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ABSTRACT

Conformal cooling channels are widely adopted in the mold industry because of rapid and uniform cooling
during injection molding. These complicated cooling channel geometries become feasible via selective laser
melting (SLM) technology. However, the SLM fabricated internal channel surface shows high surface roughness
of about 10 pm Ra. This rough surface can cause stress concentration, reducing the fatigue life of the mold.
Therefore, the objective of this study is to investigate the surface finish of the SLM fabricated conformal channels
by abrasive flow machining (AFM), which is widely used in the surface finishing of internal channels. To fulfill
this objective, a combination of single/multiple and straight/helical channels for conformal cooling channel
geometries are employed. Seven different types of conformal cooling channels (¢3mm) inside the bar are
fabricated using SLM. The bar is put in the AFM fixture, and the internal channels are polished by flowing AFM
media (ULV50%-54) through the channel at the same extrusion pressure of 80 bars for ten cycles. Fourteen bars
(seven before AFM and seven after AFM) are machined to have the internal channel surfaces exposed for surface
roughness measurement. Surface topographies of the exposed surfaces of seven types of internal channels are
obtained using focus variation microscopy. The areal roughness parameters, such as arithmetical mean height
(Sa) on the internal channel surfaces before and after AFM. By comparing SLM as-built conformal channel
surfaces with AFM finished ones, AFM is shown to be effective in improving all SLM conformal cooling channels’
arithmetical mean height, Sa. Areal roughness parameters, such as developed interfacial area ratio (Sdr), root
mean square gradient (Sdq), reduced peak height (Spk), reduced valley height (Svk), and skewness (Ssk), on
those internal surfaces, were found to be sensitive to surface finishing by AFM.

1. Introduction

The conformal cooling channel has been developed to have a uni-

having a conformal cooling channel. However, an SLM fabricated
channel surface has high surface roughness and defects, such as partially
melted powder as shown in Fig. 2. Those rough and defective surfaces

form distance between the cooling channel and the part surface and to
achieve a uniform and rapid cooling. Sachs et al. [1] showed that
conformal cooling channels can achieve higher cooling efficiency. Dimla
et al. [2] stated that a reduction in cooling time in the cycle time of the
injection molding can increase productivity. The conformal cooling
channels have uniform distances from the parts’ surface in the mold.
Thus, the rapid and uniform cooling of the conformal cooling channels
can lead to higher productivity [3] and better surface quality [4] in the
injection molding. Thus, conformal cooling channels are widely used in
the molding industry. The conformal cooling channels are often
composed of straight and round channels. They can split into
multi-channels inside the mold. Fig. 1 shows an SLM fabricated mold
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can cause stress concentration during service of the molds by their
repeating expansion and contraction during heating and cooling of the
mold. They are detrimental to the fatigue life of the mold. Therefore,
their surface improvement by removing those defects and polish-
ing their rough surfaces has been made by various post-processes,
such as bead-blasting [5], ultrasonic cavitation abrasive finishing [6],
laser polishing [7], chemical polishing [8], and electrochemical pol-
ishing [9].

As can be seen in post-treatments on SLM surfaces, most of the post-
treatments were performed on their external surfaces. However, to
improve the surface roughness of the internal channel, special types of
equipment to allow abrasives to interact with the internal surfaces were
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Fig. 1. A mold having a conformal cooling channel (Courtesy of IPC).

Fig. 2. SLM vertically built maraging steel 300 channel (¢3) and its sur-
face topography.

used.

Furumoto et al. [10] fabricated a U-shaped cooling channel with a
length of 80 mm and a diameter of 3 mm using SLM. They used a powder
mixture consisting of alloy steel, copper, and nickel for SLM fabrication.
The cooling channel is connected to two hydraulic pumps. Then, AlyO3
abrasive grains having a diameter of 300 pm were injected by water at a
pressure of 1.4 MPa. Spiral prism-shaped microtextures, which are
called protuberances, were added during SLM fabrication. The texture of
the protuberances induces spiral water flow through the internal chan-
nel, leading to higher surface improvement of the internal channel. After
the surface finishing of the internal channel for 2000 s, surface rough-
ness in the channel without a protuberance decreased from 160 to 100
pm Rz while surface roughness in the channel with a protuberance
decreased from 160 to 60 pm Rz. They [11] also found a significant
decrease from 110 to 30 pm Rz after its surface finishing for 1000 s. Its
surface roughness reached 10 pm Rz after surface finishing for 8000 s.
Zhang et al. [12] input SiC (silicon carbide) or diamond slurry in an
SS316 pipe having an internal diameter of 11 mm and length of 100 mm.
A neodymium 52 MGOe magnetic sphere was placed inside the pipe, and
neodymium 52 MGOe magnetic bars were placed near the pipe. Both the
pipe and magnetic bars rotated, driving the magnetic force between the
magnetic bar and sphere. The abrasives in the pipe flow through the
internal pipe surface, polishing its surface. After polishing for 60 min, its
surface roughness in 2-mm-long regions in the pipe decreased from
4.165 to 0.078 pm Ra. Yamaguchi et al. [13] polished internal surfaces
of SUS304 stainless steel bent tube with an internal magnetic abrasive
finishing process. They drove magnetic force by rotating two pairs of
N-S poles around the external tube surface, allowing iron particles to
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flow through and polish the internal tube surface. Surface roughness in
both straight and bent regions of the internal surface decreased from 3 to
0.05 pm Ra.

Abrasive flow machining (AFM) is known to be effective to finish
internal channel surfaces. A schematic illustration of a two-way AFM is
given in Fig. 3. The AFM media, where polymer and SiC (silicon carbide)
abrasives are mixed, is filled into the lower cylinder of the AFM ma-
chine. The workpiece having an internal channel is placed on the fixture
that is connected to the lower cylinder. Then, the workpiece is clamped
by the upper cylinder. The AFM media flows upward and downward
through the internal channel by the stroke movements of the pistons in
the cylinder, as shown in Fig. 3(a)(b). One cycle is completed by the up-
and down-strokes in the two-way AFM machine. The internal channel
surface material is removed by interactions (e.g., ploughing, cutting)
between the abrasives and the channel surface. As a result, the internal
channel surface roughness improves.

Williams et al. [14] adopted the profiled edge laminae (PEL) to build
conformal channels and used aluminum (6061-T6) or carbon steel (AISI
1008) as a laminae material. They performed AFM through the two
channels’ internal surfaces using 70-grit-size AFM media at an extrusion
pressure of 6.89 or 8.96 MPa for 2 cycles. Its flow media volume was 350
inch®. No leakage was observed after flowing water through those
channel surfaces at a pressure ranging from 276 to 689 kPa. AFM was
attributed to the effective sealing between stacked laminae. Surface
roughness improvement from 4.9 to 0.13 pm Ra was observed in those
internal channel surfaces. In the previous research done by
Duval-Chaneac et al. [15], they created an SLM maraging steel 300 pin
part. It is assembled with a 40-mm-long internal channel (¢14.5). They
finished the pin part’s surface with four different AFM media, with
different media viscosity (low viscosity (LV) and medium viscosity
(MV)) and abrasive weight concentration (35, 50, and 65%) but with the
same grit size (150 grit). A significant reduction in surface roughness
from 13 to 2 um Sa after AFM with MV65%-150 having a medium vis-
cosity (MV) and higher abrasive concentration (65%) has been
observed.

In the previous attempts to finish the internal channels, such as L-
shaped, U-shaped, and straight channels, the channels have a short and
simple geometry. By contrast, conformal cooling channels in molds
adopt longer and more complicated channel geometries. They form
helical (spiral) and/or multi-channels to surround the part in the molds.
Thus, it is necessary to fabricate more complex shapes of conformal
channels by SLM. Then, the conformal channel surfaces are finished by
AFM. Their surface roughness improvement is discussed in terms of
areal surface roughness parameters.

2. Experimental methods
2.1. Selective laser melting (SLM) conformal channel fabrication

As mentioned in the introduction, conformal channels constitute
different shapes of channels and multi-channels to surround the part in
the injection molding. Therefore, different shapes of channels, such as
straight and helical channels, were proposed in this study. Single and
multiple channels were also proposed and given by varying their
channel numbers from one to three. Table 1 lists conformal cooling
channels having different shapes and numbers of channels to study their
fabrication by selective laser melting (SLM) and finished by abrasive
flow machining (AFM).

These conformal cooling channels were fabricated by selective laser
melting (SLM) using an SLM machine (EOS M270). Maraging steel 300 is
employed as a powder material in this study because it is widely used in
the mold industry and can be applied to the mold having a conformal
cooling channel. As shown in Fig. 5, different types of internal cooling
channels were built in the bar by selective laser melting (SLM). The SLM
is done in the vertical direction. Thus, as shown in Fig. 5(a), the straight
channel has the same direction as the SLM building one. The SLM bar is
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Fig. 3. A schematic illustration of a two-way AFM: (a) up-stroke, (b) down-stroke, and (¢) AFM media (MV50%-150).

Table 1
Conformal cooling channels having different shapes and numbers of channels.
. Ratio of total channel length to channel
Channel type Channel shape Number of channels Total channel length Channel diameter diameter
(mm) (mm)
(L/D)

1 Straight 1 channel 120 3 40

2 Straight 2 channels 240 3 80

3 Straight 3 channels 360 3 120

4 Helical 1 channel 240 3 80

5 Helical 2 channels 480 3 160

6 Helical 3 channels 720 3 240

. 1 channel
7 Helical with smaller lead 360 3 120

21 mm in diameter and 110 mm long. We chose an internal channel
diameter of 3 mm so that we have a high ratio of the internal channel
diameter to its channel length.

2.1.1. Geometric characteristic in helical channels

The helical channel is characterized by a helix. Trigonometry to
characterize lead and lead angle in a helical channel (type #4) is shown
in Fig. 6.

A conformal channel (type #4) has a lead of ljeaq = 21.9 mm and a
lead angle of @ = 27.8°. The channel center forms a helix with a diameter
of d; = 13.2 mm. Table 2 compares dimensions in helical channels be-
tween type #4 and #7.

Table 2 shows that a helical channel (type #7) has a smaller lead
than that of type #4. Thus, it has a longer channel length (360 mm) than
that (240 mm) of the channel (type #4). All types of conformal channels
from type #1 to #7 were finished with AFM.
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2.2. AFM finishing of conformal cooling channel

We designed an AFM fixture to hold the SLM bar and to flow AFM
media through the conformal channel for its surface finishing. The
experimental set up for AFM finishing of the conformal channel surface
and its cross-section view are shown in Fig. 7. A two-way AFM machine
(Extrude Hone) is employed to perform AFM on the conformal cooling
channel as shown in Fig. 7(a). Cross-section views of the SLM bar and its
AFM fixture are given in Figs. 7(b) and Fig. 8. The SLM samples have the
same inlet and outlet to flow AFM media as shown in Fig. 4. Two caps
were covered over the top and bottom surface of the SLM bar, and then
they were placed into the sleeve. All elements, such as the SLM sample,
two caps, and the sleeve were fixed at the top and bottom regions. Then,
they were mounted on the AFM fixture and clamped by lowering the
upper AFM cylinder. By applying AFM pressure with upper and lower
cylinders in the AFM machine, AFM media flows through the internal
cooling channel in the SLM bar. Parameters of the AFM media and the
AFM machine are given in Table 3.
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Type #7

Type #1 Type #4
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Fig. 4. CAD modeling of bars having seven types of conformal cooling channels (¢3mm): from type #1 to #7.
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Fig. 5. SLM bar and conformal channel fabrication: (a) one straight channel
(type #1), (b) one helical channel (type #7).

AFM media, ULV50%-54, is used. Silicon carbide (SiC) abrasive and
polyboroxane polymer carrier were used in the AFM media. It stands for
ultra-low viscosity, abrasive concentration (wt. %) of 50%, and abrasive
grit size of 54. AFM media with ultra-low viscosity (ULV) is chosen
because it is effective to polish a small diameter channel (¢3) as
compared to the workpiece channel (¢14.5) in the previous study [15].
The extrusion pressure by the AFM cylinder was set to be 80 bars (8
MPa). The flow volume per each stroke of AFM, that is, up-stroke and
down-stroke of the AFM flow, was set to be 327741 mm?®. Since one cycle
of two-way AFM is composed of one up-stroke and one down-stroke, the
flow volume per one cycle is 655482 mm®. AFM finishing of each type of
conformal channel surface was performed for 10 cycles.
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Fig. 6. Trigonometry to characterize lead and lead angle in a helical channel
(type #4).

Table 2

Dimensions in helical channels (type #4 and #7).
Channel Lead Channel center path Location Lead angle
type (mm) diameter (mm) length (mm) (degree)
Type #4 21.88 13.2 41.5 27.8
Type #7 13.07 13.2 41.5 17.5

2.3. AFM flow characterization — velocity of AFM media flow

We employed seven types of conformal channels, which differ in the
number of channels and the total channel length as given in Table 1. We
characterized AFM flow in terms of velocity of AFM media flow. To
calculate the velocity of AFM media flow, a diagram to show AFM media
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SLM sample

Fig. 7. (a) Experimental set up for AFM finishing of the conformal channel surface and (b) a cross-section view of the SLM bar (type #1) and its AFM fixture.

SLM sample

Fig. 8. Cross-section views: (a) SLM bar (type #2) and (b) SLM bar (type #7) and its AFM fixture. Hidden lines are shown in each SLM bar.

2 2
Table 3 (%) = TX (3%) = 7.1 mm?.
AFM parameters used in AFM finishing.

AFM media ULV50%-54 Qytinger =A1 X Vi = Ay X vy 2)
Extrusion pressure (bars) s 80 The average velocity of AFM media flow in one channel, v, (mm/
Flow volume per one cycle (inch®) 40 (0.66 L) sec), in Fig. 9(a), can be given by
Cycle 10
cylinder Vc inder mm3
V2= QX =, (;Iecd) ><(A (mznz) 3
flow in single and multiple channels is given in Fig. 9. 2 eyele 2
As specified in Table 3, the flow volume of AFM media per one cycle, In the case of AFM flow through two channels in Fig. 9(b), using the
Viyitinder> is 655482 mm?®. We measure one cycle time, t; (sec), during continuity equation, Qqin¢er can be given as (4) in terms of the average
AFM. Thus, the flow rate, Qcyjinger (mm?®/sec), through the cylinder of the velocity of AFM media flow through the AFM cylinder, v;, and the
AFM machine can be expressed as (1) average velocity of AFM media flow through the conformal channel, v.
Veytinder (mm3) Ocytinder =A1 X Vi = Az X v3 =2 X Ay X 13 “4)

(€8]

Qcylimler =
Foyee(sec) Thus, the average velocity of AFM media flow through two channels,
Jain et al. [16] used a continuity equation to calculate the velocity of v3 (mm/sec), in Fig. 9(b) can be given by

AFM media flow through the channel. In Fig. 9(a), using the continuity

cylinder Vc’in ler 3
equation, Qqiin¢r can be given as (2) in terms of the average velocity of V3= gi’ ; = (se:: l) d>< 5 (;n:‘n ()mmz) 5)
AFM media flow through the AFM cylinder, vy, and the average velocity 2 ok :
of AFM media flow through the conformal channel, v,. A, is a In the case of AFM flow through three channels in Fig. 9(c), using the

continuity equation, Qqin¢er can be given as (6) in terms of the average

. 2y : —
cross-section area (mm©) in the conformal channel, thus, A, = 7 x velocity of AFM media flow through the AFM cylinder, v, and the
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(b)

(©)

Fig. 9. Velocity of AFM media flow in: (a) 1-channel, (b) 2-channel, (c) 3- channel.

average velocity of AFM media flow through the conformal channel, v,.

©

Thus, the average velocity of AFM media flow in three channels, v,
(mm/sec), in Fig. 9(c) can be given by

Qcy[inder:Al XV = A4 X vy = 3 x A2 X Vy

chlinder (mm3)
feyete(s€C) X 3 X Ay (mm2)

Qcylinder _

va= 3><A2_

)

We measured a total cycle time in AFM for 10 cycles. The total cycle
time in AFM for 10 cycles is given in Fig. 10. A cycle time, t.q., can be
calculated by dividing the total cycle time by 10. The average velocities
of AFM media flow, such as v,, v3, and v, through one, two and three
channels can be calculated using Eq. (3), Eq. (5), and Eq. (7),
respectively.

The average velocities of AFM media flow in all types of conformal
channels are given in Fig. 11. The velocity of AFM media flow in the
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Fig. 10. Total cycle time in AFM for 10 cycles of conformal cooling channels.
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Fig. 11. The average velocity of AFM media flow in each type of channel.

straight conformal channels (type #1, #2 and #3) decreases as the
number of channels increases. The velocities of AFM flow in two and
three straight channels are 27% and 45% lower than that in one straight
channel. The same trend is seen in the helical conformal channels (type
#4, #5, and #6). The velocities of AFM flow in two and three helical
channels are 47% and 66% lower than that in one helical channel. The
average velocity of AFM media flow decreases as the total channel
length increases among type #1, #4, and #7 having one channel. The
velocities of AFM flow in one helical channel with big and small lead
angle are 26% and 46% lower than that in one straight channel. This
observation can be due to the bigger minor loss, which results from the
bigger friction between the AFM media and the surface in the longer
channel.
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2.4. Characterization of the surface topography of the conformal cooling
channels

To compare the surface topography of all types of conformal chan-
nels before and after AFM, we characterize the surfaces of conformal
channels with a focus variation microscopy. Surface roughness mea-
surement of different types of internal channels using a contact stylus is
constrained to their internal channel geometries. Thus, to measure
surface roughness of those conformal cooling channels, we machined
the SLM bar by milling (type #1) and grooving (type #2 to #7) in a CNC
milling and turning machine. Those internal surfaces were exposed.
Then, we used a focus variation microscope (InfiniteFocus G5, Alicona)
to measure surface roughness of the exposed internal channel surface
before and after AFM finishing. The dimension and pictures of the
machined region of SLM bars are given in Fig. 12 and Fig. 13.

The grooved SLM bar was mounted on the stage of the focus variation
microscope as shown in Fig. 14. As indicated as a rectangular region on
each grooved SLM bar in Fig. 13, the measured areas are (2.5 x 3) mm
for channels. The measurement was conducted with a 20 x objective lens
with a vertical resolution of 50 nm and a lateral resolution of 2 pm. The
pixel size is (0.438 x 0.438) pm. Three different points in each type of
conformal channel were measured.

We analyzed the internal channel surface (type #3) using scanning
with the focus variation microscopy. The internal channel surface is
given as a height map in Fig. 15(a). The internal channel surface is cy-
lindrical in shape, as shown in Fig. 15(a). The cylindrical form is
removed by the form removal process using the software (Alicona), as
shown in Fig. 15(b). The “form removal” process of the helical channel
surface (type #7) is shown in Fig. 16. Even after the cylindrical surface,
with its channel diameter of d¢hannel = 3 mm, is removed, there is still a
cylindrical surface with a helix diameter of d; = 13.2 mm, as shown in
Fig. 16(b). Thus, the form removal process is done, and the final form
removed surface was obtained as shown in Fig. 16(c).

After the “form removal” process of the internal channel surface, for
areal texture (ISO 25178-2) analysis of its surface, we select a rectan-
gular region of (2 x 2) mm on the surface. Thus, after the “form
removal” process twice, we rotate the “form removed” surface by 62°
with respect to the Z-axis using the software (Alicona). After rotating it,
we chose a (2 x 2) mm region as shown in Fig. 17. To analyze areal
texture parameters, we applied a cutoff wavelength of Lc = 0.8 mm in
both X and Y directions on the chosen (2 x 2) mm region in Fig. 17.
Then, we used a “Gaussian filter for flat surfaces” (ISO 16610-61, Linear
Planar, Order 0).

Type #4

Fig. 12. Dimensions of SLM bars where internal channels were exposed after
grooving (type #4 to #7).
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3. Results and discussion

3.1. Optical micrographs of the surface of conformal cooling channels
before and after AFM

Optical micrographs and corresponding color height maps before
and after AFM are given in Fig. 19 for straight channels and in Fig. 20 for
helical channels. The channel direction of the straight conformal cooling
channels (type #1, #2, and #3) corresponds to the SLM building di-
rection. We recall that the SLM bars were fabricated at a building angle
of 90°, as shown in Fig. 5. These straight conformal channel surfaces in
Fig. 19(a) correspond to the side surfaces of the SLM built channel. After
performing AFM for 10 cycles in the straight conformal channels, AFM
flow marks are visible on their surfaces in Fig. 18(b). These optical
micrographs reveal a significant surface topography change by AFM.

As shown in Fig. 18(a), the channel direction of the helical conformal
cooling channels (type #4, #5, and #6) is indicated as a white arrow.
The SLM building direction is indicated as a red arrow. The channel
direction and the SLM building direction form a 62° angle, as shown in
Fig. 17. This is a complementary angle of the lead angle of = 28°, as
given in Table 2. The AFM flow direction is indicated as a yellow arrow
in Fig. 18(b). AFM flow marks are also quite visible. The SLM surface
texture was removed. However, more valley regions in the helical
channel surface (type #4) are observed than those in the straight
channel surfaces (type #1, #2, and #3). The surface in the channels
(type #5 and #6) appears to be rougher than other surfaces. This
observation can be linked to the lower velocity (See Fig. 11) of AFM flow
in the channels (type #5 and #6). It appears that the SLM surface texture
in the conformal channel (type #7) was removed more than those of
channels (type #5 and #6) because its velocity (See Fig. 11) of AFM flow
is higher than those of channels (type #5 and #6), as shown in Fig. 11. In
addition to optical micrograph analysis in this section, surface texture
characterization in terms of areal parameters is conducted in the next
section.

3.2. Areal parameter analysis of surfaces in conformal cooling channels

As discussed in introduction, AFM has been shown to be effective to
polish internal channels [14-20]. Very low level of surface roughness by
0.4 pm Ra [17] after AFM has been achieved. It can be noted that the
initial channel surface textures before AFM were produced by conven-
tional processes, such as milling [17], turning [18]. However, SLM built
surface is characterized by irregular textures, such as unmolten power,
local waving, pits, and cracks [5]. Thus, areal surface roughness pa-
rameters (ISO 25178-2) have increasingly employed to characterize
textures and topographies of SLM built surfaces. Therefore, character-
ization of the surface topography of conformal channel surfaces before
and after AFM in terms of areal roughness parameters (ISO 25178-2) is
mainly addressed in this section.

As shown in Figs. 15-17, we conducted a “form removal” process and
chose a region on the internal surface of all types of internal channel
surface (from type #1 to #7). Then, those surfaces were analyzed in
terms of areal roughness parameters (ISO 25178-2). Fig. 20(a) shows
arithmetical mean height, Sa, of the conformal cooling channel surfaces
before and after AFM. The straight cooling channel surfaces (type #2
and #3) have arithmetical mean height of about 8 pm Sa. On the other
hand, the helical cooling channel surfaces (type #4 to #7) exhibit
arithmetical mean height of about 10 pm Sa. We recall the straight and
helical channels in Fig. 20(b). The staircase effect is observed on the
inclined surfaces fabricated layer-by-layer in SLM in Fig. 21. Thus, this
staircase effect can contribute to a higher areal roughness of the helical
channel surfaces than that of the straight channel.

As we compare areal roughness progress between a 1-helical channel
and 2- and 3-helical channels (e.g., type #4 vs. type #5 and #6), surface
roughness progress in the 2- and 3-helical channels is lower than that in
the 1-helical channel. This observation can be attributed to the velocities
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Fig. 13. Grooved SLM bars where internal channels were exposed after grooving: (a) A total of 14 bars (seven before AFM and seven after AFM) are illustrated,
Optical micrographs of channel surfaces (type#4): (b) before and (c) after AFM.

SLM bar
Mounting jig

Fig. 14. SLM bars mounted on the jig on the focus variation microscope stage: (a) straight three-channel (type #3) and (b) helical one-channel (type #4) samples
were exposed.

Height (mm) Height (jum)

oM

Fig. 15. “Form removal” process of the straight channel surface (type #3): (a) internal channel surface and (b) “form removed” surface.

of AFM media flow in type #5 and #6 (2- and 3-helical channels) being less amount of abrasive grains flow on the channel surface, reducing
lower than that in the 1-helical channel (type #4), as shown in Fig. 11. In opportunities to decrease the surface roughness. We recall the different
addition to the velocity of AFM media flow, less amount of AFM media total channel lengths such as 120, 240, and 360 mm in the single
passes through the multi-channel than through the single channel. Thus, channels (e.g., type #1, #4, and #7) in Table 1. As we compare areal
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Fig. 16. “Form removal” process of the helical channel surface (type #7): (a) internal channel surface, (b) “form (cylindrical surface with a channel diameter)
removed” surface, (c) “form surface (cylindrical surface with a helix diameter) removed”.
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Fig. 17. Internal channel surface selection for areal texture (ISO 25178-2) analysis in the helical channel surface (type #4) after AFM. (“dir.” indicates direction.)

roughness progress between single channels having different channel
lengths, (type #4 vs. type #7), surface roughness progress decreases
with its channel length increasing. In Fig. 11, it can be seen that the
velocity of AFM media flow in the single channel (type #1, #4, and #7)
decreases as its channel length increases. This observation can
contribute to the difference in the areal roughness progress among
samples having a single channel.

The root mean square gradient, Sdq, and the developed interfacial

28

area ratio, Sdr, of SLM internal channel surfaces were also found to be
sensitive to the AFM process. A schematic illustration of the evolution of
Sdr and Sdq values of the surface is given Fig. 22. As the slope of the
surface texture decreases, Sdq decreases in Fig. 22(a). The surface area
of the texture also decreases. Thus, Sdr also decreases. Thus, Sdr de-
creases in Fig. 22(b).

The root mean square gradient, Sdq, of SLM internal channel surfaces
before and after AFM is given in Fig. 23. High peak regions in the initial
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Fig. 18. Optical micrographs and height color maps of straight channels before and after AFM: (a) type #1, (b) type #2, and (c) type #3.

internal surface fabricated by SLM have a high surface gradient,
resulting in higher root mean square gradient value of Sdq. They range
from 0.9 to 1.2 Sdq. The SLM texture, such as peak regions of internal
surfaces, were removed after AFM. Therefore, their surface gradient can
change from sharp to gradual gradient after AFM.

This observation can justify that their Sdq value decreases up to 0.2
in the straight channel surfaces. In helical channels, such as type #5, #6,
and #7, their Sdq values range from 0.3 to 0.4 due to their lower surface
roughness progress than those of straight channels.

As shown in Fig. 24, the initial surfaces of SLM internal channels
have a very high developed interfacial area ratio, from 30 to 50% Sdr.
High peak regions observed in SLM fabricated internal surfaces can in-
crease their additional surfaces, causing higher values of Sdr. After AFM
for 10 cycles, their developed interfacial area ratio decreased to 2% in
Sdr, indicating that their surfaces are close to a flat surface. In helical
conformal cooling channels (type #5, #6, and #7), their Sdr values
range from 7 to 9% due to their lower surface roughness improvement
than those of straight channels (type #1, #2, and #3).

We analyzed the reduced peak height, Spk, and reduced valley
height, Svk, before and after AFM. We also analyzed the skewness of the
selected area. As shown in Fig. 26(a), the SLM fabricated initial surfaces
of all types of channels show very high reduced peak values of about
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20-30 pm Spk. Those values are much higher than those of a reduced
valley of about 10 pm Svk in Fig. 26(b). Therefore, its skewness exhibits
a high positive value over 1 in Fig. 27. As shown in Figs. 19 and 20, in
comparison of micrographs of the internal surfaces before and after
AFM, most of the peak regions were removed after AFM for 10 cycles.
AFM flow lines and some remaining valley regions were observed. This
surface topography evolution and areal parameters are illustrated in
Fig. 25. Thus, reduced peak values after AFM decreased significantly
below 5 pm Spk in the surfaces, such as type #2 to #6 as shown in Fig. 26
(a). Since some valley regions remain on their surfaces after AFM, their
reduced valley values are over 5 pm Svk in Fig. 26(b). Thus, negative
skewness after AFM is observed in their surfaces in Fig. 27. In the
conformal channel surface (type #7), although its reduced peak value is
higher than 5 pm Spk after AFM in Fig. 26(a), its reduced valley value is
about 11 pm Svk after AFM in Fig. 26(b). Thus, its skewness value is also
negative in Fig. 27.

In this section, surface topography of SLM built and AFM finished
conformal channel surfaces was characterized by areal roughness pa-
rameters (ISO 25178-2), such as Sa, Sdr, Sdq, Spk, Svk, and Ssk. It can be
noted that most of AFM works have been dedicated to investigation of
Ra change after AFM finishing of the surface with regular textures
produced by conventional process [1,2]. However, as mentioned earlier
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Fig. 19. Optical micrographs and height color maps of helical conformal channel surfaces before and after AFM: (a) type #4, (b) type #5, (c) type #6, and (d)

type #7.

in this section, SLM built surface exhibits very irregular patterns. Surface
topography characterization in this section can provide more insights on
the capability of the AFM process to finish the SLM built conformal
cooling channel.

3.3. Effect of the surface roughness on the cooling performance of the
channel

The effect of the roughness on the cooling performance of the in-
ternal channel also has been studied. As compared to SLM built internal
channel, the counterparts with lower surface roughness have been
produced by free abrasive grains [11], drilling [21], and heat treatment
[22]. Furumoto et al. [11] performed free abrasive finishing, leading to
surface roughness improvement from 80 to 20 pym Rz. They found 4%
reduction in cooling time in the finished surface as compared to the
initial rough surface. Liu et al. [21] compared cooling performance
between SLM built and drilled cooling channels. Surface roughness of
the SLM built channel was much higher (Ra = 14 pm) than that of drilled
channel surface (Ra = 6 pm). In their study, the cooling performance
was indicated in terms of Nusselt number, Nu, and fluid flow rate. The
cooling performance of the SLM built channel was shown to be lower
than that of the drilled one. Snyder [22] improved the SLM Inconel-939
channel surface roughness (from 35 to 20 pm Ra) by heat treatment,
which is done at temperature close to melting range for 8h. The
roughness of the cooling channel can affect the heat transfer and pres-
sure drop on its surface. They are compromising factors. In the heat
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treated channel surface (Ra 20 pm), he found 50% reduction in
pressure drop, while only 18% reduction in heat transfer as compared to
those in SLM as built channel surface (Ra = 35 pm). Consequently, the
overall cooling efficiency was found to increase in the channel surface
with lower surface roughness. Previous studies show that improved
surface roughness can enhance the cooling performance of the channel.
Thus, AFM finished SLM built conformal cooling channel is expected to
increase its cooling performance as compared to the SLM as-built one.

3.4. AFM finished SLM built channel’s surface roughness compared to
conventional channel’s roughness

The AFM finished channel’s surface roughness can also be compared
to the practical specification of the internal cooling channel. In con-
ventional cooling channel system, especially in the injection molding
industry, drawn metal pipes, such as copper, brass, and stainless steel,
are employed. Their typical internal surface roughness of new drawn
copper and stainless pipes varies from 1.5 to 10 pm Rz [23]. Rz value can
be used to represent the surface roughness of the pipe surface [24]. The
channel surface (type #1) in Fig. 18(a) is characterized by AFM flow
mark, commonly observed in the fully AFM finished surface [17,18],
indicating that most of SLM generating irregular patterns (e.g., unmol-
ten powder, local wavings, and pits) were completely removed. In the
channel surface (type #1) after AFM in Fig. 18(a), its Rz value was
measured to be 1.6 pm. Therefore, it can be said that the fully AFM
finished SLM built channel surface can meet the conventional pipe’s
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internal channel Rz values.
4. Conclusion

This paper aimed to investigate the efficiency of the AFM finishing
process to decrease surface roughness in complex channels. Seven
different geometries of single and multiple channels have been designed
and built by SLM. Then, the internal cooling channel surfaces were
finished with AFM, and their surfaces were analyzed in terms of areal
parameters (ISO 25178-2).
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e AFM is shown to be effective in improving all proposed types of SLM
conformal cooling channels’ arithmetical mean height, Sa. In
particular, a straight conformal cooling channel surface (type #1)
has improved from 7.6 to 1.3 pm Sa by AFM finishing.
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reduced valley height, Svk, before and after AFM.

e The velocity of AFM media flow in the channels can affect the
progress of the arithmetical mean height, Sa;

- The more numbers of internal channels are present, the lower ve-

locity of AFM media flow was observed. The velocities of AFM flow
in two and three straight channels are 27% and 45% lower than
that in one straight channel. The velocities of AFM flow in two and
three helical channels are 47% and 66% lower than that in one
helical channel. Thus, the progress of arithmetical mean height, Sa,
in the multi-channel is lower than that in the single channel.
The longer the internal channel is, the lower velocity of AFM media
flow was seen. The velocities of AFM flow in one helical channel
with big and small lead angle are 26% and 46% lower than that in
one straight channel. Thus, the progress of arithmetical mean
height, Sa, in the longer channel is lower than that in the shorter
channel.
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e The amount of AFM media flowing through the channels also affects
the reduction in the areal roughness, Sa;
- Less amount of AFM media flows through the multi-channel than
through the single channel.
- Thus, it is necessary to increase the AFM media volume in the
multi-channel to keep the same amount of AFM media flowing
through the single channel.

Areal parameters on the internal cooling channel surfaces were also
found to be sensitive to surface finish by AFM;

e Since the peak regions were removed by AFM, the developed inter-
facial area ratio, Sdr, and the root mean square gradient decreased
significantly, indicating that rough surfaces become smooth ones.

e The initial SLM internal channel surface is characterized by much
higher reduced peak value, Spk, than reduced valley one, Svk.

o After AFM, the high peak regions were removed by AFM, and the
AFM flow lines and the remaining valley regions were visible. Thus,
the Svk value on the internal cooling channel surface becomes higher
than the Spk value after AFM. Consequently, its skewness, Ssk,
changes from high positive to high negative values after AFM.

This study can provide more insights on the capability of the AFM
process to finish the SLM built conformal cooling channel. Previous
studies showed that cooling efficiency of the internal cooling channel
increased with its surface roughness decreasing. Therefore, this study
suggests that the AFM finished SLM built internal cooling channel can
enhance its cooling efficiency as compared to the SLM as-built one. Also,
in fully AFM finished SLM built internal channel, its surface roughness is
shown to be comparable to that of the cooling pipes used in the con-
ventional mold.
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Nomenclature
liead Lead length of a helical channel (mm)
0 Lead angle of a helical channel (°)
dchannet  Channel diameter of an internal channel (mm)
d; Rotating diameter of a helical channel center (mm)
Sa Arithmetical mean height of the scale limited surface (um)
Sdr Developed interfacial area ratio (%)
Sdq Root mean square gradient ()
Spk Reduced peak height (um)
Svk Reduced valley height (um)
Ssk Skewness of selected area ()
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