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(54) Title: HEAT PIPE FOR ELECTRONIC DEVICE, AND METHOD OF MANUFACTURING THEREFOR

(57) Abstract: Disclosed is a heat pipe (100) for an electronic device. The
heat pipe (100) comprises a body (102) having a generally planar, metallic
structure. The body comprises a first module (102A) and a second mod-
ule (102B) joined together to define an internal volume. Each of the first
module (102A) and the second module (102B) has a foldable portion (106)
therein. The heat pipe further comprises a polymeric layer (104) disposed
over the foldable portion (106) of each of the first module (102A) and the

FIG. 1A

second module (102B), of the body (102).
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HEAT PIPE FOR ELECTRONIC DEVICE, AND METHOD OF MANUFACTURING
THEREFOR

TECHNICAL FIELD

[0001]  The present disclosure relates generally to electronic devices: and more
specifically, {0 a heat pipe and a method for manufacturing a heat pipe for use in lectronic
devices,

BACKGROUND

[0002]  With the rapid development in electronic device technologies, the demand for
cooling systems capable of dissipating heat al high efficlency for elechionic devices is
increased. To courter or dissipate the heat genarated, an electronic device may include a heat
dissipating device, such as a heat pipe. The purpese of a heat pipe is {0 move the heat from
the point of generation to 8 remute location for dissipation. A heat pipe is a sealed, usually
evacuated chamber which contains a liquid coolant. The liquid coolant or working fluid changes
phase as it absarbs and dissipates heat. The coolant changes from liquid to vapour as heal is
transferred 1o it from heat source in the slectronic device, and changes from vapouwr back to
liquid as il dissipates the heat {o the surrounding environment.

[6303] Depending on overall shape and architecture of internal space in the electronic
device, heal pipes can operate according o some basic principles or its combinations. For
instance, traditional heat pipes have moslly one-dimsnsional transport of heat, liguid
recirpuiate through the porous body dus o acting of capillary forces; vapour chambers based
heat pipes mostly have two-dimensional transport of heat, with iguid recirculating through the
porous body due to acting of capillary forces; thermo-syphon o loop thermo-syphon based
heat pipes have liquid recirculate through the channels due {0 acling of gravily forces; loop
heat pipe have liquid reciroulate through the channels due to acting of capillary forces;
pulsating heat pipe have liquid reciraulate {oscillate) in the loop of chanpels due to acting of
capillary forces, expansion of internal fluid during svaporation and collapsing of internal fluid
during condensation,

[0004]  Currently, metallic heat pipes are employad as standard technolagy which suits for
mass production with high quality and performance. But rapid developments of new kinds of
alectronic devices, generate more challenging regquirements for heat pipes. Cne of the
challenging area of application of heat pipes are flexible and foldable products fike foldable
smartphones or laptops, which have at least fwo foldable parts with hinged connection
between sach other, where heat should be transferred from one to another parl. Since
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conventional heat pipes are relatively rigid because those are made out of rigid materials, such
as copper ubes or pieces of shesl metlal, thekr implementation for heat transfer betwesn
foldable parts may not be possible due to damage to rigid case afler several imes of folding.
Some heal pipes may include tubular expandable bellows to permit bending of the heal pipe
when i is installed in an electronic device so a3 to be bent into their final fixed shape, but thosa
conventional heat pipes cannot be readily and repeatably deformed, either slastically or
plastically.

[00058]  Soma research has been performed in recent years for developments of heat pipes
with polymeric flexible case, bul such polymer or polymer-based heat pipes have somes
disadvantages. Since, polymers are permeable for gases and liquids, especially for gases or
Hquids with small size of molecules ke Water, Oxygen, Nifrogen, and Hellum ste., it may lead
to internal fluid (for example water) permeating (feaking) {o the atmosphere due to solution-
diffusion process through the polymeric wall of heat pipe and thereby decreasing amount of
intermnat fluid over fime which may not be encugh for proper circulation and heat dissipation; as
welf as atmospheric gases like Oxygen and Nitrogen permeating from atmosphere to internal
space of heat space due to solution-diffusion process through the polymeric wall, and such
permeaation of gases from atmosphere leading to interruption of operation of heal pipe because
such gases cannot sasily undergo svaporationicondensation and may occcupy largs areas of
internal space of heat pipe which disrupts proper circulation of internal liquid.

[GOG8]  Therefore, in fight of the foregoing discussion, there exists a need {o overcome the
aforementioned drawbacks associated with conventional haat pipes used in elecironic devices.

SUMMARY

{0007} The present disclosure seeks 1o provide a heat pipe for use in electronic devices and
a method of manufacturing therefor. The present disclosure seeks o provide a solution to the
existing problem of inefficient and non-flexible heat pipes for the slectranic devices, sapecially
for foldable electronic devices. An aim of the present disclosure is {o provide a solution that
overcomes at least partinlly the problems encountered in prior art, and provides improved
cooling system that is able to efficlently dissipate heat and provide effective codling in
slectronic devices, especiafly in foldable electronic devices. The proposed heat pipe is
designed 1o be suitable for mass production, and bave balanced mechanical flexibility and low
permeabifity of gases from atmosphers to intermnal space and vige-versa.

N
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{00081 The obiect of the present disclosure is achisved by the solutions provided in the
enclosed independent claims. Advantageous implementations of the present disclosure are
further defined in the dependent claims.

[000%]in & first aspsct, a heat pipe for an slecironic device is provided, The heat pipe
comprises a body having a generally planar, metlallic structure. The body comprises a first
module and a second module joined together to define an internal volume. Each of the first
module and the second modide has a foldable portion therein. The heat pipe further comprises
a potymeric layer disposed over the foldable portion of each of the first module and the second
module, of the body.

{0010} The present heat pipe can provide effective heat dissipation for slectronic devices,
especiglly for the foldable slectronic devices. When the electronic device is folded during
operation, the polymeric layer does not develop cracks due to farge slongation at break
property of polymers even if the metallic sfructure of the body may develop cracks. Hence, a
working fluid in the internal volume of the heat pipe may only leak through small area of the
polymenic layer where the metailic structura might have developed cracks, and since such area
of the polymeric fayer near cracks would generally be quite small, leakage rale of the working
fluid would be much lass as compared to perrmeation through a raditionsl heat pipe having
only polymeric layer. Low leakage rate of the working fluid leads to inconsiderable decrease in
amount of working fluid, hence the foldable heat pipe provides consistent heat dissipation in
foldable slectronic devices over time, and thus increases ifetime of the heat pipe.

[001 1}in a first implementation form of the firet aspect, the first module comprisas a plurality
of projections looated inside the internal volume,

{001 2] The phurality of projections in the first module supports the second module over the first
module, creating gap between the first module and the sscond module for proper circulation
of the warking fluid in the internal volume and allows efficient heat dissipation.

[0013}in a second implementation form of the first aspect, the plurality of projections
nomprises a first set of projections and a second set of projections, whersin the second set of
projections s arranged on the foldable portion of the first module and extend along a
fongitudinal direction of the body.

{0014] The first sat of projections extend vertically from an inner surface of the first module,
creating gap between the first module and the second module for effective circulation of the
working fluid in the intemal volume, The second set of projections extend vertically as well as
along the longitudinat direstion of the body and are formed in the foldable portion on the inner
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sirface of the first module. The second set of projections allows bending of at least the first
module around the foldable portion, and thereby reduces chances of formation of cracks such
portion and in fum increases durability of the heat pipe,

{0015]in a third implementation form of the first aspect, the heat pipe comprises a porous
fayer having a plurality of holes complementary to the plurality of projections in the first module,
such that the porous layer is arranged on the first module inside the internal volume,

[0016] The porous fayer having the plurality of holes complementary o the plurality of
projections in the first module allows the porous layer to be properly arranged on the first
module inside he intermnal volume. Prasence of the porous layer provides effective circulation
of the working fluid inside the intemal volume which helps in more effective heat dissipation in
the elecironic device.

{001 71in a fourth implementation form of the first aspect, the heat pipe comprisas one o more
grooves formed in the foldable portion of each of the first module and the second module of
the body, wherein the one or more grooves extends along a Iateral direction of the body.

[0018] The one or more grooves are formed on the outer surface of each of the first module
and the second module in the foldatile portion. The one or more grooves atlows bending of the
heat pipe while reducing formation of largs cracks in the body of the heat pipe. Further, the
one oF more grooves controls the focation of formation of cracks by restricling the cracks
around the foldable portion in the heat pipe.

[00181in a fifth implementation form of the first aspect, the polymeric layer covers an ouler
surface of gach of the first module and the second module, of the body.

[0020] The first module and the second module are impermeable metallic layers that prevents
feakage of the working fluid from the internal volume to the atmosphere, but make the body
more susteptible to developing cracks on bending of the heat pipe. However, the polymaeric
layer is generally resistant to developing cracks during bending of the heat pipe due o high
flexibility of polymer a8 compared to the body having metalfic structure. Hence, the use of
polymeric layer over entire outer surface of each of the first medule and the second module,
and not just the foldable portions thereof, provides balanced permeabiiity and flexibility to the
heat pipe.

[0021]In a sixth implementation form of the first aspect, the polymaeric layer comprises a
meiallic faver arranged therewith.
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{0022 Since the polymeric layer is generally permeable, use of the metallic layer arranged
with the polymeric layer reduces permeability of the arrangement and can significantly reduce
leakage of the working fluld from the internal volume through the polymeric laver having the
metallic tayer arranged therewith. For example, the polymeric layer with the metallic layer
arranged therewith has about 20 times smaller gas permeabilily compared to the polymeric
jayer without the metallic layer. Hence, the metallic fayer arranged with the polymeric layer
enhances performance of the heat pipe.

[0023%In a seventh implementation form of the first aspect the metallic layer comprises one
or more indentations complementary 1o the ang or more grooves formed in the foldable portion
of each of the first module and the second madule, of the hady.

[0024] The one or more indentations in the metallic layer reduce formation of cracks in the
metaliic layer on folding of the heat pipe.

{8025} in an sighth implementation form of the first aspact, the metallic layer is erbedded in

the polymeric layer.

[0026] The embedding of the metallic layer in the polymeric layer alfows for direct usa of such
polymeric fayer in manufacturing of the heat pipe, thus simplifying manufaciuring process.
More than one matallic fayer may be embedded in the polymeric layer to further reduce
permeability of the working fluid,

{00271 n a ninth implementation form of the first aspect, the body is fabricated by at least ong
of: sintering, soldering and welding process

[0028] The aforementioned fabrication processes for fabrication of the body resull in ultra-thin
heat pipe. The given fabrication processes further reduce porosity and enhances strength of
metals used for fabdcation of the body and hence, reduces the probability of formation of
cracks in the hody during folding of the elscironic devige. Thus, the aforementioned processes
resull in fabrication of reliable and durable heat pipe. Further, the aforementioned processes
require known production methods and may be used for mass and cost-effective production of
the heat pips.

[0029]in a tenth implementation form of the first aspect, the polymeric layer is formed of
polyimides, polyathylens terephthalate, polysthylens naphthalate, ethylene vinyl alcohol,
polyamide, polyvinylidene chiorids, polyacrylonitrile, nylon, or a combination thereof,
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[0030] The use of such compounds for the polymeric layer allows for sasy bonding of the
polymeric layer with the first module and the second module. Further, such compounds have
low gas permeability that reduce leakage of the working fluid to the almosphere.

{0031]In an eleventh implementation form of the first aspedt, the polymeric layer is bonded to
the body using at least one of. adhesive bonding, fow temperature diffusion bonding, coating
and selective laser welding.

{0032] Since malting point of the polymeric fayer is generally much smaller as compared to
that of the body having metallic structure, the aforementioned methods allow for low
temperature bonding and thus prevent damage to the polymetic layet.

[0033]in a hwelfth implementation form of the first aspect. the body has a thickness in a range
of 80 to 500 um, and the polymeric layer has a thickness in a rangse of 15 {0 200 um.

[0034] The thickness of the body in range of 50 to 500 um and the thickness of the polymeric
fayer in range of 15 to 200 pm provides a good balance of high heat dissipation and fow gas
permeability for the heat pipe without substantially increasing size and weight of the slectronic
device. Further the aforementioned thickness ranges are fabricated using present production
technologies and hence, does not increases cost of production of the heat pipes.

[0035]in a thirteenth implementation form of the first aspect, the metallic layer has a thickness
in a range of 0.04 {0 25 gm,

[0038] The thickness of the metallic layer in range of 0.04 to 25 pm provides an effective fayer
that reduces permeability of the warking fuld in the intemal volume though the polymeric layer,
without substantially increasing the size and cost of the heat pipe.

{0037]in a second aspect, the present disclosure provides a method for manufacturing a heat
pipe for use in electronic devices. The method comprises fabricating a body by joining together
a first module and a second module to define an internal volume, with sach of the first module
and the second module having a foldable portion thereir;, and bonding a polymeric tayer over
the foldable portion of each of the first module and the second module, of the bady.

[0038] The method for manufacturing the heat pipe of the second aspect provides cost-
effective production process for the heat pipe with potentially long ffetime and is suitable for
fabrication using existing mass production approaches,

(23]
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[0038]in a first implementation form of the second aspect, the method comprises disposing
the polymeric layer to cover an outler surface of each of the first module and the sscond
modiie, of the body.

[0040] The use of polymeric layer over entire outer surface of each of the first module and the
second module, and not just the foldable portions thereof, provides balanced permeability and
flexibifity o the heat pipe, while making the fabrication process simpler.

[00411in a second implementation form of the second aspect, the method comprisas ferming
one of more grooves in the foldable portion of sach of the first module and the second module
of the body, exiending along & aleral direction of the body.

[0842] The formation of grooves reduces overall weight of the body and reduces material
usage for production of the heat pipe making the manufacturing more cost-effective. The
grooves further aflow bending of the heat pipe while reducing formation of large cracks in the
body of the heat pipe. Further, the one or more grooves contrals the location of formation of
cracks by restricting the cracks arsund the foldable portion in the heal pips.

{6043} in & third implementation forny of the second aspect, the method comprises arranging
a metallic layer with the polymaeric layer.

[D044] Use of the metallic layer provides form o the polymerk layer for easy bonding {o the
body and further significantly reduce leakage of the working fluid from the internal volume
through the polymeric layer,

[00458]in a fourth implementation form of the secand aspect, the method comprises forming
one or more indentations in the metallic laver complementary 1o the one or more grooves
formed in the foldable portion of each of the first module and the second module, of the body.

[0048] The formation of indentations reduces overall weight of the metallic layer and reduces
material usage for production of the heat pipe, making the manufacturing more cost-affective.
The one or more indentations in the metallic layer also reduce formation of cracks in the
metallic layer on folding of the heat pipe.

[00471in a third aspect, the present disclosure provides an electronic device comprising a
heat pips,

{0048] The alectronic device comprising the heat pipe of the third aspect achieves better heat
dissipation and thus belfer performance.
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[0048] Al steps which are performed by the various entities described in the present
application as well as the functionalifies described o be performed by the varicus entities are
intended to mean that the respective entily is adapled to or configured lo perform the
respective steps and functionalities, Even i, in the following description of specific
embodiments, a specific functionality or step o be performed by external entities is not
reflected in the description of a specific detailled element of that entity which performs that
specific step or functionality, it should be clear for a skilled person that these methods and
functionalities can be implemented in respective hardware slements. It will be appreciated that
features of the present disclosure are susceptible 1o being combined iy various combinations
without departing from the scope of the present disclosure as defined by the appended claims.

[00580] Additional aspects. advantages, features and objects of the prasent disclosure would
be made apparent from the drawings and the detailed description of the ilustrative
implementations construad in conjunction with the appended claims that follow.

BRIEF DEQCRIPTION OF THE DRAWINGS

[0051]The summary above, as well as the following detailed description of Hustrative
embodiments, is better understoad when read in conjunction with the appended drawings. For
the purpose of illustrating the present disclosure, exemplary constructions of the disclosure
are shown in the drawings. However, the present disclosure is not limited to specific methods
and instrumentalities disclosed herein, Moreovear, those in the art will understand that the
drawings are not to scale, Wherever possible, like elements have besn indicated by identical
numbers,

(00521 Embodiments of the present disclosure will now be described, by way of example only,
with reference {o the following diagrams wherein:

FIG. 1A is a dlagrammatic flustration of a heat pipe for an slectronic device, in accordance
with an embodiment of the present disclosure;

FiG. 18 is a diagrammatic flustration of the heat pipe In a folded state thereof, in accordance
with an smbodiment of the present disclosure;

FIG. 2A is a diagrammatic lfustration of a first module of the heat pipe, in accordance with an
embodimant of the prasent disclosure;

FIG. 2B is diagrammatic flustration of the first module in a3 folded state thereof, in accordance
with an embaodimant of the present disclosure;
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FIG. 3A is a diagrammatic exploded Hustralion of the heal pipe showing Hls various
commoneants, in accordance with an embodiment of the pressnt disclosure,

FIG. 3B is a diagrammatic exploded ilustration of the heal pipe showing its various
cormponents in a folded state thersof, in accordance with an embodiment of the present
disclosure;

FiG. 4 is a diagrammatic sectionsd Hlustration of the heat pipe in a folded siate thereof, in
ancordance with an embodiment of the present disclosurs;

FIG. § is a disgrammatic Hustration of a body of the heat pipe with one or more grooves formed
therain, in accordance with an embodiment of the present disclosure;

FIG. 6 is a diagrammatic sectioned llustration of the heat pipe in a folded state thereof with a
metaliic layer arranged therein, in accordance with an embodiment of the present
disclosure,

FiGs. 7A and 7B are diagrammatic top planar flustrations of the metallic layer with indentations
formed therein, in accordance with different embodiments of the present disclosure,;

FiSs. BA, 8B and 8C are diagrammatic sectioned iHustrations of the polymeric layer with the
mataliic layer having one or more indentations arranged therewith, in accordance
different embodiments of the present disclosure;

FIG. ¢ is a partial dlagrammatic sectionsd iustration of the polymeric layer having the metallic
layer with the one or more indentations, showing dimensions of various alements
thereln, in accordance with an embodiment of the present disclosure;

FIG. 10 is a pariial diagrammatic top planar tlustration of the bady having the metallic layer
with the one or more indentations, showing dimensions of various elements therein, in
accordance with an embodiment of the present disclosure;

FIG. 11A is a diagrammatic lustration of the heat pipe in the folded state with the body having
developed crack in the foldable portion, in accordance with an embodiment of the
prasent disclosure;

FIG. 11B is an expanded iflustration of the foldable portion of the heat pipe having developed
crack therein, in sccordance with an embodiment of the present discloswe,; and

FIG. 12 is a flowchart of 2 method for manufactuning the heat pipe, in accordance with an
embaodiment of the present disclosure,
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{0053} in the sccompanying drawings, an undedlined number is employed to represent an fem
over which the underlined number I8 positioned or an flem {0 which the underiined number is
adjacent. A non-undardined number refates o an item identified by g fine linking the non-
underlined number {o the ftem. When & number is non-underlined and accompanied by an
associated arrow, the non-underlined number is used to identify a general item at which the
BITOW IS pOINting.

DETAILED DESCRIPTION OF EMBODIMENTS

[00584] The following detailed description Hlustrates embodiments of the present disclosure
and ways in which they can be implemented. Although some muodes of carrying out the present
disclosure have been disclosed, those skilled in the art would recognize that other
embodiments for carrying out or practicing the present disclosure are alse possible.

[DOBEIFIG. 1A is an exemplary Hlustraion of a heat pipe 100, in accordance with an
ambodimant of the present disclosure, FIG, 1B is an exemplary iflustration of the heat pipe 100
i a folded state thereof, In accordance with an embodiment of the present disclosure. The
heat pipe 100 of the present disclosure is implemented as part of a cooling system for an
elactronic device. Herein, the slectronic device may be any pordable elecironic device,
including a laptop. a mobile phone, a computer, a fablel, a camera and the like. In such portable
glectronic device, some heat generation components such as an anthmetic element and an
integrated circuit are builf in a highly dense manner, a heat spot i which a lemperature
incraases locally occurs, and the temperature becomes a cause of fimiting arithmstic operation
speed, a cause of reducing durability, or the fike. The heat pipe 100 as part of the codling
system for the electronic device provides means for heat releasing and cooling in the electronic
davicea.

[0058] The beat pipe 180 includes a body 102 and a polymeric layer 104, The body 102 &5
generally planar in shape. That is, the body 182 is usually a flal structurs so that the heat pipe
100 is compact and does not increase size of the slectronic device, For exarmple, the shape of
the body 102 may include, but is not limited to, rectangular, square, oylindrical, and the like.
The body 142 has a generally melallic struclure. For exampile, the body 102 may be fabricated
from metals such as capper, titanium, aluminium and a combination thereof. The body 102 is
usually fabricated using high temperature processes as the metals linearly expand at high
termperature processes that resulls in ultra-thin heat pipe 168, The listed fabrication process
further reduce porosity and enhances strength of the metals and hence, reduces the probability
of formation of cracks in the body 102 during folding of the slecironic device. Additionally, the
body 102 may be falwicated from materials such as steel, stainless steel and alloys.

10
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[0057]in an embodiment, the body 102 is fabricated by at least one of! sintering, soldering
and welding process. The body 102 may be fabricaled using sintering {or diffusion bonding)
process at temperatures from 0.3 times {o 0.85 times of meliing temperature of the metal used
for fabrication of the body 102, For example, the body 102 is fabricated by sintering of copper
at a temperature between 320 °C fo 1020 °C {generally below the melting temperature of pure
coppear which is about 1083 °C). The body 102 may be fabricaled using soldering process at
temperatures from 0.95 times {0 1.05 times of melting temperature of soldering material. The
hady 102 may be fabricated using welding process at tempsratures from (.85 times 0 1.05
timas of melting temperature of the metal used for fabrication of the body 102, In an
smbadiment, the body 102 has a thickness in a range of 50 fo 500 pm, For example, the body
102 of the heat pipe 100 has 8 thickness of 150 pm, Additionally, the length of the body 102
depends on the size of the electronic device. For example, the length of the body 102 is
typically about 100 mm, The given dimensions, specifically aforamentioned thickness rangs,
of the body 102 is achieved using existing production methods and no advance process is
required for fabrication of the body 102, hence the present heat pipe 100 can be manufactured
in a cost-effective manner,

[0088] The body 102 comprises a first module 102A and a second module 102B that are
joined tegether to define an infemal volume. The first module 1024 and the second module
1028 are two metallic modules that are bonded togethsr hermelically to form the body 102,
The first module 1024 and the second module 1928 may be bonded together using sintering
process. For example, the first module 102A and the second module 1028 are bonded
together using sintering at temperature between 320 °C fo 1020 °C, in othar examples, the first
module 1024 and the second module 1028 may be bonded together using seither welding or
soldering. Herein, the gap formed between the first module 1024 and the second module 102B
defines the intemal volume of the heat pipe 100. The intemal volume comprises a working fluid
that helps in dissipation of heat generated in the elsctronic device by evaporation and
condensation of the working fluid. The working fluid may realize different principles of
operations such as loop thermo-syphon, loop heat pipe, thermao-syphon, pulsating heat pipe
for dissipation of heat generated in the elsctronic device. The warking fluld is selected
according the physical properties such as very high surface tension, good thermal stability,
high latent heat, high thermal conductivity, and low liquid and vapour viscosities. Further, the
type of working fluid used for the heat pipe 100 depends on the operating temperature range
of the slectronic device. For example, helium is used as working fluid for temperature range
from ~271 °C {0 ~268 °C, methanol is used as working fluid for temperature range from 10 °C
to 130 °C and water is used as working fluid for temperature range from 30 °C to 200 °C. Cther
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types of the working fluid may include, but is not imited to ammaonia, acelone, ethanael, mercury
and nitrogen.

[0089] Each of the first module 1024 and the second module 1028 has a foldable portion 108
therein. The foldable portion 108 is the area in the corresponding first module 10248 and the
second module 1028 from where the heaf pipe 100 usually bends when the slectronic device
is bent. i may be understood that the body 102 (including the first module 102A and the second
module 102B) being a metallic structure may get cracked after profonged folding and unfolding
of the slectronic devics. The foldable porlion 108 is provided on the first module 1024 and the
second module 1028 to minimize cracks in the body 102 at the position where the body 102
is bent during operation, The foldable portion 108 is formed at a centre of a length along &
longitudinal direction {parallet fo axis AA"} of the heat pipe 100 on sach of the first module
1024 and the second module 1028. Optionally, the heat pipe 100 may comprise more than
one foldable portion 108 on each of the first module 1024 and the second module 102B. For
example, two foldable portions may be fabricated at predstermined distancas along the fength
in the longitudinal direction (paralie! {o axis AA") of the heat pipe 100 on each of the first medule
1024 and the second module 102B. As shown in FIG. 1B, the heat pipe 100 is bent along the
foldable portions 108 in the body 102 along with the polymeric layers 104 formed over the
outer surfaces of the first module 1024 and the second moduls 1028,

[0080] The polymeric layer 104 is disposed over the fokdable portion 108 of each of the first
module 10248 and the second module 102B. The polymeric layer 104 of the heat pipe 108 is 8
flaxible laver made of one or more of polymers. In an embodiment, the polymeric layer is
formed of: polvimides, polyethylene terephthalate, polysthylene naphthalate, ethylene viny
alcohol, polyamide, polyvinylidene chioride, polyacrylonitrile, nylon, or a combination thergof,
The shape of the polymetic layer 104 depends on the shape of the body 102 of the heal pips
100, For example, the shape of the polymeric layer 104 may include, bul is not limited, 1o
rectangular, squars, cylindical and the like. Generally, the polymeric layer 104 does not
develop cracks even after many times of folding of the edectronic device and hence, and thus
makes the heat pipe 100 durable. The polymeric layer 104 has low oxygen transmission rate
that allows minimum leakage of the working fuid from the intermnal volume and hence, ensures
effective heat dissipation of the slectronic device. The oxygen transmission rate is the
meagsuraement of the amount of oxygen gas that passes through the polymeric layer 104 over
a given period. Generally, the polymeric layer 104 has oxygen fransmission rate below 1.0
cofmidayfbar 1o ensure effective working of the heat pipe 108. Further, the polymeric layer
104 has elongation at break above 25%. Elongation at break is the ratio between changed
length and initial length after breakage of the polymeric layer 104, Elongation al break
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exprasses the capability of the polymeric layer 104 1o resist changes of shape without crack
formation. Higher percentage of elongation af break ensures that lower possibility of formation
of cracks in the polymeric layer 104, In an embodiment, the polymeric layer 104 has a thickness
in a range of 15 {o 200 . For example, the polymeric layer 104 of the heat pipe 100 has a
thickness of 70 um. The aforementioned thickness range of the polymeric fayer 104 is a using
existing production methods and no advance process is required for fabrication of the
polymeric layer 104, hence the present heat pipe 100 can be manufactured in a cost-effective
manner.

[0081]As discussed, the polymeric layer 104 is disposed over the foldable portions 104 in the
corresponding first module 102A and the second module 1028, of the body 102, it may be
understood that since the foldable portion 108 is a melallic structure, #t may therefore develop
farge cracks after the heat pipe 100 may have been folded and unfolded multiple times; and in
such case, the working fiuld frony the internal volume may get leaked through cracks formed
near the folding area, reducing the heat dissipation efficiency of the heaf pipe 100. Hence, the
foldable portions 108 are covered with the polymaeric layer 104 1o avoid lsakage of working
fluid if cracks are formed in the foldable portion 1088, Optionally, i the case where any of the
first module 102A and the second module 1028 comprises more than one foldable portion
108, each of such foidable portion 108 may be covered with the respective polymeric fayer
104.

[0082]in an embodiment, the polymeric layer 104 covers an cuter surface (such as, an outer
surface 1034 of the first module 1024, as shown in FIG. 3A} of sach of the first module 1024
and the second module 102B, of the body 102, That is, the polymeric layer 184 covers the
antire ouler surface {such as, the outer surface 1834) of each of the first module 102& and the
second module 1028, of the body 102 and not just the foldable portions 1086 thereof. Optionally,
the polymeric fayer 104 may cover the entire body 102 of the heat pipe 100, that is sven along
vartical sides the first module 1024 and the second module 1028, of the bady 102, it may be
appreciated that this is done s0 as 1o prevent leakage of the working fitdd through any possibie
crack formed in the body 102, even apart from any possible cracks in the foldable portions 108
of the heat pipe 100,

{00831y an embodiment, the polymeric layer 104 is bonded o the body 102 using at least
one of adhesive bonding, fow temperaiure diffusion bonding, coating and selective laser
welding. The polymeric layers 104 may be covered over the foldable portions 108 using
adhesive bonding between the foldable portions 108 and the corresponding polymernic layers
104. For example, adhesive tapes, like adhesive transfer tapes such 487M (0.06 mm), double
coated tape 94920 (0.05 mm), adhesive transfer tape 947 1LE {0.06 mm), double lined / double
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coated tape 93005LE (0.05 mm), adhesive transfer tape 847 1LE (0.086mm), adhesive transfer
tape FO460PC {0.05mmy), high temperature double coated tape 8077 (0.08may), ultra-high
temperature adhesive transfer tape 9079 {0.08mmy), ultra-clear double coated tape UCT-30
(0.03mm}, ultra-clear double coated tape UCT-10 (0.01mmy), electrically conductive adhesive
fransfar tape 9707 (0.05mm), electrically conductive double-sided tape 87118-30 (0.03mm),
glectrically conductive double-sided fape 97118-80 {0.05mm), XYZ-Axis electrically
conductive adhesive transfer tape §720 (0.03mm), elechically conductive double-sided non~
woven tape 8750 {0.088mm) and thermal bonding film 583 (0.05mmy) may be used for bonding
ihe foldable portion 108 and the corresponding polymeric layer 104,

[D084] Generally. the polymeric layer 104 may be covered over the foldable portion 108 using
jow temperature diffusion bonding between the foldable portion 108 and the polymeric layer
104. For example, the polymeric fayer 104 is bonded with the foldable portion 108 using low
temperature diffusion bonding at a tempersture generally below 400 °C. As may be
understaod, the melting point of the polymeric layer 104 is much smaller compared to the
temperature used for fabrication of the hody 102, diffusion bonding between the polymeric
laver 104 and the body 102 is performed at temperatures below melting point of the polymeric
layer 104 to prevent damage to the polymeric layer 104, In an example, the polymeric layer
104 may be formad over the foldable portion 106 by coating the foidable portion 108 with liquid
polymer material and then drying the liquid to form the polymeric layer 104. Such methads for
forming the polymeric layer 104 by coating the foldable portion 108 with fiquid polymer material
may include, but are not limited to, spin coating, slit coating, dip coating and spray coating. in
another example, the polymeric layer 104 may be formed over the foldable portion 108 using
selective laser welding between the foldable portion 108 and the polymeric layer 104 (ie. a
polymer sheet or the like). In selective laser welding, the polymeric layer 104 {le. the polymer
sheet) and the foldable portion 108 are exposed to laser energy with high accuracy, such that
the polymeric jayer 104 is joined fo the foldable partion 106,

[DOBSIFIC. ZA is a diagrammatic flustration of the first module 1024 of the heat pipe 108.In
accordance with an embodiment of the present disclosure. Further, FIG, 28 is g diagrammatic
Hustration of the first modude 1024 in a folded state thereof, in accordance with an embodiment
of the present disclosure. As may be seen, the first module 1024 is bent at the foldable portion
106, As shown, ih an embodiment, the first module 1024 comprises a plurality of projections
202 located inside the internal volume. The plurality of projections 202 are formad on an inner
sutface 1038 of the first module 102A. The plurality of projections 202 are arays of horizontal
and vertical pillars arranged in the internal volume between the first module 102A and the
second modufe 1028, when assemblad together 1o complete the body 102, The geometiical
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shape of the plurality of projections 202 may include, but is not limited to cuboid, cube,
spherical and conical. The plurality of projecions 202 may be fabricated from metals such as
copper, titanium, aluminium and a combination thereof. Alternatively, the plurality of projections
202 may be fabricated from materials such as steel, stainless steel and alfoys. Optionally, the
projections 202 may be made of porous matenial, Optionally, the plurality of projections 202
may be fabricated by at least one of: sintering, soldering and welding process. In an axample,
the pharalify of projections 202 is fabricated by sintering of copper at a temperature between
320 °C to 1020 “C. In another example, the first module 102A may be a solid piece and the
material is removad therefrom to form the pluralily of projections 202 therein. In yet another
example, the plurality of projections 202 may be bonded to the first module 1024 using
sintering, welding or soldering. In an example, the plurality of projections 202 may be bonded
to the first module 1024 attemperature between 320 °C 1o 1020 °C.

[0086}in an embodiment, the plurality of projections 202 comprises a first set of projections
2024 and a second set of projections 202B. The firat set of projections 202A are arranged on
the first modide 1024 apart from the {oldable portion 108 therein, while the second set of
projections 2028 are arranged on the foldable portion 108, Herein, as iflustrated, two of the
first set of projections 202A are arranged adjacent along two sides of the foldable portion 106
{i.e. non-folding portions) on the first module 1024, As shown, the first set of projections 2024
is an array of vertical pillars with respect {o fength of the body 102 extending verfically from the
first module 1024 along an axial direction (parallsl to axis €O}, and arranged between the first
module 1024 and the second module 1028 when assembled tagether fo form the body 102,
The first set of projections 202A are used to create gap between the first module 1024 and
the second madule 1028 of the body 102 o form the internal volume such that the working
fluid may circulate propedy in the intemal volume for effective beat dissipation. Further, as
shown, the second set of projections 2028 extend along the longitudinal direction {paralieito
axis AA"} of the body 102. The second set of projections 2028 is an array of horizontal pillars
with respact {o length of the body 102 exdending verlically from the first module 1024 along
the axial direction (paraliet 1o axis GC°), and arranged belween the first module 1024 and the
second madule 1028 when assembled {ogether to form the body 102, Optionally, in case the
heat pipe 100 comprises more than one foldable portion, the second set of projections (such
as, the second set of projections 2028) may be arranged on all such foldable portions. In an
example, the second set of projections 2028 may also be formed on the foldable portion 108
of the second module 102B in the heat pipe 108, The second set of pwojections 2028 enables
gasy folding of the heat pipe 100 at the foldable portion 108 and minimize formation of cracks
in the body 102 at the foldable portion 108 during folding and unfolding of the electronic device.
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[0067]in an embodiment, the heat pipe 100 further comprises a porous layer 204 (better
shown in FIG. 3A} having a plurality of holes complamentary to the pluralily of projections 202
in the first module 1024 such that the porous layer 204 is arranged on the first module 102A
inside the intermal volume, The porous layer 204 may be in the form of a sheet having arrays
of holes thersin. The geometrical shape of the porous layer 204 may depend on the shape of
the body 102. For example, the geometrical shape of the porous layer 204 may include, butis
not limited to rectangular, squars, cylindrical and the like. Further, the geometrical shape of
the plurality of holes in the porous layer 204 are complementary to the geomelrical shape of
the plurality of projections 202, That is, the plurality of holes on the porous layer 204 is such
that the plurality of projections 202 fit in the plurality of holes of the porous layer 204, In an
example, the geometrical shape of the plurality of holes of the porous layer 204 may include,
but is not fimited to cuboid, cube. spherical and conical. As shown, the porous layer 204
comprises a first set of holes which are generally square in shape similar to the first set of
projections 2024 and a second set of holes which are rectangular having major dimension
extending along the longitudinal direction {paraliel fo axis AA’} similar {o the second set of
projections 2028, The porous fayer 204 may be fabricgted from metals such as copper,
titanium, sluminiuny and a combination thereof, Alternatively, the porous layer 204 may be
fabricated from materials such as steel, stainless steel and alloys. The porous layer 204 may
be fabricated by at least one of sintering, soldering and welding process. Optionally. the
porous layer 204 can be formed by deposition of particles of metaliic material 1o the internsl
surface. For example, if material of the body 102 is copper, the porous layer 204 may be
fabricated by sintering of copper mesh at femperatures abowt 320 *C 1o 1020 °C. The porous
fayer 204 is arranged on the first module 102A such that the porous fayer 204 is positionsed in
between the first module 102A and the second module 1028, when assembled {ogether fo
form the body 102, The plurality of projections 202 creales gap between the porous layer 204
and the second module 1028, and thus enables effective circulation of the working fluid though
the porous layer (in liguid state) and in empty space of the internal volume {in vapour siats)
during operation of the alectronic device for efficient heat dissipation.

[OD8BIFIG. 3A is a diagrammatic exploded Hlustration of the heat pipe 100 showing its various
componants, in accordance with an embodiment of the present disclosurs, As discussed, the
polymeric layers 104 cover the foldable portions 108 in the first module 1024 and the second
module 1024 of the body 102 of the heat pips 100, Optionally, as shown and discussed sarlier,
the polymeric layers 104 cover the entire outer surfaces of the first module 1824 and the
second module 102A (such as, the outer surface 103A of the first module 1024), thereby
generally covering the body 102 of the heat pipe 100, Herein, the polymeric layers 104 form
the outer most layers of the heat pipe 100. Also, as shown, the body 102 of the heat pipe 160
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pomprises the porous layer 204 placed between the first module 1024 and the second module
162A

[0089]FIG. 3B is a diagrammatic exploded Hlustration of the heat pipe 100 showing its various
cornponents in a folded state thereof, in accordance with an embodiment of the present
disclosure. As may be seen, the first module 102A is fabricated with the foldable portion 108
therein, The first module 102A further comprisas the plurality of projections 202 therein. The
porous layer 204 is complementary formed to be placed on the first module 1024 such that
the plurality of holes in the porous layer 204 align and sit aver the pluralily of projections 202
in the first module 102A. The first module 1024 is bonded with the second module 1028 with
the porous layer 204 placed between the first module 1024 and the second module 1028
pooupying the internal volume, and thereby completing the body 102 of the heat pipe 100, The
hady 102 is covered with the polymeric layer 104 which is hermetically bonded with the body
102

[0070]FIC. 4 is a diagrammatic sectioned Hlustration of the heat pipe in a folded state thereof,
in accordancs with an embodiment of the present disclosure. The bady 102 comprises the firet
module 1024 and the second module 102A. As showry, the auler most fayers of the heat pipe
100 are the polymeric layers 104 which specifically cover the foldable portions 106 of the first
module 1824 and the second module 1028, and generally cover the outer surfaces of the first
madule 1024 and the second module 1028 of the heat pipe 108, The first modude 1024 further
comprises the plurality of projections 202, The plurality of projections 202 creale gap between
the first module 1024 and the second module 1028 to define the internal volume therein,

[0071]FIG. § is a diagrammatic Hustration of a body of the heat pipe with one or more grooves
formed thereln, in accordance with an embodiment of the present disclosura. The one or more
grooves 802 are formed In the foldable portions 108 of the first module 1024 and the second
module 1028 of the body 102, The one or more grooves 802 extends along a lateral direction
{parafiel to axis B, as shown in FIG. 2A) of the body 102. The grooves 804 are long, narrow
depressions formed in the foldable portions 108 of the first module 1024 and the second
module 1028 of the body 102. The grooves 502 on the first module 102A and the second
module 1028 are formed such that the grooves 502 are located on the side of contact with the
corresponding polymeric layers 104. The grooves 802 are extending in the direction of the axis
BB’ along which the body 102 is folded during operation of the slectronic device. The grooves
§02 improves flexibifity of the body 102 along the foldable porfions 108 and avoids formation
of large cracks in the body 102 that may potentially damage the heat pipe 100, As shown, the
first module 1024 comprises the grooves 5024 and the second module 1028 comprises the
grooves S02B. Herein, the one or more grooves 502A on the first module 102A may be parallel
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or staggerad with respect to the one or more grooves 8028 on the second module 1028, as
discussed later in more detail.

{0072} in an example, depth of the grooves 802 (along CC°) ranges from 10 um to 100 pm,
width of the grooves 502 (along AA') ranges from 0.5 pm to 50 pm and pitch of the grooves
502 (along BB’ ranges from 0.05 mm 1o 5 mim. in an example, the dimensions, ie. depth,
width and pitch of the grooves 802 is 80 um, 10 pm and 2 mm respectively. The grooves 802
with such aforementioned dimensions may be fabricated using existing production
technologies, and thus allow o produces the heat pipe $00 in a cost-efficient manner. The
grooves 502 are fabricated using production technologies that may include, but are not limited
to laser machining, chemical-etching or photo-etching process, down-miling and up-milfing.
Further, the shape of the grooves §02 may include, butis not limited to V-shaped groove, U-
shaped groove and irapezoidal-shaped groove.

{0073] FIG. 8 is a disgrarmmatic sectioned Hustration of the heat pipe 100 in a folded state
thereof with a metallic layer arranged therein, in accordance with an embodiment of the present
disclosure. As fllustrated, in the present embodiment, the polymaeric layer 104 comprises 3
metallic layer 802 arranged therewith. Herein, each of the two polymeric layers 104 comprise
the corresponding metaliic layers 802 aranged therewith. The metalfic layer 802 is in the form
of a thin sheet of metal. The metallic layer 802 is impermeable {o gases and prevents leakage
of the working fluid to atmosphere from the internal volume in the body 102 and thus,
compansate for permeahifity of the polymeric layer 104 to gases, For instance, the polymeric
layer 104 with the metallic layer 802 has at least 20 times smaller gas permeability compared
to the polymeric layer without any such metallic layer. Henee, the metallic layer 602 increases
afficiency of the heat pipe 100, The metallic layer 802 may be fabricated from metals such as
copper, titanium, aluminium and a combination thersof. Alternatively, the metallic layer 8§02
may be fabricated from materials such as steel, stainless steed and alloys. In an embadiment,
the metallic layer 802 has a thickness in a range of 0.04 to 25 ym. For example, the metallic
layer 802 has thicknass of about 7 pmy,

[0074}in an embodiment, the metallic layer 802 is smbedded in the polymeric layer 104
Optionally. more than one metallic layer 802 may be provided with a single polymaric layer,
such as the polymeric laver 104 (as shown in FIGs. 88-8C). In such case, the metallic layer
802 may be formed on outer surfaces of the polymeric layer 104, In an example, two metallic
layers 682 may be provided, with one on each of two outer surfaces of the polymeric layer 104,
The two metallic layers may have thickness in a range of 0.04 fo 25 um and distance between
the two metallic layers varies between 5 to 100 pm. Fuor example, distance between the two
metallic favers is 25 um, with thickness of each of the two metallic layers being about & pm.
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The metallic layer 802 may be embedded with or altached 1o the polymeric layer 104 using
methods that may include, but are not imited o adhesive bonding of the metallic layer 802 {0
the polymeric layer 104, thermal bonding of the metallic layer 802 {o the polymeric layer 104,
coating the polymeric fayer 104 on the metallic layer 802, coaling of the metallic fayer 602 on
the polymeric layer 104 using electroplating, coating of the metallic fayer 682 on the polymeric
layer 184 using physical vapowr deposition and coating of the metallic layer 802 on the
polymeric layer 104 using chemical vapour deposition.

{0078]in an embodiment, the metlallic fayer 802 comprises one or more indentations 6§04
complementary to the one or more grooves 502 formed in the foldable portion 106 of each of
the first module 1024 and the second module 1828, of the body 102, The one or more
indentations 804 are narrow depressions or cut-ouls on the surface of the metallic {ayer 602
at the foldable portion 108 of the body 102. Further, the indentalions 804 in the metallic layer
802 are formed along the same axis along which the grooves 802 are extending at the foldable
portion 108 along which the body 102 is folded during operation of the electronic device, The
indentations §04 provides flexibility to the heat pipe 108 and thus, reduces the probability of
formation of cracks in the metallic layer 802 at the foldable portion 108, and thereby extend
the lifetime of the heat pipe 100. The indeniations 804 are fabricated using production
technologies that may include, but are not limited to, laser machining, chemical-etching or
photo-gtching process, down-milling and up-milling. Further, the shape of the indentations 804
may include, but is not limited, to V-shaped indentation. U-shaped indentation and trapezcidal-
shaped indentation.

{00761 Optionally, in scenarios whers the polymeric jayer 104 comprises more than one
metaliic layer 802, for example two melallic layers namely, a first metaliic layer and a second
metatllic Jayer then, the one or more indentations 604 may be formed on each of the first metallic
fayer and the second metallic fayer {as shown in FiGs. BB-8C). Hereln, the indantations 804
of the first metallic layer may be parallet to the indentations 604 in the second metallic layer,
Afternatively, the indentations 8§04 of the first metallic layer may be staggered with respect to
the indentations 884 in the second melaliic layer.

{00771FiGs. 7A and 7B are diagrammatic top planar fllustrations of the metallic layer with
indentations formed therein, in accordance with different embodiments of the present
disclosure, As depicted in FIG. 7A, 3 metallic layer 7004 has indentations 7024 parallel to
gach other glong the longitudinal direction (along axis AR’} of the metallic layer T00A. Herein,
in particular, eight number of indentations 702A are formed parallel to each other in the metallic
fayer 7004, but it may be appreciated that the number of indentations 7024 may vary without
departing from the scope and the spirit of the present disclosure. As depicted in FIG, 7B, a
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metatlic ayer 7008 has indentaticns 7028 staggered with respast to sach other along the
longitudingl direction {along axis 8A") of the metallic layer TO0B. Heraln, In particular, eight
number of indentations 7028 are formed staggered with respect to each other in the metallic
layer 7808, but i may be appreciated that the number of indentations 7028 may vary without
departing from the scope and the spirft of the present disclosure. Further, #t may be
contemplated that the grooves {such as the grooves §82) may have the same arrangement as
shown for indentations 7024 and T02B herein, and the same has not been shown in the
drawings for the brevity of the present disclosure.

[0078]FIGs. 8A, 88 and BC are diagrammatic sectioned #llustrations of the polymeric layer
with the metallic fayer having one or more indentations arranged therawith, In accordance with
different embodimants of the present disclosurs, Referring to FIG. 8A, a polymeric layer B00A
is depicted having a metallic layer 8024 with indentations B04A embedded therein. Refering
to FIG. 88, a polymeric layer 8008 is depicted having two metallic layers, namely a first metallic
fayer 8028 and a second metallic layer 8038 arranged parallel to each other. Herein, the first
metallic layer 8028 and the second metallic layer 8038 are formed on the outer surfaces of
the polymeric tayer 800B. The first metallic layer 8028 has corresponding first indentations
B04B and the second metallic laver BO3IB has comesponding second indentations BOSB. In the
present embodiment, the first indentations 8048 and the second indentations 805B are
generally parallel with respect to each other. Referring to FIG. BC, similar to the polymeric layer
8008 of FIG. 8B, herein a polymeric layer 880C is depicted having two metallic layers, namely
a first metallic layer 8020 and a second metallic layer 803C arranged paralle! to each other,
with the first metaltic layer 8020 and the second metallic tayer 803C being formed on the outer
surfaces of the polymeric layer BOOC, Again, the first metallic layer 802C has corresponding
first indentations BG4C and the second metallic layer 803C has comresponding second
indentations 805C. In the present embodiment, the first indeniations 804C and the sscond
indentations 808C are genersally staggered with respect b each other,

[0O7SIFIG. 9 is a partial diagrammatic sectioned iffustration of the polymeric layer having the
metallic layer with the ong or more indentations, showing dimensions of various elements
therein, in accordance with an embodiment of the present disclosure. Hereln, tha first metallis
fayer 802A comprises the first indentation 8044 and the second metallic layer 6028 comprises
the second indentations 8048, As shown, the first melallic layer 8024 and the second metallic
layer 6028 cover the cuter surfaces of the polymeric fayer 104, In the Hlustraed example,
thickness of the polymeric laver 104 (represented as A} is 80 um, thickness of each the first
metaliic fayer 602A and the second metallic layer 8028 (representad as B} is 6 um. Further,
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the first metaflic fayer 802A has the first indentation §04A with length (represented as C) of 28
mm.

[OG80]FIG. 10 is a partial diagramimatic top planar illustration of the body having the metallic
layer with the one or more indentations, showing dimensions of various slements therein, in
accordance with an embodiment of the present disclosure. As shown, the metallic layer 802
has the indentations 604 formed over the foldable portion 106 in the body 102, Exernplary
dimensions for the body 102 have been provided. Herein, a length of the foldable portion 108
{represented as D} is 25 mm and the length of each portion of the metallic layer 802 on both
sides of the foldable portion 186 {represented as E) is 45 mm sach, thus making the total
iength of the metaliic layer 602 as 118 mm. Further, length of the body 102 along the lateral
direction (reprasented by F) is 140 mm, In an example, the indentations 604 has a length of
about 25 mm, width in a range of 0.5 to 50 ym and pitch in a range of 0.05 10 5.0 mm,

[O0811FIG. 11A is a diagrammatic iffustration of the heat pipe 100 in the folded state with the
hady 102 having developed crack in a region (represented by the numeval 1108} in the foldable
portion 108, in accordance with an embodiment of the present disclosure. FIG. 11B is an
expanded Hlustration of the region 1100 of the foldable portion 108 of the heat pipe 100 having
developed crack thersain, in accordance with an embodiment of the present disclosure. As may
be seen from FIG. 11B, in case of the foldable portion 108 of the heat pipe 100 having
developed crack therein, parmeation of the atmospheric alr as well as leakage of the working
fluid from internal volume goes only through the small arsa of the polymeric layer 104 near
cracks. With the polymeric layer 104 having low permeability, the volume of permeation of the
atmospheric air and/or leakage of the working fluld from internal volume would be significantly
less as compared to heat pipes which may only have metalfic body or may be made of
polymaric material only,

[0082] Calzulations are performed to prove performance of the heat pipe 100, For calculation
of performance of the heat pipe 100, if is assumed that permeation of the atmospheric gases
and the working fluid goes only through the foldable poriion 108 of the heat pipe 100, Surface
area of the foldable portion 108 from where penmeation of the atmospheric gases and the
working fluid may oceur (i.e. surface area of the crack) is assumed o be 1.5%10° m? and
thickness of the walls is 50 ym. Hence, volume of the internal volume ocoupled by the working
fluid is 4.7%107 m®, For efficient performance of the heat pipe 100, the oxygen ransmission
rate (OTR) of the polymeric layer is below 1.0 co/m¥day/bar. For calculation of OTR,
assumptions are taken. The assumplions are that the working fluid ts methanol, penetrated
atmospheric gases separates from vapour phase of infernal fluid during condensation having
pressure equal to saturation pressure of the working fluid which is equal fo 56 kPa, operation
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of the heat pipe 100 is interrupted after 3% of vapour space volume is occupied by Oxygen
{from atmosphere). In such a case, volume of Oxygen inside the heat pipe s V= (.141%107
e, Further, Oxygen in the heat pipe 100 is considered as an ideal gas, for such assumption
volume of Oxygen at standard conditions (i« = 0°C and pa = 100 kPa) is calculated using
gquation 1.

Ve = Vp 22 (1)

27315 56

s 14T X I st
50 4 273.15 100

= 0.067 X 107"m® = 0.0087 om’

{0083 Further, & was assumed that required lifetime of the heat pipe 100 is 2 years. it means,
that after fwo years' volume of Oxygen inside the heal pipe should be equal to V. Thus,
required QTR of the polymeric layer 104 is estimated using equation &

OTR = CE: (&)

: {Poarm=Pu i ) SAXT
- 00067
T8I~ 0) X L5 w 1073 % 736

em?

= .04

barsmixday

[0084] Here po Is partial pressure of Oxygen in atmosphers which is equal to 21 kPa (=0.21
bar); pewe is partial pressure of Oxygen near permeation area (it is assumed that all Oxygen is
quickly removed from permeation area together with vapour flow and collected far from the
permeation area) which is equal to 0 kPa and 1 is required lifetime of the heat pipe 100 which
is equal to 2x365 = 730 days. According to the above calculations the caloulated QTR for the
heat pipe 100 is 0.04 co/mPday/bar which is within the range hence, the heat pipe 100 provides
effective heat dissipstion. This provides a good compromise between the lifetime and
materialfproduction cost of the heat pipe 180, as per embodiments of the present disclosure.,

{00851t would be appreciated that OTR less than 0.04 cc/m2/day/bar is not achievable from
the existing polymer materals. it means, that if a heat pipe is fabricated using only polymer
material {without any metallic body), permeation of almospheric gases and leakage of the
working fluid witl oceur through whole of the polymenric layer and required lifetime for the heat
pipe wilt be not achievable. However, the heat pips 100 of the present disclosura comprises
the body 162 which is impermeable for gases as the body 102 is fabricated using a metallic
material and permeation will only ccour through the polymeric layer 104 near the cracks.
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Calculations are performed o determine location of the crack formed in the body 102. For
calculation, it i3 assumed, that permestion surface of the polymeric laver 104 is squal o
surfane of cracks in the body 182, For exemplary calculations, we used a polymeric film
comprising 3 polymeric layers of polymers with a layer of ethylene vinyl alechol (EVOH)
sandwiched between two polyethylene layers (PE) {(PE/ EVQH / PE). Meagsured OTR of the
polymeric film according to egquation 2 is (.85 co/m2idayibar. Such value of OTR of the
polymeric film will be acceptable if total surface of cracks in the body 102 will be 0.11x10% m&
Therefore, surface of the crack in the body 102 on the foldable pottion 108 should be fess than
7% of surface of permeation area. For such conditions, ¥ width of the crack is § um, cracks
could be located on the distance greater than 70 pm. Such distribution of the crack may be
controfled by the one or more grooves 502 on the body 102, which avoid formation of large
cracks and control the location of formation of the crack on the body 102,

[0088]Measurement of OTR after folding the foldable porfion 108 about 200 000 fimes with
radius 3 mm are performed for the polymeric (polyimide) layer 104, for both with and without
the metallic (copper) laver 802, Measurement meathod is based on the equations 1 and 2. The
measured OTR for the polymeric layer 104 without the metallic layer 802 is 186 ceim2iday/bar.
However, the OTR with the polymeric laver 104 with the metallic layer 802 was calculated to
9.3 cofm2idayfoar. Though, itis far frons target of OTR less than 0.08 cofm2/day/bar, however
already gives 20 times of improvement. Assuming, that metallic layer gives decreasing of OTR
by 20 times, we can calculate OTR for another polymers. When the polymer (polyimide) tayer
104 was replaced with a multi fayered polymeric fayer of sthylene vimyl alcohol {(EVOH)
sandwiched between two polysthylene layers (PE) (PEf EVOH / PE), calculated QTR was
1.028 cofmaidayibar (0.55 / 20 = 0.028 co/m2/day/bar) which is less than required OTR of 0.04
seim2idayibar, Herein, 0.55 cem2iday/bar is measured valus of QTR for PE/EVOH/PE multi-
layered polymer. Hence, the al least ane metallic layer 104 provides balance between flexibility
and gas permeability {o the polymeric layer 104,

[COBTIFIG. 12 is a flowchart of a method 1200 for manufacturing a heat pipe (such as the
heat pipe 100), in accordance with an embodiment of the present disclosure. At step 1202, the
body 102 is fabricated by joining togsther a first module 1024 and a second module 1028 to
define an internal volume, with each of the first module 1024 and the secand module 1028
having a foldable portion 106 therein. Al step 1204, a polymeric layer 104 is bonded over the
foldable portion 108 of each of the first module 102A and the second module 1028, of the
body 102,

[0088] The prasent disclosure also relates to the method 1200 as described above. Varlous
embodiments and variants disclosed above apply mutatis mutandis to the method 1200,
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{0088]in an embodiment, the method 1200 comprises disposing the polymeric fayer 104 to
cover an ouler surface of each of the first modude 1024 and the second module 1024, of the
body 102. The use of polymeric layer 104 over entire cuter surface of each of the first module
1024 and the second module 1024, and not just the foldable portions 106 thereof, provides
balanced permeability and flexibility to the heat pipe 100, while making the fabrication process
simpler,

{0080} in an embodiment, the method 1200 comprises forming one of more grooves 802 in
the foldable portion 108 of each of the first module 102A and the second module 1028 of the
body 102, extending along the lateral direction {along the axis BB") of the body 102. The
forrmation of grooves 802 reduces overall weight of the body 102 and reduces materisl usage
for production of the baat pipe 100 making the manufacturing more cost-effective. The grooves
502 further aliow bending of the heat pipe 160 while reducing formation of large oracks in the
body 102 of the heat pipe 108, Further, the grooves 502 controls the focation of formation of
cracks by restricting the cracks around the foldable portion 108 in the heat pipe 100,

[0081]In an embodiment, the method 1200 comprises arranging a metallic layer 602 with the
polymeric layer 104, Use of the metallic layer 802 provides form to the polymaric layer 104 for
gasy bonding to the body 102 and further significantly reduce leakage of the working fluid from
the internal volume through the polymeric layer 104.

{0082} in an embodimant, the method 1200 comprises forming one or more indentations 804
in the metallic layer 802 complementary io the one or more grooves 5§02 formed in the foldable
portion 108 of each of the first module 1024 and the second module 1028, of the body 102,
The formation of indentations 804 reduces overall weight of the metallic layer 604 and reduces
material usage for production of the heal pipe 100, making the manufacturing more cost-
effective. The indentations 804 in the metallic layver 802 also reduce formation of cracks in the
metaliic layer 802 on folding of the heat pipe 100,

[0093] Further, the method 1200 comprises charging the heat pipe, Le. filling the liquid coolant
inside the fabricated heat pipe (such as, the heat pips 100}, Charging of the heat pipe may be
performed at any one of two stages: afler fabrication of the body, or after bonding of the
polymer layer.

[0084] The electronic device, as referred herein, comprises {(incorporates) the heat pipe 100
Herein, the electronic device refers to a device that comprises components such as a passive
component or an active component, semiconducior, interconnect, contact pad, transistor,
diode, LED, and the like connected together to form integrated circuits in order o perform a
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task. For example, the elsctronic device may inchude, but i not limited 1o laptops, mobile
phones, deskiop camputars, smart phonas, mobile tablets, camera, printer and radio, Further,
the slectronic device may be a foldable device that may be folded during operation. Different
components of the eleclionic device generale heat, thus the slecironic device requires a
caoling sysiem to improve reliability and prevent premature failure of the electronic device.
Further, junclion temperature of integrated cirouils has 1o be maintained below the allowable
fimit specified for both performance and refiability factor, The heat pipe 100 of the present
disclosure is placed near heat generating component of the electranic device 1o dissipate heat
in the electronic device. For foldable electronic device, the heat pipe 100 can bend along with
bending of the elecironic device and does not break during folding of the electronic device.
Farther, the heatl pipe 100 provides effective heat dissipation even in the folded state of the
glectronic device. The heat pipe 100 of the present disclosure with the body 102 having metallic
structure and the external polymeric layer 104 provides a balanced flexibilty and lifetime
{permeation rate of air and leakages of internal fuid),

{0098 Modifications to embuodiments of the present disclosure described in the foregoing are
possible without departing from the scopes of the present disclosure as defined by the
accompanying claims, Expressions such as "including”, "comprising”, Mincorporating”, "have”,
“is" used {0 describe and claim the present disclosure are intended o be construed in a non-
exclusive manner, namely allowing for items, components or elements not explicitly described
also 1o be present. Referance {0 the singudar is also 1o be consirued o relate to the plural. The
word “exemplary” is used herein to mean "serving as an example, instance ar ilustration”. Any
embodiment described as “exemplary” is not necessarily to be construed as preferred of
advantageocus over other embodiments and/or {o exclude the incorporation of features from
other embodiments. The word “optionally” I8 used herein to mean "is provided in some
embodiments and not provided in other embodiments®. it is appreciated that certain features
of the present disclosure, which are, for clasity, described in the context of separate
embodiments, may also be provided in gombination in a single embodiment. Conversely,
various features of the invention, which are, for brevily, described in the context of a single
gmbodiment, may also be provided separately or in any suitable combination or as suitable in
any other described embodiment of the disclosure.
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CLAIMS

1. A heat pipe (100} for an electronic device, comprising:

a body (102} having a generally planar, metalic structure, the body (102}
comprising a first module (1024) and a second module (1028} joined together to define
an internal volume, wherein sach of the first module (102A) and the second module
{1428} has a foldable portion (108} thersin, and

a polymaric layer {104) disposed over the foldable portion (108} of each of the
first module {102A) and the second module {1028}, of the body (102},

2. A heat pips (100) according fo claim 1, wherein the first module (1024} comprises &
slurality of projections located inside the internal volume.

3 A heat pipe (100} according o claim 2, wherein the plurality of projections comprises
2 first set of projections {2024) and a second set of projections (2028), and wherein the

second set of projections (2028) is siranged on the fokdable portion (108} of the first module
{1024} and extend along a longitudinal divection of the body (108},

4, A heat pipe {100) acoording to any one of claims 2 to 3 further comprising & porous
fayer (204) having a plurality of holes complermentary to the plurality of projections in the
first module (1024), such that the porous layer (204} is arranged on the first module {1024}
inside the internal volume,

5. A heat pipe {100} according o any one of precading claims further comprising one or
more grooves {502) formed in the foldable portion (108} of each of the first module (1024}
and the sacond module (1024} of the body {103}, wherein the one or more grooves (802}
extends afong a lateral direction of the body (102).

8. A heat pipe {100} according to any one of preceding claims, wherein the polymeric
layer {104) covers an outer surface of sach of the first module (1024} and the second
module (1028}, of the body (102}

?Z. A heat pipe (100) sccording to any one of preceding claims, wherein the polymeric
laver {104} comprises a metalic layer {802) arranged therewith.

g, A heat pipe (100) according to claims § and 7, wherein the metallic layer (802)
comprises one of more indentations (804) complementary to the one or more grooves (502)
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formed in the foldable portion {108} of each of the frst module {102A) and the second
modide (1028}, of the bady {102).

8. A heat pipe {100} according 10 any one of claims 7 {o 8, wherein the metallic layer
{602) is embedded in the polymeric layer (104},

10, A heat pipe {100} according to any one of preceding claims, wherein the body (102} is
fabricated by at least one of. sintering, soldering and welding process.

11, A heat pipe (100) according 1o any one of preceding clalms, wherein the polymeric
layer {104) is formed of. polyimides, polvethylene terephthalate, polyethylene naphthalale,
sthylens vinyl alcohol, polyamide, polyvinylidens chionde, polyacrylonitrile, nylon, or g
combination thereof.

12. A heat pipe {100) according to any one of preceding claims, wherein the polymeric
layer {104} s bonded to the body {102} using at least one of adhesive bonding, low
temperature diffusion bonding, coating and sedective laser welding.

13. A hest pipe (100} according t any one of preceding claims, wherein the body (102}
has a thickness in a range of 50 1o 500 um, and whersin the polymeric layer {104) has a
thickness in a range of 18 to 200 pym,

14. A heat pipe {100} according to any one of claims 7 to §, wherain the metallic layer (802}
has a thickness in a range of 0.04 1o 25 ym.

15, A method {1200} for manufacturing a heat pipe (100) for use in electronic devices, the
method comprising:
fabricating a body (102} by joining together & first module {102A) and a second
module (1028) fo define an intermal volume, with each of the first module (1024} and
the second module (1028) having a foldable portion {108} therain; and
bonding a polymeric layer {104} over the foldable portion (108) of each of the
firat module (102A) and the second module {1028}, of the body {102).
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18. A method (1200) according to claim 15 further comprising disposing the polymeric
fayer (104) to cover an outer surface of sach of the first module (1024} and the second
module (1028}, of the body {(182).

17. A method (1200) according lo any one of claims 15 to 16 further comprising forming
one of more grooves (502) in the foldable portion (106} of each of the first module (10247)
and the second module {102B) of the bady (102}, exiending along a lateral direction of the
body {102},

18. A method {1200} according to any one of claims 15 to 17 further comprising arranging
a metaliic layer (802) with the polymeric layer {104},

19. A maethod (1200) according to claim 18 further comprising forming one of more
indentations (804} in the metlallic layer (802} complemeantary 1o the one or more grooves
{502} formed in the foldable portion {108} of each of the first module (102A) and the second
module (1028}, of the body (102},

20. An elettronic device comprising a heat pipe (100} according to any one of claims 1-
14,
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