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Abstract: With the rapid rising of heat flux and reduction of heat dissipating space of microelectronic devises, flattened sintered heat 
pipe has become an ideal conducting element of use in the electronic cooling field. A manufacturing technology named phase change 
flattening process is presented to fabricate the flattened grooved-sintered wick heat pipe (GSHP for short). Deformation geometry of 
flattened GSHP and the elasto-plastic deformation of flattening process are analyzed theoretically and verified by experiments. The 
results show that the vapor pressure inside sintered heat pipe during flattening process is determined by the saturated vapor pressure 
equation; the width and vapor area of flattened heat pipe change greatly as the flattening proceeds; the maximum equivalent strain 
distributes at the interface between wick and vapor in the flat section; the buckling phenomenon can be well eliminated when the 
flattening temperature reaches 480 K; phase change flattening punch load increases with flattening temperature and displacement. 
Key words: heat pipe; wick; flattening; elasto-plastic deformation; buckling; vapor pressure 
                                                                                                             
 
 
1 Introduction 
 

Nowadays, heat dissipation of microelectronic chips 
has two basic characteristics: high heat flux (almost 106 

W/m2) and limited cooling space (especially for 
notebook PC), which seriously limits further 
development of microelectronic chip [1]. Miniature heat 
pipe can cool high heat flux electronic chips due to its 
high heat conductivity, high reliability, long life, fast 
thermal response, and no extra electric power [2]. 
Flattening and bending miniature cylindrical heat pipe 
with a desired structure can well meet with the electronic 
cooling requirement of limited space [3−5]. According to 
different wick structures, miniature cylindrical heat pipe 
can be classified into powder sintered wick heat pipe, 
grooved heat pipe, woven wire wick heat pipe and so on. 
Powder sintered heat pipe has relatively high capillary 
pumping ability and good anti-gravity ability compared 
to grooved wick heat pipe and wire wick heat pipe [6] 
and most widely applied in CPU cooling of notebook PC. 
Therefore, flatting miniature cylindrical sintered heat 

pipe to a certain thickness is an important ring for 
packaging into a notebook PC with very limited space. 

Thermal performance of flattened heat pipe like 
flattening grooved heat pipe and woven wire heat pipe 
has been well investigated [3,7−9], while research on 
fabrication and thermal performance of flattened sintered 
heat pipe is rare. Traditional pipe flattening fabrication 
method is lateral compression technology which can 
cause buckling phenomenon with two kinks on the 
central line [10−13]. To solve this problem, phase change 
flattening fabrication method was proposed to flatten 
grooved wick heat pipe in Ref. [14]. Working fluid inside 
heat pipe would phase change into vapor as heating 
temperature increases. The vapor pressure can stop the 
buckling forming and guarantee good flatness during the 
lateral compression of cylindrical heat pipe. Phase 
change flattening fabrication method can also be adopted 
to flatten sintered heat pipe while the flattening 
deformation of bimetallic pipe with porous internal layer 
is more complex. 

The main goal of present work is to provide      
an optimal phase change flattening process for miniature 
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cylindrical sintered wick heat pipe with good flatness: 
firstly, theoretically analyze deformation geometry of 
flattened grooved-sintered wick heat pipe (GSHP) and 
numerically calculate elasto-plastic deformation of phase 
change flattening process on the basis of an updated 
Lagrangian formulation; secondly, improve a universal 
material testing machine by installing flat loading plates 
with heating system and cooling system to simulate 
phase change flattening process; finally, discuss 
equivalent plastic stress and strain distribution, punch 
load, buckling and deformation geometry of flattened 
sintered heat pipe during the flattening process and 
optimize the phase change flattening process parameters. 
 
2 Theory analysis 
 

Phase change flattening process for fabrication of 
flattened GSHP, as shown in Fig. 1, is a modified lateral 
compression technology using phase change vapor 
pressure in heat pipe to avoid buckling and it is a 
quasi-static plane-strain compression process. The 
flattening process includes three stages. 1) Pipe 
expansion stage: heating the heat pipe to a given 
temperature, the working fluid phase changes into vapor, 
the vapor pressure in the heat pipe affects the sintered 
wick and expands cylindrical GSHP with a small 
elasto-plastic deformation. 2) Pipe flattening stage: keep 
heating temperature at a constant value and slowly move 
upper plate towards bottom plate to press GSHP with a 
large elasto-plastic deformation. This stage greatly 
determines the final shape of flattened GSHP, so the 
present research mainly focuses on this stage. 3) Pipe 
spring-back stage: cooling the flattened GSHP to room 
temperature, the vapor pressure decreases with 
temperature, unloading the upper plate, and the flattened 
GSHP springbacks with a small elastic deformation. 

2.1 Deformation geometry 
The analytical model of phase change flattening 

GSHP is based on the plane strain condition as shown in 
Fig. 1. During the flattening process, the deformation 
geometry of GSHP is pressed laterally from round 
section to oblong section, vapor area decreases, the 
contact area between plate and heat pipe changes from 
point contact to line contact, the bending curves such as 
arc BCD and arc EFA become more curved and 
unbending curves such as AB and DE become more 
straight and longer. 

Several hypotheses should be set before the analysis 
of the deformation geometry: 1) wick thickness and wall 
thickness are constant as flattening proceeds; 2) the bent 
curves of flattened GSHP such as arc BCD and arc EFA 
are approximate to the semicircles; 3) pipe thickness δhp 
is relatively small compared with the radius of pipe wall 
Rw, so GSHP can be considered a thin bimetallic pipe; 4) 
the length of neutral layer at the mid-thickness of 
grooved pipe wall remains constant during the flattening 
process. 

The diameter of neutral layer d0 at the mid-thickness 
of grooved pipe wall before flattening can be expressed 
as  

0 w w2d R δ= −                                (1) 
 
where δw represents the sintered wick thickness of GSHP. 

The height of the flattened GSHP H decreases with 
the punch stroke u which can be calculated by  

b w2 2H R R u= = −                            (2) 
 
where Rb represents the radius of pipe wall at the bending 
section. 

The length of unbending curves AB and DE. Ws, 
increases with the punch stroke as flattening proceeds, 
which can be expressed as  

s w
π (2 )
2

W R H= −                             (3) 

 

 
Fig. 1 Schematic diagram of GSHP phase change flattening process 
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The radius of bending curves such as arc  and 
arc  is  

b w 2
uR R= −                                 (4) 

 
The width of flattened GSHP Whp can be expressed 

as  

( )hp w
π 2
2

W R H H= − +                        (5) 
 

Assume that the cross-section area of grooved- 
sintered wick, Awick, remains constant during flattening, 
and can be calculated by  

g0
wick v s s v s t t

t
π[(2 ) (2 2 ) ]

w
A R R

w
δ δ δ δ δ= + × + + + ×  (6) 

 
where Rv is the vapor chamber radius of cylindrical 
GSHP, δs is the wick thickness over tear section, δt is the 
wick thickness in the groove section, wt is the width of 
tear and wg0 is the width of groove in the cylindrical 
GSHP. 

The vapor area of flattened GSHP, Av, is  

v w w t s w t sπ 2
2 2
H HA R δ δ δ δ δ δ⎛ ⎞⎛ ⎞= − − − − − − −⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠
 (7) 

 
Assume that the effective length of flattened GSHP 

is L and the vapor volume Vv can be expressed as 
 

v vV A L=                                   (8) 
 

If the vapor pressure in GSHP is not high enough, 
the buckling phenomenon with two kinks on the central 
line will occur during the flattening process as shown in 
Fig. 2. RUNTZ and HODGE [15] implied the buckling 
phenomenon using a collapse mode with four plastic 
hinges of pipe. The buckling phenomenon seriously 
decreases thermal performance of flattened heat pipe 
from two aspects: one is the increase of contact thermal 
resistance between flattened heat pipe and heat source 
(or cold source), and the other is the decrease of vapor 
area. The separation occurs from the outset between heat 
pipe and the plate in the center of the contact zone and 
increases the buckling degree as the compression 
proceeds and its buckling rate rb can be defined by the 
trigonometric function tan as 
 

b1
b

b2

w
r

w
=                                    (9) 

 

 
Fig. 2 Schematic diagram of flattened heat pipe with buckling 

2.2 Elasto-plastic finite element analysis 
The entire phase change flattening process is very 

complicate because it is a high non-linearity of large 
deformation. The complexity of flattening process is the 
high non-linearity of a large elasto-plastic deformation 
including: 1) non-linear geometrical behavior due to 
large displacements, large rotations and large strains; 2) 
non-linear constitutive behavior of bimetallic pipe with 
porous internal layer due to the elasto-plastic 
characteristic of large deformation; 3) non-linear 
boundary condition due to friction and changing contact 
condition between the heat pipe and loading plates. An 
analytical method is difficult to analyze the non-linear 
deformation process. So the finite element is employed 
to solve such non-linear problems due to the rapid 
advancement of PC. 

Several simple hypotheses are set before phase 
change flattening process is analyzed by the elasto- 
plastic finite element method: 1) the material of GSHP 
with porous internal layer is isotropic and isotropic 
hardening; 2) the calculation of phase change flattening 
process is based on the plane strain condition; 3) two flat 
and parallel plates are rigid; 4) the gravity of heat pipe is 
relatively small compared to punch load and vapor 
pressure, so the effect of gravity is ignored; 5) the effect 
of thermal expansion of GSHP during the flattening 
process is ignored due to its relatively small value; 6) the 
vapor pressure directly acts on the inner surface of 
sintered wick. 
2.2.1 Variational principle 

The non-linear stress—strain relationship due to the 
elasto-plastic characteristic of large deformation can be 
calculated by the incremental method. The virtual work- 
rate equation of the updated Lagrangian formulation is 
employed for finite element analyzing the incremental 
characteristics of the metal forming process. The 
equilibrium will be met at the incremental step t to t+Δt 
through the principle of virtual work that can be written 
in general terms as 
 

( )e
T e

ep 
{[ ] [ ] [ ]}d { }

V
B D B V δΔ =∫  

 

e
p

T T
  

[ ] { } d [ ] { } dt t t t
S V

N p S N b V+Δ +Δ+ −∫ ∫  
 

e
T

 
[ ] { }d

V
B Vσ∫                         (10) 

 
where [B] represents strain rate−velocity matrix; [D]ep 

represents elemental elasto-plastic constitutive matrix;  
[N] represents shape function matrix; {p} represents the 
collection of surface forces; {b} represents the collection 
of volume forces; {∆δ} represents the collection of 
displacement increment; {σ} represents the collection of 
stress; V and Sp are the material volume and the surface 
on which the traction is prescribed. 
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2.2.2 Yield criterion 
The GSHP is composed of an outer grooved pipe 

and an internal porous sintered wick. The grooved pipe is 
pore-free copper which is incompressible, and the 
sintered wick is copper powder sintered porous material 
with variable volume during flattening. Therefore, the 
yield criterion and constitutive model of grooved pipe 
and sintered wick should be discussed individually. 

1) Porous material of sintered wick 
The yield strength of powder sintered wick is 

relative to the matrix material and yield criterion reflects 
the effect of hydrostatic pressure on yielding based on 
the plastic deformation of powder sintered porous 
material, the basic form [16] is given by 
 

2 2
ij 1 2 2 1 3 0( ) 0F a J a I a Yσ = + − =                 (11) 

 
where I1 is the first invariant of stress tensor which 
reflects the effect of hydrostatic pressure on yielding and 
can be obtained as  

1 1 2 3 03I σ σ σ σ= + + =                        (12) 
 
J2 is the second invariant of stress deviator which can be 
expressed as  

( ) ( ) ( )2 22
2 1 2 2 3 3 1

1
6

J σ σ σ σ σ σ⎡ ⎤= − + − + −
⎣ ⎦      (13) 

 
Y0 is the yield strength of matrix material; a1, a2 and a3 
are the yield criteria of von Mises, a1 is equal to 3, a2 and 
a3 are functions of porosity f which is equal to αm and 
β2n+1 respectively; α and β are determined by several 
factors, such as the compression process of porous 
material, sintered powder size and shape, and the size of 
porous material sample. The values of m and n are 
related to porosity f and determined by experiments. 
MAMALIS et al [17,18] proposed the calculation 
formulas for α and β as follows. 

When 0≤f≤0.25, 
 

0.60.15 fα =                                (14) 
 

0.91 0.18 fβ = −                              (15) 
 

When 0.25≤ f ≤0.6, 
 

0.0185 0.183 fα = +                          (16) 
 

0.73 fβ = −                                (17) 
 

Therefore, the yield criterion Eq. (11) for powder 
sintered porous material can also be expressed as 
 

( ) ( ) ( )2 22
1 2 2 3 3 1

1( )
2ijF σ σ σ σ σ σ σ⎡ ⎤= − + − + − +
⎣ ⎦

 
 

2 2 1 2
0 09 0m n Yα σ β +− =                    (18) 

 
2) Compact material of grooved pipe 
As for compact material of grooved pipe, f =0, α =0 

and β=1, so the yield criterion of grooved pipe can be 

simplified as 
 

2 2 2 2
ij 1 2 2 3 3 1 0

1( ) [( ) ( ) ( ) ] 0
2

F Yσ σ σ σ σ σ σ= − + − + − − =

                    (19)  
2.2.3 Constitutive model 

Assume that the material of sintered heat pipe obeys 
von Mises yield criterion and Prandtl−Reuss stress—
strain relation. Considering the elasto-plastic behavior, 
the constitutive relationship of material under the plane 
strain condition is given by 
 

ep e pd{ } [ ] d{ } ([ ] [ ] )d{ }D D D= = −σ ε ε            (20) 
 
where elasto-plastic matrix [D]ep is the sum of elastic 
matrix [D]e and plastic matrix [D]p. The elastic 
deformation of grooved pipe and sintered wick complies 
with Hooke’s Law, so the elastic matrix [D]e can be given 
as 
 

[ ]e
1 0

2 1 0
1 2

0 0 1 2

GD
ν ν

ν ν
ν

ν

−⎡ ⎤
⎢ ⎥= −⎢ ⎥−
⎢ ⎥−⎣ ⎦

              (21) 

 
where G=E/2(1+ν). The elastic modulus E and the 
Poisson ratio ν can be obtained by mechanical testing 
respectively. 

1) Porous material of sintered wick 
The volume of sintered wick changes during the 

flattening process which means porous sintered wick is 
compressible and the Poisson ratio is below 0.5, thus 
classical plasticity theory based on constant volume is no 
longer suitable. Plasticity theory of real porous materials 
based on volume variable is adapted to establish the 
regularities of the plastic deformation of GSHP. 
MAMALIS et al [17,18] proposed the following basic 
equation of the flow theory of real porous material: 
 

r q
02 1

3
d [ (1 2 ) ]

2
m

ij ij ijn

dρ ε
ε σ α δ σ

β σ+
= − −             (22) 

 
According to Prandtl−Reuss flow law, Eq. (22) can 

be simplified as 
 

pd d
{ }ij
σε ε
σ
∂

=
∂

                             (23) 

 
The effect of hydrostatic stress on plastic flow of 

porous material is little, thus stress deviator σ’ij is 
introduced: 
 

,
0(1 2 )m

ij ij ijσ σ α δ σ= − −                      (24) 
 

Substituting Eq. (24) into Eq. (22), Eq. (23) can be 
simplified as 
 

{ }
σ
σ
∂

=
∂

 



Le-lun JIANG, et al/Trans. Nonferrous Met. Soc. China 23(2013) 2714−2725 

 

2718 
,, ,

r r rr rr
2 1 2 1 2 1 2 1 2 1 2 1

3 3 33 33
2 2 2

y xy zyx xzz
n n n n n n

ρ σ ρ τ ρ τρ σ ρ τρ σ
β σ β σ β σ β σ β σ β σ+ + + + + +

⎡ ⎤
⎢ ⎥
⎢ ⎥⎣ ⎦

 

 (25) 
 
where σ and pdε  are equivalent plastic stress and 
equivalent plastic strain increment of porous material and 
can be calculated respectively as 
 

( )0.52 2
i 00.5

1 9 m
nσ σ α σ

β +
= +                    (26) 

 

( ) ( )
0.520.5

2 0
p

r

d
d d

n

i m

εβε ε
ρ α

+ ⎛ ⎞
⎜ ⎟= +
⎜ ⎟
⎝ ⎠

              (27) 

 
where ρr is the relative density of porous sintered wick; 
σi is the stress strength, εi is the strain strength; σ0 is the 
mean stress which is equal to δijσij/3 and dε0 is the mean 
strain increment which is equal to δijdεij/3. 

The yield criterion of isotropic hardening material 
in complex stress state obeys Mises yield function which 
reflects plastic hardening rule after the initial yield state. 
The subsequent yield stress is only relative to the total 
equivalent plastic strain instead of stress state and wick 
porosity and the incremental form of hardening law is 
 

pd dHσ ε′=                                 (28) 
 
where H′ is the rate of strain hardening 

The relationship of elastic stress increment and 
strain increment is linear and obeys Hooke’s law, 
therefore 
 

e p
e ed{ } [ ] d{ } [ ] (d{ } d{ } )D Dσ ε ε ε= = −           (29) 

 
Above all, the plastic matrix [D]p can be deduced 

under the plane strain condition, 
 

[ ]

2
22r

2 1
2

p 2
2 2r

2 1

9 G

3 G

x x y x xy
n

x y y y xy

x xy y xy xyn

D

H

ρ σ σ σ σ τ
β

σ σ σ σ τ
ρ σ σ τ σ τ τ

β

+

+

⎛ ⎞ ⎡ ⎤′ ′ ′ ′⎜ ⎟ ⎢ ⎥⎝ ⎠ ⎢ ⎥′ ′ ′ ′=
⎢ ⎥⎛ ⎞⎛ ⎞⎜ ⎟ ⎢ ⎥′ ′ ′+ ⎜ ⎟ ⎣ ⎦⎜ ⎟⎝ ⎠⎝ ⎠

 

(30)  
2) Compact material of grooved pipe 
Prandtl−Reuss flow rule can also be adapted to 

describe the constitutive relationship of pore-free 
material plastic deformation. As for pore-free material of 
grooved pipe, porosity f =0(α=0, β=1), Eqs. (22), (26), 
(27) and (30) can be simplified as follows, respectively, 
 

q
0

3d
d [ ]

2ij ij ij
ε

ε σ δ σ
σ

= −                       (31) 

 

( ) ( ) ( )
0.52 22

1 2 2 3 3 1
2

2
σ σ σ σ σ σ σ⎡ ⎤= − + − + −⎣ ⎦

  (32) 

2 2 2 0.5
p 1 2 2 3 3 1

2d [(d d ) (d d ) (d d ) ]
3

ε ε ε ε ε ε ε= − + − + −  

                        (33) 

[ ]

2

2
p 2

2

9
( 3 )

x x y x xy

x y y y xy

x xy y xy xy

GD
H G

σ σ σ σ τ

σ σ σ σ τ
σ

σ τ σ τ τ

⎡ ⎤′ ′ ′ ′
⎢ ⎥
⎢ ⎥′ ′ ′ ′=
⎢ ⎥′ +
⎢ ⎥′ ′⎣ ⎦

   (34) 

 
The equivalent stress— equivalent plastic strain 

relationship of porous sintered wick is represented by an 
n-power law of the form: 
 

wick
wick

nkσ ε=                               (35) 
 
where kwick is the strength coefficient of porous sintered 
wick. 

The equivalent stress— equivalent plastic strain 
relationship of grooved pipe is 
 

w
w

nkσ ε=                                  (36) 
 
where kw is the strength coefficient of grooved pipe. 
2.2.4 Boundary conditions 

1) Vapor pressure and air pressure 
The air pressure on the GSHP is constant during the 

flattening process and the value is tested to be about 
1.01×105 Pa in the present work. Heat pipes are always 
evacuated to high vacuum for several hours and then 
charged in a certain amount of working fluid. When heat 
pipe is heated to a relatively high temperature, the 
working fluid phase would change into vapor and 
generate high vapor pressure. The mechanism of vapor 
pressure in the heat pipe is saturated vapor pressure 
equation instead of ideal gas state equation [14]. The 
Antoine vapor pressure correlation is always used to 
calculate the saturated vapor pressure for pure fluids. 
Therefore, the water saturated vapor pressure pv in GSHP 
can be approximated by the Antoine’s equation [19] 
 

v
v

ln 6.9078Bp A
T C

= − +
+

                    (37) 

 
where when 0≤Tv≤483 K, A=16.37379, B=3876.659, 
C=−43.42. 

The saturated vapour pressure is a function of 
temperature instead of the volume of vapor chamber 
based on the Antoine’s equation. In a words, the vapor 
pressure is a constant value at a given vapor temperature 
during the flattening process. 

2) Friction 
Although JOHNSON [20] reported that the effect of 

friction between rigid and parallel plates would be small 
during the quasi-static compression of a circular pipe, a 
modified Coulomb friction law [21] is adopted in the 
present study. The increment of nodal force acting on the 
contact node can be resolved into tangential and normal 
components Δft and Δfn 
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n tf fΔ = Δ + ΔF n t                             (38) 
 
where n is the outward vector normal to the plate surface; 
t is vertical to n. The increment of tangential force Δft, 
the direction of which coincides with the sliding 
direction, can be calculated by modified Coulomb’s 
friction law as [21]  

r
t n

2 arctan
π

v
f f

C
μ ⎛ ⎞Δ = ± Δ ⎜ ⎟

⎝ ⎠
                    (39) 

 
where μ is the friction coefficient, physical meaning of C 
is critical relative sliding velocity of for quasi-sticking 
state and sliding state during flattening, and vr is the 
contact nodal sliding velocity relative to the plate 
movement. 
2.2.5 Finite-element discretization 

GSHP is divided into finite elements by performing 
the standard finite element discretization. The principle 
of virtual work rate equation and the constitutive relation 
are linear equations of rates at the incremental step t to 
t+Δt. Integrating all the element stiffness equations,   
Eq. (12) yields a system of algebraic equation in the 
global stiffness matrix form:  
[ ]{ } { }K pδΔ = Δ                              (40) 
 
where {Δδ} is the global incremental matrix of 
displacement and [K] is the global stiffness matrix which 
can be calculated by  

e
T

ep 
e

[ ] [ ] [ ] [ ]d
V

K B D B V= ∑∫                   (41) 
 
{Δp} is the global incremental matrix of node loading 
which can be expressed by  

e
T T

 S  
{ } { [ ] { } d [ ] { } d

p

t t t t
v

e
p N p S N b V+Δ +ΔΔ = + −∑ ∫ ∫  

e
T

 
[ ] { }d }

v
B Vσ∫                         (42) 

 
2.2.6 Method of solution 

The contact and separation conditions of nodes  
and the state of element keep invariant during each  

increment. The increment of each loading step should be 
controlled in order to assure the accuracy of the 
integration scheme. The size of each loading step is 
calculated by an automatic load-stepping method as 
 

( ) /( )t t t t
i y i i ir σ σ σ σ±Δ= − −                     (43) 

 
where ri is the weighting factor for the increment of each 
loading step. 

The solution procedure can be summarized as 
follows: firstly, heat pipe is meshed using continuum 
quad elements and the flat plates are modeled as analytic 
rigid surface; secondly, set-up the initial and boundary 
conditions (air pressure and vapor pressure) and 
prescribe a fictitious plate displacement increment Δδ at 
the beginning of step loading; thirdly, calculate stiffness 
matrix [K] and solve Eq. (40); fourthly, calculate the size 
of each loading step by Eq. (43) and its increment 
δi=δi−1+riΔδi; fifthly, update the geometry of the flattened 
heat pipe, displacements, stresses, the yield limit and 
boundary conditions if the convergence reaches the 
minimization of the force or displacement residual; 
finally, go to the third step until the upper plate reaches 
its finally punch stroke, and then execute the unloading 
procedure and output results . 

 
3 Experimental 
 
3.1 Fabrication of cylindrical GSHP 

The grooved-sintered wick of heat pipe samples is 
shown in the Fig. 3 and the experimental specification is 
shown in Table 1. The grooves of grooved pipe were 
plastically formed by oil-filled high-speed spin forming 
method [22−24]. Spherical copper powder was sintered 
on the inner surface of grooved pipe as grooved-sintered 
wick at sintering temperature of 950 °C for 3 h by solid 
state sintering method [25]. Miniature cylindrical GSHP 
was fabricated by following process: vacuum pumping, 
fluid charging [26], cold weld sealing [27] and plasma 
welding of the ends.  

 

 

Fig. 3 SEM images of grooved-sintered wick structure 
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Table 1 Experimental specification of GSHP 

Sample Parameter Value 

Total length, L/mm 250 

Material TP1 

Vacuum/Pa 4×10−4 

Atmospheric pressure/Pa 1.01×105 

GSHP 

Working fluid H2O 

Outer radius of wall, Rw/mm 4 

Wall thickness, δw/mm 0.3 

Height of tears, δt/mm 0.25 

Width of tears, wt/mm 0.16 

Number of tears N 65 

Yield strength, σ0.2,w/MPa 220 

Elastic modulus, Ew/GPa 117.8 

Poisson ratio, νw 0.33 

Friction coefficient, μ 0.05 

Strength coefficient, kw 223 

Grooved 
pipe 

Strain hardening exponent, nw 0.524 

Wick thickness, δs/mm 0.45 

Powder shape 
Spherical copper 

powder 
Powder diameter/μm 159 

Wick porosity, f 48.1% 

Elastic modulus, Ewick/GPa 4.16 

Yield strength, σ0.2, wick/MPa 14 

Poisson rate, νwick 0.3 

Strength coefficient, kwick 92.5 

Sintered 
wick 

Strain hardening exponent, 
nwick 

0.85 

 
The heat pipes were evacuated to the pressure of 4×10−4 

Pa and then charged the purified water with 100% fill 
ratio. The thickness of uniform sintered zone δ1 was 
defined as the wick thickness of GHSP in the present 
work. 
 
3.2 Experimental setup 

According to phase change principle of heat pipe, a 
phase change flattening equipment was designed to 
fabricate flattened heat pipe and test the flattening 
process as shown in Fig. 4. Flattening equipment was a 
modified universal testing machine (Model: CMT6103, 
MTS Systems Corporation, USA) on which flattening 
plates were installed. The loading error and displacement 
error of universal testing machine were below 1%. The 
flattening plates consisted of bottom plate with its 
heating system and upper plate with its cooling system. 
Three heating robs (diameter d8mm, rated powder 500 
W) were uniformly inserted into bottom plate. The power 

of heating robs was supplied by DC power supply. The 
K-type thermocouple was adhesively bonded on the side 
wall of cylindrical GSHP. The heating temperature was 
regulated by the temperature controller and the 
fluctuation was below ±1 °C so as to guarantee constant 
vapor pressure in heat pipe. Three water channels were 
drilled in the upper plate to flow cooling water. The 
center one was inlet and the other two were outlets. Heat 
exchanger was installed in the back flow pathway to cool 
water and a pump was installed in the water bath to 
pump cooling water to upper plate. 
 

 
Fig. 4 Schematic of experimental set-up for phase change 
flattening process 
 
3.3 Flattening process 

The phase change flattening process for fabrication 
of flattened GSHP can be divided into seven stages: 1) 
bonding K-type thermocouple on the side wall of 
cylindrical GSHP and placing cylindrical GSHP on the 
center of bottom plate; 2) adjusting the upper plate to 
cylindrical GSHP till close contact with the top surface 
of cylindrical GSHP; 3) setting the heating temperature 
of temperature controller and heat cylindrical GSHP by 
heating bottom plate; 4) moving the upper plate to press 
GSHP at a velocity of 10 mm/min after GSHP heating 
temperature achieves set value, and record punch loading, 
displacement, stress and strain by universal testing 
machine; 5) keeping compression for about 20 s as the 
upper plate reaches finally flattening height; 6) closing 
DC power supply to stop heating and pump cooling 
water to cool upper plate till the temperature of GSHP 
reaches room temperature; and 7) lifting the upper plate, 
and then the final flattened GSHP is formed. The heating 
temperature is the key factor which greatly affects the 
flatness of flattened heat pipe. If the heating temperature 
is too high, GHSP would expand and even explode, and 
flattening time would be prolonged. 
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4 Results and discussion 
 
4.1 Strain analysis 
4.1.1 Punch stroke 

Figure 5 shows the distribution of equivalent plastic 
strain of flattened GSHP as flattening proceeds at vapor 
temperature of 480 K. It clearly shows that the 
equivalent strain distribution of flattened GSHP is 
quartered by two mutually perpendicular axes (axis-OO′ 
and axis-CF) due to its symmetry of flattening 
deformation. A quarter portion of the equivalent strain 
distributes and varies along circumferential direction of 
the wall. Large strain always occurs in the grooved- 
sintered wick yet rare in the grooved pipe. The plastic 
deformation increases as flattening proceeds and the 
maximum equivalent plastic strain maxε  also increases 
with punch stroke. Before the heat pipe is laterally 
pressed, the circumferential distribution of equivalent 
plastic strain is uniform on the GSHP due to vapor 
pressure and the maximum equivalent plastic strain 

maxε  is only 0.01435 on the grooved-sintered wick. The 
plastic deformation of this stage can be used as a novel 
method to expand heat pipe which can be applied to heat 
pipe interference fit installation to decrease contact 
thermal resistance. When the punch stroke is 1 mm, the 
maximum equivalent plastic strain maxε  significantly 
increases to 0.1679. When the punch stroke is 5 mm, 

maxε  is 0.8561. When the punch stroke is less than 3 
mm, the maximum equivalent plastic strain reaches its 
maximum value at the interface of vapor and 
grooved-sintered wick. Equivalent plastic strain 
circumferential uniformly exists at the straightened 
section of grooved wall and uniform zone wick: section 
AB and section DE. When the punch stroke is greater 
than or equal to 3 mm, the equivalent plastic strain 

reaches its maximum at the bending points C and F at the 
interface of vapor and wick. 
4.1.2 Vapor temperature 

Figure 6 presents equivalent plastic strain 
distribution of flattened GSHP with 4 mm punch stroke 
at different vapor temperatures. It shows that vapor 
temperature (or saturate vapor pressure) contributes little 
to equivalent plastic strain while greatly affects buckling 
rate of flattened GSHP. The buckling rate decreases with 
vapor temperature due to saturate vapor pressure. When 
the vapor temperature Tv is 300 K and vapor pressure pv 
is about 0.042 MPa, an obvious buckling phenomenon 
occurs at the section AB and section DE as shown in Fig. 
6(a). When the vapor temperature Tv is 480 K and vapor 
pressure pv is about 1.9 MPa, buckling phenomenon is 
almost eliminated due to high saturate vapor pressure. 
The maximum equivalent plastic strain at bending points 
(points C and point F) decreases with vapor temperature 
due to buckling phenomenon. The equivalent plastic 
strain of sintered wick in the grooves on the straightened 
sections (sections AB and DE) distributes periodically 
due to the micro grooves. Above all, an optimal vapor 
temperature to flatten GSHP with good flatness is about 
480 K. 

 
4.2 Stress analysis 

Figure 7 shows the distribution of equivalent plastic 
stress of GSHP as flattening proceeds at vapor 
temperature of 480 K. It clearly shows that the 
equivalent plastic stress contour of GSHP in the 
flattening process presents 1/4 symmetric distribution 
with OO′ and CF as the center line. Each 1/4 symmetry 
equivalent plastic stress contour varies along 
circumferential direction of the grooved pipe. The high 
stress mainly distributes on grooved pipe outer wall    
of GSHP and the wick/vapor chamber interface. The 

 

 
Fig. 5 Equivalent plastic strain distribution of flattened GSHP during flattening 
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Fig. 6 Comparison of equivalent plastic strain of flattened heat pipe at different vapor temperatures 
 

 
Fig. 7 Equivalent stress distribution of flattened heat pipe during flattening 
 
equivalent plastic stress circumferential along GSHP 
straight section AB and section DE varies little, where 
the maximum equivalent plastic stress is maintained at 
56−62 MPa. The maximum equivalent stress maxσ  
increases with the increase of punch stroke. Before the 
heat pipe is laterally compressed by the upper plate, the 
equivalent of stress uniformly distributes on the wall of 
GSHP and maxσ  is 16.76 MPa. When the punch stroke 
is 1 mm, the maximum equivalent plastic stress maxσ  
suddenly increases to 61.51 MPa due to the large 
compression deformation of heat pipe. When the punch 
stroke reaches 5 mm, the maximum equivalent plastic 
stress maxσ  is 101.6 MPa. 
 
4.3 Punch load 

Figure 8 shows the relationship between the punch 
load and punch stroke at room temperature of 300 K and 
vapor temperature of 480 K by both experiment and 

modeling. The modeling results are relatively consistent 
with the experimental results, which to some extents 
explain the reliability of the finite element model. It also 
clearly shows that the punch load is proportional to the 
punch stroke, which means the punch load increases with 
the punch stroke. During the flattening process, the 
contact points of loading application move outwards 
along the pipe, which would have the effect of 
shortening the bending arms such as BC, CD, EF and AF 
as shown in Fig. 1, producing high moments. Meanwhile, 
the geometric constrains as a small edge radius produce 
in vertical direction of diameter of pipe, which would 
increase its degree with flattening. Furthermore, the 
material strain hardens in the plastic range under severe 
compression, which also further increases the punch load. 
Compared with the punch load at different heating 
temperatures with the same punch stroke, the punch load 
at vapor temperature 480 K is much higher than that at 
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room temperature 300 K, due to the fact that the higher 
vapor temperature means higher vapor pressure, which 
prevents the downward movement of the compression 
while reduces buckling rate and increases the punch load. 
 

 
Fig. 8 Relationship of punch load and punch stroke 
 
4.4 Buckling 

The flatness of flattened GSHP is the key factor that 
determines the success of phase change flattening 
process, which depends on the elimination of the 
buckling phenomenon. Figure 9 presents the SEM 
images of flattening buckling phenomenon at room 
temperature Tv=300 K and vapor temperature Tv=480 K. 
Figure 9(a) shows SEM image of flattened GSHP 
without buckling phenomenon when the flattening 
process proceed at vapor temperature of 480 K. The 
 

 
Fig. 9 SEM images of buckling phenomenon during heat pipe 
flattening: (a) Tv=480 K, without buckling phenomenon; (b) 
Tv=300 K, with buckling phenomenon 

flattened surface of AB and DE has good flatness, with 
the bending arcs  and  presenting elliptical 
rather than semi-circular shape. Figure 9(b) shows SEM 
image of flattened GSHP with serious buckling 
phenomenon at room temperature of 300 K. The 
flattened GSHP presents fallen “8” shape with obvious 
buckling phenomenon. Collapse takes place in the 
centerline OO′ and forms a large crack groove in the 
sintered wick. The buckling phenomenon greatly reduces 
the area of flattened GSHP vapor chamber and increases 
contact thermal resistance between heat pipes and the 
contact elements, meanwhile the crack groove hinders 
circumferential capillary flow of working fluid and 
reduces the thermal performance of GSHP. 

Figure 10 shows the buckling rate of flattened heat 
pipe in the range of punch strokes from 0 to 5 mm at 
different vapor temperatures by both experiment and 
modeling. It shows that the buckling rate of flattened 
GSHP increases with punch stroke. When GSHP is 
experimentally flattened at room temperature of 300 K, 
the buckling rate increases by nearly 7.3 times from  1 
mm punch stroke of 0.015 to 5 mm punch stroke of 0.11. 
It could be seen clearly from Fig. 10 that the buckling 
rate of flattened GSHP decreases with vapor temperature 
Tv at a given punch stroke. As to punch stroke 5 mm, 
when vapor temperature Tv is 300 K, the experimental 
buckling rate is 0.11; when Tv gets to 450 K, the 
experimental buckling rate is 0.02; when Tv reaches 480 
K, the buckling rate is 0.0015, which can be negligible. 
According to the formula of saturated vapor pressure, the 
internal vapor pressure of flattened GSHP is the function 
of vapor temperature. Higher vapor temperature means 
higher vapor pressure, which increases the anti-buckling 
capacity during the phase change flattening process. 
Therefore, the phase change flattening process is an 
efficient high-quality method to fabricate flattened 
GSHP with good flatness. 
 

  
Fig. 10 Buckling rate of flattened heat pipe 
 
4.5 Deformation geometry 

The deformation geometry of GSHP continuously 
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changes as flattening proceeds: the width of flattened 
GSHP Whp increases and the vapor chamber area Av 
decreases. These changes in the geometric structure will 
directly or indirectly affect the thermal performance of 
flattened GSHP. Therefore, it is necessary to carry out 
research on the variation laws among the width of the 
flattening heat pipe Whp, vapor chamber area Av and the 
punch stroke u. 
4.5.1 Width of flattened GSHP 

The relation of flattened GSHP width and height 
could be applied to the installation guidance of 
electronics cooling system. Figure 11 shows the width of 
flattened GSHP in the range of punch strokes of 0−5 mm 
at vapor temperature of 480 K. The experimental and the 
modeling results keep similar trend with the results by 
Eq. (3). As to a given punch stroke, the width of 
experimental flattened GSHP is the largest, followed by 
the modeling width, and the width by Eq. (3) is the 
smallest. When the punch stroke is 5 mm, the 
experimental width is 11.4 mm, the modeling width is 
11.1 mm, and the width by Eq. (3) is 10.9 mm. This is 
because the bending arc of flattened GSHP in Eq. (3) is 
assumed to semicircle while the experimental bending 
arc is actually oval. The width and height of flattened 
GSHP is a approximately linear relationship. 
 

 
Fig. 11 Width of flattened heat pipe 
 
4.5.2 Vapor area 

The vapor chamber is a vapor flowing channel from 
the evaporator section to the condenser section in 
flattened GSHP. The area of vapor chamber has a great 
impact on the vapor pressure drop. Figure 12 shows the 
vapor area of flattened GSHP in the range of punch 
strokes of 0−5 mm at vapor temperature Tv=480 K. The 
experimental, the modeling results and the results by Eq. 
(7) are very close to each other, which indicates the 
reliability of the finite element model to a certain extent. 
The vapor area rapidly decreases with the punch stroke. 
This is because the area of vapor chamber is a quadratic 
function of flattened GSHP height according to Eq. (7). 

 

 
Fig. 12 Vapor area of flattened heat pipe 
 
5 Conclusions 
 

1) Phase change flattening process for fabrication of 
flattened GSHP is a non-linear elasto-plastic deformation 
process. This process can be divided into three stages: 
pipe expansion stage, pipe flattening stage and pipe 
spring-back stage. An elasto-plastic finite element model 
based on an updated Lagrangian formulation is 
developed to simulate phase change flattening process. 
Formulation and algorithms are also adapted to solve the 
nonlinear problems of geometrical changes, plasticity 
and boundary conditions in an incremental manner. A 
modified Coulomb friction law is specially considered. 

2) The equivalent elasto-plastic strain distribution is 
similar to stress distribution during phase change 
flattening process of GSHP, with OO′ and CF as the 
center line in one-fourth symmetry and the straight 
sections AB and DE changing very little. The maximum 
equivalent plastic strain mainly occurs in the 
grooved-sintered wick/vapor interface of straight 
sections AB and DE or bending points C and F, while the 
maximum equivalent plastic stress distribution mainly 
occurs at the outer surface of grooved pipe. 

3) The punch load is mainly related to punch stroke 
and vapor temperature of GSHP. Punch load increases 
with punch stroke due to deformed geometry and plastic 
hardening of GSHP during flattening. Higher vapor 
temperature during flattening process needs higher punch 
load due to its higher vapor pressure in GSHP. 

4) The saturated vapor pressure in GSHP can be 
used to solve the buckling phenomenon during the 
flattening process. The higher the vapor temperature, the 
higher the saturated vapor pressure and the smaller the 
flattened heat pipe buckling rate. When the vapor 
temperature reaches 480 K, the buckling phenomenon of 
flattened GSHP can be well eliminated. When the lateral 
compression proceeds, the width of flattened GSHP 
increases and the area of vapor chamber decreases. 
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扁平沟槽烧结吸液芯热管的设计与制造 
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摘  要：随着电子芯片热流密度的急剧增加及有效散热空间的日益狭小，具有高热导率、高可靠性、快热响应、

无需额外动力等特点的扁平热管已成为电子领域使用的理想导热元件。提出了沟槽烧结吸液芯扁平热管的加热相

变压扁制造方法；理论分析了加热相变压扁制造过程中热管几何形状变化和热管弹塑性大变形的成形过程，并进

行了实验测试。结果发现：相变压扁过程作用机制为热管内部的饱和蒸汽压方程；相变压扁过程中，热管几何形

状变化很大，最大等效塑性应变主要发生在扁平段吸液芯/蒸汽界面上；当压扁温度为 480 K 时，压扁热管的屈曲

率微小，可忽略不计；相变压扁力随着压扁温度的升高和压扁位移的增大而增大。 
关键词：热管；吸液芯；压扁；弹塑性变形；屈曲；蒸汽压 
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