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The aluminized layer of 321 stainless steel was treated by laser shock processing (LSP). The effects of constituent distribution and
microstructure change of the aluminized layer in 321 stainless steel on creep performance at high temperature were investigated.
SEM and EDS results reveal that aluminized coating is mainly composed of an AL,O; outer layer, the transition layer of
the Fe-Al phase, and the diffusion layer. Additionally, LSP conducted on coating surface not only improves the density of the
layer structure, resulting in an increment on the bonding strength of both infiltration layer and substrate, but also leaves higher
residual compressive stress in the aluminized layer which improves its creep life effectively. Experimental results indicate that
the microhardness of the laser-shocked region is improved strongly by the refined grains and the reconstruction of
microstructures. Meanwhile, the roughness and microhardness of aluminized steel are found to increase with the laser impact
times. On the other hand, the intermetallic layers, whose microstructure is stable enough to inhibit crack initiation, reinforce
strength greatly. The anticreep life of aluminized sample with three times LSP was increased by 232.1% as compared to
aluminized steel, which could attribute to the increased dislocation density in the peened sample as well as the decrease of creep

voids in size and density.

1. Introduction

To meet increasing global energy demand in an environmen-
tally sustainable manner, greater emphasis is being given to
the development and dissemination of renewable energy
technologies. Solar energy is an important renewable energy
source that is expected to play a significant role in the future
energy supply mix. Concentrated solar power (CSP) technol-
ogy is an important option for acquiring solar energy which
draws increasing attention during past several decades
[1, 2]. It is internationally believed that for every 1 percentage
point increase in the annual average power generation
efficiency of solar thermal power generation systems, the

average power generation cost will be reduced by 5% to 8%.
Therefore, it is vitally significant to improve the power gener-
ation efficiency, reduce the cost, and increase service life of
the solar thermal power generation system. However, as the
key component of CSP, the heat exchange tube should be
paid more attention [3-6].

Austenitic stainless steels (ASS) are commonly character-
ized by favorable ductility and excellent corrosion resistance
[7-9]. AISI321, an austenitic stainless steel stabilized with
titanium, is a promising material for load-bearing applica-
tions in solar thermal power generation, nuclear power reac-
tors, boilers, pressure vessels, expansion bellows, and stack
liners [10, 11]. The heat exchange pipes made of AISI321
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TaBLE 1: Chemical composition of 321 austenitic stainless steel.

Element C Si Mn P S Cr Ni N Ti

(wt.%) 0.035 0.38 1.08 0.028 0.003 17.02 9.06 0.045 0.22

are prone to have creep damage under long-term high-
temperature conditions, coupled with the combined effects
of corrosive media and pressure within the pipe, to further
accelerate pipeline failure and bursting.

Aluminizing can significantly improve the resistance of
stainless steel to high-temperature oxidation, friction, and
corrosive medium like atmosphere, hydrogen sulfide, seawa-
ter, and liquid metals [12, 13]. Different techniques as chem-
ical vapor deposition (CVD), hot dip aluminizing [14], pack
aluminizing [15, 16], electrolytic deposition of Al from ionic
liquids [17], and Ar-plasma deposition are applied for depos-
iting Al on the surface of the steel. Among them, the powder
pack aluminizing technique is widely used due to its advan-
tages of producing a uniform dense layer on different shapes
and sizes of specimens. Ref. [18-21] analyzed the phase com-
position of the aluminized layer and found the 321 stainless
steel with a thicker layer showed a better resistance of oxida-
tion and corrosion. On the other hand, the coating formed
with the normal method of application is relatively porous
with a multitude of defects and impurities. In particular,
the AL, O, film or Fe-Al phase may crack, promoting micro-
crack propagation at a high temperature and stress, which
causes the aluminized steel exhibiting a decrease in the creep
life in high temperature. Moreover, the creep behavior of alu-
minized steel exhibits a higher creep rate and shorter creep
rupture life than those of uncoated specimens [22, 23]. Ref.
[24] also pointed out that brittle coatings with poor bearing
properties were detrimental to the creep properties of the
aluminized steel.

Laser shock peening (LSP) is an advanced surface
enhancement method for metallic materials to enhance the
resistance of creep, fatigue, and corrosion, which can delay
the crack nucleation and expansion [25, 26]. In the LSP pro-
cess, high-amplitude shock waves are generated through
rapid expansion of high-temperature plasma induced by the
contact between high-power density laser pulse and the
material surface. While the shock wave propagates into the
material, plastic deformation occurs to a depth where the
stress no longer exceeds the elastic limit of the material,
which induces residual stresses throughout the affected depth
[27,28]. Yella et al. reported that using an absorbent tape as a
sacrificial layer was a good way to perform LSP on the stain-
less steel and it did not cause surface damage [29]. Vazquez
Jiménez et al. pointed out that the best LSP path for extend-
ing the high-cycle fatigue life was perpendicular to the rolling
direction [30]. Lu et al. found that the treated sample dis-
played better tensile properties such as stronger flow stress
and higher ultimate tensile strength with an increasing LSP
impact time [31]. To improve the creep resistance and
anti-corrosion performance simultaneously, technology of
aluminizing with LSP has been already investigated partially.
Lai demonstrated that the fatigue life of material with alumi-
nizing and LSP was increased visibly [32]. Ref. [33-36] also

testified that the mechanical property of the aluminized steel
was greatly improved by LSP.

In view of the above considerations, many researches
mainly focused on the anticorrosion capability, LSP parame-
ters, and the influence on fatigue behaviors. Nevertheless, the
studies about high-temperature creep properties of the stain-
less steel with aluminizing and LSP is rarely reported. There-
fore, in order to ensure the stable operation of stainless steel
heat exchanger under actual working conditions, the effect of
surface modification processes, aluminizing with LSP, on the
microstructure and high-temperature creep properties of 321
stainless steel was investigated in this paper.

2. Materials and Methods

2.1. 321 Stainless Steel. The austenitic steel AISI 321 was
procured commercially for this investigation. The result of
elemental composition analysis is presented in Table 1.

2.2. Powder Pack Aluminizing. The pack powder mixture
consisted of 68 wt% Fe-Al powder, 30 wt% Al,Oj; filler, and
2wt% NH,CI activator. The samples were ground to #2000
grit-sized SiC paper finish and cleaned thoroughly before
placing inside the pack, and then, samples were kept inside
the pack in an alumina crucible, which was subsequently cov-
ered with a lid. Pack aluminizing experiments were carried
out in a KSL-1400X box-type sintering furnace, and samples
cooled to room temperature after being heated at 950°C for
12 h. The cross-sectional image of the coating layer is shown
in Figure 1. The EDS and SEM results indicate that alumi-
nized coating is mainly composed of an Al,O; outer layer,
the transition layer of the Fe-Al phase (such as Fe;Al, FeAl,
FeAl,, and a small amount of AIN), and the diffusion layer
with the AlFe(Ni) phase and AlCrFe phase. In the case of
aluminizing processes, there was a formation of surface
layers of a new composition and structure. The formation
of such a local transition zone in the form of individual areas
or intermetallic compounds directly in aluminizing led to the
fact that high-stress microcracks appear in this area and sig-
nificant local overstresses cause loss of strength of the solid
coating system in thermal deformation action on it.

2.3. LSP Treatment. The LSP was performed with the
LAMBER-08 pulsed laser which is operating at a 1064 nm
wavelength and delivering 7] pulse energy in 20 ns, with a
2 Hz repetition rate. The diameter of laser spot is 3 mm, the
overlapping rate is 50%, and the laser power density is about
4.95GW/cm?. In order to protect the surface of the metal
material from direct laser burning and couple with the laser
energy better, the black adhesive tape is selected as the impact
protection layer. The constraining layer is water, to constrain
the high-temperature plasma generated by the laser irradia-
tion and increase the shock wave pressure [37].
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N
Al-oxide

50 ym

F1GURE 1: SEM section morphology of the coating layer formed after
pack aluminizing at 950° C for 12 h.

2.4. Surface Roughness and Microhardness. A JB-4C precision
roughness tester with a 0.8mm sampling length and a
2mm/s sensor movement speed was used to measure the
surface roughness. 3D surface profiles of samples were
observed by the VHX-1000 super-deep 3D microscopic sys-
tem. The microhardness was tested with a 410MVA Vickers
microhardness tester using a load of 300g and a hold time
of 15s.

2.5. High-Temperature Creep Experiment. Samples treated by
different processes, such as aluminizing, aluminizing with
single LSP impact, and aluminizing with LSP impacts for
three times, were subjected to high-temperature tensile creep
tests on a WDML slow tensile tester at the temperature of
620°C and the stress load range of 180-240 MPa. Creep
tensile specimens with a gauge length of 24 mm and 4 mm
thickness were made.

2.6. XRD and Microstructure. The surface phases of the
aluminized steel with different times of LSP impact were ana-
lyzed by a TD3000 X-ray diffractometer (XRD). The Quanta
2000 environment scanning electron microscope (SEM) and
the attached energy dispersive spectrometer (EDS) were used
to examine the creep fracture.

3. Results and Discussion

3.1. Surface Roughness and Microhardness. Surface roughness
plays a dominant role in affecting the creep performance and
reflecting the collection characteristics of the material sur-
face. Surface roughness is evaluated by three index, including
contour arithmetic mean deviation (R,), contour maximum
height (R,), and contour unit average width (R,), where
R, can simultaneously reflect the microscopic geometrical
features and the height of the convex peak [38]. If these rough
peaks are equivalently approximated as microgaps, the stress
concentration of the rough peaks can be calculated using the
notch stress formula [39]:

0 =2k[1 +1n (1+m)], (1)

TaBLE 2: Surface roughness values of the aluminized steel with
different times of LSP impact.

Sample R, R, R "
(ym)  (pm)  (gm)  (um)
Aluminizing 0.952 7.174 0.0645 111.2
Aluminizing+single impact ~ 1.856  10.813  0.0930 116.3
Aluminizing+three impacts ~ 3.347  20.718  0.1667 1243

where k is the material constant and m is the ratio of R, to
R, .- The larger the value of m is, the greater the stress con-
centration is. Table 2 presents the surface roughness of spec-
imens with different times of LSP impact. As can be seen, the
roughness of the aluminized sample is 0.952 ym, and the
roughness increases rapidly with the increase of impacts’
times. The more the stress concentration is, the easier to gen-
erate microcracks, resulting in internal damage of the mate-
rial. Nevertheless, the roughness is related to the laser
absorption, namely, the overly smooth metal surface is not
conducive to the absorption of laser [40].

The optical photograph and 3D surface profile for differ-
ent conditions are shown in Figure 2. It can be seen from
Figures 2(a) and 2(d) that the surface of aluminized samples
is smooth and flat with regular dimples, and the average pit
depth is 7.174 ym. The morphology of the aluminized sample
with single LSP impact (Figures 2(b) and 2(e)) displays the
existence of obvious pits and steps, whose shapes are square
or circle. The shape of the pits depends on the contact pres-
sure between the protective layer and the sample [41]. The
average pit depth is 10.813 yum with an increase of 50.7%
and the deformation amount is 3.639 yum. The morphology
of the sample after three impacts is shown in Figures 2(c)
and 2(f). The plastic deformation was aggravated by the
plastic loading wave. The depth of the pit is 20.718 ym with
an increase of 188.8%, and the deformation amount is
13.544 ym. As the LSP time increases, the roughness and
the degree of plastic deformation are alleviated, which attri-
butes to the generation of surface pits predominately.
Figure 2(g) is the pulse sequence applied to treat the speci-
mens. It consists of firing pulses in a zigzag-type scanning
pattern, covering a total area of 24 x 8 mm in the central zone
of the specimens. A laser impact region with a diameter of
I mm and a depth of 21.5 ym can be observed on the alumi-
nized samples after three LSP impacts, and the plastic defor-
mation is one of the important indexes for evaluating the
enhancement effect of LSP.

Figure 3 presents the microhardness of aluminized
samples before and after LSP. The microhardness of the alu-
minized sample gradually increases with increasing distance
from the penetrating layer to the surface, which could be
imputed to intermetallic compounds formed in the penetrat-
ing layer mainly. In addition, the grain grows and the
material softening phenomenon occurred during the high-
temperature aluminizing process. Therefore, the hardness
was found to be lower when the depth of the layer was mea-
sured to 180 yum. However, subjected to radial shock waves
released by LSP, the surface of the aluminized steel would



Compact aluminized layer

rouusion

50.00 pm.

42.43 ym

36.37

6.061

0.0 1500.0

1737.3

(e)

34.84 ym
29.86
24.89
19.91
14.93
9.95

4.977

0.0

16.29
13.57
10.86
8.143
5.429
2.714

0.0

FiGure 2: Continued.

0.0 yum

19.00 ym

International Journal of Photoenergy

50,00 um

(®)

1500.0
1737.3

(d)

1302.9
500.0 : 19.00
pum

0.0 ym
0.0 yum
1500.0
1737.3



International Journal of Photoenergy

Bottom surface

LSP

Start point

End point

Upper surface

21.50
21.50 um .
1843 1302.9

15.361000.0
12.29

9.214
6.143
3.071

0.0
0.0 ym —*

0.0 ym 500.0 1000.0 1500.01737.3

3D profile

FiGure 2: Optical photograph and corresponding 3D surface profile: (a) optical photograph of aluminized steel; (b) optical photograph of
aluminized steel with single LSP impact; (c) optical photograph of aluminized steel with three LSP impacts; (d) 3D surface profile of
aluminized steel; (e) 3D surface profile of aluminized steel with single LSP impact; (f) 3D surface profile of aluminized steel with three
LSP impacts; and (g) scanning pattern and the enlarged 3D profile of the aluminizing with three LSP impacts sample.
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FI1GURE 3: Microhardness variation along the depth of aluminized
samples with different times of LSP impact.

generate severe plastic deformation, advancing the surface
hardness of materials significantly. It is well known that plas-
tic deformation will cause work-hardening effect and grain

700 Aluminizing+
three LSP impacts
oy
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7| single LSP impact
oy
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S
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Aluminizing
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® TFeAl
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FIGURE 4: XRD spectra of the aluminized samples with different
times of LSP impact.

refinement, thus increases the hardness of the work piece.
Similar conclusions have been drawn from Ref. [42, 43]. As
the number of impacts increases, the surface microhardness
increases from 395HV of the nonimpacted sample to
625HV and 7184HYV. Figure 4 is the XRD pattern of



aluminized samples before and after LSP. There are mainly
three phases, FeAl, FeAl,, and FejAl, and none of the new
phase is observed after LSP. The position of the crystal
surface is hardly changed, while the intensity of the dif-
fraction peak is obviously reduced, and the full-width half
maxima (FWHM) become larger. It illustrates that surface
grains were refined after LSP, and the grain refinement
phenomenon of three-time impact samples was more
obvious than single-impact samples, which is consistent
with the conclusion of the previous hardness enhancement
mechanism.

3.2. Creep Curves. Figure 5 shows the high-temperature creep
curves and creep rate curves of the aluminized steels with dif-
ferent times of LSP impact under a series of loading stress. It
is observed that all the specimens have similar curve shapes
to characterize three stages of typical creep behaviors,
namely, the deceleration creep stage, stationary creep stage,
and accelerated creep stage. The first stage of creep is shorter
while the second stage of creep turns longer. As shown in
Figures 5(a) and 5(d), aluminized samples enter the station-
ary creep stage within 10h. With the increase of loading
stress, the time for samples to enter the steady-state phase
is shortened and the creep rate and creep strain increases.
When the applied stress reaches 210 MPa, the steady-state
creep rate of the aluminized sample rises from 1.05719 x
1077 to 1.482204 x 107® and the creep rupture time degrades
from 206 h to 28 h, indicating that the creep resistance of the
material was remarkably affected by the stress. The creep
curves of aluminized samples with single (Figures 5(b) and
5(e)) and three times (Figures 5(c) and 5(f)) LSP are similar,
which implies that the three states of materials were remark-
ably affected by the external loads. Figure 6 represents the
relationship between the applied stress and creep rupture
time of the austenitic stainless steel treated with different
surface modification processes and all results show that
the creep rupture time is inversely correlated to the stress
at the creep experimental temperature. At the same time,
we found that the steady-state creep rate decreases and
creep rupture time extends with the increase of impact
times. The steady-state creep rate of specimens with single
and three times decreases by an order of magnitude, and
their creep rupture lives are increased by 42.8% and
232.1%, respectively, when the applied stress is 210 MPa,
which clearly demonstrates that the high-temperature creep
resistance of aluminized samples is significantly improved
by LSP technology.

In the stationary stage, the effective dislocation density
remains unchanged to keep a balance between the material
recovering and hardening due to the constant external stress
and high-temperature environment. Consequently, the sta-
tionary creep rate with the smallest value and the simplest
deformation mechanism is the key parameter to reflect the
creep behavior of the material. Figure 7 displays that the
applied stress is positively relevant to the minimum creep
rate of the steady-state creep region. The minimum creep
rate and applied stress are well-known to be related by a
power law as presented in
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£=A,0" exp (— %) , (2)

where ¢ is the stationary creep strain rate, A, is a complex
constant correlated to the material structure, o is the applied
stress, 1 is the creep stress index, Q, is the creep apparent acti-
vation energy, R is the molar gas constant (R = 8.314 KJ/mol),
and T is the absolute temperature. Equation (2) on both sides
conducts the logarithmic processing to obtain Equation (3).
When the creep temperature T is constant, Ine and Ino have
the linear relationship of slope n (Equation (4)) as follows:

) Q
Iné=lnA_+nlno- =%, 3
ne n x nino ()

_(9In¢ 4
"= (a In a> . )
Figure 8 exhibits the logarithmic relationship between the
steady-state creep rate and the applied stress. It can be con-
cluded that the n values of aluminizing and aluminizing com-
posite single and three-time LSP samples are 13.73, 19.71 and
23.13, respectively. The matrix alloy is 321 austenite stainless
steel, and the values 3 and 5 of stress exponent stand for two
important creep types of solid solution. When # < 3, the stress
exponent has a typical value of 3, this signifies that the creep
behavior is very different from that of a pure metal, which is
called the first class of alloy-type creep; when n=4-7, its
typical value is 5, which indicates that the creep behavior is
similar to that of pure metals, which is called the second pure
metal creep; when n > 8, the steady-state creep behavior can
no longer be described by power-law equations [44]. Ref.
[45] points out that if a metallic had a larger apparent stress
exponent, the metal may have a higher creep stress thresh-
old, which can predicate that the aluminizing composite
LSP material has a higher creep stress threshold and better
creep resistance.

3.3. Fracture Morphology. The creep macroscopic fracture
appears the necking phenomenon while the crack-like plastic
deformation occurred near the typical ductile fracture. The
fracture existence of clear cross-section grains with strong
sense of third dimension testifies that it belongs to intergran-
ular fracture. The area shrinkage of impacted specimens is
higher than that of nonimpacted specimens, implying that
the impacted specimens have a better plasticity. It can be seen
from Figure 1 that there are some defects on the coating
layer, such as coarse second-phase particles (AIN) and pores.
During the high-temperature creep process, the abundant
intracrystal cross slips glided to the pore position or grain
boundary lattice defects caused by the residual tensile stress,
resulting in plenty of micropores. These micropores contin-
ued to converge into cracks which caused the expansion
and separation of grain boundaries under the tensile stress.
According to the SEM morphology of fracture surfaces and
the EDS analysis of Figure 9, it can be distinguished that
the fracture surface of aluminized steels can be roughly
divided into three layers: the outer layer (FeAl), the transition
layer (mainly composed of FeAl, and Fe;Al), and the
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FIGURE 5: Creep curves and creep rate curves of specimens under different loading stresses: (a) creep curve of aluminized specimen; (b) creep
curve of aluminized specimen with single LSP impact; (c) creep curve of aluminized specimen with three LSP impacts; (d) creep rate curve of
aluminized specimen; (e) creep rate curve of aluminized specimen with single LSP impact; and (f) creep rate curve of aluminized specimen
with three LSP impacts.
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austenitic stainless-steel matrix layer. The second phase
generated from aluminizing had a large separation tendency
from the matrix, which is easily affected by high-temperature
environment and the tensile stress. Then, the tendency led to
the generation of macropores and eventually fracture. On the
one hand, grains of the aluminized layer were refined by the
LSP treatment (Figure 9(b)). The rough second phase was
evenly distributed on the substrate and the pores’ size was
narrowed, so that microcracks were difficult to generate. In
addition, the laser shock-induced residual compressive stress
prevents further creep slips and the separation between crys-
tals. On the other hand, under the impact of high-power
lasers, strenuous plastic deformation (Figure 9(c)) accelerates
the generation of crystal substructures, changes the direction
of grains, and increases the dislocation density. High-density
dislocations undergo disorder and discretional slips in all
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directions at high temperatures to annihilate dislocations
with particularly slip orientations. This kind of interaction
consumes most time and heat to extend the anticreep life of
samples [46]. At the same time, high-density dislocations
induce significant differences in orientation amongst grain
boundaries, resulting in higher internal stresses impeding
dislocations, suppressing grain boundary slippage, and delay-
ing the growth of grains to effectively retard crack initiation
[47]. The advance in impact times brings out more obvious
grain refinement and plastic deformation; therefore, the
creep life of the laser-shocked sample with multiple impacts
is vitally improved.

The mechanism of creep damage is the exfoliation, for-
mation, and development of voids followed by the occur-
rence of failure, which attributes to the plastic deformation
incompatibility between intragranular inclusions or second
phases and matrix radically. The voids are circular or polyg-
onal, dispersing at the intersection of three grain boundaries
or on the grain boundary mainly, where the austenite stain-
less steel voids preferentially nucleate on the inclined grain
boundary [48]. Through connected to one another, some
hollows turn into a chain eventually, indicating that the voids
formed independently intersect with their growth mutually.
In particular, as nucleation centers, inclusion particles are
contained in some voids. As can be seen from Figures 10(a)
and 10(b), dimples and intergranular cracks are visible in
the propagation region. Besides, there are several fracture
edges’ dimple accumulation, secondary cracks, and parallel
stripe structures around. After initiating along grain bound-
aries, the cracks stretch rapidly and converge into larger
cracks during the creep process, leading to the separation
among grains. Although creep fractures occur at the grain
boundaries predominantly, the creep rupture is influenced
by the state, structure, and precipitates of the grain boundary
seriously. As described in Figures 10(c) and 10(e), the dim-
ples as well as voids are degraded in size and density with
increasing times of LSP impact. Meanwhile, neither rough
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second-phase particles nor inclusions are observed at magni-
fication (Figures 10(d) and 10(f)). The phenomenon that the
fracture toughness of the aluminized steel increases with LSP

400

Element Wt% At%
350 A Al Al 30.93 47.77
Cr 12.53 10.04
300 7 Fe 56.55 42.19
250 4
200 - Fe
150
100 - Cr
Fe
50 -
0 |
0 1 2 3 4 5 6 7 8 9 10
Energy (keV)
(d)
2
00 Element  Wit% At%
Al 15.48 27.10
Cr 22.55 20.48
150 1 Fe 6197 5242
] Fe
£ 100
Q
o Al
Cr
50
Fe
0 -
0 1 2 3 4 5 6 7 8 9
Energy (keV)
()

impacts could be attributed to the rough second-phase parti-
cles (or inclusions) with low plasticity, which cannot code-
form with the matrix at the same time, resulting in stress
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F1GURE 10: SEM fracture micrographs of the aluminized steel with different impact times of LSP under the stress of 210 MPa: (a) aluminized
steel; (b) aluminized steel with single LSP impact; (c) aluminized steel with three LSP impacts; (d) magnification of area i; (¢) magnification of

area ii; and (f) magnification of area iii.

concentrations around particles to cause breakage. Neverthe-
less, the grain size of the second-phase particles (or inclusions)
in aluminized samples with LSP impacts is significantly
refined, and the degree of stress concentration is reduced to
enhance the creep resistance. In addition, the austenite stain-
less steel is subjected to soften during the high-temperature

aluminizing process, leading to grain coarsening and plastic-
ity deterioration. But grain refinement increased plasticity
after LSP, the plasticity of materials is closely related to creep
behaviors. Therefore, the impact of laser on the grain refine-
ment of the aluminized steel is the microscopic reason for
the improvement in creep performance.
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4. Conclusion

In this study, the effect of laser shock processing and alumi-
nizing on microstructure and high-temperature creep prop-
erties of the 321 stainless steel were investigated. The main
conclusions are described as follows:

(1) A tightly bounded dense iron-aluminum coating
was obtained on the surface of the 321 austenitic
stainless steel by powder-embedded aluminizing.
The roughness, surface plastic deformation, and
surface microhardness of the aluminized specimens
were significantly increased after LSP treatment,
and the strengthening effect of aluminizing speci-
mens with LSP three times is most obvious

(2) Specimens with different impact times of LSP have
similar curve shapes to characterize the three stages
of typical creep behaviors. The steady-state creep rate
decreased and creep rupture time extended with the
increase of impact times, which clearly demonstrates
that the high-temperature creep resistance of alumi-
nized samples is significantly improved by LSP tech-
nology. The n values of aluminizing and aluminizing
composite single and three times LSP samples are
13.73,19.71, and 23.13 respectively

(3) The dimple size, void size, and density of impacted
samples became smaller than those of nonimpacted
samples. As the number of LSP increases, the disloca-
tion density and the plasticity of material increase
because of the more obvious grain refinement and
plastic deformation on the surface, which compre-
hensively improves the creep performance of the
aluminized steel
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The cold accumulation problem can lead to performance degradation of heat pumps. This paper presents the design and
optimization of a solar-assisted storage system to solve this issue. A ground source heat pump (GSHP) project was established
using the transient system simulation program (TRNSYS) based on a ground heat exchange theoretical model, which was
validated by a previously established experiment in Beijing. The Beijing, Harbin, and Zhengzhou regions were used in numerical
simulations to represent three typical cities where buildings require space heating (a cold region, a severe cold region, and a hot
summer and cold winter region, respectively). System performance was simulated over periods of ten years. The simulation
results showed that the imbalance efficiencies in the Beijing, Harbin, and Zhengzhou regions are 55%, 79%, and 38%,
respectively. The annual average soil temperature decreases 7.3°C, 11.0°C, and 5.3°C during ten years of conventional GSHP
operation in the Beijing, Harbin, and Zhengzhou regions, respectively. Because of the soil temperature decrease, the minimum
heating coeflicient of performance (COP) values decrease by 23%, 46%, and 11% over the ten years for GSHP operation in these
three regions, respectively. Moreover, the simulation data show that the soil temperature would still be decreasing if based on
the previous solar energy area calculation method. Design parameters such as the solar collector size are optimized for the
building load and average soil temperature in various cold regions. Long-term operation will test the matching rate of the
compensation system with the conventional GSHP system. After the system is optimized, the solar collector area increases of
20% in the Beijing region, 25% in the Harbin region, and 15% in the Zhengzhou region could help to maintain the annual
average soil temperature balance. The optimized system could maintain a higher annual average COP because of the steady soil
temperature. It provides a method for the design of a solar collector area which needs to be determined in the seasonal heat
storage solar ground source heat pump system.

1. Introduction

Compared with outdoor air, the ground retains a relatively
stable temperature because of its large heat mass. The ground
can be used as a heat source or sink to meet the needs of
ground source heat pump (GSHP) systems for heating and

cooling of building spaces. In recent years, many GSHP sys-
tems have been developed and installed because of their envi-
ronmentally friendly performance and high efficiency [1].
Ground heat exchangers (GHEs) are an emerging technol-
ogy, which are an important component of GSHP systems
for extracting ground heat during the heating season and
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injecting absorbed dwelling heat into the ground during the
cooling season [2]. In established GSHP systems, high-
performance GHEs result in lower CO, emissions and less
electrical load on the power grid.

However, under the two main working conditions domi-
nated by heating and cooling, there can be a large gap
between the heating and cooling load which the ground
self-recovery cannot match [3]. In China, the government
has encouraged GSHP systems for conventional heating,
ventilation, and air conditioning. Thus, China has become
the largest GSHP-system-practicing nation in the world.
After several years of continuously increasing sales, the
GSHP market share reached 7% of the total central air condi-
tioning market by 2010. However, the market share of
GSHP systems has shown a downtrend in recent years and
decreased to 2.2% by 2016 [4]. Some GSHP systems installed
several years ago have now been decommissioned for not
achieving the desired energy savings, especially in typically
cold regional cities such as Shenyang in northeast China
[5]. When GSHP systems are used in cold regions, more heat
is extracted from the ground than is injected back into it. This
leads to cold accumulation and long-term decreases in soil
temperature. This thermal imbalance over a long-term oper-
ation decreases the temperature recovery ability, degrades the
heating performance of GSHP systems, and can lead to com-
plete GSHP system failure [6]. Studies indicate that heat
injected into the ground and heat extracted from the ground
should balance, to preserve the geothermal resource for
sustainable utilization as a heat source or sink [7]. To achieve
this, studies suggest that partial compensation between win-
ter heating and summer cooling is necessary for a single line
or two staggered lines of infinite GHEs, even with a large dis-
tance between adjacent GHEs. For a square field of infinite
GHEs, near complete compensation of winter and summer
loads is necessary [8].

Compensation heat sources such as gas boilers, waste
heat sources, and solar collectors can be used to avert this
annual energy imbalance and solve this problem in cold
regions. To extract less heat from the ground, gas boilers
are commonly used during the peak heating load, and the
GSHP system provides the remaining heating. Alavy et al.
[9] investigated the characteristics of a GSHP system assisted
by a gas boiler. A heating load ratio of 60% for the GSHP sys-
tem and 40% for the gas boiler was found to be the most eco-
nomical operation and did not lead to any obvious increase
in energy consumption.

Another approach of compensating the heat into the
ground from another energy source has also been explored.
There are two approaches to heat storage: low-temperature
storage and high-temperature storage. In the low-temperature
heat storage, the heat is mainly used to compensate for the
annual heat imbalance or to increase the ground temperature
within several degrees K to increase the heat pump COP [10].
High-temperature heat storage is another approach to sea-
sonal heat storage and requires higher input fluid tempera-
ture and insulation of a storage medium boundary [11].
Although the ground is rarely used as a high-temperature
storage medium, water has proven to be a more effective sea-
sonal heat storage medium. However, if there is no natural
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reservoir, such a system is more expensive than the ground
storage system because of the need for a large tank (usually
underground) to store water [12].

Solar energy is the most advantageous renewable energy
source. It collects and converts the abundant energy of the
sun into available energy. Evacuated tube collectors (and
similar devices) convert solar energy into heat energy, which
can be applied to the space of residential and commercial
buildings or water heating and air conditioning. Hybrid
GSHP systems compensate for the ground heat loss by pro-
viding additional heat into the soil. Energy storage technol-
ogy, such as solar energy storage, is commonly applied to
store natural underground energy [13]. Solar-assisted GSHPs
(SA-GSHPs) installed for a residential building in Tianjin,
China (a cold region similar to Beijing), were studied by
Wang et al. The system performance during long operating
periods was simulated by unit modeling, and its parametric
effects were discussed [14]. The experimental results of
Bakirci et al. showed that the coefficients of performance
(COP) of the heat pump and the overall system were 3.0—
3.4 and 2.7-3.0, respectively [15]. The results showed that
SA-GSHPs could be used for residential heating in the cold
region of Erzurum, Turkey. The study demonstrated that
the hybrid GSHP system incorporating solar thermal collec-
tors was feasible for the space conditioning for heating-
dominated houses. Rad et al. reported that solar thermal
energy storage in the ground could significantly reduce the
necessary GHE length [16].

Lazzarin showed that compared with the independent
GSHP system, the SA-GSHP system has a shorter length of
heat exchanger and a lower investment cost [17]. Macia
et al. showed the COP of the heat pump and the efhiciency.
The design method of the SA-GSHP system is evaluated to
generate an analysis model and numerical model [18]. A
house with GSHP and a solar seasonal heat storage system
was simulated in Harbin, China. This study showed that
the vertical ground heat exchanger model has better simula-
tion results than the field data. Therefore, in the heating sea-
son, the average soil temperature and inlet and outlet
temperature of the vertical surface heat exchanger decreased
significantly. In general, the proposed system meets the heat-
ing and cooling requirements of buildings [19].

The performance of an SA-GSHP for heating a detached
house in Harbin, China, was experimentally studied by Wang
et al. The average COPs of the heat pump and overall system
were 4.29 and 6.55 for operation in heating mode, respec-
tively [20]. Karagiorgas et al. reported a hybrid system com-
posed of a GSHP system and a solar-assisted GSHP system,
along with a simulation model developed in TRNSYS (a tran-
sient system simulation tool) for predicting key issues in the
design process [21].

Liu et al. carried out experimental research on a GSHP
system with thermal energy storage under different loads.
The results show that the heating and cooling capacity can
be increased by 37.5% and 15.8%, respectively, by integrating
heat storage with the GSHP system [22]. The above studies
asserted that SA-GSHPs are a promising technology for
matching the gap between cooling and heating loads in cold
regions, but solutions for GHE heat injection performance
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FiGure 1: Heat transfer network of the borehole.

are complex. The thermophysical properties of the ground
and the operation of a compensation system are always the
determinants of the size of the solar collector and water stor-
age tank system [23].

The thermal transport efficiency of the GHE in the
ground plays a vital role in the efficiency of the overall GSHP
system, so the operation of GHEs should be examined care-
tully [24]. To reduce interference on the refrigerating process
in summer, the heat storage process is usually applied in
autumn. Considering the heat self-recovery in the soil,
the sizes of the solar loops are usually optimized based
on the results of long-term case studies. Simulation results
are analyzed to determine the necessary parameter of the
GSHP for storing heat in selected regions. Methods for deter-
mining the specific heat storage and heat storage mode are
then developed.

A comprehensive review of the relevant literature of SA-
GSHP systems shows that a large amount of work has been
done in terms of technical feasibility, detailed modeling,
and field test experiments with many innovative ideas. It
has been shown that the viability of an SA-GSHP system in
residential sectors and the demand for heating and cooling
are very high. One of the important aspects to be considered
in the construction of SA-GSHP is to specify the optimal size
of the system. Emmi et al. [25] demonstrated the factors for
optimal size of solar hybrid systems and the importance of
optimal size in the residential sector.

In this paper, the aim is to confirm whether the system
needs specific heat storage and a heat storage mode. Based
on the finite-line source model, the performance of GHEs is
simulated. The ground thermal performance is studied by
injection experiments, and the mathematics model is vali-
dated to optimize the energy storage. A simulation of the
GSHP system combining solar seasonal energy storage is car-
ried out to predict the long-term ground temperature field
variation. The suitability of the systems to three regions in
China was simulated. The surface temperature and system
efficiency of the regenerative system are compared.

2. Mathematical Modeling of GHEs

Using solar energy for seasonal heat storage can overcome
the ground thermal imbalance that occurs over long-term

operation. For the long-term simulation of systems that
include seasonal solar energy storage in this study, the GHE
model needed to connect with other equipment, making
the simulation complicated and time-consuming. Analyti-
cal methods have advantages in their lower computa-
tional expense and higher speed. A typical simulation
model involves a composite linear source model to simulate
the thermal processes of the borehole and pile. A reasonable
prediction can then be made of the thermal behavior of the
GHEs [25].

To build a two-dimensional (2D) finite-line source model
in cylindrical coordinates, it is practical to determine the
equivalent U-tube geometry, as illustrated in Figure 1.
Figure 1(a) shows the physical configuration and relative
positions of the working fluid, U-tube geometries, concentric
grout, and soil. Figure 1(a) also shows the parameters charac-
terizing the heat exchange process, such as the temperature of
the borehole wall (T}), the inlet fluid temperature (T, ), and
the outlet fluid temperature (T,). In Figure 1(b), R, * and R, "
are the equivalent thermal resistances between the fluid of
two legs of the U-tube and the borehole wall, respectively.
R,,” is the equivalent thermal resistance from the fluid of
one leg to another. q; and g, are the heat transfer rates per
unit length from a certain leg to the borehole wall, respec-
tively. q,, is the heat rate per unit length pipe between two
legs of the U-tube. As shown in Figure 1(c), the classical
finite-line heat source model adopted in this study derives
an analytical solution for the transient temperature response
in a semi-infinite medium. The borehole is treated as a finite-
line heat source.

If the thermal interference between the two adjacent
legs of the U-tube is not considered, the proposed finite-
line heat model can be used to analyze and calculate the
heat conduction of the vertical boreholes for their long-
term operation in GSHP systems. Therefore, the model is
based on typical simplifying assumptions and is commonly
utilized to address these types of problems. The specific
assumptions are as follows:

(1) The thermal properties of the ground are constant
and the soil is assumed to be isotropic

(2) Moisture migration is neglected



(3) The borehole size is neglected, so the borehole can be
regarded as a linear heat source

(4) The heat conduction along the borehole axis, includ-
ing the heat flux through the surface and bottom of
the borehole, is neglected to make the heat conduc-
tion one-dimensional

(5) There is considered to be no contact thermal resis-
tance between the borehole and the ground

2.1. Heat Transfer Model inside the Borehole. The description
of the borehole model consists of the resistances associated
with the fluid, pipe, and grout. In accordance with Figure 1,
the energy balance equation inside the borehole is given by
the following equations:

3 ) _ [T Ta(2)] | [T~ Ta (@)
¢ 0z R} R},
. 9Ta2) _[To-Tn2)] _ [Ta(?)-Ta(2)]
¢ 0z R; R;, ’

(1)
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where M_ is the total heat mass of the unit inside the borehole
per length. The parameters R, *, R,*, and R;," are expressed
as follows [26]:

_ R11R22 B (R12)2

! Ry =Ry, ’
R = RyRy, - (R12)2 (2)
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R* = R11R22 - (R12)2
12~ 7&2
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where R;; and R,, are the thermal resistances between the
circulating fluid in a certain U-tube leg and the borehole wall.
R,; =R,, when the U-tube legs are buried in the borehole
symmetrically. R, is the resistance between the two individ-
ual legs. By analyzing the steady-state conduction problem in
the borehole cross-section through the line source, the fol-
lowing relationships can be obtained [27]:
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where r,, is the radius of the borehole; r, and r,,; are the outer
and inner radii of the pipe, respectively; k is the conductivity
of the grout; k;, is the conductivity of the pipe material; D is
the distance between the centers of the pipe and borehole;
and h is the convective heat transfer coeflicient. Using the
method of Diao [28], the inlet and outlet temperatures with

time can be obtained as

To(1)=Ty(r) + -2,
s (4)
Tout(T) = Tm(T) - %’

where Q is the total heat transfer rate of the borehole, 1 is the
total mass flow rate of the fluid, and the borehole heat trans-
fer efficiency € and parameter [ are expressed as
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where sh(f) and ch(f3) are the double sine function and dou-
ble cosine function of parameter f3, respectively.

2.2. Heat Transfer Model outside the Borehole. The finite-line
source model in this study is based on the solution of the heat
conduction exclusively in a homogeneous medium. This
problem is solved by using the superposition principle to
approximate the borehole as a finite-line source [29]. The
model accounts for the influence between boreholes by an
intricate superposition of numerical solutions with transient
radial-axial heat conduction, one for each borehole. The
response to any heat input can be calculated by devolving
the heat injected into the ground by a series of step functions.
The temperature response (0) in the ground is then obtained
from the sum of the time step responses and calculated by the
following equation [30]:
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where the heat transfer rate per length in extracted or
injected heat in time 7; step is g,, the radius r and depth z
express the position of the aiming point, and « is the thermal
diffusion coefficient. The temperature response at the bound-
ary of the borehole (6,,) is therefore

0, =0(ry, 2, 7). (8)

The temperature response 8, presented above is for a sin-
gle borehole. For the case of multiple boreholes with n GHEs,
the total temperature response on the borehole wall or other
position of a certain GHE, 6, ,, can be obtained by summing
all the temperature responses [31]:

Oy = Z@(rj, 2, 7). (9)

The advantage of this model is that a spatial superim-
position is used to account for the temperature responses
for multiple boreholes. In addition, the sequential tempo-
ral superimposition is used to calculate the temperature
response for any arbitrary heat injection or extraction, which
can be decomposed into a set of single pulses. In other words,
the overall temperature response of the GHEs to any heat
injection or extraction at any time can be determined by
the spatial and temporal superimpositions.

3. Experimental System Description
and Verification

3.1. Experimental System. An experimental system of
GHEs was set up in Beijing, China (altitude 40 m, latitude
39.95°N, longitude 116.35°E). A schematic diagram of the
experimental system is shown in Figure 2. The system con-
sists of three components: (1) GHEs, (2) monitoring devices,
and (3) thermostatic water bath as a heat source.

The GHE system consisted of four boreholes (Figure 2)
that were drilled to an average depth of 70 m. In the vertical
heat exchanger, a U-tube of DN32 (nominal diameter) made
from high-density polyethylene was buried in the ground,
and the boreholes were back filled with grout.

The monitoring system included PT1000 temperature
sensors (shown in Figure 3(a)) that were attached to the tube
exterior wall at intervals of 10 m in each borehole. Two fur-
ther temperature sensors were placed to allow the measure-
ment of the GHE inlet fluid temperature T,, and outlet
fluid temperature T .

Figures 3(c) and 3(d) show digital photographs of soil
samples taken during drilling. The installation of the water

2+ (z+h)?

separator makes it possible to run each GHE individually or
in combination.

Some boreholes were used to test the action of thermal
fluids, while others were used to observe the surface temper-
ature of inactive thermal fluids. The working fluid flow rates
were measured by a metal tube flowmeter (Figure 4(e)). All
measured variables were recorded using an Agilent data
acquisition device every ten minutes as shown in Figure 4(f).
Before installation of the sensor device, all temperature sen-
sors were calibrated by a constant-temperature water bath
with a water temperature accuracy of 0.1°C.

A constant-temperature water bath, which provides a
constant inlet temperature for the buried heated tube
through insulated pipes, was used as the storage source. This
instrument was equipped with an electric water heater and a
rotary compressor. The maximum heating and cooling out-
puts were 9 and 5kW, respectively. The operating tempera-
ture of the water tank and the operation mass flow rate
were both measured. The accuracy and measuring range of
the sensor used in the experiment are shown in Table 1. To
avoid freezing, the fluid was an antifreeze mixture of propyl-
ene glycol (20%) and water.

In the heat storage experiment in this study, the sur-
rounding borehole played a monitoring role when some of
the GHEs were in action. From the autumn of 2015, a series
of heat injection experiments were performed, as shown in
Table 2. This study focused on the heat storage performance
of GHEs under existing geological conditions, for which the
performance of the GHEs is strongly dependent on the
real-world situation. The test parameters of the experiment
are shown in Table 3.

The recording of experimental data was completed in
September 2016. The initial soil temperature was moni-
tored without thermal disturbance from the heat source.
The ground temperature profile in July 2015 is shown in
Figure 5. The curve shows that the soil temperature was
about 16°C and that the soil below 35 m was slightly cooler.

3.2. Verification of the Simulation Result by Comparison with
Experimental Data. In the heat storage operation, verification
of the simulation result against the experimental data con-
sists of two aspects: the GHE fluid outlet temperature (T)
and the soil temperature variation caused by heat injection
at different depths. Figure 4 shows the simulation and exper-
imental results during the process of this operation.

In Experiment 1, Borehole 4# is the working GHE and
Borehole 2# is used for observation. The two boreholes are
spaced by a distance of 2.5m. The fluid inlet temperature
T, fluid outlet temperatures T, (exp.) and T, (num.),
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TaBLE 1: Accuracies and measuring ranges of the sensors in the
experimental system.

Temperature Volume flow rate
$0.1°C +0.5%
~100-100"C 1-30m’/h

Instrument measuring accuracy

Measuring range

and soil temperature increases AT (exp.) and AT (num.) for
the numerical model and experimental data are shown in
Figure 4(a). The absolute error values of the outlet tempera-
tures between the experimental and simulated results are less
than 0.6°C. The absolute error values of the 3# borehole tem-
perature increases are less than 0.3°C.

Figure 4(b) shows the validation of the inlet and outlet
temperatures from the numerical model against those
from the experimental data for the constant input test.
Based on the experimental data from this constant input test,
the inlet and outlet temperatures of the numerical model
were verified.

In Experiment 2, the 1# and 3# boreholes are the working
GHEs and the 2# and 4# boreholes are used for soil tem-
perature observation. The inlet temperature T,, outlet tem-
peratures T, (exp.) and T, (num.), and soil temperature
increases AT,2# (exp.), AT,2# (num.), AT,4# (exp.), and AT
A# (num.) from the numerical model and experimental
data are shown in Figure 4(b). The absolute error values
of the outlet temperatures are between 0.13°C and 1.15°C.
The absolute error values for the 2# borehole and 4# bore-
hole temperatures increase by 0.01°C to 0.13°C and by
—0.02°C to 0.04°C, respectively.

The maximum relative percentage error for the soil
simulation tests is relatively small, at 4.4% for all verifica-
tions. Maximum percentage error of 4.4% could explain
the mismatch between the experimental and simulated
results. The above discussion demonstrates the effectiveness
of the developed model.

4. Case Study

Different combinations of solar-assisted auxiliary heat source
and conventional GSHP can lead to different soil tempera-

ture properties and system efficiencies. The main objective
of this study is to analyze the performance of SA-GSHP sys-
tems and to optimize the solar collector size for SA-GSHP
systems operating in cold regions. The main components of
the SA-GSHP system are the heat pump, borehole heat
exchangers, solar collectors, and storage tank. The overall
system was dynamically simulated in the TRNSYS software
package. The GHEs validated above and experimental data
were modeled in MATLAB and linked to the main TRNSYS
project. Other components (such as the heat loads, solar
thermal collectors, storage tank, weather calculator, valves,
pumps, and controllers) were simulated using TRNSYS
built-in models. When the location characterized by a cold
climate was confirmed, the building load profile was calcu-
lated. That load was then used to simulate the plant system,
which consists of a GSHP coupled with or without solar ther-
mal collectors. The building and its characteristics were the
same for all simulations in each of the three regions. TRNSYS
can be used to study each subsystem of the whole power plant
in detail and consider the actual coupling and control strat-
egy in a step-by-step manner. The proposed system is shown
in Figure 6. The thermal plant system was initially designed
by selecting the surface size of the solar thermal collectors,
the volume of the storage tank, and the total borehole length.

4.1. Heating Load. The cities of Beijing, Harbin, and Zheng-
zhou in China are regions in which GSHP systems cause cold
accumulation and decreased soil temperature. These three
regions are characterized by different climates and were used
for analysis [32], which is appropriate because SA-GSHP
systems are aimed at meeting building heating loads. The
ambient dry-bulb temperature and wet-bulb temperature
(i.e., humidity) for these three regions are shown in the left
diagrams of Figure 7. The hourly heating and cooling loads
for a 2000m” residential building are simulated using the
DeST software package, and the results are shown in the right
diagrams of Figure 7. Figures 7(a)-7(c) show the peak heat-
ing loads for the Beijing, Harbin, and Zhengzhou regions
when the building is used for residential heating.

4.2. Heat Pump. The heat pump is connected to the GHEs on
the evaporator side and connected to the building on the
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TaBLE 2: Experimental conditions.

. Continuous experiment Borehole . Average inlet
Experiment no. period in action Operation mode Flow rate (kg/s) temperature (‘C)
1 16 Aug. 2015-15 Oct. 2015 #4 Single-U heat injection 0.34 30.3

(storage mode)
2 14 Jul. 2016-17 Sep. 2016  #1 and #3  Single-U heat injection (storage mode) 0.34 30.3

TaBLE 3: Experimental parameters of the GHEs.

Parameter Value
Grout conductivity 1.7 W/(m-K)
Soil conductivity 1.43 W/(m-K)
Pipe conductivity 0.39 W/(m-K)
Soil density 1900 kg/m’
Soil specific capacity 2.086 kJ/(kg-"C)
Working fluid capacity 3.7Kk]J/(kg"C)
Working fluid density 1027 kg/m®
Test flow rates 1.224m’/h
Temperature (°C)
14 16 18
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FIGURE 5: Plot of the initial soil temperature with depth.

condenser side. The type 668 models used a water-to-water
heat pump that can operate with any kind of liquid (not
necessarily water). Thus, the heat pump can be used as a
geothermal heat pump if coupled with a GHE. This compo-
nent reads an external file prepared by the user, consisting
of the load, source temperature, and COP of the heat pump.
These data are available from the manufacturer’s catalog.
Table 4 shows the data file used for the GSHP heating capac-
ity of 44kW, which can satisfy the peak heating load and
peak cooling load. The number of heat pumps in different
regions was adjusted according to the maximum load. Specif-
ically, two heat pumps were used in the Beijing region, three
were used in the Harbin region, and one was used in the
Zhengzhou region.

These values are a function of the source and load tem-
peratures. All the data were processed, and the simulation
results show the COP, heating capacity, and return tempera-
ture from the evaporator to the storage tank (on the heat
source side) for each time step.

In the previous section, the GHE model was validated by
comparing simulated results with the experimental data. In
the current section, the calculation code implemented in
MATLAB was linked to the main TRNSYS project and inte-
grated with the other components. The total length of the
GHEs required to meet the heating and cooling loads is the
main parameter in the GSHP design process. In typical
ground conditions for a borehole heat exchanger, the bore-
hole length is sized for a heat extraction rate (gyeqg,) of
50 W/m of borehole length [32]. Consequently, the GHE’s
total length can be calculated by

L _ qheating,max 1 1
heating — X - COP >
qdesign heating

1 (10)
X1+ —,
COPheating

cooling > >

I _ qcooling,max
cooling —
qdesign

L= MaX<Lheating’ L

where g, g max A0 Geooling max are the peak heatingload and

peak cooling load, respectively; COPy,4,, and COP e

the COPs under heating and cooling conditions, respectively;
and Ly ing> Leooling and L are the designed GHE total length
under heating conditions, cooling conditions, and the final
selected GHE length, respectively. The characteristics of the
borehole GHEs and the thermal properties of the ground
are summarized in Table 5. The initial soil temperature was
set to 16°C, as shown in Figure 5.

cooling ar

4.3. Solar Collectors. The heat from solar radiation was cap-
tured by solar thermal collectors installed on the south-
facing roof at a 45° slope. The properties of this system
are summarized in Table 6. The heat-carrier fluid of the
solar thermal collectors is a 50% propylene glycol in water,
and its mass flow rate (pump no. 1 in Figure 1(a)) is
1.65kg/s. The thermal behavior of the solar thermal collec-
tors was simulated by the Type 1c function of the TRNSYS
tool, which models the thermal performance of flat-plate
solar collectors utilizing the g,, 4, and a, coefficients, as
declared by the manufacturer. The thermal performance
of the collector array is determined by the number of mod-
ules in series and the characteristics of each module. The
effects of off-normal solar incidence radiation are evaluated
by incidence angle modifiers which are read from an exter-
nal data file as a function of the incidence angle. In the sim-
ulation, the surface areas of solar collectors in the different
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FIGURE 6: Proposed system involving GSHP and solar thermal collectors.

regions need to be calculated. This is achieved using the
following equations:

1
= S X 1 T cop.
qgap qheanng,total < COPheatiﬂg)

(11)
1
- qcooling,total x| 1+ W >

cooling

_ ke X f X qgqp
%x3m0x%xeAf

(12)

where f is the solar energy guarantee rate (%); k. is the
time-varying coefficient of solar radiation illumination, which
is 1.5-1.8 (this benefits the utilization of solar energy but
increases the cost); S, is the local average daily sunshine
hours per year (h); U is the heat transfer coefficient of the
heat exchanger, which is determined according to the techni-
cal parameters of the heat exchanger; A is the heat exchanger
area (m?); and Ggap is the average daily heat supply of the

solar heating system during the heating season (kW) [26].

4.4. Heat Storage Tank. Heat storage is important in solar
systems to compensate for time differences between the avail-
ability of the heat source and the availability of the heating
demand. A stratified fluid storage tank was considered in
the current study. The storage tank was modeled using the
TRNSYS software Type 4d function [33], based on the
assumption that the tank can be divided into N fully mixed
equal subvolumes. The tank is also equipped with a pressure
relief valve, to consider boiling effects. The model also con-
siders the energy released by the fluid flowing through the
valve, whereas the corresponding loss of mass is neglected.
This subroutine simulates a fluid-filled constant-volume
storage tank and simulates a cylindrical tank with a vertical
configuration. The fluid in the storage tank interacts with
the fluid that may exist in the heat exchanger, with the ambi-
ent air, and with flow streams that pass into and out of the
storage tank [34].

4.5. Control Strategy. In the simulation, the imbalance effi-
ciency need to be calculated. This is achieved using the fol-
lowing equations:

_ Qheating,total - Qcooling,tota.l (13)

ie >
Qheating,total

where 77, is the imbalance efficiency, Qpcqging total is the sum of

the energy storage during the ten years, and Qcyyjing total i the
sum of the energy absorbed during the ten years.

In this paper, a method for optimization of the area of the
solar collector for a seasonal heat storage solar ground source
heat pump system is proposed. The specific calculation steps
are shown in Figure 8.

The initial solar thermal collector area is first put into the
seasonal heat storage SA-GSHP system and it is determined
whether the efficiency is less than 1%. If Qpeypngotal <

tota

Qcoolingtotal ad the efficiency are greater than 1%, the area
will increase by 5%. Otherwise, it should be reduced by 5%
to obtain a new solar thermal collector area, and then simu-
lation calculation can be carried out.

Figure 9 shows the control strategy. In the heating season,
if the average temperature of the building is lower than 18°C,
the heat pump is turned on. When the temperature is higher
than 24°C, the heat pump is turned off.

In the cooling season, if the average temperature of the
building is lower than 18°C, the heat pump is turned off. When
the temperature exceeds 24°C, the heat pump is turned on.

In the nonheating (cooling) season, the heat exchanger
of the solar energy system unit is connected with the GHE
circuit for heat storage.

5. Simulation Results and Discussion

Based on the model discussed in the previous section, case
studies were conducted in Beijing, Harbin, and Zhengzhou.
The main purpose of the long-term simulation was to com-
pare the performance of the proposed SA-GSHP combined
system with that of the conventional GSHP system.
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F1GUrE 7: Climate characteristics and dynamic building loads for different uses in the Beijing, Harbin, and Zhengzhou regions.
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TABLE 4
(a) Cooling characteristics of the heat pump
T Q) 0 6 12 18
source Power COP Power COP Power COP Power COP
Tload (OC)
5 17.43 2.66 19.64 2.70 21.85 2.78 24.05 2.84
10 17.49 2.83 19.33 2.87 21.19 2.90 23.03 2.93
20 15.82 3.43 17.40 3.50 17.92 3.56 21.56 3.63
29 14.31 3.80 15.92 3.85 17.52 3.90 19.13 3.95
32 14.24 3.98 15.68 4.03 17.13 4.08 19.57 4.13
38 13.32 4.30 14.66 4.33 15.99 4.36 17.33 4.40
(b) Heating characteristics of the heat pump
T.  (C) 35 40 45 50
load Power (0(0) Power COP Power COP Power COP
Tsource (QC)
-4 18.72 2.52 18.22 2.80 17.72 3.08 17.21 3.36
0 22.37 2.71 21.77 3.00 21.17 3.29 20.57 3.58
26.02 2.90 25.32 3.20 24.63 3.50 23.93 3.80
10 30.27 3.37 29.46 3.69 28.66 4.00 27.85 4.32
20 39.22 4.24 38.17 4.60 37.12 4.96 36.07 4.32
29 43.71 4.82 42.55 5.20 41.39 4.58 40.23 4.96
Qheatingtotal 18 963 X 10°kWh, the Qoolingorar 18 5-97 X 10°

TaBLE 5: Characteristics of the double U-tube heat exchanger.

Pipe
Material High-density
polyethylene
Thermal conductivity W/(m-K) 0.4
Outside diameter mm 26.0
Inside diameter mm 32.0
Number of pipes 4
Distance between pipes mm 50.0
(center to center)
Borehole diameter mm 140.0
Connection between the Parallel
two U tubes
Grout thermal conductivity W/(m-K) 2.0
o
Heat-carrier fluid 50% mixture of
propylene glycol

The imbalance efficiency in the three regions was simu-
lated, as shown in Figure 10. The imbalance efficiency in
the three places is obviously different from that shown in
the figure.

In the Beijing region, the Queyingotal 18 4:99 X 10°kWh,
the Quoqlingtotal 18 11.2x 10°kWh, and the imbalance effi-
ciency is 55%. In the Harbin region, the Qpeuingroral 18
14.3 x 10° kWh, the Qgofingtorar 15 2-98 x 10°kWh, and the
imbalance efficiency is 79%. In the Zhengzhou region, the

kWh, and the imbalance efficiency is 38%.

The temperature of soil in the three regions was simu-
lated, as shown in Figure 11. The x-axis represents time in
hours, and the y-axis represents soil temperature.

The soil temperatures in the different regions all show
significant decreases, especially in the Harbin region where
the soil is needed to store heat [35].

In the Beijing region, for the conventional GSHP system,
the annual average soil temperature decreases from 15.8°C to
8.5°C during ten years of operation. As heat extracted by the
heat pump unit from the ground decreases yearly, the rate
of reduction in the average soil temperature slows. For the
SA-GSHP system, the soil temperature fluctuates between
13.1°C and 17.9°C.

In the Harbin region, for the conventional GSHP system,
the annual average soil temperature decreases from 10.6°C to
3.1°C during the ten years of operation. For the SA-GSHP
system, the soil temperature fluctuates between 8.2°C and
12.5°C. The annual average soil temperature remains stable
over the decade.

In the Zhengzhou region, for the conventional GSHP sys-
tem, the annual average soil temperature decreases from
18.3°C to 14.1°C during the ten years of operation. For the
SA-GSHP system, the soil temperature fluctuates between
10.9°C and 16.2°C.

Figure 12 shows the ten-year trend in dynamic quality
during heating for the GSHP and SA-GSHP systems. The
x-axis represents time in hours, and the y-axis represents
COP.
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TABLE 6

(a) Characteristics of the solar thermal collectors in the Beijing
region

Total area of solar thermal collectors m? 300.58

Area of the single collector m? 2.26

Number of collectors 133

Number of collectors in series 6

Mo 0.768

a W/(m*K) 34

a, W/(m*K) 0.0089
50% mixture

Heat-carrier fluid of propylene

glycol

(b) Characteristics of the solar thermal collectors in the Harbin
region

Total area of solar thermal collectors m? 800.04

Area of the single collector m? 2.26

Number of collectors 354

Number of collectors in series 6

Mo 0.768

a W/(m*K) 3.4

a, W/(m*K) 0.0089
50% mixture

Heat-carrier fluid of propylene

glycol

(c) Characteristics of the solar thermal collectors in the Zhengzhou
region

Total area of solar thermal collectors m? 201.14

Area of the single collector m? 2.26

Number of collectors 177

Number of collectors in series 6

Mo 0.768

o W/(m*K) 3.4

a, W/(m*K) 0.0089
50% mixture

Heat-carrier fluid of propylene

glycol

In the Beijing region, the average annual COP in winter
for the first year is 3.9, while in the tenth year, it is 2.9 and
the COP decreases by 23%. For the SA-GSHP system, the rel-
atively stable soil temperature results in the average annual
COP of the heat pump unit remaining at around 3.9 over
the ten years.

In the Harbin region, the average annual COP in the first
year is 3.7, while in the tenth year, it is 2.0 and the COP
decreases by 46%. For the SA-GSHP system, the annual aver-
age COP of the heat pump unit remains at around 3.6 over
the ten years, because of the relatively stable soil temperature.
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FIGURE 8: Optimization of solar collector area.

In the Zhengzhou region, the average annual COP in the
first year is 3.8, while in the tenth year, it is 3.4 and the COP
decreases by 11%. For the SA-GSHP system, the relatively
stable soil temperature results in the average annual COP of
the heat pump unit remaining at around 3.8 over ten years.

Figure 13 shows the first year and the tenth year during
heating for the GSHP and SA-GSHP systems. The x-axis rep-
resents time in hours, and the y-axis represents the on/off
state of the heat pump.

In the Beijing region, as the soil temperature decreases,
the operating time of the heat pump unit of the conventional
GSHP system increases from 2626 hours in the first year to
2767 hours in the tenth year. In contrast, the heat pump unit
of the SA-GSHP system has a running time of approximately
2581 hours per year. The operating time of the heat pump
unit of the SA-GSHP system is 45 hours lower in the first year
and 186 hours lower in the tenth year, when compared with
the conventional GSHP system. The total operating time over
ten years of the heat pump units in the GSHP and SA-GSHP
systems is 27,120 and 25,917 hours, respectively.

In the Harbin region, the operating time of the heat
pump unit for the traditional GSHP system increases from
2855 hours in the first year to 3221 hours in the tenth year.
In contrast, the heat pump unit of the SA-GSHP system
operates for approximately 2784 hours per year. The operat-
ing time of the heat pump unit for the SA-GSHP system
decreases by 71 hours in the first year and by 437 hours in
the tenth year, compared with the conventional GSHP
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FIGURE 11: Soil temperature in the Beijing, Harbin, and Zhengzhou regions.

system. The total operating time over ten years of the heat  year. The total operating time over 10 years of the heat pump
pump units for the GSHP and SA-GSHP systems is 29,433  units for the GSHP and SA-GSHP systems is 24,183 and
and 27,853 hours, respectively. 23,535 hours, respectively. There is not much difference
In the Zhengzhou region, the operating time of the  between the two systems.
heat pump unit for the traditional GSHP system increases Among the three cities, they have different building loads.
from 2379 hours in the first year to 2443 hours in the  Harbin has the smallest cooling loads in summer and the
tenth year. In contrast, the heat pump unit of the SA-  largest heating loads in winter. So the problem of soil cold
GSHP system operates for approximately 2355 hours per  accumulation is very serious. Compared with Harbin, Beijing
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FIGURE 12: Ten-year trend in dynamic quality during heating for the GSHP and SA-GSHP systems.

has more cooling loads in summer and less heating loads in
winter. Zhengzhou has the largest cooling loads in summer
and the smallest heating loads in winter; the soil temperature
drops less and the system is relatively stable.

6. Conclusion

This paper reports a method for analyzing the imbalance effi-
ciency, specifically, to determine whether a GSHP system
requires additional heat storage. Three typical cities, Beijing,
Harbin, and Zhengzhou, are selected from the cold region,
the severe cold region, and the hot summer and the cold win-

ter region for simulation, and the performance and parame-
ter variations of GSHP systems are analyzed.

It was found that the imbalance efficiency of Beijing,
Harbin, and Zhengzhou is 55%, 79%, and 38%, respectively,
after 10 years of operation. The average soil temperature
decreased by 7.3°C, 11°C, and 4.3°C, respectively, which
resulted in obvious cold accumulation. The COP of the heat
pump also decreased by 23%, 46%, and 11%, respectively.
By the tenth year, the operation time of the system is
increased by 186 hours, 437 hours, and 88 hours compared
with the first year, respectively.

The dynamic simulation results in TRNSYS show that
the proposed SA-GSHP system has great energy saving
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FIGURE 13: Ten-year trend in pump operating signal during heating for the GSHP and SA-GSHP systems.
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potential. The system operation time of SA-GSHP is shorter
than that of GSHP which could save more energy. After the
system is optimized, the solar collector area increases by
20% in the Beijing region, 25% in the Harbin region, and
15% in the Zhengzhou region could help to maintain the
annual average soil temperature balance. The simulation
results show that the system can stabilize space heating. By
storing solar energy into the soil in the transitional season,
the imbalance efficiency can be kept at 1% to decrease the
phenomenon of cold accumulation in the soil and ensure
the COP stability of the heat pump unit.

For the cold and severe cold region represented by Beijing
and Harbin, it is suggested to add heat storage equipment to
the GSHP system because soil temperature and COP
decrease greatly. For a hot summer and cold winter region
like Zhengzhou, soil temperature and COP have little change
and there is no significant impact on equipment operation; it
is not recommended to conduct heat storage.

Nomenclature

A:  Heat transfer area (m?)

cp:  Specific heat capacity (kJ/(kg-K))

D: Distance (m)

f:  Solar energy guarantee rate (%)

k.. Time-varying coefficient

h:  Heat transfer coefficient (W/m?*K)
L:  Length (m)

M,: Total heat mass of the unit inside the borehole (W/m?)
m: Fluid flow rate (kg/s)

p:  Pressure (kPa)

P:  Power (kW)

Pr: Prandtl number

Q: Heat transfer quantity (kW)

g:  Heat transfer rate per unit (W/m*K)
r: Radius (m)

R: Thermal resistance (m%K/W)

Re: Reynolds number

S,:  Local average daily sunshine hours (h)
T: Temperature (K)

U: Coefficient of heat transfer (W/(m*K))
v Specific volume (m*/kg)

w:  Specific work (kW/kg)

W: Work (kW)

z:  Depth (m)

7:  Transmission coefficient.

Subscripts

B: Borehole

Con: Condensation

Cooling: Cooling season

Crit: Critical pressure

Exp: Experiment

Evp: Evaporation

Ex: Exothermic process

Heating: Heating season

In: Tube inlet

Num: Numerical
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Min: Minimum

Max: Maximum

Natural: Natural convection
Out: Tube outlet

Pump:  Pump.

Greek Symbols

Convective heat transfer coefficient (W/(m?*K))
Efficiency of the heat exchanger

Efficiency

Density (kg/m”)

Thermal conductivity

Temperature response.

DRI "R

Acronyms

COP: Coefficient of performance
GHE: Ground heat exchanger
GSHP: Ground source heat pump

SA-GSHP: Solar-assisted ground source heat pump.
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The thermomechanical fatigue (TMF) behaviors of spray-deposited SiC,-reinforced Al-Si alloy were investigated in terms of the
size of Si particles and the Si content. Thermomechanical fatigue experiments were conducted in the temperature range of 150-
400°C. The cyclic response behavior indicated that the continuous cyclic softening was exhibited for all materials, and the
increase in SiC particles size and Si content aggravated the softening degree, which was attributed to dislocation generation due
to differential thermal contraction at the Al matrix/Si phase interface or Al matrix/SiC particle interface. Meanwhile, the TMF
life and stress amplitude of SiC,/Al-7Si composites were greater than those of Al-7Si alloy, and increased with the increasing
SiC particle size, which was associated with “load sharing” of the direct strengthening mechanism. The stress amplitude of
4.5ymSiCp/Al—Si composite increased as the Si content increased; however, the influence of Si content on the TMF life was not
so significant. The TMF failure mechanism revealed that the crack mainly initiated at the agglomeration of small-particulate SiC
and the breakage of large-particulate SiC, and the broken primary Si and the exfoliated eutectic Si accelerated the crack propagation.

1. Introduction

The depletion of natural resources and environmental pollu-
tion are major challenges facing humanity today. It is urgent
to study new energy sources instead of traditional fossil
energy sources. The use of clean energy such as solar energy
has been very extensive. For instance, new energy vehicles are
using clean energy to save resources and protect the environ-
ment [1]. However, the development of new technologies has
improved the requirements of materials. For instance, the
light-weight, wear resistance, and thermomechanical fatigue
properties of composites for automotive brake discs are very
important [2-4]. The traditional metal brake discs are easy to
crack and cannot ensure the safety of the vehicles due to the
high temperature produced by friction between wheel and
rail with high driving speed (=400 km/h). Some new com-
posites like carbon/carbon fiber-reinforced carbon matrix

composites have excellent high-temperature wear resis-
tance, but oxidation and high manufacturing cost restrict
their widespread application. SiC,/Al-Si composite, owing
to advantages such as high-specific strength, excellent ther-
mal conductivity, and low expansion coefficient, is consid-
ered as an ideal metal matrix composite (MMC) for brake
disc [5-8]. In the process of actual braking, the residual
stress caused by the mismatch in thermal-expansion coef-
ficient (CTE) between SiC particle and Al-Si alloy while
the composites are subjected to mechanical load leads to
thermomechanical fatigue (TMF) collaboratively.

Several methods can be adopted to prepare the SiC,/Al-Si
composites such as stir casting [9], powder metallurgy [10],
and spray deposition [11]. Spray deposition is a rapid proto-
typing process to gas atomize a stream of molten metal by
mean of high velocity gases (i.e., Ar or N,) and to direct the
resulting spray into a cold substrate [12]. Not only can this
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TaBLE 1: Composition of materials.
Materials SiC particle size (ym) Si (Wt%) Mg (wt%) Mn (wt%) Cu (wt%) Al (wt%)
Al-7Si 0 7 0.3 0.01 0.01 Bal.
20‘umSiCp/Al—7Si 20 7 0.3 0.01 0.01 Bal.
4.5MmSiCP/Al—7Si 4.5 7 0.3 0.01 0.01 Bal.
4.5ymSiCP/Al—l3Si SiCp/Al—l?:Si 4.5 13 0.3 0.01 0.01 Bal.
4.5MmSiCP/Al—ZOSi 4.5 20 0.3 0.01 0.01 Bal.

method avoid the oxidation reaction between molten metal
and bubbles during stirring process [13] but also make
some microstructure improvements such as refining the
grains, decreasing the segregated phase, and making the
internal SiC particles more evenly distributed in SiC_/Al-Si
composite [14]. Generally, the material prepared by spray
deposition has high strength, good plasticity, and strong wear
resistance [15].

There are many factors affecting the TMF properties of
MMCs, involving complex mechanism. The in-phase (IP)
and out-of-phase (OP) experiments are conducted to simu-
late the temperature, strain, and phase relationship generally
[16]; therefore, previous work about TMF of MMCs has been
investigated mainly on the influence of phase, the volume
fraction of reinforcement, and stress level on the fracture
mechanism. Qian et al. [17-19] researched the TMF behavior
of SiC,,/6061Al composites with SiC,, volume fraction of
15% and 28% and found that cyclic softening occurred in
both composites during IP- and OP-TMF, and the cyclic
stress range of high-volume-fraction composites was greater
than that of low-volume-fraction composites at an equivalent
strain range. In addition, the 15% SiC,, composite revealed a
longer life than 28% SiC,, composite in the case of IP-TMF,
but the fatigue life curves of the two composites passed across
each other in the case of OP-TMF, and the damage mecha-
nism consists of initiation, growth, and coalescence of voids
in the matrix around whiskers. Eun [20] reported that the
IP-TMF life of Ti-48Al-2V alloy and TiB, particles rein-
forced Ti-48Al-2V composites became longer as the maxi-
mum temperature and the stress range decreased, and the
TMF mechanism was nucleation and growth of voids on
interlamellar plate, twin, and grain boundaries; their interla-
mellar, translamellar, and intergranular linkage; intergranu-
lar separation and disintegration of lamellar structure. The
IP- and OP-TMF behavior of SiC,/Al 2xxx-T4 between
100°C and 300°C composites has been investigated by
Karayaka and Sehitoglu [16]. They found that the failure
mechanism was creep-fatigue damage in short-life areas
and oxidation damage in long-life areas. Sehitoglu [21] found
that the TMF life of Al/SiC composites became longer with
smaller SiC particle size. It was investigated by Wang et al.
that the TMF damage behavior of Al-Si piston alloy was
affected by temperature ranges; the cracks mainly initiated
from the broken primary silicon in the temperature range
of 120~350°C and nucleated from the interface between
matrix and primary Si in the temperature range of
120~425°C [22]. However, the effect of particle size and Si
contents on the TMF behavior of spray-deposited SiC parti-
cles reinforced Al-Si alloy has rarely been investigated.

Thus, the cyclic stress behavior, particulate strength-
ening mechanism, and thermomechanical fatigue fracture
of SiC,/Al-Si composites in terms of different SiC particle
sizes and Si contents were investigated.

2. Experimental Materials and Procedures

The Al-Si alloy and composites reinforced with 15vol.% SiC
particles were prepared by multilayer spray deposition tech-
nology; the details of which have been shown in the previous
studies [23]. The nominal composition of investigated sam-
ples is given in Table 1. The sprayed ingots were extruded
at the ratio of 17.3, and T6 heat treatment was performed at
535°C for 2.5h followed by quenching in room-temperature
water and natural aging more than 12 h, finally artificial aging
at 160°C for 7 h. All of samples were treated by the abovemen-
tioned process.

The machined specimens had a rectangular section of 5
mm x 8 mm and a gauge length of 25 mm, according to ASMT
standard E8. TMF tests were examined on a computer-
controlled servo hydraulic test machine. As can be seen in
Figure 1, the temperature was controlled by triangle wave
and detected by thermocouple. Mechanical strain was con-
trolled by cosine waves and measured with 25mm high-
temperature extensometer. The total strain amplitude is
0.3% and R of stress ratio is 0.1. Considering that the disc
surface temperature is generally 150-400°C, sometimes up
to 450°C [24], specimens were heated using induction
heater from minimum temperature of 150°C to a maximum
temperature of 400°C. The cycle period (total heating and
cooling times) was 100s for the TMF experiments. After
TMF experiments, the fracture morphology was observed
by the Quanta 2000 environment scanning electron micro-
scope (SEM).

3. Results

3.1. Microstructure. Some typical phases of Al-7Si alloy and
SiC,/Al-Si composites are identified and marked briefly in
the optical micrographs (Figure 2). The Al-7Si alloy is mainly
consisted of a-Al matrix and Si particles with white color,
which cluster together forming the eutectic Si phase marked
in Figure 2(a). SiC particles with an average size of 4.5 ym
were distributed evenly in the 4.5umSiC/Al-7Si composite
(Figure 2(b)). In Figure 3(c), the SiC particles with grey color
and a mean particle size of 20 ym were irregular shaped, and
interparticle spacing is smaller than 4.5ymSiC,/Al-7Si obvi-
ously. The morphology of Si phase changed with an increase
in Si content; it can be seen a few block-like primary Si phase
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FIGURE 1: Schematic diagram of IF-TMF.

with an average of 5.85 ym and many round eutectic Si phase
with an average of 2.51 ym in the 4.5umSiC_/Al-13Si com-
posite (Figure 2(d)). While for 4.5‘umSiCP/Af-ZOSi compos-
ite, the average size of primary Si phase is 7.85 ym and the
shape is more random. More details about microstructure
have been reported in previous investigations [25, 26].

3.2. Stress-Mechanical Strain Hysteresis Loop. Figure 3 shows
the hysteresis loop for the first- and half-life time of SiC /Al-
7Si composites with different particle sizes during TMF load-
ing. During the heating period of the first cycle, the stress
increases with increasing temperature and strain value.
When the temperature and strain value first reach the maxi-
mum and then both decrease to minimum value, the stress
amplitude first reaches the maximum positive value and then
decreases to the maximum negative value, correspondingly.
In addition, the maximum tensile stress is greater than the
maximum compressive stress for the all materials. It can be
seen from the Figures 3(a)-3(c) that the stress amplitude of
the first cycle life is greater than that of the half-life cycle
for all samples, which means that softening occurs once the
first cycle begins. Comparison of Figures 2(a)-2(c) shows
that the softening degree of Al-7Si alloy is more obvious than
other two composites. Especially, the 4.5umSiC/Al-7Si
composites have the lowest softening degree.

Typical first- and half-life hysteresis of 4.5umSiC/Al-Si
composites with different Si contents for TMF are given in
Figure 4. The stress amplitude of the half-life cycle is lower
than that of the first cycle life and softening occurs after the
first cycle loading for all specimens. It can be also observed
that the cyclic softening degree increases with an increase
in Si content. The maximum tensile stress is greater than
the maximum compressive stress for the same materials
during TMF loading process.

3.3. Cyclic Stress Response. Figure 5 shows the cyclic stress
response of the studied SiC,/Al-Si composites at the total
mechanical strain amplitude of 0.3%. It can be observed that

the cyclic response stress of Al-7Si alloy has the similar trend
to those of SiC /Al-7Si composites from Figures 5(a) and
5(b), i.e., cyclic softening. While there are a few differences
between the details, for Al-7Si alloy, the onset of slight cyclic
softening stage occurs from 1 to 10 cycles, and then the soft-
ening degree becomes more significant, and finally rapid soft-
ening occurred from about 300 cycles to rupture time. For
4.5pumSiC /Al-7Si composite, rapid cyclic softening occurs
during the first 20 cycles, nearly followed by saturation
around 700 cycles and rapid softening till failure. The
20umSiC,/Al-7Si composites show rapid cyclic softening
during the first 30 cycles, followed by slight softening till
about 800 cycles and then failure. In addition, the stress
ranges are the largest in the first cycle and then decrease rap-
idly in the following cycles for all samples. It can be found
that the stress amplitude of Al-7Si alloy is obviously lower
than that of SiC particle-reinforced Al-7Si composites, of
which the stress amplitude of 20umSiC_/Al-7Si composite
is the highest. Thereafter, it is worth noting that an increase
in SiC particle size leads to an increase in the TMF life. The
4.5umSiC,/Al-Si composites with different Si content also
exhibit softening tendency from initial cycles to final rupture,
and an increase in Si content results in a more pronounced
cycle softening (Figure 5(b)). In terms of stress amplitude, a
similar trend also appears. The higher the Si content, the
greater the stress amplitude. However, there is no significant
difference in the TMF life of these composites; the TMF life of
4.5umSiC,/Al-7Si composite is slightly longer than the other
two composites, while the TMF life of 4.5umSiC/Al-13Si
composites and 4.54mSiC /Al-20Si composites is similar.

3.4. Fractographical Observation. The TMF fractography of
Al-7Si alloy and SiC,/Al-Si composites is shown in
Figure 6. The rough fracture surface consists of many micro-
pores with 3-5 ym in size uniformly distributed in the region
of stable fatigue crack propagation (Figure 6(a)). Figure 6(b)
is the magnified view of the region of fatigue crack
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FIGURE 2: Microstructures of (a) Al-7Si alloy; (b) 4.5pthiCP/Al-7Si (eutectic); (c) 20;4mSiCP/Al-7Si; (d) 4.5ymSiCP/Al-13Si (eutectic);

(e) 4.5ymSiCP/Al—ZOSi (hypereutectic).

propagation, and there are many small eutectic Si particles
scattering around the micropores, which is probably associ-
ated with debonding during TMF loading. Crack tip factor
increases as the cycles increases, which results in the sharp
rising amount of micropores and dimples. Fatigue striation
and micropores distributed alternatively on the rough frac-
ture surface of 4.5umSiC_/Al-7Si composite can be presented
in Figure 6(c), and the direction of fatigue crack propagation
is perpendicular to fatigue striation. Plenty of complete SiC
particles and several Si particles can be observed at transient
fracture zone (Figure 6(d)), which indicates that SiC particles
debond from Al-Si matrix and form aggregation accelerating
fatigue crack initiation and propagation during TMF loading.
Figure 6(e) shows rougher fracture surface of 20umSiC,/Al-
7Si composites in the region of crack propagation than that
of Al-7Si alloy and 4.5umSiC,/Al-7Si composite, and the

propagation paths are more tortuous. There are some broken
primary SiC particles distributing on the fracture plane,
where the decohesion of SiC particles and Si particles also
occurs peripherally. Besides, many voids form around the
particles, and cavities and pits accumulate together with the
increase in TMF cycles. The contiguous holes interlink with
each other due to the tearing of different phases in the mono-
lithic alloy, thus forming many microcracks (Figure 6(f)).
Similar to 4.5umSiC/Al-7Si composite, typical fatigue
striation should have been observed in the region of crack
propagation for the 4.5umSiC,/Al-13Si composite; however,
there is no such characterization probably because some free
SiC particles and Si phases concealed the fatigue striation, but
plenty of homogeneous cavities and dimples also can be seen
in the fracture surface. These SiC particles agglomerate
together more tightly to form a large cluster, like a big
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F1GURE 3: The stress-mechanical strain hysteresis loop of (a) Al-7Si alloy; (b) 4.5[4mSiCP/Al-7Si composite; (c) ZOymSiCp/Al-7Si composite

(Ae,, = 0.3%).

particle, which results in the crack initiation more easily
(Figure 6(g)). In addition, the fracture of some free pri-
mary Si possibly takes place at crack growth stage
(Figure 6(h)). The striations and cavities appear alternatively
in the TMF fractographs of 4.5umSiC /Al-20Si composites
(Figure 6(i)), and the reason for the formation of cavities
may be related to SiC particles and Si particles debonding
from Al-Si matrix. The size of primary Si particles increases
as Si content increases, and cracks nucleate primary Si par-
ticles with larger size, which results in many microcracks in
Figure 6(j).

4. Discussion

4.1. The Effect of Thermal Expansion Coefficient on Fatigue
Life. Karayaka and Sehitoglu [16] investigated the thermo-
mechanical fatigue of metal matrix composite and found
that temperature and mechanical strain always changed

momentarily in the TMF process. Lloyd [27] also pointed
out that the total strain was the sum of thermal and mechan-
ical strain components:

€het = €th T €mech = (X(T - TO) * Emech> (1)

where ¢, is the total strain, &, is the thermal strain, €.,
is the mechanical strain, T, is the initial temperature at
the beginning of experiment, T is the real-time tempera-
ture of experiment, and « is the thermal expansion coeffi-
cient of composites.

SiC,/Al-Si composites are composed of the Al matrix, Si
phases, and SiC particles. The difference in Si content and
SiC particle size will lead to a great difference in thermal
expansion coefficient of materials, which will directly affect
the dislocation and residual internal stress of materials. Elo-
mari et al. [28] indicated that the addition of SiC reinforced
particles could effectively reduce the thermal expansion
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FIGURE 4: The stress-mechanical strain hysteresis loop of (a) 4.5[,1mSiCp/Al-Si composite; (b) 4.5ymSiCp/Al-1?>Si composite; (c)

4.5umSiC,,/Al-20Si composite (Ae,, = 0.3%).

coefficient of the material. When the volume fraction of rein-
forced particles was constant, the thermal expansion coeffi-
cient of composites decreased with the decrease of SiC
particle size. Thus, it can be concluded that the thermal
expansion coeflicient of Al-7Si alloy in this paper is the high-
est, followed by composite with 20 ym SiC particles and com-
posite reinforced with 4.5 yum SiC particles. When the cyclic
loading temperature is applied between 150 and 400°C, the
Al-7Si alloy exhibited the most obvious thermoplastic defor-
mation, which is attributed to the highest thermal strain and
residual thermal stress, leading to the lowest fatigue life.

4.2. The Effect of SiC Particle Size. The stress amplitude and
TMEF life of SiC_/Al-7Si composite are both greater than that
of Al-7Si alloy, which is closely related to the strengthening
mechanism of reinforced particles. Generally, there are two
kinds of strengthening mechanisms, direct strengthening
and indirect strengthening. The load transmission between

matrix and reinforced particles is taken into account for
direct strengthening, and the effect of reinforcement on
microstructure and deformation mode of matrix is con-
cerned about indirect strengthening [29]. From the perspec-
tive of direct strengthening, elastic modulus of matrix is
lower than that of SiC particles; thus, SiC particles can under-
take the loading partly from matrix, which improves the
strength of materials. According to the shear lag model pro-
posed by Nardone and Prewo [30],

V. (S+4
Ocy = Omy <¥ + Vm) > (2)
where o, is the yield strength of composites, 0,,,, is the yield

strength of alloys, S is the length-to-diameter aspect ratio of
reinforced particles, and V, and V', are the volume fraction

of reinforced particles and matrix, respectively.
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FIGURE 5: Cyclic stress response curves of SiC,/Al-Si composite (Ae,, = 0.3%).

In accordance with the microstructure of SiC,/Al-7Si
composites, the aspect ratio S can be measured to be 1.38
and 1.94 for 4.5um SiC particle and 20 um SiC particles,
respectively. It can be calculated from formula (2) that com-
posite with 20 yum SiC reinforcement exhibits the highest
yield strength, which is consistent with the mechanical prop-
erties measured experimentally in literature [23], leading to a
higher cyclic stress response.

In this study, the indirect strengthening mainly caused
by the geometric dislocation resulted from the mismatch of
the thermal expansion coeflicient between the refractory-
phase reinforced particles SiC and the deformable-phase
Al-7Si alloy. Especially, the thermal expansion coefficient
induced by smaller particles results in higher geometrically
dislocation density, discussed in Ref. [21]. Consequently,
the geometrically dislocation density of 4.5umSiC,/Al-7Si
composite is greater than that of 20umSiC /Al-7Si compos-
ite. Based on the constitutive relationship between shear flow
stress and dislocation proposed by Fleck et al. [31],

7=xGb\/p (3)

where G is the elastic modulus of Al-7Si alloy, GPa; « is the
scalar coefficient; b is the Burgers vector. Thus, the increase
in dislocation density results in an increase in flow stress,
namely, the yield strength of 4.5umSiC/Al-7Si composite
is greater than that of 20umSiC /Al-7Si composite; in ordi-
nary, the TMF behaviors have the same rule as yield
strength. Similar results are also reported in Ref. [21]. How-
ever, the observations in cyclic stress response are different
from the above accepted point, which could be predomi-
nantly correlated to the lower yield strength resulted from
the formation of fine particle clusters [23]. Load transfers
from the matrix to the SiC particles in the TMF process,
but when the aggregated SiC particles form loose micro-
structure, crack initiation and propagation occur more eas-

ily, which accelerates the failure of the material. While SiC
particles are distributed uniformly in the 20pmSiC,/Al-7Si
composite, cracks initiate the defects of particles. Reference
[24] indicates that the SiC particles with small size result in
void nucleation, increasing the low-cycle fatigue life at the
high strain amplitude (>0.3%). In summary, the direct
strengthening mechanism is dominant in Al-7Si alloy and
SiC,/Al-7Si composites.

4.3. The Effect of Si Content. Generally, the Si species, includ-
ing primary Si phase and eutectic Si phase, differ from Si
contents in composites, which results in different TMF prop-
erties. The microstructure of 4.5umSiC,/Al-Si composites
shows that the volume fraction and average size of Si phase
increase with an increase in Si content. The SEM images of
the fracture surface on the TMF samples indicate two dis-
tinctly crack growth mechanisms of primary Si particle
and eutectic Si, which are summarized in Figure 7. It can
be described that the TMF cracks will propagate through
the primary Si particles and along the interface between
eutectic Si and a-Al matrix, which is related to the crack-
tip driving forces [32]. Besides, continuous thermal cycle
will result in expansion of Si particles and local microplas-
ticity around the a-Al/Si interface accelerating the deforma-
tion of composites, the concept has also been reported in
Ref. [22]. Therefore, in this study, the fracture modes of
4.5pumSiC /Al-78i composite are debonding and aggrega-
tion of SiC particles, along with the detachment of eutectic
Si phase, while for 4.5‘umSiCP/A1-13Si composite, the
detachment of eutectic Si phase is the main fracture mode;
meanwhile, the broken primary Si phases are very rare. The
fracture tendency of primary Si increases with increasing Si
content; thus, plenty broken primary Si phases can be seen
for 4.5umSiC_/Al-208i composite. In addition, the loading
distribution between particles and matrix is largely decided
by the Si interparticle distance, and the interparticle
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FIGURe 6: SEM micrograph of samples of TMF fracture surface (a, b) Al-7Si; (c, d) 4.5MmSiCp/A1—7Si; (e, f) ZOymSiCp/A1—7Si; (g, h)
4.5umSiC,/AL-13Si; (i, ) 4.54mSiC,/AL-20Si.
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FIGURE 7: Schematic of the TMF crack growth mechanism.

distance of 4.5umSiC_/Al-20Si composite is the smallest.
Once the plastic deformation occurs in the local matrix,
Si phase can impede the dislocation sliding movement
due to more difficult deformation than a-Al matrix, which
can slow down the overall plastic deformation of compos-
ite. Therefore, 4.5umSiC_/Al-208i composite possesses the
best performance to resist the plastic deformation. Moreover,
the stress amplitude of composite, which meets the movable
dislocation amount bypassing the obstacles, increases with
increasing Si content; therefore, the stress amplitude of
4.5umSiC,/Al-20Si composites is the highest.

When the composite is cooled from high temperature or
processing, the a- Al matrix near the Si phase and SiC parti-
cles is easily deformed; thus, dislocations are generated,
moved, and stored. The main reason of dislocation genera-
tion is differential thermal contraction at the Al-Si-SiC
interface due to the CTE mismatch among a-Al matrix, Si
phase, and SiC particles [33, 34]. If the size and volume frac-
tion of SiC particles is constant, the effect of Si content on the
dislocation should be considered carefully. Figure 8 is the
schematic of geometrically necessary dislocation model.
Assuming that (1) the Al-Si-SiC interface is well-bonded
and (2) Si particles and SiC particles are simplified as sphere,
the strain gradient is produced in the transition area from
the Si-phase interface to the region far away the interface
in the matrix; thus, the geometrically necessary dislocation
decreases with the increasing interparticle spacing, namely,
the A/2 in Figure 8. It can be examined that the interparticle
distance (A) of Si phase increases with Si content in Figure 2.
In addition, the presence of strain gradient results in geo-
metrically necessary dislocation to adapt to lattice distortion
for composites, and the relationship can be expressed as for-
mula (4) proposed by Arsenlis and Parks [35]:

(4)

where p© is the geometrically necessary dislocation, N is the
Nye factor, and usually N =2 for polycrystalline materials,
n is the strain gradient, and b is the Burgers vector. There-
fore, the geometrically necessary dislocation increases as
the strain gradient increases, the same to Si contents.
Therefore, the dislocation density of 4.5umSiC/Al-20Si
composite is the greatest, which is the dominant reason
of high-degree softening.

«-Al matrix

F1GURE 8: Schematic of geometrically necessary dislocation model.

5. Conclusion

The thermomechanical fatigue behaviors of spray-deposited
SiC,/Al-Si composites were investigated in terms of the size
of SiC particles and the Si content in the temperature range
of 150-400°C. The main findings are listed below:

(1) Hysteresis loop reveals that the stress amplitude of the
first cycle life is greater than that of the half-life cycle
for all samples, which means that softening occurs since
the first cycle begins. And the maximum compressive
stress is generally lower than the maximum tensile stress
for the same materials during TMF loading process

(2) There exists a continuous cyclic softening in Al-7Si
alloy and SiC/Al-Si composite. Both the increase in
SiC particle size and Si content can aggravate the soft-
ening degree obviously, which is correlated with the
dislocation generation in differential thermal contrac-
tion at the Al matrix/Si phase and Al matrix/SiC
particles. Besides, the stress amplitude of SiC/Al-7Si
composites increases with increasing SiC particle size
or Si content, which is attributed to the abilities to meet
the movable dislocation amount bypassing the obstacles
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(3) The TMEF life is remarkably enhanced by an increase
in SiC particle size, which is associated with “load
sharing” of the direct strengthening mechanism.
Nevertheless, little or no influence on the TMF life
is found through increasing Si content

(4) Compared to Al-7Si alloy and 4.5umSiC/Al-7Si
composite, 20umSiC,/Al-7Si composite presents a
rougher fracture surface in the region of crack prop-
agation. As Si content increases, the fracture ten-
dency of primary Si increases, resulting in an increase
in microcrack nucleation. The failure mechanism of
SiC,/Al-7Si composites reveals that the agglomeration
of small-particulate SiC and the breakage of large-
particulate SiC are the main crack initiation sites.
The broken primary Si and the exfoliated eutectic Si
accelerate the crack propagation
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Improving the performance of pool boiling with critical heat flux of pool boiling and enhancing the coefficient of heat transfer
through surface modification technique have gained a lot of attention. These surface modifications can be done at different
scales using various techniques. However, along with the performance improvement, the durability and stability of the surface
modification are very crucial. Laser machining is an attractive option in this aspect and is gaining a lot of attention. In the
present experimentation research work, pool boiling attributed performance of copper-grooved surfaces obtained through
picosecond laser machining method is investigated. The performance of the modified surfaces was compared with the plain
surface serving as reference. In this, three square grooved patterns with the same pitch (100 ym) and width (100 #m) but
different depths (30, 70, and 100 ym) were investigated. Different depths were obtained by varying the scanning speed of the laser
machine. In addition to the microchannel effect, the grain structuring during the laser machining process creates additional
nucleation sites which has proven its effectiveness in improving the pool boiling performance. In all aspects, the pool boiling
performance of the grooved laser-textured surface has showed increased surface characterisation as compared with the surface of copper.

1. Introduction

Pool boiling is a complex methodology associated with heat
transfer in which the boiling surface is immersed and
exposed to the pool of saturated liquid and the transfer of
heat occurs on the heating element surface. It is also possi-
ble to enhance the heat transfer by surface modification [1].
The latent heat of vaporisation is the reason for the obser-
vation of high heat transfer coeflicient that occurred in
the boiling process. Nucleate boiling is a highly efficient
process for removal of large quantities of heat from heated
surface with minimal variation in surface temperature [2].
Notable applications of this process are two-phase heat
exchangers and evaporators, boilers and steam generators,
electronics cooling, nuclear fuel reactors, etc. [3]. The most
important pool boiling heat transfer process techniques
include heat transfer coefficient (HTC), superheat boiling
incipience temperature, and the critical heat flux (CHF).

Efforts are made in process to lower various parameters
which include increasing the CHF, boiling incipience super-
heat, and HTC [4].

In the past decades, researchers have focused much atten-
tion on the development of surface modification techniques.
It is considered as the boiling phenomenon profoundly
depends upon the surface and its interaction with the fluid
used. The effect could enhance the pool boiling parameters
of both the HTC and the CHF [5]. Surface modification at
different scales is gaining a lot of attention among researchers
to enhance the heat transfer characteristics of pool boiling.
These structures modify the surface morphology, surface
roughness, and the wettability of the surfaces. Although these
techniques produce improved performance, their durability
and endurance are a serious issue and this necessitates the
application of durable surface modification methods. Laser
machining is an effective method to modify the boiling
surface, and many works are reported in this aspect [6].
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The micro/nanostructure of pool boiling surfaces and the
wettability effect on the surfaces can be altered using laser
texturing. Functionalized metallic surfaces can be generated
using an ultrafast picosecond laser processing technique
which modifies the pool boiling heat transfer process by the
creation of self-controlled micro/nanostructures by machin-
ing [7]. In this study, we focus on investigating the effect of
cross-linked grooves in heat transfer associated with pool
boiling. Most importantly, the effect of the depth of grooves
is investigated in this experimental work. Grooves with con-
stant width and pitch and with different depths were fabri-
cated on copper surface using picosecond laser texturing.
Investigation of surfaces processed with laser machining is
already carried out by several researchers in the past, and
they found improved pool boiling performance. Piasecka
[8] conducted a study on the enhancement of heat transfer
by boiling of FC-72. A laser microdrilling technique is
applied in this technique to create a microchannel on the
Haynes-230 alloy-based metal foil for flowing of FC-72,
which could enhance the boiling performances. The 355 nm
wavelength of a Nd:YAG laser emitting light is used to
cover and drill the matrix of grooves on the Haynes-230
alloy-based metal foil. Materials melted as a circle-shaped
layer that is micro grooved with input diameter as 10 ym
and depth 3-2 as ym are uniformly arranged on both
directions for every 100um which results in the boiling
incipience that occurred for the heat fluxes inferior to
the plain metal foil. This forms the augmentation of heat
flux due to the boiling incipience which occurred earlier
from the examined surfaces.

Sommers and Yerkes [9] investigated on the comparative
studies in the enhancement of flow boiling performance via
convective heat transfer using R-134a working fluid on
aluminium surfaces through two distinct techniques: laser
ablation and reactive ion etching. About 90-100% of pool
boiling HTC is enhanced on Al metal surfaces by laser abla-
tion. The laser-ablated surface pool boiling HTC is higher
than the reactive ion-etched aluminium surface pool boiling
HTC and also very higher than the bare metal surface. Kruse
et al. [10] performed an experimental investigation on the
functionalized multiscale micro/nanostructured metallic sur-
faces of pool boiling heat transfer. A femtosecond laser
surface process (FLSP) technique is used for the fabrication
of the mount-like multiscale micro/nanostructures, which
are coated layer by layer by the self-arranged nanoparticles.
The maximum CHF (142 W/cm?) and the maximum HTC
(67,400 W/m>K) at 29°C are obtained for the processed
samples. These obtained high CHF and high HTC are exag-
gerated by the increase of both nucleation associated with site
density and surface areas. These are the highlighted major
reasons for upgraded CHF and heat transfer.

Zupandi¢ et al. [11] conducted a study on the effect of
pool boiling on biphilic surfaces. The pool boiling effect is
induced on the boiling surfaces by the formation of biphilic
surfaces on stainless steel foil, which are fabricated using
laser treatment. Initially, the pool boiling surfaces (stainless
steel foil) are highly coated with hydrophobic coating in
nature. Subsequently, the hydrophobic-coated boiling sur-
faces are surface modified by the laser treatment which gets

International Journal of Photoenergy

altered into superhydrophilic surfaces. A high CHF (350%)
is achieved for the laser-treated biphilic surface than bare
stainless steel foil. The nucleated bubble diameter is reduced,
and further, the nucleation frequency is increased by the
design of smaller hydrophobic spots. However, the boiling
incipience and high HTC are promoted with larger hydro-
phobic regions at low heat fluxes. The homogeneous and
inhomogeneous wettable surfaces are patterned on the sur-
face of the boiling heat transfer by laser texturing, and the
effect on homogeneous and inhomogeneous wettable sur-
faces is investigated. It is found that the enhancement of
pool boiling behaviour is more effective and highly activated
in inhomogeneous wettability [12].

Grabas [13] examined the heat transfer effect by pool
boiling on laser-melted surface with DDH,O as working
fluid. This laser melting procedure has been found to modify
the surface roughness of the boiling surface to a greater
extent, and the result has been obtained as more than four-
fold enhancement in the HTC and CHF. Recently, many
other works were reported involving laser-treated surfaces
and their effect on the pool boiling heat transfer technique.
Hence, it is clearly stipulated that laser-treated surfaces are
highly efficient in improving the pool boiling performance.
Thus, this work provides a novel approach to study the effect
of laser-treated surfaces to optimize the depth of the grooves
using picosecond laser machining which changes the wetta-
bility of the working fluid to obtain superhydrophilic surface.
This study conducts the pool boiling heat transfer studies on
laser-textured surface with different depths of grooves and
concluded the pool boiling heat transfer enhancement in
contrast to bare copper surface.

2. Pool Boiling Experimental Setup

Experimentations were performed on copper surface with
bare medium in association with laser-treated surfaces along
the experimental setup which was modelled and fabricated to
study the pool boiling characteristics involving with DI H,O
as working fluid. The experimental setup as shown in
Figure 1 has the arrangements which include boiling cham-
ber, heat input system, data acquisition system, and temper-
ature and pressure modulator systems. The heat input
arrangement consists of blocks of copper which are embed-
ded with six cartridge heaters (WATLOW Firerod) on the
bottom side of the copper block, so as to produce constant
heat flux. Regulated DC power supply is used to operate the
cartridge heaters to heat the copper block. To eliminate the
heat losses in radial direction, the copper heater block was
insulated with Teflon fittings which confirmed the conduc-
tion of heat flow for the temperature in one dimension at var-
ious heat fluxes. It can be ensured by its linearity which is
obtained that R? is 1 at various heat flux values. A stepped
copper sample of 5mm top radius was considered as test
specimen. The bottom of the test specimen was perfectly
aligned with high thermal conductive paste (k= 2.7 W/mK)
on the top of the copper heater block of test specimen and
heater block. Thereby, thermocouples (K-type) with a
dimension of radius 0.5mm and accuracy of +0.5°C were
inserted to calculate the heat flux in axial direction of the
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FIGURE 1: Pool boiling experimental setup.

copper test specimen. The copper specimen surface temper-
ature can be observed by these readings from thermocouples;
it is used to find out the heat flux, temperature gradient, and
heat transfer coefficient as well.

Saturated condition of the water was attained by second-
ary heater (500 W) which is fixed inside the boiling chamber.
The secondary heater is used to maintain the saturated criti-
cal point of boiling fluid by using a temperature controller
which receives the temperature of boiling fluid through
RTD. The chiller unit and condenser coil were used to
maintain the boiling chamber in an atmospheric pressure
condition by condensing the evaporating vapor, and this
arrangement is used to maintain the boiling fluid of the
chamber at standard level. During the experiments, pressure
in the boiling chamber is continuously monitored by the
pressure transmitter (WIKA, S-10). Thermocouple and pres-
sure sensor readings were recorded by a data logger with the
use of a computer. Condenser coil, pressure transmitter, and
a RTD were strongly fixed in the chamber lid as well to avoid
flow of vapor to the outside of the chamber.

3. Experimental Procedure

Initially, filled DI water in the boiling chamber was heated to
remove noncondensable gases. After removal of gases, a
chiller was employed to maintain the liquid level and the
chamber pressure. As liquid reaches the saturation condition,
the cartridge heaters were supplied with power. Bubble incip-
ience event was captured by a high-speed camera. Once the
boiling initiates, the temperature values were noted for all
heat flux increment at steady state conditions. While taking
reading, the auxiliary heater was switched off to avoid turbu-
lence. A sudden temperature shoot in the surface was
observed. Resemblance to the heat flux prior to the point is

considered as the critical heat flux. This procedure is repeated
for all the modified surfaces, and the performance was com-
pared. Thermal linear test was conducted in the heating
chamber to confirm the one-dimensional heat conduction.
Also, repeatability test was confirmed by carrying out the
boiling test for three times for each individual surface.

4. Data Analysis

The copper heater block cylindrical side was tightly insulated
with Teflon fitting and glass wool to ensure the conduction of
heat in one dimension. The performance of pool boiling can
be investigated with the help of heat flux, surface tempera-
ture, and heat transfer coeflicient. As the experimental condi-
tion states, the heat conduction in one dimension results in
determining the heat flux by calculating the gradient of
temperature in axial direction of the testing specimen by
Equation (1) [14]

q:_kE’ (1)

where k stipulates thermal conductivity of copper
(390 W/mK), slope temperature (dT/dx) can be retrieved
from the approximation series (Taylor backward series) as
in equation (2), and q is the critical heat flux to the projected
area (W/cm?) of copper specimen.

dt 3T, -4T,+ T, 2)
dx 2Ax ’

where temperatures of T, T,, and T can be calculated for
the distance x between the thermocouples which are fixed
axially along the copper test specimen (3mm distance
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FIGURE 2: Schematic representation of the picosecond laser surface processing facility.

between T, T, and T, T5). One-dimensional heat conduc-
tion equation can be rearranged to measure the surface
temperature of the copper test specimen using Equation (3),

t
TS:T1+qE. (3)

T, is the measured temperature by the thermocouple
which has been embedded at 3 mm distance from the top of
the surface of the copper test specimen. Equation (4) is used
to calculate the coefficient of heat transfer for convective
boundary layer with respect to heat flux and temperature
difference between surface and fluid [15].

_q
" (To=Ty)’ “

where T is the surface temperature and T/ is the tempera-
ture of the fluid at the saturated condition.

5. Fabrication of Modified Surface

A schematic representation of the picosecond laser facility is
shown in Figure 2 To attain the grooved surfaces,
picosecond-pulsed Nd:YAG laser with the wavelength
532nm, pulse frequency 45kHz, pulse width 650 ps, and
beam diameter 90 ym was employed in this study. The depth
of the microgrooves was changed by varying the output
power (0.7, 1.5, and 2.9J/cm?) of the laser [1]. The output
power of the picosecond laser was kept constant at 3 W and
scanning speed at 30 mm/s. In this experiment, we have var-
ied the number of pass as 1, 3, and 5 to obtain different
depths. The specimens were placed on a programmable
computer-controlled automated motion stage. During laser

TaBLE 1: Dimensions of modified surfaces.

Name Pitch (um) Width (um) Depth (um) No. of pass
LTs_1 100 100 30 1
LTs 2 100 100 70 3
LTs_3 100 100 100 5

structuring, the specimen was placed in a well-sealed cham-
ber under ambient conditions. It should be noted that the
samples are placed in atmospheric conditions before and
after the laser irradiation. Scan separation line or pitch which
is denoted by “a” resembles the distance between two adja-
cent laser lines. Similarly, width and depth of the laser lines
are denoted as “w” and “d,” respectively. In this case, three
modified surfaces with constant width and pitch and varying
depths were used as shown in Table 1.

Figure 3 resembles the optical image of the laser-textured
surfaces. We can clearly see the cross-linked grooved pat-
terns. The wettability tests indicated that all the modified sur-
faces were hydrophilic in nature and the wettability has
considerably increased as compared to the copper surface
with plane textures.

Figure 4 shows scanning electron microscopy images of
the laser-textured surface which were observed using SEM
technique. Since LTs_1 has a depth of 80 microns which is
the least of the three samples, the melted copper flows
without much obstruction which provides smooth surfaces
(in other words, less protrusions or less relative roughness).
However, the LTs_2 sample has a depth of 100 microns
which does not allow the flow easily. Hence, the resulting
protrusions in these samples are more. In LTs_3, the depth
of the sample is further increased to 120 microns. Not only
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F1GURE 3: Optical images of laser-textured surfaces.

FIGURE 4: SEM images of laser-textured surface.

is the melted copper obstructed, but the dendrite formation
also coagulated to form deeper protrusions (in other words,
the relative roughness increases).

6. Results and Discussion

The basic objective is to enunciate the effect of pool boiling
heat transfer characteristics on laser-textured grooved sur-
faces. These grooved surfaces have been fabricated using
picosecond laser surface processing which formulates the
surface roughness on both the micrometer and nanometer
scales [16]. During the boiling process, cavities formed due
to surface roughness which influences the bubble dynamics
by removing the heat from the laser-textured surface. The
depth of laser-textured surfaces was influenced by the density
and size of the cavities. Thus, the role of the depth of laser-
textured surfaces is interesting to examine the pool boiling
heat transfer performance. Bare copper and three laser-
textured surfaces with variable depth (~30 ym, ~70 ym, and
~100 ym) were used to conduct the experiments to observe
the pool boiling performance. Experiments were conducted
initially for very low heat flux, and further considerable
increase of heat flux was incremented slowly until it reaches
the critical heat flux in all sample surfaces.

Boiling performance of the laser-textured surfaces was
compared by treating DI water as fluid with the baseline for
the bare copper surface. Figures 5 and 6 clearly explain the
performance of pool boiling for different laser-textured sur-
faces and bare copper surface. There is a drastic difference

between the heat transfer characteristics of processed and
unprocessed surfaces which can be analysed through
Figures 5 and 6. At every surface temperature, processed sur-
face pool boiling performances were consistently improved
than those of unprocessed surface. It is evidenced that the
laser-textured surfaces have shown better boiling perfor-
mance than bare copper surface as its curves moved towards
leftward and upward.

Boiling incipience superheat initiates the bubble genera-
tion for the laser-textured surfaces at very low wall superheat
values than bare copper surface as well. Figure 5 indicates
that the boiling incipience which occurs in the bare copper
surface was around 10.9°C; equivalent heat flux of
7.7 W/cm? but at 7.0°C boiling initiates for laser-textured sur-
face LTs_1 and further decreases with the increase in the
depth of grid textured to 6.3°C and 5.2°C for corresponding
laser-textured surfaces LTs_2 and LTs_3, respectively. The
percentage of boiling incipience of the depth of the grid
laser-textured surfaces is reduced with bare surface to
33.9%, 42.2%, and 52.2%, respectively.

Nucleation site density has the major role to reduce the
percentage of boiling incipience superheat for laser-textured
surfaces [17]. Due to laser texturing, melting of metal takes
place which results into solidification as nanocrystals [18].
Also, the grooved area influenced the nucleation sites with
increases in surface area. This increases the nucleation sites
as a whole. Laser texturing on the copper surface increases
the occurrence of a large number of cavities which produce
the results as discussed above. These cavities increase the
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number of air entrapment sites which leads to the reduction
of the percentage of the boiling incipience superheat. Nano-
and microscale features on the processed surfaces increase
the large number of micron-sized cavities which generate
more nucleation sites that gets activated with lesser energy.
The number of effective nucleation site can be increased
while the depth of laser-textured surface increases with wide

range of cavity sizes. This formulates to create more active
sites of nucleation easily under low surface superheat values.
Safer limit to operate heat transfer enhancement in pool
boiling technique was up to reach the CHF.

Figure 5 clearly indicates that the CHF values for the laser-
textured surface are increased with reference to the bare cop-
per surfaces. CHF for bare copper surface was 111.3 W/cm? at
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the superheated surface of 28.9°C, while the percentage
increase of CHF for laser-textured surface is 81.5%, 92.9%,
and 103.3% corresponding to the surfaces LTs_1, LTs_2,
and LTs_3, respectively. From Figure 5, the surface superheat
temperature was reduced for different laser-textured surface.
It is clearly observed that the bare copper surface significantly
decreases in which the surface superheat was observed and
this reduction is improved further with an increase in the
depth of laser-textured surfaces. This obviously stated that
the increasing depth of laser-textured surface has an optimis-
tic effect on the improvement of CHF. Microstructure geom-
etry can further explain the reason why laser-textured surface
has more CHF values. From Figure 3, the area between the
microstructures increases from the samples LTs_1 to LTs_3.
Among the samples, LTs_3 has more area by the formation
network by densely packed deep valley structures, narrow
channels, and micro cracks which formed between micro-
structures. During the machining, picosecond laser has set-
tled more nanoparticles in the network channels of the
microstructures on LTs_3 due to its higher depth when com-
pared to LTs_2 and LTs_I. It develops elevated capillary
wicking effects to speedy top up the heated surface using cold
fluid followed by the occurrence of local evaporation causing
the delay of critical heat flux. Conversely, in other samples,
channels are not formed properly due to increased micro-
structure size which results in deep pit formation between
microstructures. Wicking potential of the surface is reduced
due to the formation of deep pits and holes, and the presence
of a nanoparticle layer covering the mound structure
dominates the wicking effect. The highest CHF value of
226.3W/cm? was observed in the LTs_3 sample even if it
had a larger peak valley height. But the wicking ability that
is lacking due to the larger microstructure spacing of the
LTs_3 sample can be compensated by the dense microstruc-
ture of the surface area. Hence, the capillary wicking effect
and surface wettability of the surfaces cause the enhancement
of CHEF for the laser-textured surface.

Laser-textured surfaces also enhance the value of heat
transfer coefficient in comparison to the results shown for
bare copper surface. From Figure 6, it clearly indicates that
increasing the depth of laser texture on the copper surface
increases the heat transfer coeflicient and was found to be
3.85W/cm’K. The percentage increase in the HTC for
LTs_1, LTs_2, and LTs_3 with bare copper surface is
109.9%, 132.4%, and 153.4%, respectively. The formation of
microstructures during the picosecond laser machining on
the copper surface acts like cooling fins to remove the heat
from the surface. As the height of the microstructures
increased, heat removal from the surface has also increased
which has improved the cooling of the surface efficiently,
and thus, HTC is increased. HTC’s value is consistently
higher for the LTs_3 sample than the LTs_1 and LTs_2 sam-
ples. The overall enhancement of the HTC of the surface is
promoted with an increase in the cavity density and capable
nucleate boiling. The slope of the curves which increased
over than the divergent point (120 W/cm?) is related with
the peak valley height of the microstructure. It can be seen
that the slope change in the curve increases with the increas-
ing of the height of the microstructure. During high heat

fluxes, to activate the enhancement of heat transfer coeffi-
cients, laser-textured grooved surfaces are activated by the
mixture of higher surface area ratio and prominent nature
of tall microstructures as well as higher nucleation sites.

7. Conclusion

The experimental investigation for pool boiling heat transfer
performance was studied by influencing the effect of depth in
laser-textured grooved surfaces. Also, it results in the
increases of CHF and HTC in the case of the laser-textured
surfaces. It has been proved that the characteristics of CHF
and heat transfer coeflicients can be increased with the
increase in depth of grooves of the laser-textured surface.
The boiling incipience temperature is ultimately getting
reduced by the cavities with micron size which act as nucle-
ation sites for boiling.
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A novel calculation method of specific surface area of tetrahedral foam metal is established. The expressions of the two basic
parameters of the foam metal with respect to porosity and pore size are derived by using the geometrical relationship of this
model; consequently, the specific surface area of the metal foam is easily calculated. The theoretical calculation data are
compared with the experimental results; it shows that the specific surface area of various porous metals, such as nickel foam and
copper foam prepared by electrodeposition and aluminum foam produced by high-pressure infiltration casting, can be well
calculated by the formula proposed in this paper. Compared with other similar equations, the calculation results of this method

possess lower deviation and greater practicability.

1. Introduction

Facing the double pressure of global environmental pollution
and fossil fuel depletion, the development and utilization of
renewable clean energy and high-efficient energy storage
technology have become the main theme in this century.
Lithium ion battery is recognized as an efficient secondary
battery. After 30 years of development, lithium ion battery
has been widely used in a variety of portable electronic
devices. Foam metal is expected to become a potential elec-
trode material for lithium ion batteries due to its excellent
properties such as high porosity, high specific surface area,
and low bulk density. The excellent performance of porous
metals in silencing, separation, filtration, heat exchange, elec-
trochemical processes, and catalytic reaction engineering
strongly depends on the structural morphology of surfaces
and the specific surface area of porous materials [1-5].
Therefore, the determination of its specific surface area has
increasingly attracted the attention of relevant scholars. The
specific surface area of a material refers to the surface area
per unit volume or unit mass, the former being a volume spe-
cific surface area and the latter being a mass specific surface

area. For corrosion performance, it could obtain accurate
results by combining the results of surface area and corrosion
morphology and can also compare the difference of corro-
sion behavior between diverse metal foams qualitatively [6].
For fatigue performance, the mechanical properties are
directly influenced by two main parameters, including poros-
ity and pore diameter, which determine the surface area of
metal foams. Thus, it suggests that there are numerical links
between surface area and fatigue performance of porous
metal materials [7, 8]. At present, methods for measuring
the specific surface area of porous materials include gas
adsorption, mercury intrusion, and fluid permeation. Among
them, the fluid permeation method is better than the gas
adsorption method in terms of the upper and lower limits
of measurement and measurement range [9-11]. The mer-
cury intrusion method is a simplified calculation of the spe-
cific surface area of the pore body after the pore is assumed
to be a uniform cylinder and has a certain error. In reality,
the experimental measurement of the specific surface area
of materials is often affected by factors such as sample states
and equipment conditions, and the theoretical calculations
are limited to simple cases where the porosity and pore size
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FIGURE 1: Microscopic geometry of foamed copper under electron
microscopy.

are known [12]. Therefore, there is an urgent need to develop
a specific area measurement or calculation method that is
accurate and can be universally applied to practice. Porosity
and pore size are basic properties of porous materials and
can be determined directly or simply measured [13]. Until
now, some researchers have done investigation on the calcu-
lation of specific surface area of foam materials, but there are
some limitations in practical applications [14, 15]. Liu [16]
calculated the specific surface area of the foam metal based
on the ideal model of the regular octahedron, but it still
needs further improvement in accuracy. Based on the
dodecahedron model, Duan et al. [17] provided a method
for calculating the specific surface area of foamed metal.
However, this method requires measuring the width of
the pores first, and the calculation procedure is cumber-
some. Based on the above situation, a calculation method
which is related to the pore size and porosity for estimat-
ing the specific surface area of porous metal based on the
tetrakaidecahedron model is proposed.

2. Theoretical Models and Expressions

The high-porosity porous metal can be assumed to be an
irregular three-dimensional network structure connected
by filamentous metals. The shapes of pores are different,
and the struts are interlaced. The directions of the struts in
the material are different. However, in an isotropic porous
material, the distribution angle of the inner wires is equal.
The structural model is simplified to an isotropic high-
porosity metal material according to the comprehensive
properties of the porous material. An observed microstruc-
ture under an electron microscope is shown in Figure 1; it
can be seen that the porous material is composed of a large
number of small cells; a tetradecahedron structure which is
more similar to the actual situation is selected as the basic
cell of the metal.

As shown in Figure 2, the surface of the Kelvin tetra-
decahedron is composed of six regularograms and eight
regular hexagons [18], which ensures that the porous
material maintains the sameness in the up and down, left
and right, and front and back directions. In this paper, the
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unit cell structure of the porous material is simplified to a
tetradecahedron, and the pore edge is a cylinder. It is
assumed that the porosity is 0 (%), [ is the rib length, r
is the radius of the hole, and a is the length of a cube con-
taining the tetradecahedron. The effective specific surface
area of the porous metal is the ratio of the surface area
sum of tetradecahedral struts to the corresponding porous
volume.

Taking Figure 2 as an example, the geometrical method
is used to calculate the specific surface area of the unit tetra-
decahedron. Figure 3 is a projection view of a single cell of a
porous material, which is an orthographic projection of a
certain angle of the tetradecahedron. The expression of the
radius of the tetradecahedron and the radius of the hole
can be derived from the geometric relationship shown in
the figure.

I=— .qg, (1)

[1-0
r= m-a. (2)

Combine the orthographic projection with the node pro-
file as shown in Figure 4 (the orthographic projection of a
node of the unitary tetradecahedron). Using the relevant
dimensions to calculate the geometric method, the actual
edge length of the porous struts can be expressed as

'] ape [ L V6 [1-6 a
I'~1 AB~<2\/§ 5 ﬂn> (3)

From formulas (2) and (3), the total external surface area
of a single tetradecahedron can be calculated as

S— {6{71(1 —9)] 12 B 4\/8(1 _6) }az. (4)

NG 3

Since the inner surface area of the prism is small and the
overall influence on the properties related to the porous spe-
cific surface area is negligible, in formula (4), the surface area
inside the cylindrical rib of a unit cell is ignored. Therefore,
the specific surface area of the entire porous structure can be
expressed equivalently by the specific surface area of the unit
cell tetradecahedron:

{12 (1-0)mv2] e (8v613)(1- 9)}

Sy =
a

(5)

From Figure 5 (forward projection of the tetradecahe-
dron), the projected area of the unit tetradecahedron can
be drawn; thus, the equivalent circular aperture can be
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FiGURE 2: Ideal tetrahedral model of foam metal.

F1GURE 3: Unit cell orthographic projection.

\ /
\ /
\ /
\ /
\ /
\ A /
\ /B

FIGURE 4: Sectional view of the node.

calculated from the projected area, and the relationship
between the aperture and the side length a is obtained:

7
Sd:SD—Sezgaz—(2+3\/§>-r-a—4r2. (6)

Var

FIGURE 5: Aperture analysis diagram.

Assuming that the projection octahedron equivalent
circular aperture is “d'” formula (7) can be obtained:

(i) =3, (7)

Combined with formula (2), the relationship between
d and a can be obtained.

) 2a|7  1+2V2 121/2
d—;[g— e -(1—9)’] : (8)

Considering that the fluid flows through the inside of
the porous body and it is affected by the structure of the
porous body, a coefficient “¢” is introduced to correct that

influence. Normally, the “¢” depends on the material and
its manufacturing process.

d=ed'. (9)

Through formulas (8) and
between a and d is introduced:

(9), the relationship

(10)

dn |7 1+2V2 - "
a= L LEVE gy
2¢ (8 3Vm

Combined with formulas (5) and (10), the specific sur-
face area can be simplified and approximated:

0.596¢
S =
v d

[17.885(1 — ) - 6.532(1 —6)] (11)
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TaBLE 1: Experimental data and theoretical calculation data of copper foam.

Sample number 1 2 3 4 5 6
Porosity 0 (%) 91.5 92.26 92.74 94.57 96.23 96.35
Pore size d (mm) 1.256 1.15 0.755 0.93 0.656 2.385
Sg, (cm?/cm?) experimental value 269.07 306.287 456.08 404.43 591.03 165.747
S, (cm*/cm?) calculated value 270.8 301.27 463.9 396.74 598.67 165.55

Since the actual hole edge is not a smooth cylinder, it
is an irregular triangular prism type; according to different
surface states, a variety of shape changing can be exhibited
depending on the material and the preparation process,
thereby causing different degrees of surface area increase.
Therefore, the above formula should be modified by a coeffi-
cient “6” depending on the material and the manufacturing
process. If the progress is simplified, then the S, can be
written as follows:

3.893¢0
S, = €

v

[2.74(1—6)”2—(1—0) S (12)

For the convenience of calculation, the K is defined as
follows:

K =3.893¢d. (13)

Then, formula (12) can be expressed as

S

K
= 5[2.74(1—9)“2—(1—9) . (14)

Among them, “d (mm)” is the pore size of the porous
body, and “K” is a constant depending on the material
and process of the material. From the experimental perspec-
tive, it was proved that the specific surface area increases
sharply with the increase of the porosity while the pore diam-
eter of the material does not change much. But formula (14)
does not conform to the actual situation. Therefore, a correc-
tion factor “(1 —0)"” is introduced to modify the formula to
make it fit for the specific surface area of the actual porous
material [13]. Among them, the constant “#” is also a mate-
rial coefficient, which is related to the regularity and geome-
try of a single unit of porous material, so the formula can be
further optimized to

S, = g 2.74(1-6)" - (1- 0)} 1-6y. (15

It is considered that the specific surface area of the porous
material is affected by factors such as material, preparation,
and geometry. The formula introduces two parameters: “K”
(material constants related to the material itself and the prep-
aration method) and “n” (a constant related to the regularity
and geometry of a single unit of porous material). These two
material constants are affected by the material preparation
process. Theoretically, for the ideal porous materials, the

value of “n” is zero. It can be deduced from formula (15) that
when the porosity of the porous material is kept constant, the

number of unit bodies and the specific surface area decrease
as the pore diameter increases. When the pore diameter is
kept constant, the number of unit bodies and the specific sur-
face area both increase with the increase of the porosity.
However, when the porosity reaches a certain value, the void
walls become thinner and thinner until they pass.

This results in a reduction in surface area. Therefore,
when the pore diameter is constant, the specific surface
area will increase first and then decrease as the pore
volume increases.

3. Calculation Results and Analysis

The experimental materials were foamed metal products
obtained by electrodeposition and high-pressure percolation
casting, respectively. Nickel foam and copper foam with the
porosity between 89% and 99% were produced by electrode-
position. Aluminum foam with good connectivity is prepared
by high-pressure seepage casting, the porosity is between
73% and 87%, and the pore diameter ranges from 2.68 mm
to 2.87 mm.

3.1. Comparison between Experimental Data and Calculated
Data. A Micromeritics ASAP 2020 automatic physical and
chemical adsorption instrument was used. The instrument
can not only measure the single point, multipoint BET spe-
cific surface area, Langmuir specific surface area, BJH meso-
pores, pore distribution, pore size and total pore volume and
area, and density function theory (DFT) but also analyze var-
ious data such as adsorption heat and average pore size. The
working principle of the instrument is the static volumetric
method of isothermal physical adsorption. In this experi-
ment, the BET gas adsorption method was used to measure
the size parameters of copper foam, including specific surface
area and average pore diameter as recorded in Table 1.

Using equation (16), the specific surface area of cooper
foam can be calculated (take K =101.1, n=-0.6289); the
result is listed in Table 1.

S, = %‘1 2.74(1-6)" - (1 - 0)} (1-6)° (16)

The comparison between the experimental value and the
calculated value is plotted in Figure 6. It can be seen that the
calculated results are in line with the experimental data; the
deviation is less than 1.2%. The formula presents a high
precision.

3.2. Reference Experimental Data and Calculation Results
Analysis. The relevant parameters for aluminum foam and
nickel foam given in [12, 16] are listed in Tables 2 and 3.
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FIGURE 6: Comparison of experimental and calculated values of foamed copper specific surface area.
TaBLE 2: Experimental data and theoretical calculation data of aluminum foam.
Sample number 1 2 3 4 5
0 (%) 73.5 76.5 79 82.5 86.5
d (mm) 2.68 2.72 2.75 2.80 2.87
Skv (cm?/cm?) experimental value 15.7 14.7 13.8 12.5 10.7
S., (cm?*/cm?) calculated value 16.07 14.91 13.93 12.46 10.6
TaBLE 3: Experimental data and theoretical calculation data of foamed nickel.
Sample number 1 2 3 4 5
0 (%) 89.66 92.55 95.79 97.15 98.84
d (mm) 0.5735 0.6008 0.6802 0.7242 0.7378
Sg, (cm?/cm®) experimental value 1197.38 1637.48 2649.22 3727.77 9146.05
S., (cm*/cm?) calculated value 1218.898 1646.187 2640.549 3713.126 9150.164

The data are substituted into formula (15) to obtain the cor-
responding values of # and K, and the calculation result S, is
shown in the last row of the table and compared with the
experimental data Sg, . The deviation between the experimen-
tal value and the calculated value is plotted in Figure 7.

Using the data given by Reference [16], the specific sur-
face area of porous nickel can be calculated (take K = 30.03,
n=-1.4979).

The result is shown in Table 3. The deviation between the
experimental value and the calculated value is plotted in
Figure 8.

It can be seen that there is a high consistency between the
theoretical results calculated by formula (15) and the actual
experimental results. The average deviation of the three sets

of data is 1.2%, and the maximum deviation is less than
1.8%, which proves the accuracy of formula (15).

It can be seen from the comparison of the above data that
the formula can be well adapted to the electrodeposition type
foam metal and the seepage casting type foam metal, indicat-
ing that the formula has good versatility. In the study of this
paper, because the metal foam is produced by two different
processes, there is a huge difference in its product form.
The mesostructure, surface features, nodes, and internal state
of the cell body may be quite different, but this formula suc-
cessfully translates these specific factors which depend on the
material type and process conditions into the material con-
stants “6” and “¢”. So the formula can be applied to different
materials with different processes.
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The specific values of “#” and “K” above are obtained by
fitting experimental data, the fitting values are used in the
formula, and satisfactory results are gained. Both the average
deviation and the range of deviation between the calculated
and experimental results are very small. Compared with the
theoretical octahedral model [16] and the dodecahedron
model [17], this model is based on the actual microstructure
of foam metal; the calculation results are more accurate.

4. Conclusion

Porosity and pore size are two basic parameters of metal
foam. The two parameters of the metal foam are always easy
to measure. But sometimes data such as specific surface area
is not easy to measure. Using equation (15) herein, the con-
stants n and K of the material can be obtained easily. Then,
a specific equation is established, and the value of the
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unmeasured specific surface area of the material can be calcu-
lated indirectly from the porosity and the pore diameter.
Considering the factors such as material type and prepa-
ration process, the material constant was introduced, and the
specific surface area expression of porous metal based on
porosity and pore size was established. The specific surface
area of the electrodeposited porous metal and the high-
pressure percolation cast type porous metal was calculated
separately. By comparing with the experimental results, it is
found that the theoretical calculation error is small and the
applicability of the formula is obviously improved.
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The present experimental study focuses on the energy storage performance of Therminol 55-TiO, nanofluids for the absorption of
solar energy. Photothermal conversion efficiency is enhanced using Fresnel lens and secondary reflectors with a glass-type
evacuated absorber tube. The focal length of the Fresnel lens is 150 mm, and that of the secondary reflector is 70 mm. The
optical absorbance, extinction coefficient, and thermal conductivity of nanofluids at 100, 250, 350, and 500 ppm are reported.
The optical path length of the energy storage medium is 1 cm. The optical performance of the nanofluids is analyzed in the
range of 400 to 800 nm. Compared to base fluid, the prepared concentrations show higher absorbance in the measured range of
wavelength. The optimum concentration is found to be 250 ppm, and its specific heat is measured in the temperature range of
27 to 117°C and is found to vary from 1.85 to 2.19J/g°C. The thermal conductivity of the maximum concentration of nanofluid
is 0.134 W/mK. The optical absorbance test confirms the stability of nanofluids. Maximum temperature and photothermal

conversion efficiency are obtained.

1. Introduction

Liquids are normally used as energy transfer medium for solar
thermal collectors. The commonly used liquids are water,
silicon oil, Therminol, and mixture of two liquids. The
addition of small amounts of nanoparticles to these fluids
(low-concentration nanofluids) improves the optical and
thermal properties which play a vital role in photothermal
conversion. Chen et al. [1] investigated the optical and ther-
mal properties and photothermal conversion of graphene
oxide/water-based nanofluids with different mass fractions.
They obtained maximum efficiencies of 97.45 and 48.92% at
30 and 80°C for a concentration of 0.02%. The optical absor-
bance of DI water and ethylene glycol mixture (70 : 30) as base
fluid with CuO as a nanoadditive was investigated by Karami
etal. [2] for solar applications. Measurements showed that the
optical absorbance of nanofluid in the wavelength range of
200 to 2500 nm was 4 times higher than that of the base fluid
at 100 ppm concentration. At the same concentration, the
enhancement in thermal conductivity was 13.7% at 60°C.
The optimum concentration of graphene-water nanofluids
was experimentally investigated by Rose et al. [3] in the visible

range for solar thermal applications. The volume fraction
varied from 0.004 to 0.016%. The maximum absorbance was
found at 0.012% with minimum reflectance. The thermal
and optical properties of Therminol-Al,O; nanofluid were
experimentally investigated by Muraleedharan et al. [4] in
the volume concentration ranges from 0.025 to 0.3%. Volume
fraction of 0.1% showed maximum absorbance at 501 nm, and
the enhancement in thermal conductivity was 11.7%. For the
same concentration, the maximum thermal efficiency was
62.7%. To harvest a maximum amount of solar energy, a solar
selective volumetric receiver (SSVR) plays an important role
as reported by Khullar et al. [5]. In this study, water/ MWCNT
(multiwalled carbon nanotube) nanofluid was used and its
optical transmittance was reported for concentrations of 9,
18, 45, and 75mg/l. For wavelengths ranging from 300 to
1400 nm, the maximum concentration showed transmittance
close to zero indicating maximum absorbance. Wang et al. [6]
used paraffin and water-ethanol-based microencapsulated
phase change material (MPCM) slurry added with multi-
walled carbon nanotubes (MWCNTs) for photothermal
conversion. The optical transmittance of the ethanol/water,
MWCNT nanofluid (0.005wt.%), MPCM (1wt.%), and
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hybrid MWCNT-MPCM slurry was reported in the wave-
length ranges between 200 and 1400 nm. In the range of wave-
length studied, the hybrid nanofluid slurry and MPCM
showed 100% absorbance, whereas it was 90% for MWCNT
nanofluid in the visible range. The maximum photothermal
conversion temperature observed was 80°C after 50 min for
MWCNT nanofluid.

The optical properties of MWCNT/water nanofluids of
concentration from 0.0015 to 0.25wt.% were reported by
Qu et al. [7]. They measured the optical transmittance in
the wavelength range of 200 to 2000 nm. The results revealed
that the addition of nanoparticles led to reduction in trans-
mittance. The transmittance was zero for the maximum
concentration whereas it was 100% for base fluid up to
900nm. They also reported a reduction in receiver tube
efficiency with increasing time of irradiation. For 0.01 wt.%
and an irradiation time of 5 minutes, the receiver tube
efficiency was 96.4%. Chen et al. [8] used MWCNT nano-
fluids with water as base fluid in their studies. They used a
concentration of 0.01 wt.% and a temperature range of 10
to 60°C to analyze the stability of pure MWCNT and treated
(acid-treated and milling-treated) MWCNT. In the mea-
sured range of temperature, the milling treatment showed
better stability and higher extinction coefficient (55mV and
7.49 cm’, respectively).

Chen et al. [9] studied the thermophysical and optical
properties of 0.01, 0.03, and 0.06 wt.% percentage of SiC
(silicon carbide) nanofluids with ionic liquid as base fluid.
The thermal conductivity and specific heat were also mea-
sured. The maximum thermal conductivity for the higher
concentration was 0.20 W/mK at 65°C, and the specific heat
was 2.5]/gK at 80°C. The optical properties were studied in
the range of 200-1100 nm. The results revealed a transmit-
tance of zero and an extinction coefficient of 7cm™ for
maximum concentration. The optical properties of Al,O,
and TiO,/DI water nanofluids of 0.1 and 0.3% concentration
were studied by Said et al. [10]. The extinction coefficient of
TiO, nanofluid was higher than that of Al,O, nanofluid.
The authors found a deviation of nearly 10 times between
analytical and experimental results. Khosrojerdi et al. [11]
used graphene oxide nanofluid of concentration 0.045wt.%
and thickness of 3cm in their study and found that 99.6%
of incoming solar energy was absorbed. The maximum
extinction coefficient was 14cm™ at 300 nm.

Mahbubul et al. [12] studied the thermal efficiency
enhancement of an evacuated tube solar collector using water
and CNT/water nanofluids. The thermal conductivity and
specific heat of water and 0.05, 0.10, and 0.20 vol.% of nano-
fluids were measured for the temperatures ranging from 20 to
70°C. For the maximum concentration, the thermal conduc-
tivity was 0.9 W/mK at 70°C and the efficiency was 66%
which is 10% higher than that of water. The thermal conduc-
tivity of AL,O,-CuO hybrid nanofluids was reported by
Yagnem and Venkatachalapathy [13]. The concentration of
nanofluid varied from 0.01 to 0.1%. They obtained a
maximum enhancement of 15.72% for 0.1% concentration
compared to base fluid. The thermal conductivity of low-
concentration nanofluids was investigated by Sundar et al.
[14]. They used a mixture of ethylene glycol and water in
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the proportion of 50:50 as base fluid, and the thermal con-
ductivity was measured in the temperature range of 15 to
50°C. For the maximum volume concentration of 0.8%, the
enhancement in thermal conductivity was found to vary
from 9.8 to 17.89% for Al,O; nanofluid and 15.6 to 24.56%
for CuO nanofluid, respectively. The viscosity of water-
based single-walled carbon nanohorn (SWCNH) and TiO,
nanofluids of concentrations 0.001, 0.1, and 1 wt.% was stud-
ied by Bobbo et al. [15]. Sodium dodecyl sulphate (SDS) and
polyethylene glycol (PEG) were used as stabilizers for
SWCNH and TiO,, respectively. Both the nanofluids showed
Newtonian behavior at all concentrations. Zeta potential was
reported for all the concentrations, which lies between 57 and
50mV for SWCNH and 40 and 37 mV for TiO, nanofluid.
The efficiency was increased by 10% for nanofluid compared
to water. Anbu et al. [16] studied heat transfer and pressure
drop characteristics of DI water/TiO, nanofluids and
reported negligible pressure drop for the concentrations 0.1,
0.15,0.2, and 0.25% compared to base fluid. The heat transfer
enhancement was 23 and 4% for tubes with inserts and with-
out inserts for 0.2% volume concentration. Chen et al. [17]
reported the absorbance of water-based low-concentration
Ag, Au, and Ag-Au nanofluids in the wavelength range of
300 to 800 nm using UV-Spectrophotometer. The concen-
tration used was 0.5 and 2.5 ppm, and a maximum photother-
mal conversion of 30.97% was obtained for the blended Ag-
Au nanofluid. The concentration and thickness of nanofluids
play a major role for the maximum absorption of energy
radiated by the sun. Thermooptical properties of low-
concentration (2.04 x 107 and 4.26 x 10~ volume fraction)
gold and silver nanofluids were used by Moreira et al. [18] in
their experiments. They obtained an enhancement of 16 and
20% in thermal diffusivity for nanofluids compared to base
fluid (DI water). Khullar et al. [19] theoretically studied the
thermal efficiency of a concentrated solar parabolic collector
using nanofluids. The finite difference method was used for
solving the governing equations. Aluminum nanoparticles
of concentration 0.05% were used with Therminol VP-1 as
base fluid. An evacuated receiver tube was used as the
absorber tube. They obtained efficiencies of 19 and 78% for
base fluid and nanofluid, respectively, for the average fluid
temperature of about 230°C. Tyagi et al. [20] numerically
studied heat transfer in a direct absorption solar collector.
The authors used water/aluminum nanofluids of volume
fraction up to 2%. The collector efficiency depends on its
geometry, nanoparticle size, and concentration.

Matuska and Sourek [21] compared the performance of
the water heating system using a solar photovoltaic (PV)
array (with and without tracking) and a solar photothermal
collector. The PV array was connected to the resistive heating
elements, and the annual resistance load increase was 20 to
35% for the tracking system. The photothermal conversion
efficiency was found to vary between 35 and 68%. The
authors concluded that the area required for the photother-
mal system will be lesser than that for the PV system. The
performance of the solar ventilation system coupled with
the low-temperature organic Rankine cycle (ORC) was
experimentally and numerically investigated by Hung et al.
[22]. The dimensions of the system were 4-meter length
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and 15 air flow angle. The results of CFD simulations were
within the acceptable limit which proved that the CFD is
the acceptable tool for predicting the efficiency of the ventila-
tion system. The experimental efficiency of the ORC was
6.2%, and the power generated was 11.43 KWh/day. The
optimum concentration for the optical absorbance of Ther-
minol 55-MWCNTs was reported by Kalidoss et al. [23].
The authors concluded that 100 ppm concentration had an
absorbance of 0.75 in the visible range and the corresponding
photothermal conversion efficiency was 17.36%.

The performance of the solar flat-plate collector was
investigated using the reflectors by Bhowmik and Amin
[24]. The maximum outlet temperature of water was 52°C
for the collector with a reflector. The authors obtained a
maximum efficiency of 61% with a reflector which was
10% higher compared to that of a collector without a
reflector. Thermal efficiency enhancement of a booster sec-
ondary reflector was studied by Bellos and Tzivanidis [25].
They used solid work flow simulation software with
syltherm800 as working medium. Turbulent flow was con-
sidered in the study, and the authors concluded that the
thermal efficiency enhancement varied with an incident
angle. The maximum enhancement in efficiency was 150%,
and the useful heat gain for the corresponding angle was
10.8kW. The ray tracking method was used by Prasad et al.
[26] to optimize the configuration of the solar Fresnel lens
coupled with the secondary reflector system to overcome
the improper distribution of heat flux. Optical efficiencies
of four different secondary reflectors were reported. The
results showed maximum optical efficiency of 75% with a
zero-degree tracking error for the compound parabolic con-
centrator. The minimum optical efficiency was 32% for the
trapezoidal secondary concentrator with the tracking error
of 0.25 degree.

The major findings on optical absorbance and photother-
mal conversion efficiency using different nanofluids are given
in Table 1.

Many studies have been carried out on the use of low-
concentration nanofluids for light to heat conversion. Only
few research papers are available with secondary reflectors,
and not much work has been done on the combined effects
of the above two. The present study focuses on low-
concentration nanofluids coupled with secondary reflectors
for photothermal conversion.

2. Experiment

2.1. Materials and Characterization. Therminol 55, manufac-
tured by Eastman Chemical Company, USA, is used as base
fluid. The chemical name of Therminol 55 is benzene, C14-
30-alkyl derivatives, and the molecular formula is C,gHx,,.
TiO, (titanium dioxide) nanoparticles, purchased from Sisco
Research Laboratories, India, are used, and the average parti-
cle size is 32 nm. The X-ray diffraction (XRD) test is carried
out to identify the crystalline structure of TiO, nanoparticles,
shown in Figure 1. The analysis is carried out in the range of
0-100°, and the peak occurs at 22°. The results reveal that
there are no impurities in the nanoparticles.

2.2. Preparation of Nanofluids. Low-concentration nano-
fluids of 100, 250, 350, and 500 ppm concentrations are
prepared by the dilution process shown in Figure 2.
500 ppm is taken as stock solution which is prepared by add-
ing 50 mg of nanoparticles in 100 ml of the base fluid.

The following equation gives the dilution process
adopted in this study:

C,xV,=C,xV,, (1)

where C, is the concentration of stock solution prepared
(ppm), C, is the required concentration of solution to be
prepared (ppm), V, is the volume of solution required for
dilution from stock solution (ml), and V,is the volume of
solution to be prepared (ml).

To overcome the agglomeration and also to prevent the
settling of nanoparticles, the prepared nanofluid is kept in a
magnetic stirrer (REMI make) for 1-hour duration. The
nanofluid is then kept in an ultrasonicator (LARK make)
for 45 minutes. No surfactant is added to the nanofluid.

2.3. Uncertainty in Measurement. The difference between
actual and measured values of the experiments is evaluated,
and it is reported as error. The main parameter for photo-
thermal conversion is temperature, which is measured using
T-type thermocouples connected to a data logger. To evalu-
ate the error in temperature measurement, the root sum
squares (RSS) method is used [27]. The thermocouples are
calibrated using a drywell calibrator (Fluke 9100S), and the
accuracy of the calibrator is +0.25°C.

The bias and resolution of the data logger used in this
study are £0.1°C and 0.1°C, respectively. The error in the data
logger is found using the following equations.

2
€paqQ = \/(ebias)2 * (eprecision) >

2
ethermocouple = \/(ebias)2 + (eprecision) 4

2 2 2
eTemp = ((ethermocauple) + eDAQ) + (eca.librator) :
(2)

The overall uncertainty in temperature measurement is
found by combining the errors of the thermocouple, data
logger, and drywell calibrator, and the error in temperature
is found to be +1.12°C.

2.4. Description of the Experiment

2.4.1. Experimental Setup. Though nanofluids are used as
working medium in the direct solar absorber, their stability
plays an important role. To confirm the stability of
250 ppm Therminol-TiO, nanofluid, the absorbance test is
carried out for every 2hrs for a duration of 12hrs using a
UV-Vis spectrophotometer. A marginal change in absor-
bance is observed indicating that there is no precipitation of
nanoparticles. The experimental facility consists of second-
ary reflectors, evacuated tubes, a solar tracker with a time-
dependent tracking system, and a Fresnel lens. In order to
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F1GURE 2: Photographic view of Therminol 55-TiO, nanofluids.
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TaBLE 1
Author Base fluid and nanoparticles Optlmurp Optl.cgl absorbance PhOFOtherm'fﬂ Receiver tube
concentration (visible range) conversion efficiency
Chen et al. [1] Water-graphene oxide 0.02 mass 60% (abs) 48.92% Cylindrical quartz
fraction glass
. Water and ethylene glycol- o
Karami et al. [2] (70% : 30%) CuO 100 ppm 98% (abs) — —
Rose et al. [3] Ethylene gly.col—graphene 0.012.V01. 3AU - -
oxide fraction
0 -to-
Muraleedharan Therminol 55-AL0, 0.1% VOll. L4 AU 62.7% Glass-to-glass type
et al. [4] concentration (evacuated)
MPCM slurry/water-ethanol- 0 o 79.8°C (maximum Glass-to-glass type
Wang et al. [6] MWCNTSs 0.005 wt.% 100% (abs) temperature) (evacuated)
Qu et al. [7]. Water-MWCNTs 0.01 wt.% 100% (abs) 96.4% Glass tubes
Chen et al. [8] Water-MWCNTs (milling 0.02 wt.% 100% (abs) 95% Acrylic receiver
treated)
Chen et al. [9] Tonic liquid-silicon carbide 0.03 wt.% 100% (abs) — —
Khosrojerdi . N
etal [11] Water-graphene oxide 0.045 wt.% 0.9AU — —
Chenetal. [17]  Water-Ag and Au (hybrid) 2.5ppm 0.5AU 30.97% Glass beakers
. . 0.05% vol. N Glass-to-glass type
Tyagi et al. [19] Therminol VP-1-Al,0, concentration — 78% (evacuated)
Kalidoss et al. Therminol 55-MWCNTSs 100 ppm 0.75 AU 17.36% Glass-to-copper type
[23] (evacuated)
fix the secondary reflector at its focal length, a separate
10000 ry g 1%
arrangement is provided. The schematic diagram of the
secondary reflector is shown in Figure 3, and its detailed
8000 . . . . . L.
specifications are given in Table 2. Spacing of 25 mm is given
on either side of the Fresnel lens to increase the solar irradi-
6000+ ation on the secondary reflectors. Figure 4 shows the top view
5 of the Fresnel lens with spacing.
& 4000 The photographic view of the experimental setup is
g depicted in Figure 5. The flow rate of the nanofluid used in
k= the experiment is 0.51ps, and a rotameter is used to measure
2000 . .
the flow rate. The system is supported by an aluminum frame
of a rectangular section and the lens side by a square section.
0+ The fluid is circulated by a pump, and the circulated fluid is
— — stored in a well-insulated tank. The insulation has a thickness
0 20 40 60 80 100 of 40 mm, and its thermal conductivity is 0.03 W/mK. T-type

thermocouples are used to measure the temperature of the
secondary reflector and nanofluids, and the data are recorded
using a Keysight 34972 data logger. The details of the instru-
ments used in the experiment are given in Tables 3 and 4.
The geometrical concentration ratio (CRg) of the second-

ary reflector is given by Abdel-Rehim and Lasheen [28].

CR, = A—i (3)
A,=Lxd, (4)
2
A =Zdxh, (5)
3
d2
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F1GURE 3: Schematic view of the secondary reflector.

TAaBLE 2: Specifications of the secondary reflector.

Parameters Values
Reflectivity 0.913

Thickness 0.5mm
Length (L) 550 mm
Width of the receiver (d) 200 mm
Depth (k) 170 mm
Concentration ratio 4.863

Focal length (f) 70 mm

2.4.2. Photothermal Conversion Efficiency. The experiments
are carried out during the first 10 days of April 2019. The
hourly temperature and the solar insolation are monitored.
During the first five days, only the Fresnel lens is used, and
for the remaining period, the Fresnel lens is coupled with sec-
ondary reflectors and the average values are reported. The
recorded temperature values at the specific time are added
and divided by the number of days (five days each) for extract-
ing the average values. The same procedure was followed in
the research work of Kalidoss et al. [23]. The experimental
setup is placed in the surface azimuth angle 0° which is the true
north-south direction. A single-axis solar tracking system will
track the east-west axis along the movement of the sun.
Figure 6 shows the fluid temperature in the storage tank,
and the temperature is always higher with secondary reflec-
tors. Maximum temperatures of 110.4 and 93.5°C are
obtained at 15:00 p.m. with and without secondary reflectors.

The photothermal conversion efficiency of the Fresnel
lens alone and coupled with secondary reflectors is depicted
in Figure 7. The efliciency is calculated based on the heat gain
by the collector and radiation energy incident on the
absorber tubes, given in equation (4). Better photothermal
conversion is obtained in both the cases, due to glass-to-
glass evacuated tubes which help overcome the convective
losses from the absorber tubes. Harding et al. [29] also
reported a maximum efficiency of 61.4% for fluid in a glass-
to-glass absorber tube compared to other kinds of receiver

tubes without secondary reflectors. For the same type of
absorber tubes, the maximum efliciency was 62.7% for Ther-
minol 55-Al,0, nanofluid [4].

_ My Cnf AT

GA At’ )

The intensity of radiation is measured using a pyran-
ometer. The average values of solar intensity for both the
studies are close to 750 W/m?, shown in Figure 8. The maxi-
mum temperature observed for the secondary reflectors is
85°C. The maximum efficiency of the solar collector with
and without secondary reflectors is 82.63% at 13:30 p.m.
and 61.46% at 13:00 p.m., respectively.

3. Results and Discussion

3.1. Absorbance and Extinction Coefficient. The optical absor-
bance is measured at a room temperature of 25°C using a
Shimadzu UV-2600 spectrophotometer in the wavelength
ranging from 400 to 800 nm. Therminol 55 is used as the
reference sample throughout the measurement, and a quartz
cuvette with path length of 1 cm is used as a sample holder.
The spectrophotometer works on the principle of Beer-
Lambert’s law. According to this law, light absorbed in the
sample is directly proportional to the concentration of the
sample in which light is radiated. The equation for the absor-
bance is given as

1
A :logIOTO(xC, (8)

where I and I, are the intensities of incident and trans-
mitted light, respectively. The absorbance of the nanofluids
with various concentrations is depicted in Figure 9. It is
found that the optimum absorbance occurs at 250 ppm con-
centration in the visible range. The sum of absorption and
scattering coefficient is the extinction coefficient and is
shown in Figure 10. Though the absorbance and extinction
coeflicient are higher for 100 ppm concentration, its thermal
conductivity is lower. For 350 and 500 ppm, the optical prop-
erties are higher in a narrow range and lower in the remain-
ing spectrum in comparison with 250 ppm. Hence, 250 ppm
is taken as the optimum concentration for further studies.
From absorbance results, transmittance is calculated using
the following equation [11]:

A=2-log (T%). 9)

The extinction coeflicient (o) is calculated by
T = I =ex 'Loto(al
= —=exp ) (10)
IO

The particle size parameter («) is given by the following
equation and is always less than one for solar applications:

o= —. (11)



FIGURE 5: Photographic view of the experimental setup.

TaBLE 3: Specifications of the experimental setup.

Component Specifications

Thickness (250 ym), focal length
(150 mm)

Fresnel lens

Holder (square block) Aluminum (45 mm)

Evacuated glass in a glass tube

Absorber tube (outer diameter (25 mm), inner
diameter (10 mm))

Absorber tube length 550 mm

Thermocouple T-type

3.2. Thermal Conductivity. The thermal conductivity of
Therminol 55-TiO, nanofluid is determined using a KD2
Pro Thermal Properties Analyzer (Decagon Devices, Inc.,
USA). The sensor needle KS-1 is used for measuring the ther-
mal conductivity. The sensor is made of stainless steel, and its
dimensions are 60 mm length and 1.3 mm diameter. The sen-
sor needle’s measuring range is 0.2-2 W/mK with an accuracy
of +5%. The sensor needle has a heating element and a
thermistor. Before starting the measurements, it should be
calibrated by standard glycerine solution, prescribed by the
manufacturer. The time taken to measure the thermal con-
ductivity of the fluid is 90 seconds, and the instrument
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Fresnel lens
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requires a 16-bit microcontroller/AD converter. The conduc-
tivity is computed from the data in the form of change in
temperature and time, given by equation (3).

_q(Int2-Int1)

4n(AT2 - AT1)’ (12)

The thermal conductivity of 250 ppm concentration is
measured to be 0.129 W/mK. For 350 and 500 ppm, the con-
ductivity values are 0.131 and 0.134 W/mK, respectively.

3.3. Specific Heat. Specific heat of 250 ppm TiO, nanofluid is
measured with a modulated differential scanning calorimeter
(DSC) at IISc, Bangalore. The measurement temperature
ranging from 27 to 117°C is shown in Figure 11. The temper-
ature increases at a rate of 10°C/min, and the sample is kept
in isothermal condition for 5min. The TOPEM method is
used for finding the specific heat. The sample holder is alumi-
num whose weight is 49.71 g, and the quantity of the sample
used is 29.60 mg. Due to increase in temperature, the specific
heat of the nanofluid increases from 1.85 to 2.19]/gK.

4. Conclusions

The optical and thermal properties of low-concentration
Therminol 55-TiO, nanofluids are experimentally investi-
gated. The nanofluid concentration varied from 250 to
500 ppm. In the visible range, the absorbance is maximum
in a narrow band and remains close to 2.5-3.0 for the remain-
ing wavelength (450-800 nm). Optical stability confirms the
suitability of Therminol 55-TiO, nanofluid for light to heat
conversion in the visible spectrum. The addition of nanopar-
ticles shows changes in thermal conductivity, and an
enhancement of 1.57% is found for 250 ppm compared to
base fluid. The specific heat measurement shows a marginal
change in the temperature range studied. The temperature
and photothermal conversion efficiency are enhanced by
the use of secondary reflectors, and a maximum efficiency
of 82.63% is obtained.
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TaBLE 4: Specifications of the instruments used in the experiment.

Instrument Accuracy

Shimadzu UV-2600

+0.1 nm (200 to 1400 nm)

spectrophotometer
Thermocouples +0.5°C
Pyranometer <0.15%
KD2 Pro (thermal conductivity) +5%
METTLER TOLEDO DSC 1 +0.2°C
120
110+
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FIGURE 6: Variation of fluid temperature with time.
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FIGURE 7: Variation of collector efficiency with time.
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Abbreviations

A: Absorbance

A,.: Surface area of the receiver tube (m?)
A_, A,: Receiver area and aperture area (m?)
Concentration

Specific heat of nanofluid (J/gK)
Aperture diameter of the secondary reflector (m)
Focal length (m)

Solar flux on the receiver tube (W/m?)
Depth of the secondary reflector (m)
Average radiant flux (W/m?)

Intensity of transmitted light

Intensity of incident light

Thermal conductivity (W/m K)
Thickness of the sample (cm)

ot Mass of nanofluid (kg)

Heat flux (W/m?)
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F1gure 10: Extinction coeflicient of Therminol 55-TiO, nanofluids.
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FIGURE 11: Specific heat variation of 250 ppm Therminol 55-TiO,
nanofluids.

T: Temperature (K)

t: Time (s)

w: Uncertainty (%)

a: Absorption coefhicient

o: Extinction coefficient (1/cm)

AT: Rise in temperature inside the absorber tube (K)
At: Exposed time (s).
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In this paper, the acoustic emission technique was used to study the signal during the tensile damage of 321 stainless steel for solar
thermal power generation. It was found that the peak frequency can effectively distinguish different types of signals during the
tensile test. The interference signals generated during the tensile test are effectively resolved by combining the amplitude-peak
frequency distribution map and the energy-peak frequency distribution map. The amplitude-time map of the acoustic emission

signal is successfully divided into three stages by using peak frequency parameter.

1. Introduction

The massive use of fossil fuels has intensified the problem
such as energy shortage and environment pollution; there-
fore, vigorous development of renewable energy is around
the corner [1]. Statistics from the International Energy
Agency show that electricity production accounts for most
of global greenhouse gas emissions, and accordingly, 25,000
GW of low-carbon energy will be required by 2050 to meet
the sustainable life on earth [2, 3]. To mitigate the environ-
mental problems associated with this, it is increasingly
important to reduce the use of fossil fuels by developing more
cost-effective renewable energy technologies. Among all
kinds of renewable energy, solar energy accounts for a large
proportion [4]. At present, solar photovoltaic power genera-
tion and solar thermal power generation are two main tech-
nologies of solar energy utilization. Compared with solar
photovoltaic power generation technology, solar thermal
power generation technology has the advantages of strong
controllability and high flexibility [5], so it is regarded as
the preferred equipment for flexible power supply of large-
scale power grid [6].

Solar thermal power system includes a solar collector,
solar receiver, and power conversion device. A solar receiver
absorbs concentrated solar radiation through a collector and

transmits it to a heat transfer fluid used to transfer high-
temperature heat to a power conversion system. The pipe-
lines used in solar thermal power plants to transport thermal
fluid require high material stability. 321 stainless steel is a
stable and ductile Ti-austenitic stainless steel, and Ti can
effectively mitigate the sensitization effect of materials under
high temperature. Therefore, 321 stainless steel is widely used
in such important parts as pipelines and heat exchangers of
solar thermal power system [7]. In order to ensure the safety
and reliability of the structure, it is of great significance to
study the tensile damage behavior of 321 stainless steel.
Acoustic emission (AE) is an efficient structural health
monitoring technology, which is defined as a phenomenon
of rapid energy release and transient elastic wave generation
[8, 9]. Acoustic emission technology based on Kaiser’s [10]
research uses sensors and preamplifiers to detect elastic
waves propagating through the material. The AE monitors
through several sensors and preamplifiers to detect elastic
waves propagated inside a material, as shown in Figure 1.
The signal waves are directly transmitted to the AE system,
where these signals would be analyzed and transferred to dig-
ital signals. At present, the nondestructive testing methods
commonly used for tensile damage include ultrasonic testing,
X-ray inspection, computed tomography (CT) detection,
infrared thermography techniques, and magnetic memory
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FIGURE 1: Principles of AE detection. Acoustic emission signal is collected by the sensor, and the preamplifier transmits it to the acoustic

emission system.

methods. However, ultrasonic testing requires different
probes for different defects, and ultrasonic testing has high
requirements on the shape and thickness of the material.
X-ray inspection is harmful to the human body, an operator
who has special training experience is needed. The disadvan-
tage of CT detection is that it is inconvenient for on-site
inspection of large components; furthermore, CT detection
is inefficient and costly. The infrared thermography tech-
nique has high requirements for the surface heat absorption
rate of materials, so it is not suitable for many materials.
For magnetic memory testing, the magnetic memory signal
is weak, and it is seriously affected by the environmental
magnetic field. As a real-time testing method, the acoustic
emission technique is more suitable for dynamic evaluation
and real-time diagnosis than the abovementioned detection
methods. And the acoustic emission technique has character-
istics that it is not limited by materials, geometries, and work-
ing conditions. Furthermore, acoustic emission detection is a
passive detection method; acoustic emission signals come
from the detected object, so the detection process will not
affect the normal operation of the device. Therefore, acoustic
emission technology is widely applied in the detection of
deformation and fracture process of various materials. Barile
et al. [11] monitored the fatigue process of stainless steel
specimens by using AE technology and infrared thermogra-
phy (IT) technology, and they found that AE technology
was more effective than IT technology. A typical AE signal
includes many parameters, which are commonly used such
as amplitude and count. Amplitude is defined as the peak
voltage magnitude of the maximum offset obtained from
the signal waveform of the acoustic emission event. Thresh-
old is a voltage level on an electronic comparator such that
signals with amplitudes larger than this level will be recog-
nized. Count is defined as the number of times the acoustic
emission signal exceeds the threshold. Heiple et al. [12]
found that count in the characteristic parameters of the signal
can effectively reflect the damage of the material. However,
the parameters such as amplitude and count are related to
the threshold setting, so analysis by a single parameter is
not enough. Acoustic emission energy is the area under
the signal detection envelope and is not sensitive to thresh-
old, operating frequency, and propagation characteristics.
Roberts and Talebzadeh [13] found that the energy of the
signal is less affected by the threshold setting and coupling
conditions and the change in the signal energy value can
reflect the phase changes inside the material. With the devel-
opment of acoustic emission technology, many researchers
have used acoustic emission technology to study the fatigue
process of different materials, such as stainless steel [14],
aluminum alloy [15], titanium alloy [16], self-compacting
concrete [17], wood material [18], and SIC/SIC composites
[19]. In recent years, many researchers have conducted

acoustic emission studies on the tensile behavior of various
materials and achieved certain results. Sun et al. [20] studied
the acoustic emission of tensile damage of high-strength
aluminum alloy materials used in the gearbox shell of high-
speed train, quantified the evolution of tensile damage of
aluminum alloy, and proved the effectiveness of this method.
Kumar et al. [21] found that changes in AE parameters could
well reflect changes in microstructure of titanium alloy dur-
ing the tensile process. Sayar et al. [22] investigated damage
mechanisms in the open-hole laminated carbon/epoxy com-
posite by using the acoustic emission technology. The results
show that different damage stages can be determined by the
frequency range of the acoustic emission signal. Njuhovic
et al. [23] found that there exists a correlation between the
cumulative absolute AE energy and tensile damage of metal-
lised glass fibre-reinforced epoxy composites and different
mechanisms of damage can be identified by the peak
frequency parameters of the acoustic emission signal. Yao
et al. [24] studied the cracking behavior and fracture process
of thermal barrier coating under tensile load through acous-
tic emission technology, and the results showed that acoustic
emission signals could reveal the fracture type and failure
mechanism. However, at present, there are few researches
on tensile damage of 321 stainless steel for solar thermal
power generation. Acoustic emission signals contain damage
information of material. We can know the internal damage of
the material in time by analyzing the parameter of acoustic
emission signals. However, the commonly used parameters
of acoustic emission signal can easily be affected by various
factors, such as parameters of amplitude and count will be
affected by the threshold, which cannot accurately character-
ize the internal damage of the material.

In this paper, we study the tensile damage of 321 stainless
steel for solar thermal power generation by using acoustic
emission technology. In order to accurately obtain the
information of 321 stainless steel for solar thermal power
generation during tensile damage, we use the parameter of
peak frequency to analyze the tensile damage process of 321
stainless steel. The peak frequency parameters are used to
distinguish different types of signals during the tensile test.
Peak frequency corresponds to the maximum amplitude of
Fourier transform of acoustic emission waveform, which is
a parameter sensitive to damage. The peak frequency of
acoustic emission signals is not affected by threshold setting,
which is more reliable than other parameters. Peak frequency
can characterize the types of different acoustic emission
sources. The interference signals generated during the tensile
test are effectively resolved by combining the amplitude-peak
frequency distribution map and the energy-peak frequency
distribution map. The amplitude-time map of the acoustic
emission signal is divided into three stages by using the peak
frequency parameter. The rest of the paper is organized
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TaBLE 1: Chemical compositions (wt.%) of 321 stainless steel.

Composition C Si Mn P S Cr Ni Ti

Wt.% 0.08 1.00 2.00 0.035 0.03 17-19 9-12 5*C%
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FIGURE 2: Geometry of tensile specimen. The specimen was machined to a thickness of 4 mm.

T el

fz

FI1GURE 3: RDLO5 testing machine of the tensile experiment. The
maximum load of the machine is 50 kN.

as follows: in the second part, the materials used in the
experiment are introduced, the third part is the analysis
and discussion of the acoustic emission signals obtained
from the tensile test, and the fourth part summarizes the
results obtained.

2. Materials and Methods

2.1. Materials and Specimen. The material used in this study
is 321 stainless steel used for solar thermal power generation,
which is a Ti-containing austenite stainless steel. The 321
stainless steel has stable and ductile characteristics. Its chem-
ical composition is shown in Table 1.

The specimen was machined from the stainless steel
plates to a thickness of 4mm in accordance with
GB/T228.1-2010 standard. The 321 stainless steel plate is
cut in the rolling direction, with the section size of 4 mm =
8 mm. Figure 2 shows the geometry of the sample.

4
E
‘Qe AE sensors

|:
FIGURE 4: Schematic of the experimental process. Two acoustic

emission sensors are fixed on the surface of the specimen to
collect signals.

2.2. Tensile Tests. Tensile tests were carried out according to
GB/T228.1-2010 standard on a RDLO5 testing machine at
ambient temperature. The maximum load of the machine is
50KkN. Specimens were tested with a loading rate controlled
at 0.3 mm/min. The machine of the tensile experiment is
shown in Figure 3.

2.3. AE Monitoring Setup. The AE signals generated from the
tensile tests were recorded and analyzed by PCI-2 AEwin
system, supplied by Physical Acoustic Corporation (PAC).
Schematic of the experimental process is shown in Figure 4.
Acoustic emission signals generated by 321 stainless steel
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FIGURE 5: Time-domain graphic of the original signal. Time-domain figure obtained through processing the signals collected by the acoustic

emission equipment.
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F1GURE 6: Distribution of peak frequency during tensile test. There are five types of peak frequency signals during the tensile test, which are
distributed in five ranges: 0-48 kHz, 50-97 kHz, near 149 kHz, around 284 kHz, and near 388 kHz.

during tensile damage are collected by two acoustic emission
sensors (R15a) and then transmitted to the acoustic emission
system through two 2/4/6 preamplifiers with a gain of 40 dB.
Figure 5 is the time-domain graphic of the original signal.
Acoustic emission sensors installed on the specimen surface,
using vacuum grease as the coupling agent. The peak deter-
mination time (PDT), hit determination time (HDT), and
hit observation time (HLT) were set to 300, 600, and 1000,
respectively. The collection of these time-driven parameters
was performed using standard lead core fracture. Based on

these preparation, we set the threshold value at 25 dB to elim-
inate the external noise. An acoustic emission test was carried
out until the final fracture appeared.

3. Results and Discussion

3.1. Analysis of the Peak Frequency-Time Map of Acoustic
Emission Signals. An acoustic emission device was used to
monitor the tensile damage process of 321 stainless steel,
and the acoustic emission signals were collected and recorded
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FiGure 7: Distribution of amplitude with peak frequency. There are three concentrated sub-ranges in the range 0-48 kHz.
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FIGURE 8: Distribution of AE count with peak frequency. The acoustic emission count of range near 388 kHz was very low.

by acoustic emission system. We obtained a distribution plot
of the peak frequency during the tensile damage process by
extracting the peak frequency parameters of the collected
acoustic emission signals and correlating the peak frequency
parameters with time. Figure 6 shows a typical plot of peak
frequency vs. time for specimen during the tensile test. It
can be clearly found that there are five different ranges of
peak frequency signals throughout the tensile test. In range
1, about 0-48kHz, the distribution of the peak frequency
parameter is scattered. In range 2, 50-97 kHz, the distribution
of peak frequency parameters concentrated relative to range
1. In range 3, near 149 kHz, its peak frequency distribution
is more concentrated. In range 4, around 284 kHz, the peak
frequency signal of this range appears intermittently
throughout the tensile test, but the frequency is concentrated.
In range 5, near 388 kHz, the peak frequency is very concen-

trated. It can be seen that the peak frequency parameters can
distinguish different types of signals well.

3.2. Analysis of the Peak Frequency Distribution. Due to
amplitude parameters and count parameters can intuitively
show the characteristics of the signal, in order to know the
difference in parameter of amplitude and count between
types of peak frequency signals, we obtained a plot about
the distribution of peak frequency with these two parameters
during the tensile test by correlating amplitude parameters
and counting parameters with peak frequency parameters,
as shown in Figures 7 and 8. It is apparent that there are three
concentrated subranges in the range 1 (0-48 kHz), respec-
tively, around 13 kHz, around 27 kHz, and around 44 kHz.
Obviously, the highest value of amplitude is around 44 kHz,
reaching 100dB, and has a very high value of count.
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FiGure 9: Distribution of AE energy with peak frequency: (a) range 0-48 kHz, (b) range 50-97 kHz, (c) near 149 kHz, (d) around 284 kHz, and

(e) near 388 kHz.

However, because the amplitude and count parameters are
affected by the threshold setting, analysis based on these
two parameters alone will cause inaccurate results. Therefore,
peak frequency signals in different ranges are analyzed by
combining with energy parameter, which is not affected by
the threshold setting. Figure 9 shows an energy distribution
plot of the peak frequency signal appearing during tensile
damage, which is obtained by corresponding acoustic
emission signals of different peak frequencies with the
released energy. Furthermore, the energy of value distribu-
tion figure in five different peak frequency ranges was
obtained. In range 1(0-48kHz), the energy released is the
highest in the whole test. The signal of range 2 (peak frequency
50-97 kHz) exhibits low amplitude and high count character-
istics, wherein the signal with a peak frequency at 68 kHz
releases the acoustic emission count only after 44 kHz, and
the energy is low. The amplitude of the signal in range 3
(the peak frequency is around 149kHz) is on the rise,
and the amplitude is concentrated in the range below
50dB, and the energy is low. The range of sound emission
signals in range 4 (the peak frequency is around 284 kHz)
is relatively low, and the energy is extremely low compared
to other types of peak frequencies. However, when the peak
frequency is in range 4 (near 388kHz), the amplitude is
extremely low, the acoustic emission count is very small,
and the energy is extremely low. Therefore, signals with peak
frequencies around 284kHz and 388kHz are classified as
interference signals.

In range 1, the amplitude of the signal near 13 kHz is con-
centrated in the range of more than 50 dB, and the amplitude
of the signal near the peak of 27 kHz is mostly less than 50 dB.
However, it is impossible to judge from the amplitude
distribution that which peak frequency is generated by the
material itself, and therefore, the distribution of the energy
of the two is found. It can be seen from Figures 10 and 11 that
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F1cure 10: Distribution of AE energy with peak frequency (around
13 kHz). The range near 13 kHz is where the high acoustic emission
energy is released.

the energy of the peak frequency near 27 kHz is extremely
low, close to zero, and the energy at 13 kHz is much higher.
Therefore, it can be judged that the peak frequency is an
interference signal at 27kHz. Finally, four peak frequency
ranges capable of expressing the tensile damage signal of
the material were obtained: 13kHz, 44kHz, 68kHz, and
149 kHz.

It can be found that the signal source can not be accu-
rately judged by the amplitude and peak frequency distribu-
tion map, and a large error will occur. The energy and peak
frequency distribution map can find the interference signal,
but it has no obvious distribution characteristics of the for-
mer. Therefore, by combining the amplitude-peak frequency
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F1gure 11: Distribution of AE energy with peak frequency (around

27 kHz). The range near 27 kHz of acoustic emission energy released
in a very low level.

distribution map and the energy-peak frequency distribution
map, it is possible to effectively distinguish the interference
signal from the material self-damage signal.

3.3. Analysis of Amplitude History of Different Types of Peak
Frequency Signals. Figure 12 shows the trend of amplitude
with time during tensile test, which is divided into three
stages according to the peak frequency. The peak frequency
appears in the initial set of stages (stagel) and the stage of
the break (stage3) in the signal set of range 1, indicating that
the signals produced by the two stages are of the same type.
In phase 2, signals with peak frequencies in the range of
68kHz and 149kHz are simultaneously present, indicating
that two different types of acoustic emission signals are gen-
erated at this stage. The damage mechanism at each stage of
the material stretching process is different, so different types
of signals represent different damage mechanisms. The peak
frequency can well classify the amplitude history map of the
acoustic emission signal into different stages and can under-
stand the type of material damage.

4. Conclusions

In this paper, we used acoustic emission technology to study
the tensile damage signal of 321 stainless steel for solar
thermal power generation. 321 stainless steel is a ductile
Ti-austenitic stainless steel, which is widely used in pipe-
lines and heat exchangers of solar thermal power system.
However, there is little research on tensile damage of 321
stainless steel by using a more convenient and efficient
method. We detect tensile damage of 321 stainless steel
for solar thermal power generation by using an acoustic
emission technique. As a real-time testing method, the
advantage of the acoustic emission technique is that it is
not limited by the type of material and geometry. Com-
pared with current detection methods for material tensile
damage, we can detect 321 stainless steel for solar energy

more efficiently and conveniently by using acoustic emis-
sion technology. Through the analysis of the amplitude
and frequency history of the acoustic emission signal, the
peak frequency distribution map, and the amplitude history
of different types of peak frequency signals, the following
conclusions can be drawn:

(1) The peak frequency can distinguish different types of
signals better than parameters of amplitude and
count during the tensile damage test. It can effectively
distinguish the interference signal from the material
damage signal by combining the peak frequency
and energy parameters of the acoustic emission sig-
nal during the tensile damage of 321 stainless steel

(2) From the results, we found that the peak frequency
of the 321 stainless steel tensile damage process is
mainly concentrated in the following five ranges:
0-48kHz, 50-97kHz, around 149kHz, around
284kHz, and around 388 kHz. And there are three
subranges in the range 0-48kHz: around 13kHz,
around 27kHz, and around 44kHz. According to
the distribution of AE energy with peak frequency,
we found that the range of peak frequency near
27kHz is an interference signal with a very low
level of energy. Combining the values of the count
and energy parameters, we found that the count
and energy values of the signal with peak fre-
quency range around 284kHz and 388kHz are
extremely low, which also are interference signals.
Finally, we obtained four kinds of peak frequency
ranges that can represent the tensile damage signal
of the material: around 13kHz, 44kHz, 68kHz,
and 149kHz

(3) The tensile damage process is divided into three
stages by combining the trend of amplitude and peak
frequency over time. The peak frequencies of the sig-
nals appearing in stages 1 and 3 are concentrated in
the range of 0-48 kHz, which are mainly composed
of signals with peak frequencies around 13kHz and
44kHz. The peak frequency of the signal appearing
in stage 2 is in the range of around 68kHz and
around 149 kHz. The first stage is the initial stage of
tensile damage of 321 stainless steel, and the third
stage is the fracture stage. The appearance of signals
with peak frequency ranges around 13kHz and
44kHz can serve as a reminder that the 321 stainless
steel is entering the fracture stage, which allows us to
understand the damage of the equipment in advance
so that safety measures can be taken before the
accident

At present, we have known that there are five types of
peak frequency during the tensile damage process of 321
stainless steel, which are related to the tensile damage source
mechanism of 321 stainless steel. Therefore, further work is
to quantify tensile damage of 321 stainless steel by establish-
ing relationship between the peak frequency of acoustic emis-
sion signals and the tensile damage mechanism. In addition,
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FIGURE 12: Trend of amplitude with time. The whole test was divided into three stages by the peak frequency.

this testing method has not been applied to actual solar
thermal storage system and associated pipelines. There is still
work to be done in the application of acoustic emission
technique in actual solar thermal storage system.
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Ternary nickel-cobalt lithium aluminate LiNi, Co,Al, ,,0, (NCA, x>0.8) is an essential cathode material with many vital
advantages, such as lower cost and higher specific capacity compared with lithium cobaltate and lithium iron phosphate
materials. However, the noticeably irreversible capacity and reduced cycle performance of NCA cathode materials have
restricted their further development. To solve these problems and further improve the electrochemical performance, numerous
research studies on material modification have been conducted, achieving promising results in recent years. In this work, the
progress of NCA cathode materials is examined from the aspects of surface coating and bulk doping. Furthermore, future
research directions for NCA cathode materials are proposed.

1. Introduction

Lithium-ion batteries (LIBs), an energy storage device that
combines high-energy density and flexible operation, have
been widely used in mobile and wireless electronic devices,
power tools, hybrids, and electric vehicles [1-3]. It is known
that the performance of LIBs mainly depends on the cathode
materials for the battery capacity, and it involves the electro-
chemical reactions of intercalation and deintercalation of
lithium ions. Moreover, the cathode materials play a vital role
in their electrochemical performance and account for more
than 30% of the cost of the entire battery system. Therefore,
it is very important to research and develop cathode mate-
rials with high performance and low cost [4, 5].

Layered structural LiCoO, materials with a theoretical
specific capacity of 274m Ahg ™" are the leading cathode in
commercial LIBs, such as the first commercial LIBs prepared
by Sony in 1991 [6], which can deliver approximately
137m Ahg™" of discharge specific capacity with up to 100%
coulombic efficiency. However, the depletion and high cost

of cobalt resources severely restrict practical applications of
LiCoO, materials [7]. At present, all companies try to avoid
using LiCoO, and develop new materials with a high poten-
tial. LiNiO, has the similar structure to LiCoO,, and it pos-
sesses a higher theoretical specific capacity (275m Ahg™) at
lower cost [8, 9]. However, it is still impossible to synthesize
a stoichiometric ratio of LiNiO, by a simple process because
Ni** is difficult to completely oxidize to Ni’*, and its elec-
tronic structure, magnetic structure, and local structure are
still highly controversial, severely limiting this positive elec-
trode from practical applications. It is feasible that a layered
nickel-rich oxide replacing Ni with other heteroatoms, such
as Co [10, 11], Fe [12, 13], Mn [14, 15], Ti [16], Zr [17],
Mg [18], and Al [19], can deliver a sizeable reversible capac-
ity, and it is one of the most attractive strategies in the field of
cathode materials. These substitutions mainly affect the lay-
ered crystal structure, the electrochemical stability, and the
capacity with the intercalation and deintercalation of lithium
ions, especially for the thermal stability in the case of extreme
charge-discharge processes.


https://orcid.org/0000-0003-2741-6930
https://orcid.org/0000-0001-6126-0138
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/2730849

The incorporation of Co significantly enhances the struc-
tural order of the nickel-based positive electrode materials
[20], which could achieve a high voltage platform. When
the molar ratio of Ni and Co components is 8:2, the as-
prepared LiNi; ;Co,,0, material may possess the best per-
formance and the degree of cation mixing is less than 2%
[21]. However, its performance is greatly affected by high
temperature. The capacity and potential of the nickel-rich-
layered oxide rapidly deteriorate during long-term cycles,
which inevitably affect the stable output of energy. The addi-
tion of a small amount of Al stabilizes the material structure
and improves the thermal stability of the material. The LiNi,
CoyAl_,,O, (NCA) material obtained by doping Co and Al
elements exhibits exceptional electrochemical properties
[22, 23]. Among the series of materials with different ratios
of Ni, Co, and Al elements, LiNi; ;Co, ;sAl; 15O, is the most
widely researched material and has attracted full attention
and commercialization due to its low cost, nontoxicity,
and high-energy density [24]. Tesla is the first company
to employ NCA cathode materials to power cars, and it
has achieved remarkable success in the electric vehicle
industry [25].

NCA is a promising cathode material due to its excellent
structural stability and high capacity. However, the cycle and
rate performance of NCA materials still limit its large-scale
application. The layered rock salt cathode material affects
the electrochemical performance due to structural defects.
The common structural defects in nickel-based compounds
are excess nickel, Li-Ni interlayer mixing, and oxygen
vacancy defects [26-28]. The NCA material also has some
shortcomings. On the one hand, the poor thermal stability
of Ni** causes the reduction of Ni** to Ni**. With the release
of Li*, some Ni** ions could easily occupy the vacancy of Li*
ions during the charging process because the Ni** radius
(0.69A) is similar to the Li* radius (0.76 A) [29], which
may cause lithium nickel-mixing effects and generate irre-
versible phases to result in material capacity loss [30, 31].
On the other hand, Ni** and Ni*" in the high oxidation state
are extremely unstable under high-temperature conditions,
and they easily react with the HF released by the electrolyte
to cause the material structure to change or even collapse,
thus affecting the specific capacity and cycle performance of
the NCA material [32, 33]. Given these shortcomings, it is
necessary to modify the NCA material, and the main modifi-
cation methods can be summarized and described as surface
coating and bulk phase doping.

2. Surface Coating of NCA

To overcome the aforementioned shortcomings of NCA
materials, surface coating is a feasible target to lower the elec-
tron transport paths, change the transmission mechanism,
and improve the electrode material interface reactions.
Generally, the coating material needs to present excellent
Li" and electronic transmission performance, as well as not
react with the electrolyte [34, 35]. The surface-coating mech-
anism of NCA materials can be described in Figure 1, in
which the surface coating acts like a shield that protects the
structure of the NCA from rogue side reactions. Therefore,
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the cladding layer prevents the crystal structure from collaps-
ing due to corrosion of the positive electrode material and
remarkably improves the stability of the battery during
the cycle. The surface coating is used to attach the coating
material, such as carbon and its derivatives, oxides, phos-
phates, and active material, to the surface of the cathode
material, and it is a straightforward and effective modifica-
tion method.

2.1. Carbon Coating. Carbon coating is a feasible measure
to improve the ionic conductivity and cycle performance
of NCA materials under different rates by increasing the
electrical conductivity and changing the transmission
mechanism [36].

NCA-graphene composite cathode materials are pre-
pared by Yoon et al. [37] using high-energy mechanical mill-
ing from the mixture of NCA and graphene at 200 r/min
under argon for 30 min. These results can be significantly
improved compared with the NCA materials without coat-
ing, in which the NCA shows surface resistance of 11.8 Q
which is higher than that of the NCA-graphene composite
(7.7 Q). The characterization results show that the assembled
battery can present excellent physicochemical and battery
performance. Between 4.3 and 3V at a constant current
of 55.6mA/g at 25°C, the NCA delivers a capacity of
172mAhg" with a capacity retention of 91%, while the
NCA-graphene composite shows a capacity of 180mAhg™
with a capacity retention of 97% after 80 cycles. The reasons
can be mainly attributed to the graphene coating on the
surface of NCA materials. On the one hand, the coating
graphene can improve the surface conductivity of materials
[38, 39]. On the other hand, the graphene layer provides a
certain protection to the material and improves the cycle per-
formance. These phenomena can be also detected and elabo-
rated in the references. For example, Chung et al. [40] have
adopted sodium dodecyl sulfate as the carbon source, as well
as the NCA materials evenly mixed with sodium dodecyl sul-
fate in the air at 600°C for 5h to get carbon-coated NCA/C
materials. The capacity retention rate of NCA/C is 93% after
40 cycles at 0.1 C, which is higher than that of the uncoated
material (86%). Liu et al. [41] reported the coated NCA com-
posite material using 1.0 wt % sucrose and glucose as carbon
sources after being calcined at 600°C for 4h in an argon
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FIGURE 2: Types of electrode material surface coating (a). TEM images of NCA coated with different carbon sources: (b) bare; (c) glucose 1%

NCA/G; (d) sucrose 1% NCA/C [41].

atmosphere. The battery performance indicates that the
capacity retention of the composite cathodes coated by
sucrose and glucose is about 88.3% and 70.4% after 200 cycles
at 1.0C, respectively, which are clearly higher than the
uncoated one. Moreover, the battery performance can be tai-
lored by the thickness of the carbon layer, which can be signif-
icantly observed by TEM technique. Figure 2 displays the
TEM images of NCA materials coated by different carbon
sources.

The amorphous carbon coating may cause more unfavor-
able Ni** content and exacerbate the Li*/Ni** intermixing
degree, resulting in the degradation of battery performance
of NCA cathode material [42, 43]. The reason can be attrib-
uted to the reduction of Ni’* to Ni** by the in situ carboniza-
tion of the carbon source. He et al. [44] developed an
alternative method for carbon material coating without in
situ carbonization and used separately synthesized graphene
nanodots (GND) for the non-in situ coating process of
NCA cathode materials. The study results show that the
uniform distribution of 5nm GND on the surface of
LiNi, 4Coq 54l 05O, particles can significantly improve the
electron conductivity and exhibit a high discharge specific
capacity of 150mAhg” at 50C. The carbon coating
improves the electron transport path on the surface of the
NCA, transforms point-to-point conduction into face-to-
face conduction, and significantly improves the conductivity,
and the cycle performance of the material is also improved
under high rate conditions. Moreover, it is worth noting that
the carbon layer doped with N and P elements could improve
the electrical conductivity of the materials by increasing the
local electron density of the carbon material. Gao et al. [45]
prepared high performance LiNi,4Co, ,5Al, ,sO, materials
by coating the nitrous and phosphorus codoped nanocarbon

coating (N/PC) on the surface, and the aniline was used as car-
bon source and nitrogen source and phytic acid as carbon
source and phosphorus source. When the N/PC coating
amount was up to 1.0 wt %, the materials can deliver the best
electrochemical performance in which the capacity retention
can retain at 90.7% after 200 cycles at 1.0 C that was signifi-
cantly over 70.1% of the uncoated one.

2.2. Oxide Coating. As far as we know, oxides, such as AL, O,
MgO, TiO, [46], ZnO, ZrO, [47], SiO,, CeO,, and RuO,
[48], can be widely used to modify the surface of NCA
materials due to excellent electronic conductivity and good
compatibility with electrolytes, which can significantly
improve the cycle performance and rate performance of
NCA materials by enhancing the electron transport and
structural stability.

Xie et al. [49] proposed to prepare the SnO,-coated
Li-excess NCA material by synchronous bifunctional
modification via the oxalate coprecipitation route. This
bifunctionally modified NCA material can not only exhibit
improved electrochemical performance but also exhibit
improved storage stability. After 400 cycles at 1.0C, the
capacity decreases from 123.7 to 86.7 mAh g™ with a capacity
retention of 70.1%, in which excessive Li is believed to reduce
the cationic mixing and SnO, modification is deemed to
restrict the undesirable side reaction between active materials
and electrolytes [50]. Liu et al. [51] have synthesized a multi-
functional TiO, composite layer by the solid-state reaction to
modify LiNi, ;Co, ;5sAl, ,sO, materials to enhance the surface
and structural stability confirmed by electron microscopy and
XPS measurements, in which the substitution of Ti in the
crystal structure realizes the synergistic effect of the composite
layer and titanium doping by enhancing surface and



structural stability via heterogeneous layer coating and bulk
doping [52], and the electrochemical battery exhibits the
highest initial capacities of 162.9 and 182.4m Ahg™' at 1.0C
and 0.1C, and the discharge capacity retentions can reach
85.0% after 200 cycles at 1.0 C. Moreover, metal oxides doped
with different metal elements can provide higher electronic
conductivity. He et al. [53] adopted electronically conductive
antimony-doped tin oxide (ATO) to coat the NCA cathode
material by a wet chemical process. After being coated, the
as-prepared ATO-coated NCA (ATO-NCA) material had a
high discharge specific capacity of 145mAhg™ at a rate of
5.0 C, which is higher than that of the original NCA material
(135.2mAh g’l). In addition, at 60°C and 1.0C, the
ATO-NCA material delivered the capacity retention of
91.7% after 200 cycles, which is much higher than that of
the original NCA (70.9%). The significant improvements in
cyclic and rate performance are mainly attributed to the
ATO coating, which not only enhances electron transport
but also effectively inhibits the adverse reactions between
NCA materials and electrolytes. At the same time, the
Li*/Ni** mixing of the NCA material and the growth of the
solid electrolyte interface (SEI) film can be effectively sup-
pressed, and the cycle stability is significantly improved,
especially at higher temperatures.

The oxide can also be coated directly with the cathode
materials for sintering a precursor and colithium. An
advantage of this new coating method is that it makes
the coating uniform. Another is that the simultaneous pro-
duction of the cathode material and the formation of the
coating at the same heat treatment temperature result in
a strong bond between the coating layer and the substrate.
Therefore, the modified cathode material possesses a stable
structure and exhibits excellent electrochemical performance
during repeated charge and discharge. Zheng et al. [54] used
the tetraethyl silicate (TEOS) as a silicon source to transform
into a SiO, layer on the NCA(OH), precursor surface. Then,
the SiO,-coated NCA(OH), was mixed with Li salt and
sintered to obtain a NCA composite directly. The rate and
cycling performance of NCA are found to be successfully
enhanced, especially in the sample with 3 mol % coating. In
addition, due to the high-temperature treatment, Al was
doped to SiO, as a fast ionic conductor. The result was an
effective increase in the diffusion of lithium ions between
the electrode and the electrolyte interface while protecting
the body from direct contact with the electrolyte. Finally,
the stability of the material was increased.

2.3. Phosphate Coating. Surface modification by phosphate
has received widespread attention in recent years. The
principle of phosphate-coated positive electrode material
is the same as that of oxide coating, in which the phos-
phate has better ion transportability and thermal stability
that can better improve the rate performance of the material.
The commonly used phosphates are AIPO, [55], Li,PO,
[56, 57], Ni,;(PO,), [58], Cos(PO,), [59], and so on.
Tang et al. [60] first coated an appropriate amount of
NH,H,PO, on the surface of Ni, 4;5Co, ;5Al, o35 (OH), and
then sintered it with Li,CO; to prepare the composite
(P-NCA), in which NH,H,PO, can react with residual lith-
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ium on the surface of the material to form a uniform Li,PO,
coating. The removal of lithium ions and the formation of the
ion-conductive coating Li;PO, promoted the transport of Li*
to some extent. However, due to the limitation of lithium ion
conductivity, the heavy Li,PO, coating inevitably hindered
the migration of lithium ions. The cycle stability of the coated
Li Nij 4,5C0y 154l 350, at room temperature and 55°C can
be improved when the coating content reaches 3wt %, at
which point the DSC shows that the heat generation is con-
siderably decreased from 757Jg" to 525J g for NCA and
P-NCA. Qi et al. [55] successfully improved the electrochem-
ical performance of LiNi, ;Co, ;5Al, 45O, coated with AIPO,
composite by the wet coating process. The capacity retention
was 86.9% after 150 cycles at 0.5C, which is significantly
higher than the 66.8% of the uncoated sample. In addition,
the modified sample had better thermal stability and smaller
resistance and charge transfer resistance, and the values of R,
(0.569 Q) and R, (51.6 Q) of the coated sample were clearly
smaller than those of the pristine sample (1.300 and
83.7Q, respectively). This improved performance can be
mainly attributed to the stable protective layer which can
inhibit adverse reactions between NCA and electrolytes.
The phosphate coating can also improve the cycling per-
formance of NCA in a wider cut-off voltage range. Liu et al.
[61] first extended the charge and discharge cut-off voltage
range to 1.5-4.8V (vs. Li/Li*) and prepared BiPO,-coated
NCA by a coprecipitation method, in which the assembled
battery can deliver an initial discharge capacity of
325.0mAhg™. It is very encouraging that the first two cycle
discharge capacities surpassed the theoretical capacity of
NCA (274mAhg™) when the cut-off voltage was 1.5-4.8 V.
These exceptionally high capacities may be caused by the for-
mation of lithium-rich compounds during the charge and
discharge process which is under further exploration. The
most significant finding is that the charge and discharge plat-
forms can be found at 2.3-2.5 V and 1.7 V, respectively, which
contributes to the high capacity properties of NCA. Addi-
tionally, the existence of the BiPO, coating effectively
protects NCA from electrolyte corrosion and improves the
cycle performance of NCA. After the first 30 cycles, the
capacity retention of BiPO,-coated NCA materials increases
to 81.48, 77.98, 75.20, and 69.11% in the voltage range of
1.5-43V, 1.5-45V, 1.5-4.6V, and 1.5-4.8V, respectively,
while that of unmodified NCA materials was 77.99%,
72.08%, 63.35%, and 52.05% in the same voltage ranges.
With the expansion of LiFePO,-positive materials,
FePO, can potentially be used as a precursor for the prepara-
tion of LiFePO,-positive materials, which has certain electro-
chemical activities. Therefore, surface modification by FePO,
can effectively improve the cycling and thermal stability of
NCA materials. Generally, there are two topics in terms of
FePO, materials in LIBs, namely, uniformly distributed and
highly crystalline nano-FePO, preparation and uniform sur-
face moderation. Xia et al. [62] employed a general liquid-
phase technology to prepare uniformly distributed and highly
crystalline nano-FePO, powders, which were then used to
coat the surface of LiNi,4Coy5Al; (O, (NCA) to adjust
the interface property between electrodes and electrolytes.
Among the samples with different coated FePO, contents,
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FIGURE 3: A scheme illustrating the effects of a lithium iron phosphate coating on NCA cathodes [68].

the cells with the NCA coated with 2wt % FePO, presented
the best electrochemical performance with an initial dis-
charge specific capacity of 181.4mAhg’ and a capacity
retention of 80.49% after 100 cycles at 1.0 C. Moreover, the
solid-liquid interface membrane impedance (R;) changed lit-
tle during the cycles by the charge transfer resistance fitted
from EIS patterns; however, the charge transfer resistance
(R,) of the pristine sample clearly increased from 85 Q to
187 Q) while the R, of the 2wt % FePO,-coated samples
increased only slightly. These results reveal that the amor-
phous FePO, coating plays a key role to suppress R from
increasing during charge-discharge cycles by reducing the
charge transfer resistance.

2.4. Active Material Coating. Different from other coatings,
active materials, as conductor materials of Li*, can better
realize the insertion and extraction of Li* and improve the
cycle performance and rate performance of NCA materials.
At the same time, some lithium compounds can be used as
electrode materials [63, 64], contributing capacity during
charging and discharging cycles, thus reducing the impact
of coating on the overall capacity loss of the material. Liu
et al. [65] coated 3.0wt % LiCoO, on the surface of NCA
material by a molten salt method. Between 2.75 and 4.3V
and at 0.5 C, the initial discharge specific capacity of NCA/Li-
Co0, material was 163.6mAh g™ and the capacity retention
rate was 95.8% after 50 cycles, whereas the undischarged
material had an initial discharge specific capacity of
154.3mAhg" and a capacity retention rate of 87.9%. The
cycle and rate performance of the coated material were
improved. The electrochemical impedance test results
showed that the reduction of the NiO phase formed on the
surface of the cladding was the main reason for the improved
material properties.

NCA is a secondary particle aggregated by primary parti-
cles, and its structure has a significant influence on electro-
chemical performance, such as rate performance and cycle
life. During the charge and discharge process, the internal
stress of the positive electrode material changes due to the
interaction between the lithium ions and the lattice structure,
and this stress may cause structural damage of the secondary

particles and accelerate the formation of cracks, yielding the
material and the electrolyte. The side reaction is intensified.
Yang et al. [66] introduced a filling and coating method using
LiNi, 55,Coy 333Mn, 55,0, to fill and coat the surface of the
positive electrode material LiNij 4;5C0, 154l 0350, the
thickness of the gap layer was approximately 10 nm, there
was no capacity loss, and the capacity retention was 88.5%
after 200 cycles. The cycle performance was greatly
improved, and the polarization was significantly reduced
compared with the original NCA. Furthermore, the mecha-
nism of secondary particle fragmentation was further
revealed by the in situ compression test. The secondary par-
ticle fracture is considered a fatigue process under long-term
electrochemical reaction. The coated sample has a good elas-
tic recovery ability, and the NCA with a filled coating can
ensure a low residual lithium content and ensure a strong
bonding force between adjacent crystal grains, which also
improves the long-term cycle stability. Li-redox-active lith-
ium iron phosphate (LFP) has excellent thermal and electro-
chemical stability as well as Li-redox activity at relatively high
voltages, and it can be uniformly coated on the NCA surface
by an industrially feasible melt mixing and calcination pro-
cess. This reduces the side reaction between the NCA and
the electrolyte and the degree of disorder of the cations in
NCA [67]. Chen et al. [68] showed that the capacity of the
full cell prepared by this simple method of NCA-LFP mate-
rial was greatly improved at high temperature and higher
charging voltage. After 100 charge and discharge cycles,
NCA-LFP exhibited an excellent capacity retention of 95%
at high charging voltage (4.5V) and high temperature
(55°C), which is 15% higher than in the original NCA
cathode. This improvement in electrochemical performance
and thermal stability at high voltages is attributed to the
reduction in the degree of cation mixing in the NCA and
the reduction in SEI film formation in the presence of the
LFP coating, as shown in Figure 3.

2.5. Fluoride Coating. Fluoride is also one of the most widely
used materials in the coating modification of lithium-ion bat-
tery cathode materials. A key factor in the electrochemical
performance degradation of lithium-ion batteries is that
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electrolyte LiPF will decompose continuously during battery
operation to produce highly corrosive hydrofluoric acid
(HF), which causes the dissolution of transition metals in
NCA cathode materials. The decomposition of LiPF, gener-
ates LiF and PF.. The LiF is deposited on the surface of the
active material, and it has a low Li* and electron permeabil-
ity. Meanwhile, the PF; reacts with the trace amount of water
in the electrolyte to form HF, which causes corrosion to the
electrode material and further enhances the instability of
the interface between electrode and electrolyte. Therefore,
an important method to increase the capacity retention of
lithium-ion batteries is to slow the dissolution of transition
metals in the active materials. Fluoride-coated positive elec-
trode materials are directly used in lithium-ion batteries.
On the one hand, the common electrolyte for lithium-ion
batteries is LiPF, and F~ can effectively suppress the occur-
rence of interfacial reactions [69]. On the other hand, the
addition of F can lower the charge transfer resistance and
improve the conductivity, thereby improving the rate perfor-
mance and cycle performance of the cathode material [70].
The fluorides currently used for coating include AlF;,
MgF,, CaF,, YF,, LaF,, GaF,, and LiF [71-75]. Lee et al.
[76] mixed the homemade AIF; with NCA and obtained
the NCA/AIF; material after high-speed ball milling
(3400 r/min) for 5min. The cycle performance rate perfor-
mance and thermal stability of the coated material were
improved, especially at high temperatures. Tested at 55°C
and 1.0 C, the capacity retention of NCA/AIF; material after
500 cycles was 55.9%, much higher than the 11.7% for the
raw materials. On the one hand, the coating inhibits the
erosion of the HF electrode material, reduces the dissolu-
tion of the transition metal in the electrolyte, and thus
reduces the growth of charge transfer resistance. On the
other hand, the coating reduces the volume change of
the material, thereby preventing the material from chalking
during the cycle. Fluoride has a high electronegativity and
forms a stable compound with 3D transition metal elements
[77]. Furthermore, the mixture has desirable thermal stability
at elevated temperatures for lithium-ion batteries. Liu et al.
[78] used a solventing-out crystallization process to coat a
10-20nm thick FeF, layer on NCA. The electrochemical
properties of the battery significantly improved, where the

discharge capacity of bare NCA decreased sharply from
180.9 to 81.8mAhg™', with a retention of 45.2% after 100
cycles at 1.0C and 55°C, while the discharge capacity of
FeF;-coated NCA decreased from 182.2 to 105.4mAh g'l,
with a retention of 57.8%. When the cycle number increased
from 2 to 50, the charge transfer resistance value of bare NCA
increased from 64 Q to 2182, but that of coated NCA
increased only from 58 Q to 166 Q. This indicates that the
FeF, coating reduced the side reactions between the cathode
and electrolyte, thus suppressing the impedance increase.
The reason can be mainly attributed to the FeF, coating
effectively improving the electrochemical properties of
NCA, including the rate capability, cycle performance, and
high-temperature property.

2.6. Polymer Coating. Some polymers have good electrical
conductivity and can be used for the surface coating of
NCA materials. In addition, the conductive polymer has a
certain blocking effect of preventing intergranular cracking
of the NCA particles. Among the conducting polymers,
polyaniline (PANI) is popular due to its ease of coating,
simple preparation, environmental stability, and low cost.
NCA/PANI materials were prepared by Chung and Ryu
[79] using in situ self-stabilizing dispersion polymerization
to coat a layer of polyaniline on the surface of NCA material
as shown in Figure 4. The synthesized NCA/PANI has a
similar particle size to NCA and demonstrated good cycling
performance compared with pristine NCA to 40 cycles. PANI
(the emeraldine salt form) provides good contact between
polymer and oxide particles, resulting in the observed
increase in the electrical conductivity of the composite
compared with the pristine NCA. Moreover, this material
showed good reversibility for Li insertion in discharge
cycles when used as the electrode of lithium-ion batteries.
Poly(3-hexylthiophene-2,5-diyl) (P3HT), a conducting
polymer studied extensively for its optoelectronic devices,
offers several advantageous properties when used as a clad-
ding material for lithium-ion battery cathode materials. Lai
et al. [80] prepared P3HT for both surface protection and
as a conductive layer for NCA. The thickness was carefully
controlled to limit the ionic resistance while providing
sufficient electronic conduction. The improved conduction
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enables higher power densities to be attained compared with
the control NCA electrodes, which were made with the
standard binder polymer. The dense P3HT coating provides
limited spacing for ion transport of the bulky reactants
generated from the electrolyte breakdown. In this way, the
P3HT functions as an artificial SEI, protecting the NCA
from degradation. The integration of P3HT with NCA
enables the resulting material to perform as a high rate posi-
tive electrode for lithium-ion batteries. Moreover, the use of
the P3HT-CNT binder system led to improved cycling for
NCA at high power density with capacities of 80mAhg"
obtained after 1000 cycles at 16.0 C, a value that was 4 times
greater than that achieved in the control electrode.

3. Doping and Functionalization

Unlike the surface coating, the problem of NCA is solved
from the surface of the material, whereas the bulk phase is
focused on improving the performance from the internal
structure of the material. Primarily, the use of additional
atomic doping combines the properties of foreign atoms with
NCA to enhance the features of NCA or overcome the short-
comings of NCA. At present, there are two kinds of doping
modifications for NCA cathode materials: cationic doping
and anionic doping. Successful doping does not affect the
structure of NCA-positive electrode materials, nor does it
form impurities. Doping can also inhibit Ni** from occupy-
ing Li* vacancies, which reduces the phenomenon of cation
mixing and increases the unit cell parameter ¢, reduces the
irreversible capacity loss during charge and discharge, and
improves the electrochemical performance of the material.
The possible doping mechanism is shown in Figure 5.

3.1. Cationic Doping. Further research with alternative transi-
tion metal elements will help to optimize the structural
design of the NCA-based materials to balance the specific
capacity, cycle performance, and electrical conductivity of
the materials. Mn and Ti have atomic radii similar to Ni
and coordinate with oxygen to replace transition metal atoms

in octahedral interstitial sites. Wan et al. [82] prepared a
LiNi, ¢5sCo, ;Alj 05O, (NCA) cathode material by hydrother-
mal reaction and doping with the transition metals Mn and
Ti, respectively. In the voltage range of 3.0-4.3V, the initial
discharge specific capacity of NCA-Ti and NCA-Mn was
179.6mAhg"' and 171.4mAhg’, respectively, which was
higher than that of undoped NCA (156.5mAh g’l). The octa-
hedral lattice space occupied by lithium ions introduced by
Mn** and Ti*" increases the unit cell volume and enlarges
the lithium layer spacing, thereby improving the diffusion
of lithium ions and thus improving the electrochemical per-
formance of the cathode material. Moreover, the SEI film
resistance (R;) values of the LIBs with the fresh NCA,
NCA-Mn, and NCA-Ti electrodes were 31.1, 52.4, and
24.2 Q, respectively. The smallest R, of the NCA-Ti electrode
suggests that the NCA-Ti electrode has better electrochemi-
cal properties and abilities for rapid electron transport during
the electrochemical Li* insertion/extraction reaction. Tita-
nium jons with a large ionic radius can modify the oxygen
crystal lattice, improve the local coordination environment
of NCA, reduce the cation mixing, and make the material
have better kinetics and thermodynamic properties and
structural stability. Qiu et al. [83] demonstrated that the
appropriate amount of Ti substitution could enable the
NCA cathode to be operated with a high cut-off voltage.
The XRD and TEM results showed Ti doping can effectively
inhibit the mixing of Li*/Ni*" and the surface of the NiO
phase on the surface of NCA kinetics and thermodynamics.
At a high cut-off voltage of 4.7V, 1% Ti-doped NCA
(NCAT-1) had the highest reversible capacity of 198 mAh g™
at 0.1C, and its capacity retention after 100 cycles was
86.9%. In addition, NCAT-1 has a lower Li" diffusion coeffi-
cient and rate performance with higher voltage polarizability
than NCA cathodes. The FeO, octahedron formed in the
Fe-doped NCA material affects the edge-shared NiOg
octahedron, which enhances electron localization, reduces
the tendency to generate active oxygen species at the interface,
inhibits oxidation of the electrolyte, and stabilizes the
interface [84]. LiNijCoq ;5 ,Fe,Aly0s0, (NCFA, 0<y<
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TasLE 1: Crystallographic formula of the prepared samples before and after 10 cycles based on the ICP-AES results [92].
Crystallographic formula
Samples Before cycling After 10 cycles
NCA Li; 604Nl 503C00. 14741004602 Lig 994Nip 509C00 149Al0,0450;
NNCA Li; 002Nag 009Nip 798C0 146Al0,04502 Lig 999Na( 003Nig 892C0.149Al0, 0470,
KNCA Lig 999K0.008Nlp 707C00 14749, 04905 Lig 997K0.008Nlp 705C00 148A10.04905

0.15) cathode materials were systematically studied by Du
et al. [85] using ball milling from the mixture of Ni(OH),,
Co;0,, AL, O, Fe,0;, and Li,CO; under alcohol media for
8h and then calcinated under flowing oxygen at 720°C for
8 h. The characterization results show that the assembled bat-
tery can present excellent physicochemical and battery per-
formance when the Fe substitution is 0.075, the discharge
capacity of NCFA can reach 167.2mAhg"' (NCA is
183.9mAhg™"), and the cycle performance is excellent. In
addition, the capacity retention rate was 88.4% after 350 cycles
(55.7% for NCA) due to the suppression of phase transitions
and stable electrode-electrolyte interface. As the iron content
increases, the (003) and (104) peaks move toward small
angles, and these diffraction peaks are particularly sensitive
to changes in the c-axis and the a-axis of the hexagonal unit
cell [86, 87]. The refinement of the XRD pattern by the
Rietveld method using GSAS software confirmed that the sub-
stitution of Fe might lead to an increase in c-axis and a-axis
values. The increase in the a value and ¢ value is probably
because the ionic radius of Fe’* (0.645A) is greater than
Co’" (0.545 A). However, the c/a ratios of the two samples
were similar, indicating that no disordered phase was formed
in the presence of an appropriate amount of iron [88], indicat-
ing that NCFA still has an excellent lamellar structure.
Excessive element doping is an effective method to
improve the structural stability of layered cathode oxides
[89], and elements doped at the Li site have also proven to
be a viable method to prevent the collapse of layered struc-
tures. Na-doped samples have good oxidation resistance,
lower potential polarization, higher initial coulomb efficiency,
better rate performance, and so on. These characteristics can
also be detected and elaborated in the references. For example,
Wang et al. [88] doped 1% (by weight) NaCl into LiNi, g
Coyq 154l 05O,; the obtained Na-doped sample had superior
cycle stability at 1.0 C, where the initial discharge specific
capacity of the original NCA and the doped NCA did not
differ significantly, 182.9mAh g and 183.9 mAh g™, respec-
tively. After 300 cycles, the capacity of the doped NCA sample
remained 81.6%, higher than in the original NCA (48.1%); by
the columnar effect of the large radius of Na*, the Na-doped
NCA sample particles retained a complete spherical morphol-
ogy even after many cycles. The incorporation of a large radius
of alkali ions can increase the lithium layer spacing and reduce
the degree of cation mixing by increasing the diffusivity of Li*
in the bulk structure. In addition, potassium has similar
chemistry to sodium and a larger ionic radius (1.38 A) and
lower electronegativity [90, 91]. Zhao et al. [92] anchored
1% K" to the Li" site of LiNi, 4Co, ,5Al, 050, as an excellent
structural stabilizer compared with the Na*-doping material

with a similarity to the original material and modification
mechanism, and the K'-doped cathode material exhibited
higher initial coulombic efficiency and better rate perfor-
mance; Lij 69K 0;Nip sC0q 154l 05O, had a large initial dis-
charge capacity of 216.8mAhg " at 0.1C and maintained
87.4% after 150 cycles of a stable cycle at 4.6 V high voltage
and 1.0 C. The ICP-AES results are shown in Table 1. More-
over, Na" can migrate from the material to the electrolyte dur-
ing the high-pressure cycle, and the migration of Na™ causes
the material to also undergo severe capacity decay. In contrast,
K" with a larger ionic radius and lower migration ability can
stabilize and inhibit the irreversible phase transition between
H2 and H3 and the degradation of the host structure by occu-
pying the lithium layer firmly. At the same time, K in the Li*
site prevents the formation of trivacancies in the highly
delithiated state by alleviating the cation migration and the
generation of the resistive spinel and rock salt phases during
the high-pressure cycle, as shown in Figure 6. Considering
the enhanced structural stability of the Ni-rich cathode
material by K* anchoring under high-pressure cycling, it
provides an extraordinary hint for the rational design of
advanced cathode materials for the pursuit of high-energy
density lithium-ion batteries.

3.2. Anionic Doping. Another method to improve the cycling
stability of lithium-ion battery electrode materials is anion
doping. The negative ions currently used are F* [93, 94], CI
[95, 96], Br [97, 98], $* [99], PO,” [100], and so on. In
recent years, to improve the performance of NCA, F has
been added to the list of anions deployed by cryogenic
methods. F~ doping indicates that the process is a catalyst that
promotes the growth of primary particles. The valence state
of the surface nickel ions decreases, the spacing between the
plates increases, and the increase in the impedance during
the cycle is reduced, which is beneficial to inhibiting the deg-
radation of NCA material. Huang et al. [94] prepared differ-
ent amounts of NH,F and NCA dispersed in anhydrous
ethanol, and the mixture was continuously evaporated and
dried. It was homogeneous and calcined in air at 420°C for
4h to obtain an F-doped NCA material (NCAF). As the con-
centration of fluorine increased, some of the nickel ions were
reduced, resulting in a decrease in the initial discharge capac-
ity. NCAF had the best electrochemical performance when
NH,F was added at 2mol %, and the cycle performance of
NCAF was improved at room temperature, high temperature
(55°C), and high cut-oft potential (4.5V).

In contrast, NCA modified with Br will have a more sta-
ble structure than N modified with F, and the electron affinity
of Br is greater than O and F (Br: 342.54k] mol™, F:



International Journal of Photoenergy

Rhomnohedra

Delithiation

Formation of trivacancy

Rhomnohedra
_—]

o
/%]

Delithiation

Immovable K occupies the
Lisite

/*

e O O x
Q@ ) Vacancies in lithiun layer
o i

Rhomnohedra
N, ]

%g?)?g

‘ Irreversible phase transition ’)’4

(a)

Rhomnohedra
N _—

i

Migration of Ni

Rhomnohedra
N _—

lid-
/%

Migration of Ni
is forbidden

2
>/

Irreversible phase
transition is suppresses

(b)

FIGURE 6: Schematic diagrams of the phase evolution routes for (a) potassium-free and (b) potassium-doped samples, which are built on an

O;-layered model with unrealistic radius ratios [92].

328.1kJ mol ™}, and O: 141.3kJ mol ™), so M- (Ni, Co, Al) Bris
stronger than the M- (Ni, Co, Al) O or M- (Ni, Co, Al) F
bond. In addition, Br" doping is expected to produce an
NCA similar to the F'-doping mechanism. Furthermore, the
ionic radius (0.196 nm) of Br’ is larger than F~ (0.133 nm) or
0O (0.140 nm), and the NCA modified with Br may increase
the Li* mobility. He et al. [101] modified the electrochemical
properties of LiNi, ¢,:Co, ;5Al} 0350, (NCA) cathode mate-
rial by in situ Br” doping. The effects of Br" modification on
the structure, morphology, and electrochemical properties of
NCA cathode materials were systematically investigated.
The results of structural characterization show that part of
the Br™ doped into the bulk particles of NCA replaces O* at
position 6¢, thus forming a strong bond between the metal
and Br~ by stabilizing the main structure and improving the
stability of NCA against HF attack. At the same time, the
gap spacing of the NCA is increased, and the growth of the
primary particles is suppressed by the Br™ modification, pro-
viding a wider channel and a shorter path for Li". In addition,
due to the incorporation of Br’, the Ni** portion of the surface
is reduced to Ni**, which also contributes to improving the
structural stability of the NCA. The residual lithium acts as a
stable LiBr rather than an unstable Li,CO,, which can sup-
press the reductive decomposition reaction of the electrolyte.
Electrochemical tests show that 0.2mol% Br’-doped NCA
(NCABr-2) reduces potential polarization, decreasing the
Ry + R, value and increasing the Li" diffusion coefficient.
The capacity retention rate of NCABr-2 was 73.7% after circu-
lating for 100 cycles at 0.5 C, which was higher than the 63.7%
of the original NCA material. Moreover, Br” doping can effec-
tively improve the cycle performance of the NCA cathode
material, and this performance is more obvious at high tem-
peratures. The cycle retention of NCABr-2 at 55°C and 0.5C
was 75.7%, which was much higher than the 41.5% of pure

NCA material. These results clearly show that Br~ doping
contributes significantly to the structural stability and cycle
performance of the NCA material.

Chen et al. [102] adopted a gradient boron-polyanion-
doped nickel-rich LiNi;4Co,;sAl;sO, cathode material.
When the doping amount was 1.5% (molar percentage), the
sample B0.015-NCA had the best cycle performance. It also
worked well at high voltage (4.5V) and high temperature
(55°C). The SEM images analyzed the presence of cracks
and thicker SEI layers on the elementary particles after 100
cycles at high temperature while the doped particles were
intact and the SEI layer was thinner, which reduced the
capacity/potential decay during charge and discharge. Elec-
trochemical impedance spectroscopy confirmed that boron-
polyanion doping could suppress the increase in impedance
during high-temperature cycling. The advantages of gradient
polyanion doping in a structure are mainly reflected in two
aspects. On the one hand, the outer layer of boron-rich poly-
anion decreases the average valence of nickel ions and reduces
the surface reaction of the material. The activity inhibits the
decomposition of the organic electrolyte and plays a role in
surface modification. On the other hand, due to the reduction
of the Ni-O covalent bond and the introduction of the B-O
covalent bond with high bond energy, the change in the 2p
orbital of the O atom and the formation of cracks are effec-
tively alleviated in the charge and discharge process.

4. Conclusions

Given that the NCA material is expected to become the
future cathode material of the lithium-ion battery, it is neces-
sary to pay attention to the practicability of materials. The
modification methods of materials should also be designed
with practicability in mind. It is essential to consider the
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compatibility of the coated or doped NCA material with the
electrolyte and the negative electrode material, compatibility
with the battery manufacturing process, and adaptability. For
the needs of large-scale production, the experimental condi-
tions of the modification process should be as simple as pos-
sible, avoiding the use of more energy-intensive methods and
saving costs. In addition, it is better to use modified materials
that are relatively easy to obtain with a wide range of sources,
which is conducive to the large-scale application of NCA
materials and to meeting the demand for battery materials
in various fields of society in the future. Moreover, the design
of the material itself is also one of the methods to solve the
current problem, and the coating and doping technology is
more important for the modification of NCA materials with
higher Ni content in terms of capacity and price.
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Different zinc foils as anode current collectors by electrowinning in various electrolytes with additives were prepared, which were
evaluated through X-ray diffraction (XRD), scanning electron microscopy (SEM), float charge, and Tafel curve tests. The effect of
different cathode current collectors, electrolytes, and the as-prepared zinc foils as the anode on the coulombic efficiency and the
cycling performance of aqueous batteries were investigated. The results indicate that the initial coulombic efficiency and
discharge capacity of the battery with 1 mol/L ZnSO, and 2 mol/L Li,SO, are 94.31% and 105.7 mAh/g using graphite as the
current collector, which are much higher than 68.20% and 71.0 mAh/g using conductive polyethylene, respectively, attributed to
the smaller polarization and electrochemical transfer impedance (R.,) of the former. However, the capacity retention of the latter
is much higher than that of the former, especially using the high-concentration-lithium-based hybrid electrolyte, of which it is
up to 74.63% even after 500 cycles. Moreover, the cycling performance of a battery with as-prepared zinc foil adding thiourea
and gelatin into electrolyte during electrowinning is much better than that without additives, which is due to the smaller

corrosion rate and side reaction.

1. Introduction

The energy problems have been paid more and more atten-
tion recently. All kinds of energy including solar energy have
been developed [1-4]. Although lithium ion batteries (LIBs)
based on organic electrolyte have gained great improvement
as one of the most competitive energy conversion and storage
systems with high energy/power density [5-7], their cost,
safety, and large-rate charge/discharge characteristics are still
the challenging issues which need to be solved in view of their
large-scale use in electric vehicles and smart grids [8-13].
On the contrary, the aqueous rechargeable batteries are
much safer and cheaper than LIBs since it was first proposed

by Dahn’s group in 1994 [14]. Many efforts have been made
to improve the electrochemical performance, and a series of
aqueous rechargeable battery systems have been constructed
and investigated [15-18]. However, the aqueous rechargeable
batteries at present still suffer from very poor cycling and rate
performance due to the side reactions such as the serious
oxygen evolution and so on. The main bottleneck for the
practical application is associated with selection about the
electrode materials.

In recent years, many studies have showed that zinc as
the anode exhibits excellent reversibility, high overpotential
for hydrogen evolution in a weak acidic environment. Based
on the defects and limitations of aqueous rechargeable
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lithium ion batteries (ARLIBs), a hybrid cationic aqueous-
based rechargeable battery system based on lithium interca-
lation cathode with undoped LiMn,O, and low equilibrium
potential and low-cost zinc anode was first reported by
Chen’s group [19]. Since then, they have attracted increasing
concerns about aqueous batteries [20, 21] and the similar
systems such as Na, ,,MnO,//Zn [22], LiMnPO,//Zn [23],
LiCo, sMn, 5Ni, ;PO,//Zn [24], and so on [25-28].

However, the hydrogen evolution, zinc corrosion, and
zinc dendrite could not be ignored in the hybrid cationic
aqueous-based rechargeable battery, which takes place as
the side reaction in the anode. Wu et al. [29] studied the effect
of different zinc anodes on the electrochemical performance
in the previous report and found that the surface morphology
of zinc anode could affect the cycling performance.

In this paper, the different zinc foils were prepared
by adding different additives into the electrolyte during
electrowinning. The structure, morphology, and corrosion
performance of the zinc anodes were compared, and the
float charge and the cycling performance of batteries
were discussed. Meanwhile, the effect of different cathode
current collectors and electrolytes on the coulombic effi-
ciency and the cycling performance of the battery were
studied systematically.

2. Experimental

Zinc foil was prepared by electrowinning under the following
conditions, aluminum plate and lead plate were used as the
cathode and anode, respectively, and 58g/L Zn*" and
150g/L H,SO, were used as the electrolyte, including some
additives like thiourea (TU) and getatin (GL) in order to
improve the morphology and the electrodeposition process
of zinc.

The cathode electrode was prepared by casting slurries
of LiMn, 0, (MTI Co.), KS-6 (Alfa Aesar Co.), and polyvi-
nylidene fluoride (PVDF, Arkema Inc.) (86:7:7wt.%) in
N-methyl-2-pyrrolidinone (NMP, Sigma-Aldrich Co.) on
graphite or conductive polyethylene (abbreviated for PE)
foil (SGL Group Co.) and dried in a vacuum oven at 60°C
for 6h. The cathode electrode with disks of 14 mm diame-
ter was cut and then soaked in electrolyte under vacuum
for 10~15min. The electrolyte was prepared by dissolving
zinc sulfate and lithium sulfate (analytical grade from
Aldrich) in deionized water and adjusting the solution of
pH to 4. Similarly, the zinc foil was used as an anode current
collector, and AGM (Absorbed Glass Mat, NSG Corpora-
tion) wet with the above electrolyte was used as a separator.
Lastly, the galvanostatic charge-discharge test for coin-type
batteries was performed with a battery tester (Land in China)
in the potential range of 1.4~2.1V at room temperature
at 4 C-rate. The float charge performance was measured
to investigate the side reaction based on the result of
float charge current density. First, the battery was cycled
for 3 times at 0.2 C-rate between 1.4 and 2.1V and then
charged to 2.1V and the last charged at 2.1V with the
constant voltage for 24h at 60°C.

The Tafel curve was used to evaluate the corrosion per-
formance in a three-electrode system. The working electrode
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is zinc anode after electrowinning (d = 5mm), the counter
electrode is platinum wire (d=8mm), and the reference
electrode is Hg/Hg,SO,,.

To identify the phase constitutions, the as-prepared zinc
foils were characterized by X-ray diffraction (XRD, D8 Dis-
cover, Bruker) employing Cu Ka (A = 0.15406 nm) radiation
from 20° to 90°. Field emission scanning electron microscopy
(FE-SEM, Leo-1530, Zeiss) with an accelerating voltage of
20kV was conducted to investigate the morphology of zinc
foil after electrowinning.

3. Results and Discussion

3.1. Effect of Different Cathode Current Collectors and
Electrolyte on the Electrochemical Performances. The charge/
discharge performance of LiMn,O,//Zn at 4 C-rate with two
different cathode current collectors was evaluated between
1.4 and 2.1V at room temperature. Obviously, with the cycle
number increasing as shown in Figure 1, the discharge capac-
ity of the battery with the same electrolytes using graphite as
the cathode current collector fades gradually, while the
capacity of the battery using PE increases at the beginning
and then decreases correspondingly. Meanwhile, the battery
using graphite shows higher charge/discharge capacities than
that with PE, and the initial charge/discharge capacities of
the former with 1mol/L ZnSO, and 2mol/L Li,SO, are
112.1 mAh/g and 105.7 mAh/g, respectively, with a capacity
retention of 67.22% even after 500 cycles, while that of the
latter delivers 104.0 mAh/g and 71.0 mAh/g, respectively, and
the capacity retention is up to 74.63% after 500 cycles
compared to the initial discharge capacity, indicating a much
better cycling stability than the battery with graphite as the
current collector. However, from Figure 2(a), it can be seen
that the charge capacities of both batteries using graphite
and PE with the same electrolyte are nearly the same, while
the initial coulombic efficiencies are 94.31% and 68.20%,
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FIGURE 2: The charge/discharge curves of LiMn,O,//Zn at 4 C-rate (a) with different cathode current collectors (b) with different electrolytes

and (c) EIS spectra before cycling.

respectively. That is to say, the increased coulombic efficiency
is due to the higher discharge capacity of the battery with
graphite. In addition, the charge/discharge plateau was com-
pared to each other in Figure 2(a). The charge plateau of the
battery using PE is much higher, while the discharge plateau
is much lower than that using graphite, indicating the larger
polarization for the former with PE. In order to further con-
firm this, the electrochemical impedance spectroscopy (EIS)
measurements simulated by Zview 2.0 were performed for
the batteries before cycling with 1 mol/L ZnSO, and 2 mol/L
Li,SO,, and the parameter results are listed in Table 1. As
can be seen from Figure 2(c), the curve consists of two parts,
a semicircle at high frequency and a sloping line at low fre-
quency. The semicircle corresponds to the charge transfer
resistance (R,) and double layer capacitance (Cg). The
sloping line represents the Warburg impedance (Z,,), which
is related to the diffusion coefficient of Li* in the solid phase.

TaBLe 1: Impedance parameters of equivalent circuit of
LiMn,O,//Zn.

Current collector R, (Q) R, ()
Graphite 4.787 74.57
PE 8.613 347.7

However, the R, is only 74.57 Q) for the battery with graphite,
which is much smaller than that of 347.7 Q) with PE. The
smaller polarization for the battery with graphite is mainly
attributed to the smaller charge transfer resistance (R) than
that with PE.

Furthermore, the cycling performance and the charge-
discharge curves of the batteries with different electrolytes
are compared in Figures 1 and 2(b). When using the same
cathode current collectors of PE, it delivers the higher initial



discharge capacity with high-concentration zinc-based elec-
trolyte than that with high-concentration lithium-based
electrolyte although the charge capacity is nearly the same,
while the capacity retention of the former is much worse
than the latter after 300 cycles, demonstrating the worse
cycling stability, which is attributed to the high polarization
with high-concentration zinc-based electrolyte. However,
the coulombic efficiency of the former with 77.72% is much
higher than the latter with 68.20%; the reason should be
further investigated.

In fact, the charge-discharge mechanism is different
from the traditional “rocking-chair” type battery [30, 31].
During the charge/discharge process, the hybrid lithium
and zinc coexist in the electrolyte, and the lithium ions
are deintercalated from the cathode of LiMn,O, first and
dissolved into the weak acid electrolyte, accompanied by
releasing electrons. While zinc ions accept electrons from
the external circuit, depositing onto the surface of a zinc
current collector, of which the opposite process will take
place during the discharge process. We note that the
deposited material composition in the charge process is
the same as the zinc current collector in the anode side.
Previous research [29] indicates that it is easy for zinc to
be corroded by acid electrolyte and the cycling perfor-
mance of the battery with different surface morphologies
of zinc is different. Herein, we prepared different zinc
anodes by electrowinning below.

3.2. The XRD and SEM of Zinc during Electrowinning.
Organic additives are most widely investigated for control-
ling the various qualities of electrowinning metal. It can
usually reduce the grain size and change the morphology of
deposited metals and the orientation growth of lattice plane
using different additives. The reduction of grain size by
different organic additives is mainly related to the synergistic
effect [21]. Considering these, TU and GL have been used in
this paper.

Figure 3 shows the XRD patterns of zinc foils. As can be
seen, all peaks are indexed with that of the JCPDS 87-0713,
and no impurity peaks can be found. However, compared
with the electrowinning zinc from a sulfate solution con-
taining 58 g/L Zn>" and 150g/L H,SO, without additives,
the (002), (100), and (101) peak intensity of zinc adding
TU in the electrolyte has been increased a lot, which means
that the preferred orientation of zinc particles happens in
these planes after adding TU. Furthermore, XRD patterns
of electrowinning zinc adding TU and GL have been char-
acterized. To our surprise, the (002) plane has been inhib-
ited to a certain extent, while the peak intensity of (100)
and (101) has been increased continually. In order to find
out the differences, SEM images of the electrowinning zinc
have been tested, as indicated in Figure 4. The deposited
zinc without additives is furry in Figure 4(a), which is due
to the hydrogen evolution probably during the electrowin-
ning. However, the zinc surface is very compact after add-
ing the single GL in Figure 4(b), while the finest particles
like leaves are formed due to the addition of GL in the elec-
trolyte in Figure 4(c). As the mixture of TU and GL is
added into the electrolyte in Figure 4(d), it shows a similar
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FIGURE 3: XRD patterns of zinc foil by electrowinning.

synergetic effect on the morphology, resulting in the
smooth and compact zinc.

3.3. The Electrochemical Performance of Battery with
Electrowinning Zinc. To further compare the difference of
the zinc foils by electrowinning with or without mixed addi-
tives, galvanostatic charge/discharge was conducted between
1.4 and 2.1V at 4 C-rate. As shown in Figure 5(a), there are
two distinguished plateaus using the electrowinning zinc
adding TU and GL that reflect two-stage Li-ion extractio-
n/insertion behavior and are consistent with the previous
reports [27]. In Figure 5(b), the capacity retentions after
300 cycles are 1.62%, 34.88%, and 45.63%, respectively, for
three parallel batteries, of which the zinc current collectors
were cut from the same piece of zinc foil by electrowinning
from a sulfate solution containing 58 g/L. Zn** and 150 g/L
H,SO, without additives in the electrolyte, and the consis-
tency of the zinc is very bad. However, it is noted that
the specific discharge capacity of the battery using electro-
winning zinc adding TU and GL delivers 78.5 mAh/g after
300 cycles and the capacity retention is up to 70.88% with
a much better stability.

A float charge test is used here for evaluating the side
reactions of the battery; the float charge measurement with
different electrowinning zinc was performed with 1 mol/L
ZnSO, and 2mol/L Li,SO, as illustrated in Figure 6(a).
Obviously, the float charge current densities are 13.0 and
9.5mA/g for the battery using electrowinning zinc adding
TU and GL compared with that without additives. Further-
more, the Tafel curves of different zinc current collectors
were tested as shown in Figure 6(b). The corrosion potential
(-1.427 V) of electrowinning zinc with mixed additives in the
electrolyte in Table 2 is a little higher than that (-1.434V)
without additives, indicating that it is easy to be dissolved
into the electrolyte for the former zinc, while the corrosion
current (79.926 yA) of the former is much lower than the
latter (2173.021 uA), which is consistent with the float charge
result, demonstrating the smaller side reaction.
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FIGURE 4: SEM images of zinc foils by electrowinning (a) without additives; (b) gelatin; (c) thiourea; (d) gelatin+thiourea.
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FIGURE 5: The cycling performance of LiMn,0,//Zn at 4 C-rate with different zinc foils by electrowinning as the anode.

4. Conclusions and discharge capacity compared to that with PE, while

high-concentration lithium-based hybrid electrolyte improve
The hybrid cationic aqueous battery based on Li" insertio-  the cycling performance of the battery compared to that with
n/extraction at cathode and Zn** dissolution/deposition at  high-concentration zinc-based hybrid electrolyte. The hybrid
anode is built up. It is found that graphite as the cathode  electrolyte additives improve the morphology of the zinc foil,
current collector increases the initial coulombic efficiency  furtherly improving the cycling performance of the battery.
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FIGURE 6: (a) The float charge process of LiMn,0,//Zn at 0.2 C-rate at high temperature and (b) the Tafel curves of different zinc current

collectors by electrowinning with or without additives.

TaBLE 2: The corrosion potential and corrosion current of different
zinc foils.

Corrosion Corrosion
potential (V) current (uA)
Electrowinning Zn -1.434 2173.021
Electrowinning Zn adding additives -1.427 79.926

The excellent reversibility and good cycling properties
indicate that LiMn,O,//Zn based on hybrid aqueous elec-
trolyte is a promising battery system for large-scale energy
storage/conversion devices.
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