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Groove wick micro heat pipes are characterized by light weight, fast thermal response and high
permeability which are in line with the current trend of lightweight electronic devices. As an effi-
cient heat transfer device, flat micro heat pipes (FMHP) have been widely used for thermal man-
agement of electronic devices because of their excellent thermal performance and high reliability. In
this paper, FMHP with microgrooves wick was processed on the copper substrate by 1064nm pulsed
fiber laser. The influence of various laser processing parameters including pulse duration, scanning
speed, scanning interval and the number of scanning cycles on the size and morphology of groove
structures have been studied. The grooves with different aspect ratio are obtained by changing the
number of scanning cycles, and the effects of aspect ratio on the droplet flow velocity are investi-
gated respectively. Experimental results indicate that grooves with larger aspect ratio exhibits great-
er capillary pressure which leads to a faster droplet flow velocity. Groove wick with the aspect ratio
of 2.5 whose average groove depth of 125 pm and groove width of 50 pum is fabricated successfully,

and the FMHP with the groove wick of this type have the best heat transfer property.
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1. Introduction

Recently, with the rapid development of microelectron-
ics technology and the information industry, high power
and highly integrated electronic chips generate more heat
and create a challenge for heat dissipation and cooling,
corresponding thermal management systems are urgently
required [1-3]. As an efficient heat transfer device, flat mi-
cro heat pipes (FMHP) have been widely used for thermal
management of electronic devices because of their excel-
lent thermal performance and high reliability.

The thermal performance of the FMHP depends mainly
on the capillary structure, lots of experimental and theoreti-
cal work have been published on flat heat pipes with differ-
ent inner capillary structures, such as sintered powder
wicks [4, 5], screen meshes [6, 7], grooves [8, 9] and com-
posite wick [10]. The main features of groove wick heat
pipe are light weight, fast thermal response, and high per-
meability, which is in line with the trend of light and thin
electronic devices. Current methods to process the groove
wick are chemical etching, electro-discharge machining
(EDM), extrusion—ploughing [11, 12] and laser processing
[13, 14]. Compared with other processing methods, laser
processing is simple, flexible and high machining precision,
it is particularly suitable for processing grooves wick. But
weak capillary force due to the groove wick structure can
be a shortcoming. Several studies were conducted to opti-
mize the grooves of the heat pipe to overcome the weak
capillary force. For instance, Li Xibing et al. [15] estab-
lished several mathematical models for theoretical analysis,
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and finally experiments were conducted on micro heat
pipes of different groove structures manufactured by high
speed spinning. The results showed that a micro heat pipe
with trapezium-grooved wick has fairly good warm starting
performance. That is, the heat pipe can enter from the non-
working state to the working state more quickly, and its
inclination angle greatly influences heat transfer perfor-
mance. C. Wang et al. [16] presented two different flat
plate heat pipes. The capillary structure is made of inter-
sected narrow grooves for the first heat pipe and interlaced
channels for the second heat pipe. The results disclose that
the special design of second heat pipe can improve the heat
conduction in axial direction and enhance the capillary
effect. Dung et al. [17] developed a capillary-driven two-
phase flow model and further examined the influences
caused by different micro-grooves, fluids, temperatures,
radiuses and widths of groove. The study concluded that
the triangular-microgroove has better influence of the lig-
uid front position than semicircular-microgroove, and wa-
ter has better influence of liquid front position than ethanol
and benzene. Deng et al. [18] presented the capillary rise in
copper micro V-grooves using two liquid acetone and etha-
nol. Micro V-grooves with deep and narrow profile, namely
large aspect ratio, were found to be generally favorable to
promote the capillary limit of grooved heat pipes. And he
pointed out that micro V-grooves should be carefully de-
signed to improve the heat transfer capacity, which in gen-
eral should be of deep and narrow profile or large aspect
ratio.
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Fig. 1 (a) Schematic representation of droplet flow velocity measurement with 10 uL per injection, then camera was used to observe the
spread of droplets. (b) Schematic representation of testing heat transfer performance. Voltage regulator was used to adjust different power
to heat evaporation section. Thermocouples were used to measure the temperatures of evaporation section and condensation section, and

collect them to data acquisition system.

In this paper, FMHP with microgrooves was processed
in the copper substrate by 1064nm pulsed fiber laser. The
influence of various laser processing parameters including
pulse duration, scanning speed, scanning interval and the
number of scanning cycles on the size and morphology of
groove structures have been studied. The flow properties of
droplets on the surface of groove structures with different
aspect ratios were studied. In addition, the effects of groove
wicks with different aspect ratio ranging from 0.5 to 2.5 on
the heat transfer performance of FMHP were studied in
detail.

2. Experimental
2.1 Materials

Copper substrate (99.9% purity) with a dimension of 10
mm % 100 mm X 3 mm was polished mechanically with the
800 and 1500 meshes SiC sandpapers respectively. Then it
was cleaned ultrasonically in ethanol about 3 minutes, after
that, it was taken out and dried it with compressed air be-
fore laser irradiation.

2.2 Experimental device and method

An IPG nanosecond laser source wavelength of 1064
nm, pulse repetition rate of 20 kHz ~ 500 kHz, and pulse
duration 4 ns ~ 200 ns adjustable was used in the experi-
ments. The focused diameter of the laser beam was approx-
imately 30 um. A two mirror galvanometric scanner with
an objective lens (f= 100 mm) was used to focus and scan
the laser beam in the horizontal direction. The laser scan-
ning was performed line-by-line in the horizontal direction.
After laser irradiation, the sample was cleaned ultrasonical-
ly with ethanol. Droplets were dropped on the surface with
10uL per injection. Then camera was used to observe the

spread of droplets with LED light illuminating the substrate.

The distance of the droplets flow at different time from the
ruler can be seen clearly. Finally, the droplet flow velocity
was measured as shown in Fig. 1a. Moreover, the method
to test the heat transfer performance of FMHP was shown
in Fig. 1b. Voltage regulator was used to adjust the heating
power. The temperatures of evaporation section and con-
densation section were measured by thermocouples, and
the data was collected to data acquisition system. Accord-
ing to temperature and heating power, the thermal re-
sistance of FMHP can be obtained.

2.3 Determination of laser processing parameters
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Processing parameters directly affect the morphology
of the grooves. In order to explore the most suitable laser
processing parameters for the fabrication of groove micro-
structures, the influence of various laser processing param-
eters including pulse duration, scanning speed, scanning
interval, and number of scanning cycles on the size and
morphology of micro grooves were studied, respectively.

2.4 Surface analysis

After laser irradiation, the copper surfaces with groove
structure were created on pure copper substrate. The ob-
tained structured surfaces were ultrasonically cleaned in
ethanol for about 3 minutes to eliminate possible residues
or contaminants. Then the samples were dried by compres-
sive air for about 5 minutes. The morphology of the laser
structured surfaces was studied by scanning electron mi-
croscopy (SEM, S-3400N-II, HITACHI Inc., Japan). The
topography measurements were performed using a three-
dimensional (3D) laser confocal microscope (OLS4000,
OLYMPUS Inc., Japan).

3. Results and discussions
3.1 Laser structured surfaces

The microstructures are formed by the nanosecond la-
ser ablation. When the laser beam irradiates on the material
surface, surface thermal energy accumulates quickly and
significant increases in the temperature of material surface.
Depending on the magnitude of the temperature rise, vari-
ous physical effects in the material include heating, melting,
and vaporization of the material. Once the vaporization is
initiated at the surface of the material, the continued laser

Fig. 2 SEM images of laser structured surfaces that were per-
formed line-by-line in the horizontal direction. (a) SEM images of
the surface with groove structure. (b) Corresponding high-
magnification SEM image.

irradiation will cause the liquid—vapor interface to move
inside the material. This is accompanied with the evapora-
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tive removal of material from the surface above the liquid—
vapor interface. When the laser fluence is below the mate-
rial’s ablation threshold, no damage will be done to the
material surface. However, when the laser fluence is close
to the ablation threshold, the material surface begins to
melt within the laser irradiated zone. Further increasing the
laser fluence leads to precise material removal. The exper-
iment is performed with a Gaussian beam, which has a
higher energy at the center area of the circular spot than the
edges. Hence, more material is ablated in the center of the
laser beam scanned path, which resulting in the formation
of groove structure and raised areas at the edge of the laser
beam scanned path, as shown in Fig. 2a. The laser scanning
is performed line-by-line in the horizontal direction. As a
result, the laser irradiated surface was characterized with
periodic arrays of grooves.

The topography of the groove structure changes greatly
with different pulse duration. Pulse duration from 4ns to
200ns is selected respectively, as shown in Fig. 3. When the
pulse duration is 100 ns, it is conducive to prepare high
aspect ratio groove structure, as shown in Fig.3(c). Accord-
ing to the processing results of different pulse duration, we
finally chose 100 ns as the best pulse duration to fabricate
the groove structure. In a pulse duration of 100ns, surface

Fig. 3 Surface morphologies under different pulse duration. (a)
4ns, (b) 20ns, (c) 100ns, (d) 200ns.

Fig. 4 Surface morphologies under different scanning speed at
pulser duration of 100 ns. (a) 50 mm/s, (b) 100 mm/s, (c) 200
mnys, (d) 500 mm/s.

topographies and morphologies under different scanning
speeds are observed respectively, as shown in Fig. 4. When
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the scanning speed is 500 mm/s, the groove is very shallow.
When the scanning speed is less than 100 mm/s, the re-
solidification layer at the edge areas and inside the grooves
are accumulated serious. So in comparison, the scanning
speed of 200 mm/s is more suitable for processing high
aspect ratio groove wick. Therefore, the follow-up experi-
ments are all performed under conditions with pulse dura-
tion of 100 ns and scanning speed of 200 mm/s.

3.2 Effects of laser processing parameters on groove
structures
3.2.1 Effects of scanning interval

To fabricate high aspect ratio groove wick, the effect of
different scanning intervals on the topographies and mor-
phologies of groove structure have been studied. When the
scanning cycles is 4, scanning speed of 200 mm/s, pulse
repetition rate of 40 kHz, pulse duration of 100 ns, four
scanning intervals of 50, 60, 70, 80 um are studied respec-
tively. Fig. 5 shows the SEM and 3-D profile images of
surface topographies and morphologies under different
scanning interval. Fig. 5(al) shows that when the scanning
interval is 50 pm, the re-solidification layers is accumulat-
ed at the edge area and integrate together with grooves. As
the scanning interval increases, re-solidification layer grad-
ually separate and finally accumulate at the edge area but
cannot join together, this makes part of the surface blank
(Fig. 5(d1)). As shown in Fig. 5(a4), the period of these
grooves is 50 pm which is similar to the interval of the ad-
jacent laser scanning lines, and the average depths of the
groove is about 90 um. When the scanning interval is 60
pm, the re-solidification layer can’t fully join together.
There are some micro-holes exist in the re-solidification
layer as shown in Fig. 5(b2). However, as the scanning
interval increases to 70 um and 80 pm, the re-solidification
layer on the top of grooves gradually begins to separate,
and finally achieves complete separation. The reason is that
the laser fluence used in the experiment is much higher
than the copper removal threshold. At this time, the materi-
al removal mode is mainly dominated by evaporation. The
material removed is ejected in an explosive manner. Due to
limited eruption distance, as the scanning interval increases,
the re-solidification layer cannot integrate together and
finally form the morphology like Fig. 5(c2, d2). The aver-
age depth of the groove has some decline tendency as
shown in Fig. 5(c4, d4). It can be seen that, by simply
changing the scanning interval of the laser beam, the topog-
raphy of the groove is tuned precisely. To get more effec-
tive number of grooves with high aspect ratio, the most
suitable scanning interval is 50 pm.

3.2.2 Effects of scanning cycles

From Fig. 5(d1), when the number of scanning cycles is
4, the average depth of the groove is 85 pm. Fig. 6 shows
the SEM and 3-D profile images of groove structure fabri-
cated with different number of scanning cycles. Four
groups of scanning cycles of 1, 6, 8, and 10 are selected at
the scanning interval of 50 pm, scanning speed of 200
mm/s, pulse repetition rate of 40 kHz and pulse duration of
100 ns. SEM images showed that the accumulation situa-
tion of re-solidification layer at the edge areas is similar,
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Fig. 5 Surface topographies and morphologies under different scanning interval, scanning cycles of 4, scanning speed of 200 mm/s, pulse
repetition rate of 40 kHz, pulse duration of 100 ns. (al-d1) SEM images of the surface with groove structure which were corresponding to
different scanning interval of 50 um, 60 pm, 70 um, and 80 pm. (a2-d2) Corresponding high-magnification SEM images. (a3-d3) Surface
3D height map obtained by the 3D laser microscope. The black lines show the corresponding areas for the topography measurement as

shown in a4—d4. (a4—d4) Corresponding surface profiles.

no matter how the number of scanning cycle is. Fig.
6(a4—d4) shows the average depth of groove structure fab-
ricated with different number of scanning cycles. When the
number of scanning cycles increases from 1 to 8, the aver-
age depth of groove structure presents an increase tendency.
In particular, when the scanning cycles is 8, the average
depth of groove reaches to the maximum of 125 um. And at
this time, the groove has the largest aspect ratio of 2.5.
When the number of scanning cycle is greater than 8 for 10,
the average depth of groove structure presents a saturated
tendency. The groove copper surfaces are fabricated by
repeating scanning sequences, and the surface material is
removed by the laser ablation. When the number of scan-
ning cycles increases, the energy density absorbed by the
surface material increased also, inducing more re-melting
of the surface structures. The debris was finally cooled to
form thick re-solidification layer on the copper surface. As
the scanning cycle continues to increase, the former re-
solidification layer is melted again, which results the re-
solidification layer is accumulated inside the grooves as
shown in Fig. 6(d3). As the number of scanning cycles con-
tinues to increase, the accumulation of re-solidification
layer became more serious, which is not conducive to the
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flow of droplets in the grooves. In summary, the best num-
ber of scanning cycle is 8. Under this circumstance, the
average depth of groove reaches to the maximum of 125
pm and corresponding aspect ratio of the groove wick is
2.5.

3.3 Comparison of droplet flow velocity

The droplet flow velocity has great influence on the
heat transfer performance of the heat pipe. From the work-
ing principle of heat pipe we can know that the faster the
droplet flow velocity, the greater the amounts of heat trans-
fer in the same time. Four groups of scanning cycles of 2, 4,
6, and 8 are selected to create the groove structures with the
aspect ratios of 1.0, 1.8, 2.2 and 2.5 respectively. After la-
ser irradiation, the samples are cleaned ultrasonically with
ethanol for 3 minutes to remove impurities on the surface.
The size of the laser structured area is 15 mm x 40 mm. As
shown in Fig. 7, the red line corresponded to the position of
droplet at 0.5 second and 1 second respectively. It can be
inferred that with the increasing of aspect ratio, the average
flow velocity of droplet on the groove surface has an in-
creasing trend before 0.5 second. But when the aspect ratio
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Fig. 6 Surface topographies and morphologies fabricated with different number of scanning cycles, scanning interval of 50 pm, scanning
speed of 200 mmy/s, pulse repetition rate of 40 kHz, pulse duration of 100ns. (al-d1) SEM images of the surface with groove structure
which were corresponding to different number of scanning cycles of 1, 6, 8, and 10. (a2-d2) Corresponding high-magnification SEM im-
ages. (a3-d3) Surface 3D height map obtained by the 3D laser microscope. The black lines show the corresponding areas for the topogra-
phy measurement as shown in a4—d4. (a4—d4) Corresponding surface profiles.
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Fig. 7 Comparison of flow velocity of droplet in the groove surface with different aspect ratio. Four aspect ratios of 1.0, 1.8, 2.2 and 2.5
are fabricated on the 15 mm x 40 mm area. The volume of droplet was 10 pL. The red line corresponded to the position of droplet at 0.5

second and 1 second, respectively.
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was greater than 1.8, the average droplet flow velocity
tended to be the same over time. As the picture shows at
time of 1 second, the average droplet flow velocity is al-
most the same. The main factor affecting the droplet flow
velocity is capillary force, which is determined by the as-
pect ratio of the grooves. Capillary driving force of V-
groove was analyzed in more detail by Rye et al. [19], as
shown in Eq. 1.
2yhg
= na (1
Where F is the capillary driving force, a is related to the
groove angle, 0 is the contact angle, v is the liquid surface
tension, and ho is the groove depth (Fig. 8). It can be
known from the formula, with the increase of o, namely,
the greater the aspect ratio, the greater the capillary force
provided by the groove structure. As shown in Fig. 7, be-
fore 0.5 second, the droplet has faster flow velocity on the
groove surface with higher aspect ratio. This is consistent
with the theoretical situation. However, as the aspect ratio
increases, the frictional resistance of the inner wall of the
groove to the liquid droplets also increases, which results in
the droplet flow velocity not continuing to increase with
the increase of the aspect ratio. Finally, the average droplet
flow velocity tends to be the same over time. Even so, the
groove with a large aspect ratio can drive more droplets at
the same time, which further improves the heat transfer
performance of the heat pipe.

[cos @ — cos a]

3.4 Heat transfer characteristics

The thermal performance of the flat micro heat pipe
(FMHP) in the horizontal orientation has been evaluated
under room temperature. A 15 mm x 15 mm copper heater

100um

Fig. 8 A schematic drawing of V-groove profile.

is attached to the lower surface of the evaporation section.
In the same way, a 15 mm X 15 mm copper cooler is at-
tached to the lower surface of the condensation section
with circulating cooling water. There are thermocouple
attached to the evaporation section and condensation sec-
tion to measure its temperature. The thermal resistance can
be obtained through temperature difference of evaporation
section and condensation section and the input power. In
the experiment, thermal resistance of FMHP with different
aspect ratio groove wick is measured respectively. With the
increase of input power, the overall thermal resistance pre-
sents a decline tendency. However, under the same condi-
tion, the FMHP with higher aspect ratio groove wick has a
lower thermal resistance. When the number of scanning
cycles was 8, the aspect ratio of groove wick reaches the
maximum value of 2.5, as shown in Fig. 9(a, b). Corre-
spondingly, the FMHP with groove wick of this type has a
better heat transfer property, the minimum thermal re-
sistance is 0.038 °C / W, and the maximum power of heat
transfer is 15 W, as shown in Fig. 9c. It indicates that as-
pect ratio is an important factor to affect the heat transfer
performance of FMHP with groove wick.

—=—aspect ratio=0.5|
~—e— aspect ratio=1

—a— aspect ratio=1.§|
——aspect ratio=2.5|

5 10 15 20

Power (W)

Fig. 9 Pulsed fiber laser fabricated surface with groove microstructures and heat transfer curve of FMHP. (Scanning speed of 200 mmy/s,
pulse duration of 100ns, pulse repetition rate of 40 kHz, scanning interval of 50 pm, and scanning cycles of 8). (a) SEM image of the laser
structured groove wick; (b) High magnification SEM image shows that the inner wall of the groove is smooth; (¢) Thermal resistance

under different input power.

4. Conclusion

In this study, a pulsed fiber laser is proposed to process
groove wick on copper substrate with the periods of 50 pm
and depth of 125 um. A series of groove structures are fab-
ricated to explore the effects of processing parameters on
the formation. The groove structures can be steadily
formed when the pulse duration is 100 ns and scanning
speed is 200 mm/s. Moreover, the scanning interval direct-
ly determined the periods of these grooves. The groove
structure is densest when the scanning interval is 50 pm,
the re-solidification layer is accumulated at the edge area
and integrate together with grooves. A distinct increase of
the average depth of grooves can be observed with the
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number of scanning cycles increasing. When the number of
scanning cycles is 8, the average depth of grooves is
around 125 um, the aspect ratio of groove wick is approx-
imately 2.5. The FMHP with the groove wick of this type
has a better heat transfer property, the minimum thermal
resistance is 0.038 °C / W, and the maximum input power
is 15 Watts.
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