density of 99.5%. The microstruc-
ture of the gyroid, lidinoid, and Schwarz P lattices dem-
onstrated quite a few small spherical pores and no big
pores. Small spherical pores have been found in heat sink
microstructures due to the inert gas trapped in the molten
metal during the LPBF process or it pre-exists in the as-
received feedstock powder. The diamond and split P as-
built microstructure showed some large pores. The rise
in hatch spacing, scan speed, and thickness of the powder
layer is responsible for the presence of these pores, which
are referred to as lack-of-fusion pores.

Fig.3 a Micrographs of LPBF
heat sink, and b relative density
percentages in different TPMS
heat sink

| Gyroid-10 Diamond-5

3.2 Manufacturability analysis methods

In this section, the method used to characterize the sur-
face quality of 3D-printed lattices is described. Two prin-
cipal analyses were performed: (1) surface topography,
and (2) microstructural deterioration.

3.2.1 Strategy on roughness

The high-resolution 3D surface topography was observed by
employing the optical profile meter Alicona InfiniteFocus
[IF-G4] to detect irregularities in the surface. The process
involves optical scanning of the sample surface in two and
three dimensions. Consequently, the measurement assesses
not just profile roughness but also offers a thorough evalu-
ation of roughness. The microscope works as a rapid non-
contact optical 3D evaluation procedure that integrates the
capabilities of a surface measurement system and a micro
coordinate system into a single measuring device. While
measuring intricate shapes and broad measurement areas
of the focus instrument has a measuring range of around
3-20 mm at 400 nm and 10 nm of vertical resolution, respec-
tively. Three measurements were taken for every round. As a
result, more than 42 measurements have been taken.
Roughness parameters and types were measured for 14
LPBF additive manufactured TPMS-based heat sink sam-
ples. The means for each parameter (Ra, Rq, and Rz) were
calculated and are displayed in Table 4. Roughness is evalu-
ated at various spots on the outer surface of the proposed
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Table 4 Evaluated roughness mean values for each heat sink and the
degree of roughness

Lattice Ra (pm) Rg (pm) Rz (um) Roughness type
Diamond (UC5)  2.8515 4.1930  12.5569 Highly rough
Diamond (UC;;) 0.3672  0.4599 1.5452 Minimally rough
Diamond (CS-5) 3.1880 4.5761  15.1013 Highly rough
Diamond (CS-10) 3.4602  5.1532  16.7185 Highly rough
Gyroid (UCs) 2.1251  3.0245 6.5485 Highly rough
Gyroid (UC,) 1.1865  1.6079 6.1182 Moderately rough
Gyroid (CS-5) 1.6152  2.0266 7.7101 Moderately rough
Gyroid (CS-10) 1.6636  2.1792 7.7871 Moderately rough
Lidinoid (UCs) 1.6114  1.8224 6.9127 Moderately rough
Lidinoid (UC,,) 1.4097  1.7828 6.9332 Moderately rough
Split P (UCs5) 1.0311  1.3314 4.6114 Moderately rough
Split P (UC,) 14717 1.8634 6.1089 Moderately rough
Schwarz P (UCs) 3.2294 49392  18.6584 Highly rough
Schwarz P (UC,;) 2.1673  2.7405 9.8828 Highly rough

heat sinks. After assessing the roughness characteristics of
a diamond lattice with a unit cell size of 10, the mean values
obtained were Ra: 0.367 pm, Rq: 0.46 pm, and Rz: 1.5 pm.
This lattice was found to have the smoothest surface among
the heat sinks. The diamond lattice design with cylindri-
cal variable periodicity and a unit cell size of 10 showed
mean roughness values of Ra: 3.46 um, Rq: 5.15 pm, Rz:
16.71 pm, indicating it has the most rough surface among
heat sinks. Additionally, seven out of the fourteen heat sinks
assessed were within the ideal Ra values of 1-2 pm, indicat-
ing a fairly rough surface. The least surface heat sinks are
gyroid, lidinoid, and Split P.

Figure 4 presents the focus variation microscope Infinite-
Focus [IF-G4] which is an optical non-contact profilometer
with the results of surface map, surface profile, and sur-
face microtopography of heat sinks. The surface investiga-
tion refers to the following standards: ASME B46.1-2002,
ISO11562, ISO4287, and 1SO4288. Focus variation and
region of focus identification techniques are used in this 3D

Housing of the
measuring head

(@)

Alicona Imaging MeX
software for analyzing of the
measurement data

|
l

Advances
Real 3D
Rotation Unit |

of the piez

Q%m \

Set of dedicated

microscopic lenses

Passive vibration
isolation system

The range of vertical moyement
electric driving unit

1.2 13 14

e l:alth Length-I

T ‘ i
1.5 16 1.7 18 22 23 24 25 26 2.7

Fig.4 a Optical non-contact profilometer Infinitefocus IF G4 for imaging the heat sinks samples, b printed samples, ¢ collection of surface

images, and d roughness profile
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Fig.5 Collection of surface roughness results of gyroid heat sinks

microscope to provide a picture of height (z) values that
represent the specimen surface in true colour and as a micro-
topographic map. Figure 5 displays the surface map, pro-
file, and microtopography of cylindrical varying periodicity
gyroid unit cell size 10. The coordinates of the heat sink's
surface can be estimated using the following coordinates:
x=3.119 mm, y=3.096 mm, and z=28.17 mm and the
arithmetic roughness (Ra) is 1.66 pm that is moderate and
acceptable roughness. The outer walls and hanging surfaces
are mainly rough. The highly rough surface in gyroid heat
sinks are unit cell five sample that reflects partially melted
and loose particles.

Upon the analysis of the recorded surfaces, it is clear that
different types of structures have very different distributions
and sizes of irregularities. Figures 6, 7, 8, and 9 show the
surface profiles and roughness visualization results obtained
for diamond, lidinoid, Schwarz P, and split P heat sinks.
It is evident that the amount of irregularities is greater at
the boundary walls and exterior hanging surfaces. These
irregularities are twice as large in specific areas. Accord-
ing to the data provided above, the gyroid (5) surface's Ra
value is approximately twice that of the gyroid (10) surface.

@ Springer

Whereas both circumferential gyroids have almost the same
roughness values.

In Figs. 6, 7, 8, and 9, the errors are due to either the
compact size of the heat sink or the degree of complexity of
the lattice structure. Additionally, the material may not be
evenly distributed on the build platform due to a technical
process involving the machine's working arm. The distribu-
tion of irregularities, such as curved surfaces, outside walls,
and inlet sections, is quite similar across the majority of the
structures. However, compared to other surfaces, the surface
irregularities observed in diamond UC-10 and split P UC-5
are significantly smaller.

3.2.2 Effect of scanning strategy on surface morphology

The second key stage of the study was to evaluate the sur-
face morphology of the additive-manufacturing printed heat
sinks. Many scientists mentioned that the laser powder bed
method yields extremely complex surfaces, and melt pool
instabilities frequently result in surface defects. Surface
morphology was examined utilizing a Jeol JSM-6060 scan-
ning electron microscope (SEM) equipped with an Oxford
Inca energy-dispersive X-ray spectroscopy (EDX) system
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Fig.6 Collection of surface roughness results of diamond heat sinks

under as-built conditions from all perspectives (top, front,
and side). As a result of the powder-based fusion samples,
common surface defects have been noticed such as the stair-
case effect, unmelted powder particles, adhered powder par-
ticles, powder trapped in holes, an agglomeration of powder
on hanging surface, uneven layer thickness, pores, balling
effect, and hot shot, which contribute to the increase of sur-
face roughness. This kind of surface may cause a reduction
in mechanical strength by acting as a stress riser. For appli-
cations like biomedical, the removal of the adhered powder
particles must be achieved. In the SEM images, there are no
cracks or fractured surfaces, proving that LPBF is capable
of producing these TPMS cell structures.

Figure 10 displays the morphology of the diamond heat
sink comprised of irregular pores and unorganized particles,
which is symbolic of fusion defects resulting from insuffi-
cient heat input. The specimen contained a large number of
spherical holes, which is indicative of keyhole defects. The
powder was trapped in the lattice hole surface and exhibited
extensive quantities of partially fused powder around the

external boundaries of the strut surface. The uneven or vary-
ing layer thickness has been noticed on top faces of diamond
heat sinks,

Figure 11 illustrates the top and side faces of an LPBF-
printed gyroid heat sink, which contains fewer unmelted
particles than a diamond-shaped heat sink sample. The
unmelted particles have been noticed on the gyroid hanging
surface due to the build angle of the surface. The staircase
effect appears as an outcome of layer-by-layer manufactur-
ing, contributing to the increase in surface deviation. Uneven
keyholes on the face of the gyroid heat sink were detected.
The balling phenomenon and agglomeration of powder on
the outer surface are responsible for to increase in mass and
providing no beneficial functionality in the sample. Due to
defects, Crupi et al. [39] observed the material concentration
at the nodes increased by 4.1%. The balling effect varies sig-
nificantly with different sizes on the top face of the heat sink.
The combination of heat stresses and weak interlayer linking
among particles and layers contributes to surface damage
caused by the occurrence of the balling phenomenon.
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Fig. 7 Collection of surface roughness results of Split P heat sinks

The layer-by-layer terminology can be readily apparent
in Fig. 12 for the lidinoid heat sink. The surface pattern
of LPBF-printed TPMS heat sinks is not precisely uni-
form. Multiple partially melted particles are bonded to the
void surface of the lidinoid heat sinks, blocking the opening
channel surface. The maximum staircase effects have been
observed in the lidinoid heat sink opening channel compared
to other printed TPMS heat sinks. Minor pores, unmelted
particles, and varying cross-sections on thickness have been
noticed. Moreover, the lidinoid heat sink of unit cell 5 shows
a higher rough surface compared to unit cell 10 heat sinks.
Mainly higher rough surfaces have been observed at opening
curve surfaces. Schwarz P unit cell is a circular geometry
with six open channels, Fig. 13 presents the unmelted parti-
cles, and powder trapped in the pore section, while balling
effects have been detected on the top face. An observable
outcome was the presence of partially melted overhanging
particles on the surface of struts. Furthermore, an increase
in strut thickness compared to the design represents a typical
result of lattices produced by LPBF.

@ Springer

Figure 14 depicts a micrograph of split P 5 and 10 unit
cell heat sinks, from which it is evident that smaller unit
cell heat sinks contain more surface deviation due to their
smaller aperture channels. Many channels of the unit cell 5
heat sinks are almost covered with partially melted powder
particles which can affect the heat transfer characteristics.
split P with unit cell size 5 heat sink has the smallest unit
cell and pore diameter (Fig. 14). The LPBF-printed split P
heat sinks were arrested with irregularities like dimensional
inaccuracy, hot shot, partially melted powder, voids, and
stair-case effects. Although the stair-stepping effects can be
minimised by reducing the layer thickness, doing so length-
ens the manufacturing process and negatively affects the
surface quality of LPBF products.
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4 Conclusion and future work J

In the pursuit of manufacturability, LPBF additive manufac-
turing was used to build compact heat sinks featuring lat-

tice structures, specifically TPMS structures. This endeavor ~ ®
aimed to assess the manufacturability of A20X material

in relation to its thermal performance capabilities. The
manufacturability of the TPMS lattice, including Gyroid,
Diamond, Lidinoid, Schwarz P, and Split P structures, was .
compared using manufacturability analysis methods such

as high-resolution 3D surface topography through an opti-

cal profile meter to detect irregularities in the surface and
Surface morphology using a scanning electron microscope
(SEM). This research emphasizes the capacity of additive
manufacturing to create intricate and space-efficient designs,
which can enhance the heat dissipation in power devices.

The results of the study demonstrate that in comparison to

a traditional rectangular fin, the TPMS-based metallic com-  ®
pact heat sink can be produced with a higher relative density
(>99.5%) and surface finish through the use of the LPBF
additive manufacturing technique. This allows the heat sink

to dissipate more heat into its surroundings. The following
conclusions are derived from this study:

In comparison to a traditional pin fin heat sink of the
same size, the TPMS-based additive manufactured heat
sink offers a larger surface area, which is the primary
requirement for a heat transfer device.

Beyond this threshold, the surface of the printed TPMS
heat sink with smaller unit cell size appears significantly
rough compared to that of the samples with bigger unit
cells.

Following powder adhesion and post-treatment, the addi-
tively manufactured sample has a bigger heat sink vol-
ume than its intended ones.

Common irregularities have been observed in printed
compact heat sinks including, voids, partially melted
particles, stair-case effects, dimensional inaccuracy and
balling effects. Two significant defects that have been
identified on struts and inside the holes are partially
melted particles and dimensional inaccuracies.

The optical profile meter examination of the heat sinks
indicates that there are more irregularities at the external
hanging surfaces and boundary walls.

@ Springer
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9 Collection of surface roughness results of lidinoid heat sinks

Conversely, in the manufacturing of complex structures,
support structures are important to hold up hanging sur-
faces but the TPMS lattice-based structures are self-sup-
portive in nature and due to this can be utilized as infill
structures in Heat exchangers.

The diamond lattice with a unit cell size of 10 exhibits
minimal roughness, while the gyroid structure shows
moderate roughness across all unit cell sizes, which is
advantageous for clean printing. In contrast, the varying
periodic designs of the diamond lattice in all unit cells
and the Schwarz P structure in both unit cell sizes dem-
onstrate higher levels of roughness.

@ Springer

e The LBPF-printed compact and intricate lattice struc-

tures characterized by small unit cell sizes represent a
significant case study in achieving minimal and moder-
ate surface roughness coupled with an increased sur-
face area. These attributes are critical for enhancing
heat transfer performance in electronic devices.

Looking forward, further research opportunities

include:

The more design mappings for individual unit cells are

developed, the more their manufacturability will be under-
stood. Furthermore, the current additive manufacturing
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Fig. 10 SEM results for dia-
mond lattice heat sink top and
side face

Fig. 11 SEM image for Gyroid
heat sink

@ Springer
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Fig. 12 SEM images of a Lidi-
noid specimen

Fig. 13 SEM images of a
Schwarz P specimen

sample should be tested to check their heat transfer per-  behaviour. Finally, this work advances the knowledge of PBF
formance and measure how defects can affect the thermal  lattice structure manufacturability and speeds up the adop-
tion of practical lattice structures across several industries.

@ Springer
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Fig. 14 Scanning electron
microscopy micrograph of a
Split P specimen
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