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ARTICLE INFO ABSTRACT

Article history:

It is indicated that the solder joint of the metal fibrous materials is a critical factor impacting the heat
conduction. To reveal the mechanism by which solder joint sizes, solder joint skips, solder flux materials,
and filling media affect the thermal conductivity of fibres, pore-scale numerical simulation is employed to
study the thermal transport in two-directional (2-D) random fibres. Satisfactory agreement with existing
data validates the numerical model. The dimensionless effective thermal conductivity (ETC) of the porous
fibres increases with the solder joint sizes. As the solder joint size (i.e., solder joint ratio) increases by
3.06%, the in-plane (k..;,) and out-of-plane (ke.ou:) dimensionless ETC increase by 9.0% and 437.2%, re-
spectively. However, the solder joint skips will weaken the thermal conductivity of the fibres. For the
same fibre, the ETC of the fibre increases as the thermal conductivity of solders increases. Further, when
the dissimilarity in thermal conductivity between the filling medium and the fibre is reduced, the fibre
is less affected by the solder joint skips. Finally, it should be supplemented that the in-plane and out-of-
plane ETC (ke.j, and Ke-out) Of the fibre without any solder joint are reduced by an average of 14.3% and
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98.8%, respectively.
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1. Introduction

Metal fibrous materials (MFMs) have excellent characteristics
such as lightweight, high porosity, strong damage resistance, heat
transfer, high specific surface area, easy moulding, and low man-
ufacturing cost [1-6]. MFMs have attracted extensive attentions in
engineering applications, such as thermal management [7-11], bal-
listic protection [12,13], composite reinforcement [14,15], fuel cells
[16-18], catalysts [19], enhanced thermal storage [20-22], and en-
ergy absorption [23,24]. For these engineering applications, the ef-
fective thermal conductivity (ETC) of MFM is a vital parameter that
determines heat conduction capability [25,26]. However, the fila-
ment orientations of fibrous materials, e.g., two-directional (2-D)
random fibres as the representative, result in different in-plane and
out-of-plane features for the heat conduction and their ETCs. 2-D
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* Corresponding author.
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MEFM is formed by stacking fibres layer by layer, where each layer
of the fibres is randomly distributed in the plane.

MFMs have extremely complex structures due mainly to the
entanglements and random arrangements in porous structures
[27,28]. This makes it more difficult to determine their transport
properties. To reveal the transport mechanism in MFM, different
methods including theoretical analysis [29-31], numerical simula-
tions [32-37], and experimental measurements [38-41] have been
taken to characterize the fibre pore structures and to explore their
transport properties.

Given the complicated pore structure of metal fibre materials,
most theoretical models simplify the complicated porous struc-
tures into ideal periodic unit cells (UCs). Sadeghi et al. [29] pro-
posed an analytical model to evaluate the ETC of the fibrous ma-
terials using cylindrical fibres with an equal spacing and uniform
size. Hooman and Dukhan [42] also established a theoretical model
based on a cubic arrays of cylinders to depict the transport prop-
erties of porous media. The model has good prediction accuracy.
Similarly, Qu et al. [30] chose an octet-truss lattice UC to estab-
lish an analytical expression for the ETC of the isotropic fibres. In
addition, a theoretical model for predicting the ETC of sintered fi-
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Nomenclature

Symbols

k thermal conductivity (W-m~1.K-1)

ke effective thermal conductivity (W-m~1.K-1)

I length (m)

L length of heat conduction (m)

P power of the top solder joints on the top surface
W)

q heat flux (W/m?)

R thermal resistance (W/K)

S cross-sectional area of solder joint (m?2)

Sp_i ith bottom solder joint

St_i ith top solder joint

T temperature (K)

T, bottom surface temperature of the lower solder
joints (K)

Ty high temperature (K)

T low temperature (K)

T; top surface temperature of the upper solder joints
(K)

1% velocity vector (m-s—1)

Vs total volume of the fibres (m3)

Vs total volume of the solder joints (m3)

Vs)s total volume of the solder joint skips (m?)

Greek symbols

1) percentage of solder joint volume

w solder joint skip ratio

& porosity

Subscript

ave average

e effective parameter

f fluid

i ith

in in-plane

out out-of-plane

s solid

sf solder flux

Abbreviation
ETC effective thermal conductivity

MFM metal fibrous material
PCM phase change material
RUC representative unit cell
2-D two-dimension

bres was developed by Sheng et al. [43]. However, these theoret-
ical models ignored the remarkable influence of fibre pores with
random distribution and various sizes upon heat transport. To this
end, Xiao et al. [25] theorized the ETC of the randomly-distributed
fibres by the fractal theory, providing an alternative approach for
the theoretical analysis of the MFMs. Comparing their predicted
results with the measurement results, the average relative devia-
tions of in-plane and out-of-plane were 5.02% and 13.02% for alu-
minum fiber saturated with air, respectively. Although their results
indicated that the solder joint of the MFM played a crucial role
in affecting the heat transport, an in-depth analysis is lacking. In
most theoretical studies, the geometries of the fibre materials are
too convoluted to pay attention to the impact of solder joints on
the ETC of the fibres.

To get closer to the real structures of the MFMs, numerical sim-
ulations are conducted to reconstruct their microporous structures.
Pore-scale numerical simulation is a crucial way to reveal the
transport properties of porous media [44-47]. For two-directional
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isotropic disordered MFMs, Volkov and Zhigilei [32] proposed a
numerical framework for calculating the ETC. Wang et al. [33] pre-
dicted the ETC of the natural fibre materials by a lattice Boltzmann
algorithm. Shirbani et al. [48] also developed a lattice Boltzmann
model to simulate the heat conduction in porous media. In the
view of Arambakam et al. [34], the porosity, diameter, and ori-
entation of the fibres were the key factors affecting the ETC of
the MFMs. Similarly, Huang et al. [35] simulated the heat con-
duction in the three-dimensional random fibres. Their simulation
results were consistent with the experimental measurements. In
addition, Fiedler et al. [49] and Opolot et al. [50] presented the
thermal contact resistance can be not negligible in the heat con-
duction of porous media. In continuous studies, Ni et al. [36] nu-
merically studied the inextricable link for the ETC of the MFMs to
the microstructure. They reported that the ETC of the MFM was
the smallest when the fiber orientation was perpendicular to the
direction of heat conduction.

In experimental studies, Veyhl et al. [38] found that the lay-
ered structure of the MFM is one of the key factors in determin-
ing its ETC. Haruki et al. [39], Li and Qu [40] also found that the
porosity, fibre length, and diameter significantly affected the ETC
of the MFMs. According to Li and Qu [40], when the fiber diam-
eter increased from 100 um to 200 um, the ETC decreased by
40.7%. Importantly, experiments by Li and Qu [40], and Yi et al.
[41] confirmed that there were solder joints between each metal
fibre. The thermal performance of sintered fibers in the flat-shaped
heat pipes was reported by Maneemuang et al. [51]. A great deal of
previous studies on the ETC of the fibres have focused on the pore
size, porosity, fibre diameter, and orientation. However, the impact
of solder joints upon the heat conduction characteristics and ETCs
remain elusive.

To sum up, previous studies have yet paid little attention to the
impact of the solder joints of the MFMs on the ETC in terms of the-
oretical analyses, numerical simulations, and experiments. More-
over, there is a lack of study to explain the mechanisms of how
the solder joints affect the heat transport and the ETCs at pore
scale. To this end, this study is intended to reveal the impact of
solder joints on the thermal transport characteristics and the ETCs
by the pore-scale numerical approach. A representative UC model
for the anisotropic 2-D random MFM is built by reconstructing
the topological and morphological micro features. Good agreement
with the previous simulation and measurement data verifies the
correctness and applicability of the established numerical model.
Effects of the solder joint size, solder flux, and filling media on the
in-plane and out-of-plane ETCs of the MFMs are explored. The heat
conduction characteristics, mechanisms, and determinations on the
contributions of the fibre solder joints to thermal transport pave
the foundation of understanding and estimation on the ETCs for
MFMs in engineering applications.

2. Numerical method
2.1. Representative structure

A scanning electron microscope (SEM) image of the MFM
is shown in Fig. 1(a). As seen, MFM is fabricated by stack-
ing randomly-distributed filaments layer by layer. To simplify the
model, we assume that the axes of the 2-D fibrous structure are
located in planes parallel to each other (see Fig. 1(b) and (c)),
and the positions and orientations of the cylindrical, infinitely long
fibers are randomly distributed in these planes. Fig. 1(b) depicts
the reconstructed porous structure for the MFM according to the
SEM image in Fig. 1(a). The axes of filaments are disordered and
random in the horizontal plane. However, the actual structure of
the metal fibre is extremely complex (see Fig. 1(a) and (b)), and
it seems impractical to simulate the entire fibre structure directly.
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(d)

Fig. 1. 2-D random fibre geometric model: (a) metal fibre [30]; (b) schematic diagram of 2-D random metal fibre; (c) representative unit cell structure; (d) dimensions for

the computational model.

Out-of-plane:

Symmetry

In-plane:

Fig. 2. Boundary conditions for the ETC: (a) out-of-plane; (b) in-plane.

Therefore, it is necessary to select a representative unit cell (RUC)
that contains the main characteristics of the MFM. Fig. 1(c) displays
the RUC, which is composed of one full layer fibres and two half-
layer fibres. The inherent nature such as random distribution, over-
lap and contact of fibres has been well interpreted by the RUC. The
fibre layers are in contact with each other by the solder joints. Fur-
thermore, there exist overlaps between the randomly-distributed
fibres in the same layer. Fig. 1(b) denotes that the length, width,
and height of the RUC are separately 2.4 mm, 2.4 mm, and 0.4 mm,
according to the previous study [39] that it is reasonable to set the
diameter of representative structural fibres to 0.2 mm.

2.2. Effective thermal conductivity modelling

ANSYS-Fluent 19.1 is used for the pore-scale simulation, provid-
ing better understandings on the heat conduction mechanism of
metal fibres at microporous scale. Since the fibres are randomly
distributed in a layer-by-layer pattern, the joint conditions among
various fibres are critical to heat conduction. In the current study,
we consider only the heat conduction of the model and ignore
the convection. Furthermore, the fluid in the model is stationary

(V = 0). Therefore, the governing equation is simply the energy
equation.
Energy equation for solid phase:

V. (ksVT) =0 (M
Energy equation for fluid phase:
V. (ksVTf) =0 (2)

where, ks and k; represent the ETC of solid phase and fluid phase,
respectively; T; and Ty denote the temperature of solid phase and
fluid phase, in respective. In addition, Fig. 2(a) and (b) demonstrate
the boundary conditions for the out-of-plane and in-plane mod-
elling on the ETC. In Fig. 2(a), the temperature is set to 300 K (i.e.,
T; = 300K) in the top z-direction, and the bottom surface temper-
ature in the z-direction is set to 299 K (i.e.,T; = 299 K). Similarly,
the front surface temperature in the y-direction is 300 K (i.e.,T; =
300 K), and the rear surface temperature in the y-direction main-
tains at 299 K (i.e.,T, = 299 K) in Fig. 2(b). The remaining surfaces
in Fig. 2(a) and (b) are symmetric. Finally, the residuals of the en-
ergy equation are set to 107'° to ensure the convergence of the
calculation.
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(a) (b)
Fig. 3. Representative mesh: (a) assembly; (b) solid phase.

Table 1

Physical parameters for MFM.
Property Copper  Aluminum  Nickel  Steel Tin Plumbum
Density (kg-m—3) 8978 2719 8900 8030 5770 10,200
Specific heat capacity (J-kg=! - K1) 381 871 460.6 502.48 213 100
Thermal conductivity (W-m~'.K-') 398 202.4 91.74 16.27 63.2 33
Property Sn63? Air Water  PCM1" [52] PCM2°¢ [53] N/A
Density (kg-m~3) 8400 1.225 9982 1481 875 N/A
Specific heat capacity (J-kg=' - K1) 167 1006.43 4182 3540 2516 N/A
Thermal conductivity (W.-m~'.K-') 50 0.0242 0.6 0911 3 N/A

Note:
2 Sn63: 106 (Sn63) Sn-Pb Solder Alloy;
b PCM1: CaCl, - 6H,0(95%)+Mg(NOs) - 6H,0(5%) [52];
¢ PCM2: CaCl,-6H,0/EG [53].

16300 T T T T T
16250 - E

16200 Mesh3 ]

Mesh 2 —0

Meslf -

16100 4

Heat flux (W/m?)
>
2

16050

16000 1 1 1 1 1
0 2 4 6 8 10 12

Mesh number (x10°%)

Fig. 4. Mesh independence verification.

Fig. 3 demonstrates the representative mesh and correspond-
ing computational domain for the numerical problem. As indicated
in Fig. 3, the red and grey domain denote the fluid phase and
solid phase, respectively. Unstructured mesh is generated using the
ANSYS-ICEM CFD 19.1 with locally refined on the solder joints and
overlaps (see Fig. 3(b)). In particular, the solder joints are high-
lighted as blue in Fig. 3(b). Different metals are utilized to fabricate
the MFM and their thermophysical parameters are summarized in
Table 1.

2.3. Mesh independence verification

To verify the independence of mesh on numerical calculations,
three various meshes with 1,969,655 (Mesh-1), 3,231,362 (Mesh-
2), and 10,963,715 (Mesh-3) are tested. As demonstrated in Fig. 4,
there seems to be a very small difference (0.11%) in heat flux be-
tween Mesh-2 and Mesh-3. Therefore, considering the computa-

tional cost and reliability, the number of mesh for subsequent nu-
merical simulations is not less than the number of Mesh-2.

3. Simulation validation

To verify the accuracy of the pore-scale simulation, the in-plane
and out-of-plane ETC of the air-saturated copper fibre are com-
pared with measurements and simulations in literature [35,39] in
Fig. 5(a) and (b), in respective. In the current study, the uncertainty
for the thermal conductivity of the experimental data is 5.0% [39].
The effective thermal conductivity k. can be calculated by the fol-
lowing equations:

qavel

- 3)
where, qqpe is the average heat flux of the high temperature sur-
face; I represents the thickness of the metal fibre (length between
Ty and Tp); besides, Ty and T; denote the high temperature and the
low temperature, respectively. As noticed, the current simulation
has a satisfactory agreement with the two sources in Fig. 5. This
demonstrates the reasonability and feasibility of the established
numerical models that are based on the RUC shown in Fig. 1(c).
Besides, as noted in Fig. 5, the ETCs of the 2-D MFM are different
along the in-plane and out-of-plane directions. This phenomenon
will be analyzed in the subsequent subsections.

ke =

4. Results and discussion
4.1. Effect of solder joint size on ETC

This section discusses the effect of the solder joint size on the
ETC of the MFM. Each solder joint is intact without solder joint
skips. A ratio (@) of the total volume of the solder joint to that of
the fibres is introduced, with a definition of

V.
¢ = % x 100% (4)

S
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(a) 80 T T T T T
@ Huang et al. (Exp) [35]
A Huang et al. (Sim) [35]
60 V Harukai et al. [39]
™ @ Present simulation
]
< 4 "
T40 - 5] -
= %
=]
[
20+ | g
AR °
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Fig. 5. Comparison of numerical results with previous measurement data [35,39]
and simulation data [35]: (a) in-plane 2-D MFM; (b) out-of-plane 2-D MFM.

where, V5; and Vs denote the total volume of the solder joint and
the fibres, respectively. The solder joint ratio does not exceed 3.5%
in this study for the following reasons: (i) in the engineering fabri-
cation routine, previous studies [54,55] have evinced that MFM are
fabricated within 5% solder flux (¢ = 5%); (ii) excessive solder flux
will cause multiple solder joints, forming overlap or weld flash;
(iii) in the current simulation model (see Fig. 1(b) and (c)), some
solder joints overlap when the sintered flux usage exceeds 3.5%.
Fig. 6 demonstrates the effect of solder flux ratio on the in-
plane (k.,) and out-of-plane (ke.out) dimensionless ETC for dif-
ferent metal fibre materials. A higher solder flux ratio leads to a
bigger solder joint. The solder joint size causes a remarkable in-

International Journal of Heat and Mass Transfer 202 (2023) 123715

fluence upon both ke, and ke-out. As seen, both . Compared with
ke.in,» solder joint size makes greater contribution to Kke-out. When
¢ merely increases from 0.08% to 3.06%, ke_out increase by 437.23%;
while this increment ratio is only 9.04% for ke_j,. It evinces that the
solder joint size plays a critical role in determining heat conduc-
tion across the micro structure in MFM. In addition, the influence
of metal materials (copper, aluminum, nickel, and steel) on the
ETC is justified. As demonstrated, except for the steel with much
lower thermal conductivity than other competing metallic materi-
als, copper, aluminum, and nickel fibrous materials have much at
one value of the ETC. Besides, the variation of solder joint size has
the same influence on k,_j, and ke-out for porous fibres with differ-
ent metal materials.

To further reveal the impact of the solder joint size on the out-
of-plane heat conduction characteristics, Figs. 7 and 8 compare the
distribution of heat flux and temperature for the out-of-plane heat
conduction in copper porous fibres with different solder joint sizes,
respectively. Three solder ratios (0.37%, 1.55%, and 3.06%) are con-
sidered in Fig. 7, with the red areas in the local enlargement of the
UC in Fig. 7(al)-(c1) denoting the solder joints. As seen, a larger
solder flux ratio causes a bigger solder joint. With high tempera-
ture imposed on the top of the UC, heat conduction occurs across
the three layers of fibres. As found in Fig. 7, much higher heat flux
is concentrated in the solder joint, compared to the other areas of
the same fibre. The larger the solder joint (the higher solder ra-
tio), the higher the heat flux. Heat conduction is obliged to pass
through the fibre layers along the out-of-plane direction. Hence the
solder joints between each fibre layer play a bridge role in trans-
porting thermal energy. When the size of the solder joint increases,
the cross-sectional area of the solder joint increases accordingly.
According to the thermal resistance formula (R = L/(kyS)), an in-
crease in the cross-sectional area S of solder joint results in a de-
crease in the thermal resistance R of the solder joint when the
length L of the heat conduction and the thermal conductivity ks of
the solder joint remain constant. With the reduced thermal resis-
tance of the solder joint, heat is more easily conducted through the
solder joint. Therefore, the larger size solder joints in Fig. 7 have
higher heat flux. Comparably, the in-plane heat conduction is pri-
marily along the direction of the fibres. Therefore, the solder joint
size exerts a weaker influence on in-plane heat conduction than
that for the out-of-plane heat conduction. In Fig. 8, the tempera-
ture distributions of the solder joints with various sizes are almost
the same. It indicates that the effect of solder joint size on the
temperature distribution is not obvious in the out-of-plane thermal

0.15 T T o —g 3 0.15
0.13 §-' 40.13
Out-of-plane:
0.11 — o— Copper 40.11
“ E —9— Aluminum =~
Z0.09F o Nickel 7009 ¢
E E —o— Steel -
«Qla 0.07 £ In-plane: 4007 =
—&— Copper
0.05 E —e— Aluminum 3 0-05
—e— Nickel
0.03 3 o— Steel 40.03
0.01 E ' ' ' 0.01
0 0.00% 0.80% 1.60% 2.40% 3.20%
4

Fig. 6. Effect of solder flux ratio on in-plane (k..;,) and out-of-plane ETCs.
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Heat Flux (W/m?) (1) #=0.37%
1.0x10¢
8.0x10°
6.0x10%
4.0x10%
2.0x10°%
0.0x10%

-2.0x10°
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-6.0x10°
-8.0x10°
-1.0x10°

2) P=1.55%

(b1)
(3) P=3.06%

(c1)
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(c2) (c3)

Fig. 7. Heat flux distribution for 2-D copper fibre with different sizes of solder joints: (a) ¢ = 0.37%; (b) ¢ = 1.55%; (c) ¢ = 3.06%.

Temperature (K) (1) @=0.37%
300.0

299.9
299.8
299.7
299.6
299.5

299.4
299.3
299.2 (al)

F

Sl 2) P=1.55%

299.0 I

(b2)
(3) @ =3.06%

>

(c3)

(c3)

Fig. 8. Temperature distribution for 2-D copper fibre with different solder joint sizes: (a) ¢ = 0.37%; (b) ¢ = 1.55%; (c) ¢ = 3.06%.

conduction. However, as ¢ increases from 0.37% to 3.06%, Ke-out Of
the copper porous fibres increases by 65.5%.

4.2. Effect of solder joint skips

To further reveal the impact of the solder joints on the ETC
of the MFM, this section focuses on analyzing the correlation be-

tween the ETC of the MFM and the number of the solder joint
skips. Solder joint skips commonly happen when soldering met-
als. It is a kind of weld defect that significantly affects both the
mechanical and thermal performance of the MFM with subject to
thermal-mechanical loadings. Fig. 9(a) and (b) separately manifest
the RUC structure with complete solder joints and the one with
solder joint skips. In particular, the closest solder joints on the up-
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(b)

Fig. 9. Solder joint diagram: (a) complete solder joints; (b) solder joint skips.

@) 0.15 : : : :
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E
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0.00 . . L . . L . . L . . L
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a

Fig. 10. Effect of solder joint skips on dimensionless ETC: (a) in-plane; (b) out-of-plane.
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Fig. 11. Heat flux distribution for 2-D copper fibre with the different volume percentage of solder joint skips: (a) w = 0%; (b) w = 23.5%; (c) w = 51.5%; (d) w = 76.6%; (e)

w = 100%.

per and lower layers are skipped together in the z-direction of the
RUC in Fig. 9(b).

To determine quantitatively the solder joint skips, a parameter
named solder joint skip ratio (w) is introduced:

= Ygs x 100% (5)
where, V55 and V; represent the volume of the solder joint skips
and the total solder joints, in respective. When w is equal to 0%
(w = 0%), all solder joints are intact. With it reaching 100% (w =
100%), there exist no solder joints.

Fig. 10 depicts the variation of ke, and keour as a function
of the solder joint skip ratio. As seen, both k., and ke.our de-
crease with an increase in w, demonstrating an approximately lin-
ear fashion. ke, decreases by 15.60%, 15.27%, 14.57%, and 11.67%
for copper (Cu), aluminum (Al), nickel (Ni), and steel fibres as w in-
creases from 0% to 100%, respectively. However, ke_out Of the Cu, Al,
Ni, and steel fibres separately decreased by 99.84%, 99.70%, 99.34%
and 96.38% as w increases from 0% to 100%. It displays that the
impact of solder joint skips on the dimensionless ETC is weak-
ened when the conductivity of the fibre material is smaller. It is

noteworthy in Fig. 10 that the impact of solder joint skips on in-
plane heat conduction is much smaller than out-of-plane heat con-
duction. The primary physical reason is that the out-of-plane heat
conduction between each fibre layer is mainly through the solder
joints, whereas the in-plane heat conduction is chiefly along the
direction of the fibres in the same plane. When the solder joint
is skipped, the out-of-plane heat conduction is hindered. The low
thermal conductivity medium (typically the filling fluid) at the sol-
der joint skips is not conducive to heat conduction. Therefore, the
out-of-plane dimensionless ETC diminishes remarkably with the
solder joint skips.

To supplementary visualize the effect of the solder joint skips
on the out-of-plane heat conduction, the heat flux distribution and
temperature field of the copper fibres are compared in Figs. 11 and
12, respectively. An increase in the number of solder joint skips
results in an increase in the solder joint skip ratio (w). In Fig. 11,
the left column demonstrates the computational models with and
without solder joint skips. Five solder joint skip ratios are com-
pared regarding the heat flux distribution on the metal fibres and
the corresponding filling fluids. The heat flux in the areas where
the solder joint is intact is much greater than the areas with the
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Fig. 12. Temperature distribution for 2-D copper fibre with the different volume percentage of solder joint skips: (a) w = 0%; (b) w = 51.5%; (c) w = 100%.

solder joint skips (see the 2nd and 3rd column in Fig. 11). For
the areas of solder joint skips, the heat flux in the correspond-
ing areas is significantly reduced, and there is no obvious differ-
ence from the surrounding areas. It further indicates that the sol-
der joints play a substantial role in enhancing out-of-plane heat
transfer, in consistence with the continuously-decreasing trend of
ke-out as a function of w. Especially, when the solder joints are
intact (w = 0%), the heat flux in area A is much larger than that
in area B in Fig. 11(a3). This is due to the fact that the upper
and lower solder joints in area A are closer than those in area B,
thereby providing an easier way for heat conduction. Moreover, the
solid solder joint is an essential factor affecting the out-of-plane
heat conduction. When the solder joints are skipping, the medium
at the solder joint skips becomes the filling fluid. Thus, the ther-
mal conductivity at the solder joint skips decreases dramatically.
Based on the thermal resistance equation (R = L/(ksfS)), an appar-
ently decrease in the thermal conductivity ks of solder joint and
an corresponding increase in the length L of the heat conduction
lead to an increase in the thermal resistance R of the solder joint
when the cross-sectional area S of the solder joint is fixed. With
the increased thermal resistance of the solder joint, heat is more
difficult to conduct through the solder joint skips. Therefore, the
heat flux decreases sharply at the solder joint skips (see Fig. 11).
The temperature distribution of the solder joint skips also displays
apparent dissimilarity in Fig. 12. In the regions where the solder
joints exist, the temperature gradient of the intermediate layer fi-
bres in the z-direction is larger. In contrast, the temperature gradi-
ent in the regions with the solder joint skips decreases (see areas
A and B in Fig. 12(a2)). When the solder joint skips ratio reaches
51.5% (w = 51.5%) (see Fig. 12(b2)), the temperature gradient of
the middle-layer fibre in area A with the solder joint skips is dra-
matically changed, while that in area B remains almost unchanged
compared with the intact solder joints (w = 0%) in Fig. 12(a2). The

International Journal of Heat and Mass Transfer 202 (2023) 123715

(c2)

main reason is that there are some solder joint skips in area A,
while the solder joints in area B are unimpaired (here w = 51.5%).
Similarly, without any solder joint (i.e., @ = 100%), the temperature
gradients of the middle-layer fibre in area A and B are remark-
ably reduced compared with the intact solder joints (i.e., @ = 0%).
This phenomenon is caused by the constant temperature of the
top and bottom surfaces in the z-direction during the simulation.
The higher thermal conductivity leads to a larger local temper-
ature gradient in the middle layer of the fibres. Therefore, the
temperature gradient in the area where the solder joint exists is
larger.

Meanwhile, it should be specially noted that the heat flux
distributions in different solder joint regions are various in
Fig. 11 without the solder joint skips (w = 0%). The thermal resis-
tance of the different solder joints are calculated to quantify the
dissimilarity in the contribution of the various solder joints. The
thermal resistance formula is expressed as:

Tii— Ty
Ri: th b—i (6)
1

where, T; and T, are the top surface temperature of the upper sol-
der joints and the bottom surface temperature of the lower solder
joints in the z-direction; P is the power of the top solder joints
on the top surface along the z-direction; i denotes the ith solder
joint. As illustrated in Fig. 13(a), S;_; represents the ith top sol-
der joint and S,_; denotes the ith bottom solder joint. The detailed
numbering of the top and bottom solder joints are documented in
Fig. 13(b) and (c), in respective. In addition, R; is the thermal re-
sistance between the ith top solder joint and the ith bottom solder
joint (see Fig. 13(a)). For instance, R, depicts the thermal resistance
between the 2nd top solder joint (S;_,) and the 2nd bottom solder
joint (S,_,) in Fig. 13(a). Further, Fig. 13(d) demonstrates the distri-



T. Xiao, Q. Zhang, X. Yang et al.

International Journal of Heat and Mass Transfer 202 (2023) 123715

()

Fig. 13. Fibre solder joints: (a) schematic diagram of solder joints distribution; (b) distribution and numbering of top solder joints; (c) distribution and numbering of bottom
solder joints; (d) thermal resistance distribution between top and bottom solder joints; (e) thermal resistance of solder joints.

bution of each thermal resistance for the solder joints. The grada-
tion and range of color indicate the value of the thermal resistance.

To analyze the thermal conductivity between the top and cor-
responding bottom solder joints, Fig. 13(e) compares the thermal
resistance of the different solder joints. The thermal resistance of
different solder joints is diverse in Fig. 13(e). However, it can be
divided into three parts according to the different thermal resis-
tances: the first part of the solder joints (red number areas 1, 5,
7, and 9 in Fig. 13(d)) with thermal resistance less than 21 K/W
(denoted as solder joint I); then the second part of solder joints
(blue number area 2, 3, 14, and 15 in Fig. 13(d)) with thermal re-
sistance greater than 31 K/W (marked as solder joint II); the last
part is the rest of the solder joints with thermal resistance in the
range of 21 K/W to 31 K/W (labelled as solder joint III). The heat
flux distribution diagram without the solder joint skips (w = 0%)
in Fig. 13(d) demonstrates that the heat flux in the solder joint
I is much higher, and the heat flux in the solder joint II area is
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a bit lower. The major reason for this difference is that the dis-
tances between the corresponding solder joints of the upper and
lower layers are different. It can be noticed that the distance be-
tween the upper and lower solder joints of red number areas (1,
5, 7 and 9) is smaller, and thus the distance of heat conduction is
shorter. In addition, the heat conduction distance of the upper and
lower solder joints for the blue number areas (2, 3, 14, and 15) is
much greater than that of the other upper and lower solder joints.
Therefore, the heat flux in blue number areas (2, 3, 14, and 15) is
remarkably reduced.

4.3. Thermal conductivity of solder flux

The solder joints size and quality for the fibres are vital fac-
tors affecting the out-of-plane heat conduction. The solder joints
discussed in the previous sections are the same material as the
fibres. In practice, the solder of the fibre is often not the same
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Fig. 14. (a) Out-of-plane dimensionless ETC of the copper fibres with various solder flux; (b) Out-of-plane dimensionless ETC of the fibres as a function of the solder joint

skips.

composition as the fibre; hence the thermal conductivity of sol-
ders and fibres may be inconsistent. This section discusses the in-
fluence of different thermal conductivity of solder joints upon the
out-of-plane heat conduction.

Fig. 14 indicates the effect of solder joint with different ther-
mal conductivity on the out-of-plane dimensionless ETC of the
fibre (Ke-out). Although keout increases steadily with the solder
joint thermal conductivity for the intact solder joints in Fig. 14(a),
the relationship is nonlinear. When the conductivity of the sol-
der joint material is less than 150 W-m~!. K1 (i.e., ky; < 150W -
m~!.K-1), the variation range of ke.out occupies 66.8% of the en-
tire variation range for the copper fibre. It demonstrates that it has
a distinct impact on Ke.our When kg is less than 150 W-m~! . K=,
Therefore, the solder flux is a non-negligible element that affects
the out-of-plane heat conduction of the MFM. Although ke-out of
the copper fibre increases with the thermal conductivity for the
solder joint, the influence of the solder joint thermal conductivity
on the overall out-of-plane heat conduction of the fibres is weak-
ened. For four different solder joint materials, the influence of the
solder joint skips on Kke-out is shown in Fig. 14(b). ke-out Of the cop-
per fibres with different solder joint materials decreases with the
increase in the solder joint skips ratio (w). Referring to Table 1,
it can be uncovered that the smaller the thermal conductivity of
the solder joints, the smaller the ke.out for copper fibre. Besides,
it should also be noted that the impact of solder joints with low
thermal conductivity on ke-oy: is weakened. When the main com-

1

ponent of the solder joint is copper, ke-out Of the copper fiber with
the solder joint skips decays the fastest (Fig. 14(b)). Conversely, as
the solder joint is mainly composed of Plumbum, the declining rate
of ke-out With the solder joint skips is the slowest. For solder joints
with Cu, Sn, Sn63, or Pb, the declining rate (slope of the curve)
of ke-out caused by the solder joint skips is approximately 0.079,
0.032, 0.027, and 0.020, respectively.

To completely analyze the influence of the solder joints with
various thermal conductivities on the out-of-plane heat conduc-
tion, Figs. 15 and 16 compare the heat flux distribution and tem-
perature distribution of the RUCs. Fig. 15(a1)-(c1), and (d1) are the
schematic diagrams of solder joints with different thermal conduc-
tivities, wherein solder joints with different colors represent differ-
ent thermal conductivities. The blue, green, yellow, and red solder
joints represent the thermal conductivities from low to high (see
the first column of Fig. 15). The RUC has complete solder joints in
Figs. 15 and 16. The heat flux of the solder joint areas is not appar-
ently distinct from the surrounding areas when the thermal con-
ductivity of the solder joint material is equal to 50 W.m~!.K~!
(ksp = 50W - m~1 . K-1). Currently, only the thermal conductivity of
the solder flux is different, while the length L of the heat con-
duction and the cross-sectional area S of the solder joint remain
constant. By the thermal resistance formula (R = L/(ksS)), solder
fluxes with different thermal conductivity (k) lead to variations in
the thermal resistance of the corresponding solder joint. Therefore,
when kg increases, the heat flux of the solder joint areas increases
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Fig. 15. Heat flux distribution for 2-D copper fibre with different thermal conductivity of solder joints: (a) kss/ks = 0.125; (b) kys/ks = 0.375; () Ksp/ks = 0.625; (d) Ksp/ks =

0.875.

accordingly, exacerbating the difference between the heat flux of
the solder joint areas and the surrounding areas. This demonstrates
that the thermal conductivity of solder joints is one of the vital
factors influencing the out-of-plane heat conduction of the fibres.
Therefore, improving the thermal conductivity of the solders is a
meaningful measure to promote the out-of-plane heat conduction
of fibres. Furthermore, the temperature gradient of the interme-
diate layer fibres between the upper and lower solder joints in-
creases as the thermal conductivity of the solder joints approaches
that of the fibre material (see region A in Fig. 16). This is chiefly
because the high thermal conductivity of the solder joints facili-
tates heat conduction between the fibre layers.

4.4. Different filling fluids

MEFMs filled with different fluids such as air, water, and phase
change material (PCM) have distinctive engineering scenarios. To
address this issue, this section focuses on studying the impact of
different filling fluids upon ke-oyt of the MFMs with solder joint
skips. For the solder joint skips, Fig. 17(a)-(d) severally compare
the relationship between keout Of the fibres and the filling fluids.
Four kinds of MFMs including copper, aluminum, nickel, and steel
are considered. As demonstrated in Fig. 17, there exists a steady
decline trend of keout as w increases. Moreover, the filling fluid
with higher thermal conductivity can considerably promote Kke_out
for the same fibre. The smaller difference in thermal conductivity
between the fibres and the filler medium makes the solder joint
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skips have less impact on ke-oy: (see Fig. 17(d)). On the one hand,
without solder joints, keout Of the copper fibres saturated with
air decreases by 99.84% in Fig. 17(a). On the other hand, ke-out Of
the steel fibre saturated with PCM2 is reduced by only 10.07% in
Fig. 17(d). To be conclusive, Fig. 17 reveals that the filling fluids
have a grave effect on ke.oyt for low-conducting fibres. When the
discrepancy in thermal conductivity between the fibre and the fill-
ing medium is reduced, the solder joint skips may become a sec-
ondary factor affecting out-of-plane heat conduction.

Furthermore, Fig. 18(a)-(d) compare the association between
ke-out and the solder joint skip ratio, where four kinds of fluids,
including air, water, PCM1, and PCM2 are filled in the MFMs, re-
spectively. As seen, an increase in w is often accompanied by a
decrease in ke-oyt. Low-conducting fibre (steel) leads to a moderate
decreasing trend for ke-oyt With w, with compared to other metal
fibres in Fig. 18. Moreover, this phenomenon becomes more pro-
nounced when the thermal conductivity of the filling medium in-
creases. On the one hand, the variation trend of ke_out of the four
MFMs (Cu, Al, Ni, and steel) is consistent and the difference is
slight when the filling medium is air (kg = 0.0242W-m~1.K1).
On the other hand, the difference in the variation trend of ke_qut
of the fibres becomes visible when the filling medium is PCM2
(kpemz = 3W-m~1.K-1). For instance, when the filling medium is
air with low thermal conductivity, keout Of the copper and steel
fibre without solder joints are reduced by 99.8% and 96.4% (see
Fig. 18(a)), respectively. Likewise, when the filling medium is re-
placed by PCM2 with high thermal conductivity (Fig. 18(d)), ke-out
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Fig. 17. Comparing the out-of-plane ETC of fibres with different filling fluids: (a) copper; (b) aluminum; (c) nickel; (d) steel.

conductivity of fibres decreases, the impact of the solder joint skips
on ke-out also weakens. In general, the ratio of the thermal conduc-
tivity of the filling medium to that of the fiber increases, and the

of the same MFMs decreases by 83.3% and 10.1%, in respective. The
influence of the solder joint skips on ke.oyr decreases with the in-
crease in the conductivity of the filling medium. As the thermal
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Fig. 18. Comparing the out-of-plane ETC of different fibres with the same filling fluids: (a) air; (b) water; (c¢) PCM1; (d) PCM2.

effect of the solder joint skips on ke-out Weakens.

5. Conclusion

In this study, the influence mechanisms of the solder joint
sizes, the solder joint skips, solder flux materials, and filling flu-
ids on the heat conduction of 2-D random porous fibres are stud-
ied. A numerical model is built based on the reconstruction of the
microstructure. The numerical model is in satisfactory agreement
with the existing data, which verifies the rationality of the numer-
ical simulation. The following conclusions can be drawn:

(1) The dimensionless effective thermal conductivity (ETC) of the
porous fibres increases with the solder joint size. As the solder
joint ratio increases by 3.06%, the in-plane (k.,) and out-of-
plane (ke-out) dimensionless ETC increase by 9.0% and 437.2%,
respectively. In contrast, the solder joint size mainly affects the
out-of-plane heat conduction, and the influence on the in-plane
heat conduction is subordinate.

(2) An increase in the solder joint skip ratio causes an apparent
decline in the ETC of the fibres. Without any solder joint, ke_j,
and Ke.oyt are reduced by an average of 14.3% and 98.8%, re-
spectively. Similarly, the solder joint skips dramatically affect
the out-of-plane heat conduction, and their effect on in-plane
heat conduction is secondary.

(3) The intact solder joint is a vital factor affecting the out-of-plane
heat conduction of the fibres. Furthermore, the distance be-
tween the adjoining solder joints of the upper and lower layers
is the key factor that cannot be neglected in determining the
out-of-plane heat conduction.

(4) The out-of-plane ETC ke-oy¢ of the fibre increases with the ther-
mal conductivity of the solder joints. The increased thermal
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conductivity of the solder joints enhances heat conduction be-
tween the fibre layers.

(5) The influence of the solder joint skips on ke.out is weakened as
the ratio of the thermal conductivity of the filling medium to
that of the fiber increases. Without any solder joint, the out-of-
plane ETCs of the copper fibre saturated with air and the steel
fibre saturated with PCM2 are reduced by 99.8% and 10.1%, re-
spectively. At this point, the ratio of the thermal conductivity of
the copper fibre to air is 6.08 x 107>, but the ratio of the steel
fibre to PCM2 is 0.18.

The current study comprehensively considers the factors affect-
ing the thermal conductivity of 2-D random porous fibers. Quanti-
tative relationships between influencing factors (including the sol-
der joint sizes, the solder joint skips, solder flux materials, and fill-
ing fluids) and heat conduction are established by pore-scale sim-
ulation. Therefore, the current numerical model can provide refer-
ence and guidance for engineering applications.
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