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Abstract

Purpose — The objective of this study is to investigate the feasibility of using selective laser melting (SLM) process to print fine capillary wick porous
structures for heat pipe applications and clarify the interrelations between the printing parameters and the structure functional performance to form
guidelines for design and printing preparation.

Design/methodology/approach — A new toolpath-based construction method is adopted to prepare the printing of capillary wick with fine pores in SLM
process. This method uses physical melting toolpath profile with associated printing parameters to directly define slices and assemble them into a printing
data model to ensure manufacturability and reduce precision loss of data model transformation in the printing preparation stage. The performance of the
sample was characterised by a set of standard experiments and the relationship between the printing parameters and the structure performance is modeled.
Findings — The results show that SLM-printed capillary wick porous structures exhibit better performance in terms of pore diameter and related
permeability than that of structures formed using traditional sintering methods, generally 15 times greater. The print hatching space and infilling
pattern have a critical impact on functional porosity and permeability. An empirical formula was obtained to describe this impact and can serve as a
reference for the design and printing of capillary wicks in future applications.

Originality/value — This research proves the feasibility of using SLM process to printing functional capillary wicks in extremely fine pores with
improved functional performance. It is the first time to reveal the relations among the pore shapes, printing parameters and functional performance.
The research results can be used as a reference for heat pipe design and printing in future industrial applications.
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Parameter description TI150 3D printing parameters Nomenclature
Laser scanning speed = 6m/s; A = Area (m®);
Laser scanning power = 75W; R = Pore size (um);
Laser spot diameter = 40 pum; ¢ = Functional porosity (%);
Powder spreading thickness= 50 pmy; K = Permeability (m?);
Laser hatch space = 0.18-0.3 mm; and h = Laser hatch space (mm);
Molding space — 250 x 250 x 325 mm. M = Quality (kg);

p = Density (kg/cm?);
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L = Working fluid;

AP= Pressure drops (Pa); and
v = Velocity of the liquid (m/s).

Capillary wick test piece size

Wick width (mm) = 20;
Wick length (mm) = 20;and
Wick height (mm) = 1.

Physical parameters of working fluid

Density, p = 1,000 kg/m>;
Surface tension, o = 70 N/m;

Viscosity, u = 2.98x10 2 Pas;and
Latent heat of vapourisation, /= 2,260 kJ/kg.

1. Introduction

With the rapid development of aerospace technology, the
functions of satellites have become increasingly diversified,
leading to an increase in payloads and heat power. Heat
dissipation problems can occur, such as heat accumulation in
the narrow space of the satellite load and uneven temperature
distribution in parts (Escobar et al., 2016), increasing the
thermal conductivity requirements for heat dissipation
components to maintain thermal control. A heat pipe is a heat
transfer device that uses the evaporation—condenser cycle of the
working fluid to transfer heat from one location to another. It
achieves high thermal conductivity through phase change for
heat conduction (S6zen et al., 2019). Heat pipes have been
widely used in spacecraft thermal control technology for their
high thermal conductivity, temperature uniformity and
compactness (Bonnici ez al., 2019). The capillary wick is the
wick structure of the heat pipe; it provides a return channel and
power for the working fluid in the heat pipe (Shittu ez al., 2020).
Traditional capillary wicks in heat pipes include (Faghri, 1995)
grooved wicks formed by cutting, wire mesh-sintered wicks
obtained by superimposed wire mesh sintering and powder-
sintered wicks obtained by loose-powder sintering. A groove
wick formed by the traditional cutting process has a high
permeability, but its capillary suction force is small and the
processing cost is high (Wong and Liao, 2018). The
adaptability of the superimposed screen sintering process is too
poor for mass production (Yan et al., 2020). Although the
permeability of a powder-sintered wick is small, the shape and
size of each part of the capillary wick cannot be controlled. In
addition, special-shaped heat pipes are difficult to manufacture
because they have low structural strength (Faghri, 2012).
Traditional methods have limitations in the manufacturing of
high-performance heat pipe wicks; it is difficult to manufacture
special-shaped heat pipes and internal integrated heat pipe
parts.

In recent years, metallic additive manufacturing (AM)
technology has matured and the precise printing of metal
microstructures has been realised (Lebaal ez al., 2019; Zhang
et al., 2020; Lu er al., 2020). Metallic AM technology can be a
solution for the manufacturing of high-performance fine-capillary
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wick porous structures for heat pipes, without the complex
processes and high costs of traditional heat pipe manufacturing
methods. Moreover, 3D printing allows free forming, especially
for printing internal channels (Vaneker ez al., 2020). Thus, it is
possible to print capillary wicks with irregular shapes for heat
pipes to be integrated into component structures to meet the heat
conduction and weight requirements of the satellite components.
Several researchers have recognised the prospects of 3D printing
in the manufacture of heat pipe capillary wick structures,
including the lightweight component design and part
consolidation design for space engineering.

Jafari ez al. (2017) designed and printed a frame-type porous
capillary wick structure with 316 stainless steel and
experimentally tested the functional porosity, capillary rise
height and thermal conductivity of the printed capillary wick
with different liquid working media. Their studies showed that
the selective laser melting (SLM) technology can be used to
print loop heat pipe (LHP) capillary wicks. For different working
fluids, the effective thermal conductivity is 1.8-6.0 W/m K.
Jafari et al. (2018) experimentally tested a porous capillary wick
structure with a pore diameter of 216 um printed by SLM. They
found that the printed capillary wick cloud enhanced the heat
transfer performance of the heat pipe with an increase in the
capillary size according to A(H)—® in the intermediate stage,
although gravity affected the rise of liquid in the capillary wick.
Esarte ez al. (2019) designed and 3D-printed a frame-type 316
stainless steel capillary wick porous structure for an LHP with a
heat transfer requirement of 80 W and experimentally tested its
permeability and capillary rise height. The results showed that
the permeability of an SLM capillary wick is two orders of
magnitude greater than that of a powder-sintered capillary wick.
Hu ez al. (2020) 3D-printed an LHP capillary wick and studied
the effect of the pore diameter (R) on the heat transfer
performance. The results showed that the stainless steel LHP
with a 3D-printed capillary wick (R = 200 um) can be
successfully started in approximately 100 s under a low thermal
load of 20W (2.83W/cm?). When the evaporator wall
temperature is 100°C, the LHP can operate stably in a thermal
load range of 20-160 W.

Figure 1 summarises the previous studies on 3D printing of
capillary wicks; all of them used the SLLM process and the
samples were printed on 316 stainless steel. However, there is a
lack of research on printing with other metallic materials. In
addition, the previous capillary wick models were all frame
structures with straight quadrilateral pores and a manufactured
capillary wick with a single pore diameter. No research has been
conducted on the influence of the capillary wick hole shape on
the 3D capillary wick formation and permeability. Further, the
relationship between the manufacturing parameters and the
capillary wick performance parameters has not been explored.

The previous studies were the preliminary studies in this
area; they mostly focused on the feasibility of 3D-printed
capillary wicks. There was no deep analysis of their
performance with different pore shapes. Furthermore, there
has been no research on the relationship between 3 D-printing
manufacturing parameters and capillary wick performance,
which is critical in actual applications. Thus, this study
conducts performance characterisation and printing parameter
modelling of SLM-printed capillary wicks. Two types of
capillary wick structures with different pore shapes were
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Figure 1 Existing 3D capillary wick manufacturing method
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Author, Years Machine and Material ~ Method Structure model
Davoud Jafari, Concept Laser Mlab
Wessel W. Wits etc. Cusing 90 SLM
(2017) stainless steel 316L
Davoud Jafaria, Concept Laser Mlab
Wessel W etc. Wits Cusing 90 SLM
(2018) stainless steel 316L
Jesus Esarte, Jesus
M. Blanco etc. Copper powder SLM
(2019)
Zhuohuan Hua,
D heng W HBD100
ongcheng Wang ' SLM
etc. stainless steel 3161
(2020)

designed and a series of capillary wick test pieces with different
pore diameters were generated by controlling the printing
parameters and hatch space (%) for performance benchmarking.
Based on the collected experimental datasets, an empirical
model was built to describe the implicit relationships between
the processing parameters, laser hatching space and
performance of the printed capillary wick test pieces. The
results of this research can be used as a reference for capillary
wick design and printing in industrial applications.

The remainder of this paper is organised as follows: Section 2
introduces the sample preparation details; Section 3 presents
the characterisation methods, devices and process; Section 4
presents the experimental results, modelling details and
discussion; and Section 5 presents the conclusions and
perspectives on future work.

2. Capillary wick sample preparation

2.1 Layer tool path construction structure

In SLM process, the manufacturability of porous structure or
lattice structure is hard to check (Vaneker ez al., 2020; Lebaal
et al., 2019). Printing failure is often and especially for
structures with fine pores, e.g. less than 300 um. To print
capillary wick with acceptable accuracy and achieve parametric
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control for experiment in this research, a new toolpath-based
construction method, proposed in Zhang et al. (2021), is
adopted to prepare the sample printing. This method uses
physical melting toolpath profile with associated printing
parameters to directly define slices and then assembly the
generated slices into a processing/printing model. It can avoid
the accuracy loss in the meshing, slicing and toolpath
generation stages as that of traditional printing preparation
methods. In addition, the manufacturability can be ensured
because the slices are defined by deposition/melting profiles. As
shown in Figure 2, the path-defined porous structure is spliced
by the melt tracks. Therefore, the manufacturability and pore
size of the porous structure are determined by the melt tracks.
Therefore, path-planning parameters such as laser power,
scanning speed, hatch space and layer thickness will affect the
melt track’s formation and its size.

As shown in the example in Figure 3, the hatch space of the
quadrilateral and hexagonal line-filled cells is defined as the
distance between two parallel paths.

2.2 3D printing of capillary wick

The SLM process was used to manufacture the test pieces. To
investigate the influence of pore shape on the performance of
3D-printed capillary wick test pieces and the effect of
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Figure 2 lllustrative examples of porous structures defined by printing paths: (a) quadrilateral pore and (b) hexagonal pore

Figure 3 Schematic diagram of path-defined porous structures with different pore shape: (a) quadrilateral pore and (b) hexagonal pore

(a)

processing parameters on the porous structure printing result,
18 capillary wick test pieces with two shapes were printed using
different laser scanning hatch space values.

To consider aerospace applications, titanium alloy (Ti6Al14V
powder) was used for printing the capillary wick samples, as
most mechanical structures in space are made of titanium alloy.
A commercial printer (Ti150 3D printer) was used for printing.
Figure 4 shows the material and printing device. Each sample
had a length and width of 25 mm and a thickness of 1 mm. The
scanning path and the laser hatch space (0.14—0.30 mm)
differed among the samples. By changing these parameters, the
metal powders were melted to form porous structures with
internal channels used for liquid flow. The general sample
manufacturing process included three main steps: pre-
processing, printing and post-processing. The details are
presented in Figure 5.
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2.2.1 Pre-processing

The processing trajectory was generated in a homemade
trajectory planning script. The cross-sectional diagram and
trajectory planning diagram of the two types of capillary wicks
are shown in Figures 4 and 5, respectively. The trajectory
parameters are presented in Table 1.

2.2.2 Printing

The sample was printed with Til50 equipment (Profeta,
China) using Ti6Al4V powder (Zhonghang Maite, China).
The printing parameters are presented in Table 2.

2.2.3 Post-processing

After printing, the samples were annealed using a heat
treatment furnace as follows: the sample was maintained at
820°C for 2h and cooled in the furnace to eliminate residual
stress; after heat treatment, wire cutting was used to cut the



Printing parameter modelling

Rapid Prototyping Journal

Xu Meng et al.

Volume 28 - Number 8 - 2022 - 1558-1572

Figure 4 (a) Ti150 machine; (b) scanning electron microscope image of Ti6AI4V powder

Figure 5 Main steps of capillary wick test piece 3D-printing manufacturing
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sample from the disk; sandblasting and airflow were used to
clean residual particles from the channel; the final test pieces
were obtained after ultrasonic cleaning for 30 min.

With the other parameters unchanged, nine quadrilateral
pore wicks test piece and nine hexagonal pore wicks were
designed by changing the hatch space. A total of 18 test pieces
were manufactured.

As shown in Figure 6, two types of test pieces were produced
by SLM printing. All test pieces were characterised using a
measurement tool digital microscope system (RH-2000, Hirox,
Japan) and a scanning electron microscope (Quanta 200 FEG).
The OM images are shown in Figure 6(¢) and (f). It is observed
that quadrilateral and hexagonal pores of different diameters
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are formed in the capillary wicks test pieces with different
hatching spaces.

3. Experimental device and experimental method

The capillary wick test piece performance test included three
experiments: capillary wick test piece functional porosity
measurement, pore diameter measurement and permeability
measurement.

3.1 Functional porosity measurement
Functional porosity refers to the proportion of void volume in
the capillary wick structure. Figure 7 shows a diagram of the
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Table 1 Hatch space (h) during trajectory planning of two types of
capillary wick test pieces

Quadrilateral pore hatch space h (mm)

0.14 016 018 020 022 024 026 028 030
Hexagonal pore hatch space h (mm)
0.14 016 018 020 022 024 026 028 0.30

Table 2 Constant parameters during the printing of the test piece

Print parameter Value
Layer thickness (mm) 0.03
Spot compensation (mm) 0.05

Angle (°)/angle increment (°) Quadrilateral pore: 45/90

Hexagon pore: 0/0

Start point Random in the contour line
Contour number 1

Contour laser power (W) 75

Contour laser speed (mm/s) 2,800

Filling region offset distance (mm) 0

experimental device used to measure the functional porosity of
the porous structure sample and the experimental site diagram.
The mass of the container and liquid mass (M;) were
measured before the test piece was immersed in the liquid.
After one end of the test piece was immersed in the liquid and
the liquid filled the internal voids of the capillary wick through
capillary action, the total mass of the container and liquid (M)
was measured. The total volume of the test piece (V) was

Volume 28 - Number 8 - 2022 - 1558-1572

calculated using the manufacturing dimensions of the test
piece. The density of the liquid (p) was known; thus, the
functional porosity of the porous structure (&) was obtained
using equation (1):

M; — M,

P x 100%

M

3.2 Pore diameter measurement
A diagram of the experimental device for measurement of the
capillary wick test pieces aperture is shown in Figure 8.

The effective pore diameter of the capillary wick was
measured using the pressurised bubbling method (Luo ez al.,
2019); air was injected into the closed cavity holding the test
piece by the air pump and the lower end of the test piece was
immersed in the liquid. The pressure was increased until
bubbles appeared in the liquid and the gas pressure P in the
closed cavity was measured using a pressure gauge. As the
surface tension o of the liquid was known, the effective
capillary pore diameter R of the wick was obtained as:

R="2

- @

During pressurisation, the air flow was evenly injected; the
bubbling pressure P was measured when the first bubble
appeared in the camera record. The surface tension of the
liquid at room temperature (24°C) was obtained from a table
(o =72.1 mN/m).

Figure 6 (a) 3D structure diagram of quadrilateral pore wick test piece; (b) SLM printed quadrilateral pore capillary wicks test piece (h = 0.30 mm); (c)
OM picture of quadrilateral pore capillary wicks test piece (h = 0.30 mm); (d) 3D structure diagram of hexagonal pore wick test piece; (e) SLM printed
hexagonal pore capillary wicks test piece (h = 0.30 mm); (f) OM picture of hexagonal pore capillary wicks test piece (h = 0.30 mm)
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Figure 7 Schematic diagram and field diagram of functional porosity test experiment

bubble

The microscopic pore diameter of the 3D-printed wick test
piece was observed and measured using a scanning electron
microscope to compare and analyse the experimental data.

3.3 Permeability measurement

The permeability of a porous medium is defined as the ability of
the porous medium to allow liquid to pass through its internal
pores (Hu et al., 2020). Its value is related to the functional
porosity, pore diameter and pore geometry in the direction of
liquid penetration. With the complex pore structure, the
permeability cannot be obtained directly; it can only be
measured indirectly through experimental methods based on
Darcy’s law (Ma ez al., 2014). A diagram of the experimental
device for measurement of the capillary wick permeability is
shown in Figure 9.

The permeability can be obtained indirectly by measuring
the pressure loss AP and the velocity of the liquid (v) flowing
through the porous medium. The forced flow method is used to
inject water at a constant speed into the flow cavity of the test
area through a controllable-flow injection pump. With
clamping the test piece, the pressure drop generated by flow
channels outside the liquid working fluid was measured:
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Text holder

APy = P/2 — P’l. The total pressure drop was measured by the
pressure gauges at both ends of the test piece: AP,; = P, — P;.
Thus, the pressure loss caused by the fluid flowing through the
porous structure test piece is AP = AP,; — P,;.; the permeability
of the capillary wick test piece is expressed as:

AP u
A 2
where L is the length of the test piece in the direction of fluid
flow, w is the viscosity of the liquid and v is the speed of liquid
flow.

The liquid recovery device was connected to the end of the
experimental device. The speed of fluid flow in the pipeline was
controlled by adjusting the speed of the stepper motor and the
size of the syringe. The liquid velocity on the pore scale must be
in the Darcy state, which requires a Reynolds number Re < 10
(Dukhan ez al., 2014).

4. Experimental results and discussion

In this section, we experimentally explore the effects of pore
diameter and pore shape on the permeability of porous
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Figure 9 Permeability measurement experimental device: (a) schematic diagram and (b) physical diagram
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structures. The capillary wicks test pieces in the comparison
analysis have the following three structures:

« traditional powder-sintered capillary wick test pieces;

+ quadrilateral-pore SLM capillary wick test pieces; and

+ hexagonal-pore SLLM capillary wick test pieces.

The traditional manufacturing method for a powder-sintered
capillary wick is the loose-powder sintering process (Weibel
et al., 2010). A metal powder with a diameter of 10-50 um is
filled inside the wick sleeve of the inserted inner wick rod. High-
temperature sintering is conducted in a sintering furnace and
the wick rod is removed to obtain the capillary wick. The
performance parameters of the capillary wick were obtained
from previous studies.

4.1 Pore diameter and functional porosity

The functional porosity corresponding to a traditional powder-
sintered capillary wick with a certain effective pore diameter
was obtained from previous studies, as shown in Table 3.
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Pressure gage

In this section, the pore diameters of two types of capillary
wicks manufactured by SLM are obtained through a pressure
foaming experiment and observations using scanning electron
microscopy. The functional porosity of the capillary wick was
measured using the Archimedes drainage method (Deng ez al.,
2013). The measured pore diameters and porosities of the two
types of capillary wicks are presented in Tables 4 and 5,
respectively.

Figure 10(b) shows the change in the pore diameter with the
hatch space for the two types of porous capillary wick test
pieces. Overall, the pore diameters of the porous test pieces

Table 3 Traditional powder-sintered capillary wick pore diameter and
functional porosity parameters (Ling et al., 2018)

Pore diameter R (um) Functional porosity & (%)

60 40.3
95 45.6
130 51.2




Printing parameter modelling

Rapid Prototyping Journal

Xu Meng et al.

Table 4 Experimental data of pore diameter and functional porosity of
SLM quadrilateral pore capillary wick test pieces

Hatch space Pore diameter Functional
h (mm) R (wm) porosity & (%)
0.14 78.00 13.54
0.16 92.75 30.62
0.18 103.05 35.23
0.20 119.30 39.45
0.22 138.20 43.92
0.24 168.38 45.37
0.26 193.50 50.69
0.28 225.03 52.02
0.30 253.17 56.26

Table 5 Experimental data of pore diameter and functional porosity of
SLM hexagonal pore capillary wick test pieces

Hatch space

Pore diameter

Functional porosity

h (mm) R (m) & (%)
0.14 73.00 6.92
0.16 88.00 21.23
0.18 96.13 27.85
0.20 105.30 33.29
0.22 108.26 35.31
0.24 130.17 38.94
0.26 165.07 40.13
0.28 195.75 42.44
0.30 215.50 44.70

increased with an increase in hatch space. In the early stage (2 <
0.22 mm), the pore diameter growth rate was slow; in the later
stage (h > 0.22mm), the pore diameter growth rate was
accelerated. Over the entire hatch space range, the pore
diameter of the quadrilateral-pore capillary wick test pieces was
larger than that of the hexagonal-pore capillary wick test pieces
with the same hatch space. As shown in Figure 10(a), the
functional porosity of the capillary wick test pieces
manufactured by SLM increased with an increase in the hatch
space, reaching a maximum when /2 = 0.30 mm: &, = 56.26%,
e, =44.70%.

When the hatch space is small (2 < 0.22mm), the pore
diameter and functional porosity of the SLLM capillary wick test
pieces are very small, possibly because of powder remelting and
powder bonding during laser scanning, leading to fewer
internal pores or the complete blockage of pores by powder.
Figure 11 shows the phenomenon of powder bonding and pore
blockage in the SLM capillary wick test piece when 2 =
0.16 mm. For the entire hatch space range, the pore diameter
and functional porosity of the SLLM quadrilateral-pore capillary
wick test pieces were greater than those of the SLM hexagonal-
pore capillary wick test pieces with the same hatch space.
Actually, the porous structure filled with hexagon line achieves
more energy than that filled with cross line. The reason is that
the laser cannot switch start and stop immediately because
these actions entail some delays. These delays will affect the
energy received at the start and end points (called jump points),
during the galvanometer marking the scanning path. At the
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Figure 10 Comparative analysis (a) Functional porosity of porous
structure changes with hatch space; and (b) pore diameter of porous
structure changes with hatch space
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jump point, there will be a delay when the laser is turned off
(Ding et al., 2021). So, there is more energy input in the SLM
fabrication of the hexagonal-pore capillary wick test piece,
resulting in a decrease in inner pore diameter and functional
porosity.

4.2 Permeability

4.2.1 Traditional powder sintered capillary wick

The permeability curves of traditional powder-sintered
capillary wick test pieces with different pore diameters obtained
from previous studies are shown in Figure 12.

In the permeability curve of a traditional powder-sintered
capillary wick, the permeability increases with an increase in
pore diameter. The permeability increases slowly with a pore
diameter of 30-90 um; the permeability increase accelerates
with a pore diameter of R > 90 um. When the pore diameter
was 130 um, the permeability of the traditional powder-

sintered capillary wick was 9.4 x 10~ '% m>.



Printing parameter modelling

Rapid Prototyping Journal

Xu Meng et al.

Figure 11 (h=0.16 mm). The powder bonding and the pore are blocked

SU1510 20.0kV 15.1mm x100 SE

4.2.2 Selective laser melting capillary wicks

By adjusting the pulse input of the stepper motor, the flow rate
of the liquid injected into the flow channel was controlled at
0.01 m/s, such that the liquid flow was in the Darcy flow state
(Bertietal.,2011).

Figure 13(a) shows that the permeability of the two types of
SLM capillary wick test pieces increases with an increase in
hatch space. When the hatch space is small (4 < 0.22 mm), the
permeability of the SLM capillary wick test pieces is low; the
permeability increases rapidly with a hatch space of 2 >
0.22mm. The permeability of quadrilateral-pore SLM
capillary wick test pieces is always greater than that of
hexagonal-pore SLM capillary wick test pieces. As shown in
Figure 13(b), the rising speed of the permeability curve is slow
in the early stage and increases when the pore diameter is
greater than 170 um. With similar pore diameters, the two
SLM capillary wick test pieces have a similar permeability.

Figure 12 Permeability of traditional powder-sintered capillary wick
test pieces
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Figure 13 Comparative analysis (a) SLM capillary wick structure
permeability changes with hatch space; and (b) SLM capillary wick
structure permeability changes with pore diameter
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4.3 Selective laser melting versus traditional powder
sintering

The functional porosity (&) and permeability (K) of 3D-printed
SLM capillary wick test pieces and traditional powder-sintered
capillary wick test pieces with the same pore diameter were
compared. The advantages and disadvantages of the 3D-
printing SLM manufacturing process for heat pipe capillary
wick structures were studied.

As shown in Figure 14, in the small pore size range, because
of the small hatch space and serious powder binding, the
functional porosity of 3D-printed SLM capillary wick is lower
than that of traditional powder-sintered capillary wick. With
the increasing pore size of 3D-printed SLLM capillary wick, the
powder bonding decreases and the functional porosity
gradually increases. As shown in Figure 15, the permeability of
the capillary wick test piece manufactured using traditional
powder sintering was much lower than that of the capillary wick
test piece manufactured by SLM. The histogram shows that
when the pore diameter is approximately 130 um, the
permeability of the SLM capillary wick test piece is nearly 15
times that of a traditional powder-sintered capillary wick test
piece.

The inner pores of a capillary wick test piece manufactured
by traditional powder sintering are complex tortuous channels;
many pores are blocked by powder because the sintering
temperature is difficult to accurately control (Wu ez al., 2006).
Unlike traditional powder-sintered capillary wick test pieces,
the internal pores in the SLM capillary wick test piece are
regular straight channels; the pore diameter can be controlled
by controlling the printing parameters. The regular straight
channels with little blockage reduce the resistance of liquid flow
and increase the permeability of the capillary wick test piece.
The SLM process can produce a heat pipe capillary wick
structure with better permeability than traditional powder
sintering.

Figure 14 Permeability of traditional powder sintering process and
SLM process
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Figure 15 Permeability of capillary wicks at similar pore diameter
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4.4 Performance-processing parameter relationship
modeling

In this section, the functional porosity and permeability curves
of SLM capillary wick test pieces with different hatch spaces
are fitted using the collected experimental datasets. The
relationships between the performance parameters of the SLM
capillary wick test pieces and the hatch space are determined
when other manufacturing parameters are fixed and may
provide guidance for the design of SLM capillary wicks in the
future.

4.4. 1 Relationship between functional porosity and hatch space
(eh)
The functional porosity curves were fitted using piecewise
fitting; the fitting equation between the functional porosity of
the SLM capillary wick test pieces and the hatch space was
obtained when the other SLM parameters were fixed.

The fitting equation for functional porosity and hatch space
of SLM capillary wick test pieces with quadrilateral pores is
expressed as:

gq:f(h) —{

The fitting equation for functional porosity and hatch space of
SLM capillary wick test pieces with hexagonal pores is
expressed as:

According to Figure 16(a), the correlation coefficients for the
two-part fitting models of the quadrilateral pore wicks were
0.882 and 0.966, respectively. Approximately 88.2% and

—~0.30 +3.48 x h,
0.09 + 1.57 x &,

0.14 < h < 0.22
0.22 < h < 0.30
@)

—0.37 +3.44 x h,
0.11+1.11 x A,

0.14 < h<0.22
022« h<0.30

en = f(h)

©)
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Figure 16 Data fitting results of SLM capillary wick test pieces functional porosity curves with respect to hatch space (a) quadrilateral pore and

(b) hexagonal pore
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96.6% of the variance in the experimental data can be
accounted for by the predicted output of equation (4).
According to Figure 16(b), the correlation coefficients for the
two-part fitting models of the hexagonal pore wicks were 0.904
and 0.978, respectively. Approximately 90.4% and 97.8% of
the variance in the experimental data can be accounted for by
the predicted output of equation (5).

4.4.2 Relationship between permeability and hatch space (K—h)
The permeability curves were fitted using piecewise fitting; the
fitting equation between the permeability of the SLM capillary
wicks and the hatch space was obtained when the other SLM
parameters were fixed.

The fitting equation for permeability (K,) and hatch space of
SLM capillary wick test pieces with quadrilateral pores is
expressed as:
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K, = f(h)
B { (—0.45+17.25 x h) x 10710,
L

—22.18+108.63 x &) x 10710,
The fitting equation for permeability (K;) and hatch space of
SLM capillary wick test pieces with hexagonal pores is
expressed as:

e

According to Figure 17(a), the correlation coefficients for
the two-part fitting models of the quadrilateral pore wick test

0.14 < h < 0.22
022 < h<0.30

(6)

0.14 < h<0.22
0.22 < h < 0.30

)

0.17+4.81 x 1) x 10710,
21.71 +94.70 x h) x 10710,
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Figure 17 Data fitting results of SLM capillary wick test pieces permeability curves with respect to hatch space (a) Quadrilateral pore and (b) hexagonal

pore
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pieces were 0.939 and 0.986, respectively. Approximately
93.9% and 98.6% of the variance in the experimental data can
be accounted for by the predicted output of equation (6).
According to Figure 17(b), the correlation coefficients for the
two-part fitting models of the hexagonal pore wick test pieces
were 0.912 and 0.963, respectively. Approximately 91.2% and
96.3% of the variance in the experimental data can be
accounted for by the predicted output of equation (7).

(b)

4.4.3 Summary and discussion

As the hatch space increases, the permeability changes linearly,
but at two different rates. In the interval of 0.14mm < s <
0.22 mm, the permeability increases smoothly; in the interval of
0.22mm < 2 < 0.30 mm, the permeability increases rapidly.
Different hatch spaces cause different quantities of powder to
be adsorbed. As shown in Figure 18, when the hatch space is
too small, re-melting occurs during the laser sintering process.
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Figure 18 SEM picture of SLM capillary wick test pieces (a) quadrilateral pore and (b) hexagonal pore

The metal powder attaches to the melt channels in a molten/
semi-melted state, causing the internal channels of the printed
capillary wick test piece to shrink or be completely blocked
by the non-fused raw powders, which are usually difficult to
remove in the post-processing stage. When the distance
between laser sintering paths is increased into the range
of 0.22mm < 2 < 0.30 mm, the extent of re-melting and
the resulting powder adsorption are reduced and more
unobstructed channels are generated. The porous structure
has a greater functional porosity and permeability because
the non-fused raw material powders can be easily removed
during the post-processing stage. The functional porosity
and permeability of the SLM capillary test pieces follow
different change rates with hatch spaces greater than and less
than 0.22 mm.

With the calculated correlation coefficient, the curve
equation obtained by polynomial fitting can represent the
functional relationship between the functional porosity,
permeability and the hatch space in printing and provide a
reference for capillary wick design and printing in industrial
applications.

5. Conclusion

An experimental manufacturability investigation demonstrated
that the SLM process can be used to print fine porous
structures with a pore size of 100 um with stable processing
control. The SLM process can print a series of porous
structures with different pore diameters by changing the hatch
space. A larger SLM hatch space produces a better printed
porous structure. It is possible to print porous capillary wick
structures with holes of different shapes by controlling the laser
scanning path. The shape of the pores affects the SLM printing
of the capillary wick porous structure; a more complex pore
generation path produces a smaller pore size, functional
porosity and permeability with the same hatch space. The
comparative analysis showed that the permeability of the 3D-
printed capillary wick structure was much greater than that of a
traditional powder-sintered capillary wick structure with the
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same pore size. When R = 130 um, the permeability was 15
times greater than that of a traditional powder-sintered
capillary wick structure. These data indicate that SLM 3D-
printing manufacturing technology has great potential for
capillary wick manufacturing. The functional porosity and
permeability of quadrilateral and hexagonal porous structures
printed by SLM reflect a certain functional relationship with
the hatch space. The fitting equations for the functional
porosity and permeability of SLM capillary wick test pieces
with two pore shapes with respect to the hatch space were
obtained using piecewise fitting and can provide a data
reference for capillary wick design with 3D printing.

In future research, we will improve the design of the capillary
wick structure and the post-processing method and use the
SLM process for the manufacture of complete heat pipes.
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