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Traditional composites, including polymer matrix com-
posites (PMCs), metal matrix composites (MMCs), and
ceramic matrix composites (CMCs), have been widely in-
vestigated for decades. Usually, the lightweight characteristic
is the eternal pursuit of the composites and their structures
for engineering applications, in order to improve the ef-
fective load and lower the cost. Previous works simply fo-
cused on the lightweight design of compositses and
structures but merely focused on the functional design of
composites and structures for various engineering appli-
cation environments, such as high mechanical load, high
temperature, corrosion, low thermal expansion, wave ab-
sorption, wave transmission, and vibration suppression.
Therefore, how to combine the lightweight and multi-
functional characteristics has attracted much attention
recently.

Therefore, the integrated lightweight and multifunc-
tional composites and structures not only exhibit the
lightweight behavior but also present multifunctional
characteristics (e.g., load bearing, protective, ablative, heat
insulative, wave absorbing and transmitting, vibration
suppressing, explosion resistive, low thermal expansive, and
anticorrosive properties). The main challenges involved in
integrated lightweight and multifunctional composites and
structures, such as the design theory and method, fabrication
technology, and characterization method, need to be spe-
cially focused and studied.

The aim of this special issue is to publish the latest re-
search progress and findings in the field of integrated
lightweight and multifunctional composites and structures
and to promote the applications of integrated lightweight

and multifunctional
engineering.

The paper entitled “Mechanical Characterization of
Lightweight Foamed Concrete” focused on the mechanical
characterization of lightweight foamed concrete, which
shows excellent physical characteristics such as low self-
weight, relatively high strength, and superb thermal and
acoustic insulation properties. The paper entitled “Strength
and Failure Mechanism of Composite-Steel Adhesive Bond
Single Lap Joints” described the strength and failure
mechanism of composite-steel adhesive bond single lap
joints because the joints of composite steel are very im-
portant for lightweight structures for engineering applica-
tions. The paper entitled “Undrained Dynamic Behavior of
Reinforced Subgrade under Long-Term Cyclic Loading”
studied the undrained dynamic behavior of reinforced
subgrade under long-term cyclic loading, owing to light-
weight structures sometimes working under a long-term
cyclic loading environment. Sometimes, the lightweight
structures sever under impact environments, so the paper
entitled “Impact Analysis of Brake Pad Backplate Structure
and Friction Lining Material on Disc-Brake Noise” pre-
sented the impact analysis study of the brake pad backplate
structure and friction lining material on disc brake noise.
The fifth paper entitled “A Study on the Fundamental
Quality of Magnesia-Phosphate-Formed Mortar Compos-
ites Using Superabsorbent Polymer for Development of
Concrete for Biological Panel” focused on the fundamental
quality of magnesia-phosphate-formed mortar composites
using the superabsorbent polymer for development of
concrete for the biological panel, owing to this composite

composites and structures for
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showing excellent absorption ability together with the
lightweight characteristic. For the functions of these light-
weight structures, the sixth paper entitled “Improvement of
the Acoustic Attenuation of Plaster Composites by the
Addition of Short-Fibre Reinforcement” investigated the
acoustic attenuation of plaster composites by the addition of
short-fibre reinforcement. The seventh paper entitled “Im-
proving Electromagnetic Shielding Ability of Plaster-Based
Composites by Addition of Carbon Fibers” described a novel
composite structure with a high electromagnetic shielding
ability. The eighth paper entitled “The Bending Responses of
Sandwich Panels with Aluminium Honeycomb Core and
CFRP Skins Used in Electric Vehicle Body” described the
bending responses of sandwich panels with an aluminium
honeycomb core and CFRP skins used in the electric vehicle
body. And after all, for significant ceramic matrix com-
posites, typically C/SiC composites were also studied.
Joining of C/SiC composites to other materials is very
common during the application of lightweight structures;
the ninth paper entitled “Joining of C¢/SiC Ceramic Matrix
Composites: A Review” presented a perspective review on
the joining technologies of the C/SiC composites by the
guest editors.

We do hope this special issue can give some thinking and
references of the integrated lightweight and multifunctional
composites and structures and can promote their engi-
neering applications.
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The purpose of this study was to investigate the base material of the biological panel as one of the researches for developing the
biological panel using (micro)organisms. In order to select the base material for the biological panel, the applicability of the
magnesia-potassium-phosphate-foamed mortar composites material using the superabsorbent polymer was evaluated through
the evaluation of basic quality and characteristics. Experiments were conducted to evaluate the fluidity, compressive strength, pH,
roughness (porosity distribution), and moisture retention (absorbency) of the magnesia-phosphate-foamed mortar composites
according to the additional amount of the superabsorbent polymer. Experimental results showed that the addition of a suitable
superabsorbent polymer can provide good results in terms of compressive strength, workability, and moisturizing properties
(absorbency). As a result, it can be used as a basic quality study data of the biological panel design.

1. Introduction

Due to the rapid industrial revolutions around the world and
indiscriminate urban development, there is a series of serious
environmental problem such as increase of CO, emissions,
fine dust generation, and increase of cooling energy use due to
reduction of the green area [1, 2]. In order to solve this
problem, various researches and efforts have been carried out
both domestically and externally in order to develop eco-
friendly construction materials. However, most of them have
been focused on waste resource utilization, carbon abatement
type, and environmentally friendly concrete technology [3-
10]. These technologies can solve the problem of CO, re-
duction, but it is difficult to take alternative measures to heat
island phenomenon and increase of cooling energy use due to
increase of city’s atmospheric temperature.

In order to compensate for this, there is a way to solve the
problem by installing a vertical garden inside and outside the
building, but it is difficult to integrate with the exterior wall

of the structure. In addition, complex support structures
and expensive maintenance and installation costs increase
about three times as compared to the common garden of the
same area, making it difficult to commercialize them eco-
nomically [11]. Although there are sponge, mat type, block
type, and lightweight soil, similar to the vertical garden,
there are many durability problems [12-17].

To solve this problem, biological panels can be developed
and integrated with the structure. Biological panels should
be easy to put on (biology), etc., and environment should be
created so that it can survive after it is rooted. However,
when cement is used as a material for panel fabrication, it
forms a high pH, which makes it unsuitable for survival and
maintenance of living (micro)organisms [18]. In addition,
smooth or dense surface makes it difficult to attach (micro)
organisms, and similarly problems arise with nutrients and
water supply for (micro)organisms [19].

As one of the basic studies for the development
of biological panels, it was investigated whether the


mailto:cgdbs02@nate.com
http://orcid.org/0000-0002-2234-036X
http://orcid.org/0000-0002-3022-3622
http://orcid.org/0000-0002-2337-051X
http://orcid.org/0000-0002-5889-5260
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2018/1892127

magnesia-phosphate-foamed mortar composites used the
superabsorbent polymer. Unlike conventional cement,
magnesium-phosphate composites can form neutral pH
[19]. In addition, air bubbles can form pores on the surface
and inside the matrix, and adsorption of nutrients in the air
through the pores can be beneficial for the growth of living
(micro)organisms [19].

In addition to these, porous surfaces are important, and
their supply to moisture also plays a very important role in
the growth of living (micro)organisms. In order to achieve
such a purpose, the superabsorbent polymer can be applied.
The superabsorbent polymer can absorb more than several
times its own mass of moisture, and the absorbed moisture
gradually dries. When the superabsorbent polymer is ap-
plied to the biological panel, the moisture retention of the
panel can be improved.

Accordingly, even in a dry environment, the absorbed
moisture of the superabsorbent polymer can be utilized for
the purpose of moisture supply of (micro)organisms [19].

Therefore, in this study, a magnesium-phosphate-
potassium-formed mortar composites using a superabsor-
bent polymer was prepared as a parent material of the bi-
ological panel, and basic quality characteristics and biological
characteristics were examined. The results of this study are
used to reflect the quality of the biological panel design.

2. Experiment Outline
2.1. Experimental Materials

2.1.1. Magnesia-Potassium-Phosphate ~ Cement  Mortar
Composites. The magnesia cement used in this experiment
was dead magnesia (MgO, hereinafter referred to as “M”) with
a density of 3.6 g/m’ fired at a high temperature of 1,500°C or
more. As a curing agent which reacts with dead magnesia,
potassium monophosphate (KH,PO,, hereinafter referred to as
“P”) having a purity of 99% or more and a density of 2.34 g/m’
was used. In addition, boric acid (H3BOs3, hereinafter referred
to as “R”) was used as a retarding agent in consideration of its
workability, and silicate no. 8 (hereinafter referred to as “S”) of
95% or more of SiO, was used as an fine aggregate. Magnesia
cement requires a retarder for workability due to fast curing
time. And since it is made of a dense ceramic structure, it
exhibits high strength of about 40 MPa in a short time.

Table 1 shows the chemical composition and physical
properties of materials used in the experiment.

2.1.2. Foaming Agent. The foaming agent used in this ex-
periment was sodium bicarbonate (NaHCOj3, hereinafter
referred to as “F”) which reacted with potassium ions and
reacted with acid ions to generate bubbles. F is a suitable
foaming agent that combines with ions generated by an acid-
base neutralization reaction to generate a gas, and the
chemical reaction formula can be expressed as follows:

HCO; + H" — CO, + H,0 (1)

The bubbles created through this bond create a rough
surface through the voids inside and outside the mortar,

Advances in Materials Science and Engineering

TaBLE 1: The physical and chemical composition of the materials
used in the experiments.

Type Purity ALO5 SiO, MgO Densi‘jty
(%) (%) (%) (%) (g/m)

M 96 0.1 1.1 95.6 3.6

p 99 — — — 2.34

R 99.5 — — — 1.4

S 95 — 95 — 2.65

which facilitates the absorption and storage of water and the
adsorption of nutrients in the atmosphere [20].

2.1.3. Superabsorbent Polymers (SAP). The superabsorbent
polymer used in this study was an acrylic acid polymer,
sodium salt (sodium polyacrylate). The superabsorbent
polymer is a white powder which is capable of absorbing
water several hundred times its own weight. When the water
is absorbed, the volume expands and reaches gel state. The
swelling characteristics of such a superabsorbent polymer
vary depending on the interparticle density, the chemical
structure of the superabsorbent polymer, the pH of the
absorbed liquid, the temperature, and the ion concentration.

2.1.4. Experimental Plan. In this study, first, data were col-
lected for magnesium-phosphate-formed mortar composites
(SMPEC) using the superabsorbent polymer. Through pre-
liminary experiments, the data of more than 10 MPa of the
target strength were obtained by using the water/binder ratio
(W/B) 30%, MgO : KH,PO, ratio (P: M) 1:0.5, fine aggregate
volume/total mortar volume ratio (Vs/Vm) 10%, retardation
3%, and foaming agent 0.5%. Therefore, 4 levels (0.25, 0.5,
0.75, and 1.0%) were prepared for data acquisition according
to SAP addition. In addition, the flow characteristics, com-
pressive strength, pH, roughness, and moisture retentivity
were measured. The bubbles were applied in the postfoaming
mode. The compressive strength was set to 10 MPa or more in
terms of landscaping design at 6 hours, 1day, 3 days, and
7 days of age in accordance with the characteristics of mag-
nesia cement. Table 2 shows the mixing ratio of SMPFC used
in the experiment.

2.2. Experimental Method

2.2.1. Mixing of SMPFC. The SMPFC was subjected to dry
mixing with M, P, R, and SAP for about 2 minutes. Then, the
blend was then mixed with the compounding water for 2
minutes at the low speed and then for 3 minutes at the high
speed. Thereafter, additional water containing F was added,
and the mixture was further mixed at the high speed for one
minute.

2.2.2. Extra Water (eW) Decision. SAP rapidly absorbs
moisture when exposed to moisture. Also, the amount of
absorbed water increases with time. For this reason, the unit
water quantity sharply decreases, the fluidity decreases, and
the workability decreases. In addition, magnesia cement
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TABLE 2: Mix design.

Binder

Type W/B (%) R

F SAP Extra water (eW)

SMPEC-P

SMPEC-0.25

SMPEC-0.5 35 1 0.5
SMPEC-0.75

SMPEC-1.0

3% on M

0.25% on binder 10% on W
0.5% on binder 16% on W
0.75% on binder 22% on W
1.0% on binder 27% on W

0.5% on binder

requires a large amount of unit water, unlike ordinary cement.
This problem can be solved by adding additional water [21].

Previous studies have shown that SAP exhibits maxi-
mum absorption after 10 minutes of contact with water and
is shaped like a gel [22]. Therefore, additional water should
be added before reaching maximum absorption.

As a result of the preliminary test, it was found that, to
achieve the target slump, extra water should add about 6% of
the unit water when the SAP is increased by 0.25%.

2.2.3. Flow. The flow of SMPFC was measured in accor-
dance with the “KS L 5105 Hydraulic Cement Mortar
Compressive Strength Test Method”.

2.2.4. Compressive Strength. The compressive strength of
SMPFC was cubic-type specimens of 50mm x 50mm x
50mm prepared according to “KS L 5105 Compressive
Strength Test Method of Hydraulic Cement Mortar,” fol-
lowed by curing. Afterwards, the sample was demolded, and
the compressive strength was measured by universal testing
(UTM) at each age.

2.2.5. pH. The pH of SMPFC was measured in accordance
with KS M 0011 “Method for measuring pH of aqueous
solution.” Also, the pH of SMPFC was measured according
to age.

2.2.6. Surface Roughness. The roughness measurement of
SMPFC was measured by relative comparison with the
surface of the bubble-free reference specimen. Roughness is
an important factor in the application of biological panels
because it is one of the indicators to induce adsorption on
the surface of rainwater or nutrients in the air.

2.2.7. Moisturizing Property. The moisture retention
(moisture content) of SMPFC was measured by wetting
curing of the specimen for one day according to KS F 2459
“Test method of apparent density, water content, water
absorption, and compressive strength of foam concrete”.
Thereafter, the mass of the dried sample in the drying
furnace was measured.

3. Experimental Results and Discussion

3.1. Flow. Figure 1 shows the flow measurement result
according to the addition amount of SAP of SMPFC. As
a result of the experiment, the flow value decreased by about
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F1GURE 1: Test results of flow (extra water not added).

10% every time the SAP addition amount was increased by
0.25% without determining the additional extra water (eW).
The cause of this phenomenon is considered to be the
property of absorbing moisture of SAP. However, if eW is
added as shown in Figure 2, the target flow can be satisfied.

3.2. Compressive Strength. Figures 3-6 show the results of
compressive strength measurement according to the addi-
tional amount of SAP of SMPFC, and the results of the
compressive strength test at 6 hours, 1 day, 3 days, and 7 days
of age are shown. The compressive strength at 6 hours did
not achieve the target strength in all cases. Also, the com-
pressive strength at 1 and 3 days was more than 10 MPa for
plain. A mix with SAP that could achieve the target intensity
was possible after 7 days. The compressive strength of SAP
0.25% at 7 days was above 12 MPa and decreased propor-
tionally with increasing SAP. The compressive strength of
SAP 0.5% was about 8 MPa, and the compressive strength of
SAP 0.75 and 1.0% was less than 5 MPa lower than the target
strength. Overall, as the amount of SAP increased, the
compressive strength decreased, and the specimen with 1.0%
SAP was easily destroyed. However, when the addition
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FIGURE 3: Test results of compressive strength (6H).

amount of SAP was 0.25%, similar results were obtained.
Therefore, if the optimum amount of SAP is to be found, it
will be possible to control the strength when applying the
biological panel.
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3.3. pH. Figure 7 shows the pH measurement results
of SMPFC at 6 hours, 1 day, 3 days, and 7 days. As a result
of the experiment, the pH of the specimen tended to increase
with age. Magnesia cement was measured at pH 7-9
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depending on the type of the phosphate used in the for-
mulation. The SAP used in the experiment was a material
with a pH of 6.5 and showed no significant effect on the pH
change of SMPFC. The pH at 7 days was measured as 9. Since

the matrix for biological panels is important for the survival
of (micro)organisms, it is necessary to examine the pH.
From these results, SMPFC, which is a neutral region, would
be a favorable condition for the survival environment of
(micro)organisms.

3.4. Surface Roughness. Figure 8 shows the result of mea-
suring the surface roughness of the SMPFC. It found that the
pore depths of the 0.25% are in the range of 1.0-0.005 mm
and the pore depths of the 0.5% SAP additions are in 0.1 mm.
And pores visible by the naked eye were observed from the
micropores.

In the case of 0.75% and 1.0% of SAP additions, SAP was
observed on the surface because the amount of SAP added
was too large. In addition, it was confirmed that the effect of
the foaming agent was hardly observed. The reason for this is
that a considerable amount of SAP absorbs moisture quickly
and suppresses bubble generation. Figure 9 shows the dis-
tribution of voids on the surface of the bubbled test piece.
These results suggest that SMPFC with a rough surface due
to bubbles will be an advantageous growth condition of
(micro)organisms and will be advantageous for the ad-
sorption of nutrients in the air.

3.5. Moisturizing Property. Figures 10-14 show the mea-
surement results of moisture content (moisture content)
according to the addition amount of SAP of SMPFC. The test
roughly evaluated the amount of moisture absorbed by the test
piece and SAP through the pores generated on the inside and
the surface of the test piece. A qualitative evaluation was
performed on the assumption that the larger the pores, the
more the SAP could contain in the pores and absorb a large
amount of water. The weight of the dried specimen was
measured first, and then, the weight of the specimen im-
mersed in water for one day was measured. Then, the period of
reaching the dry weight at room temperature was measured.

As shown in Figures 10-14, the moisture retention of
SMPEC-P was about 10% larger than that of dry weight. And
SMPFC-0.25 was 5% higher than SMPFC-P. As the SAP
increased by 0.25%, it increased continuously by about 5%.
These results show that the amount of SAP added affects the
moisture retention, and the sample without SAP showed
a drying time about 3 days faster than the sample with SAP
added. As the amount of SAP increased, the drying time at
room temperature tended to increase by 2 to 3 days com-
pared to that of SMPFC-P. In the case of the sample with
1.0% SAP content, the complete drying time was about 9 to
10 days. These results suggest that when applied as a matrix
for biological panels, the addition of SAP improves the
moisture retention and absorbs moisture in the air, which
may have a positive effect on the growth of the organism.
However, when the amount of SAP increases, it will decrease
in compressive strength and durability. Therefore, the op-
timal amount of SAP should be reviewed. Figure 15 shows
the SAP that absorbed moisture inside the test.

These results suggest that SMPEC with improved
moisture retention by SAP may contribute to the water
supply of (micro)organisms to some extent. In addition, it is
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F1GURE 9: Surface of SMPFC.

considered that the moisturizing effect in the atmospheric
moisture or rainy weather will be further increased.

4. Conclusion

As one of the basic studies for the development of biological
panels, it is investigated that the magnesia-phosphate-
foamed mortar composites using the superabsorbent poly-
mer. The following conclusions were obtained:

(1) The magnesia-potassium-phosphate-foamed mortar
composites using a superabsorbent polymer were
able to satisfy the target flow when extra water was
added according to the mixing ratio of the super-
absorbent polymer.

(2) The magnesia-potassium-phosphate-foamed mortar
composites using a superabsorbent polymer showed
a tendency to decrease in compressive strength
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FIGURE 10: Test results of moisture content (plain).
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€)

depending on the mixing ratio of the superabsorbent
polymer. The mixing ratio of the superabsorbent
polymer satisfying the target strength was found to
be within 0.25%.

The magnesia-potassium-phosphate-foamed mor-
tar composites using a superabsorbent polymer
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showed a tendency to increase in water content
according to the mixing ratio of the superabsorbent
polymer. It also formed a roughened surface by
bubbles.

From these results, it was confirmed that the optimum
range of the superabsorbent polymer satisfying the
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FIGURE 15: SAP absorbed inside the specimen.

target strength was 0.25%. In addition, the rough surface by
the foaming agent and the moisture retention by a super-
absorbent polymer will be beneficial to rooting and growth
conditions of (micro)organisms. As a sequential study,
studies on biological acceptability and the growth of (micro)
organisms should be accompanied.
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To study the dynamic behavior of reinforced subgrade, a series of undrained cyclic triaxial tests of reinforced soil (the specimen
a height of 50 cm and a diameter of 20 cm) were performed in this paper. The specimens were tested by varying confining pressure,
vibration frequency, dynamic stress amplitudes, and reinforced layers. Orthogonal experiment is a better way to optimize the
process of experiment. Impact on dynamic behavior of the reinforced soil specimens is discussed through orthogonal design of
experiments in four factors and three levels. This study has demonstrated that the order of dynamic elastic modulus of reinforced
soil is influenced by dynamic stress amplitude, frequency, reinforced layer, and confining pressure within changing in factor level.
The dynamic stress amplitude has great influence on the dynamic elastic modulus of reinforced soil. The bearing capacity and
dynamic elastic modulus of reinforced subgrade decrease slightly with the increase of dynamic strain. Frequency has an influence
on the dynamic elastic modulus. It is shown that the cumulative strain of reinforced soil is related to the vibration frequency. The
test results also exemplify the reinforced subgrade restrict lateral displacement of subgrade and reduce settlement of subgrade

under long-term cyclic loading.

1. Introduction

In recent years, high-speed railway and heavy-haul railway
have become a major tendency for the development of
modern railway in China. Reinforcement is an effective and
reliable technique for increasing the strength and stability of
subgrade soil. This technique is used in a variety of appli-
cations ranging from retaining walls to subgrade and so on.
Geogrid is a type of synthetic materials being used to im-
prove engineering properties of soil by providing extra re-
sistance of shear and tensile stress. The dynamic effect of
train and railway track has been significantly enhanced by
the acceleration of train speed and the increase of axle
weight. On one hand, the vibration of the track increases
under the cyclic loading, which accelerates the break of the
railway track. On the other hand, the railway subgrade is
composed of loose soil material with obvious anisotropy,
which appears to be characterized by nonlinearity, hyster-
esis, and deformation accumulation. Unlike the earth-
quake or storm wave loading, low amplitude one-way cyclic

loading is more typical for traffic loading. Reinforced sub-
grade is subjected to large numbers of load applications at
a stress level below their strength.

After years of railway operation, uneven settlement of
the subgrade has been observed, and then the deformation
accelerates, which aggravates the interaction between the
railway track and the train. It can cause significant problems
in railway infrastructure and is a challenge for the engineers
to keep railway track working well. Therefore, it is of great
practical relevance to study the dynamic behavior of rein-
forced subgrade under traffic loading. At present, the
methods used to study the dynamic behavior of soil are
divided into experimental study (field test and model test)
and theoretical study (analytical method and numerical
simulation).

In the past decades, many experimental studies have been
carried out to investigate the dynamic behavior under long-
term cyclic loading. For example, cyclic triaxial tests, resonant
column tests, and shaking table tests on the dynamic behavior
of reinforced soil were reported earlier by [1, 2, 3, 4, 5].
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The vertical acceleration, horizontal acceleration, and
vertical displacement of reinforced retaining walls increase
gradually as the height of the wall grows [6]. However, the
tendency of increasing of horizontal displacement is not
obvious, which has a strong relation with stress waveform
generated by train loads. Model tests on the reinforced
retaining wall under the repeated loads were carried out to
investigate the dynamic response of the retaining wall [7]. It is
shown that the displacement average value of the wall is
related to the height of the wall. With the increase of dynamic
load, the tendency of displacement and strength of reinforced
retaining wall go through three stages: vibration compaction
stage, vibration shear stage, and vibration failure stage.

In addition, the residual volumetric strain and shear
deformations are reduced by the reinforcement, and the
model parameters become smaller [8]. With the increase of
deviator stress ratio at high confining pressure, the shear
modulus decreases. The rate of loss of shear modulus is
found to be much lower for fiber-reinforced specimens [9].
Elastic modulus of fiber-reinforced soil increases with in-
crease of fiber content and confining pressure and decreases
with increase of loading repetition [10]. The dynamic be-
havior of the mixture is significantly affected by the content
of injected foam and also confining stresses [11]. Stress
conditions with selected levels of low confining pressure
were used to simulate specific conditions. Particular at-
tention was paid to the bedding error at the top and the
bottom ends of the specimens and to fix transducers onto the
membrane to be used under low confining pressure [12].

A large-scale model test of reinforced gabion walls was
performed with different input sine wave frequencies and
amplitudes [13]. It was found that the inside and the outside
of reinforced gabion walls under loads (imposed two million
times) do not show significant local and overall damage,
when the vibration frequency reaches 10 Hz. But, there are
great changes of vertical and horizontal acceleration and
displacement response of the reinforced gabion wall. The
ratio of the elasticity modulus of the material after saturation
to its elasticity modulus in dry condition and the saturation
induced sudden volumetric strain decrease as the confining
pressure increases [14]. The decay of G/G,, observed in TS-
RC tests starts at a lower strain level and is more evident,
especially at high strain level and low confinement stress
[15]. The dynamic deformation characteristics of the rein-
forced sand are defined in terms of wall lateral deformation
and rotation. The results indicate the effectiveness of fiber
reinforcement in improving dynamic properties of fine sand
and deformation characteristics of fiber-reinforced sheet pile
retaining wall during shaking [16]. Besides, a great number
of researchers have conducted analysis for simulating the
dynamic response of reinforced subgrade by establishing
track-subgrade numerical models.

The dynamic elastic modulus and damping ratio are two
of the most important indicators for design and calculation
analysis of reinforced soil structure. In the present research,
most analysis and calculation of the geotechnical engi-
neering are inseparable from the two indicators, which are
affected by many factors. However, previous studies have
mostly focused on the silty clay, silty soil, and soft clay. No
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comprehensive study has been reported concerning the
undrained cyclic behavior of reinforced gravel soil, because
it takes a long time and is difficult to prepare the soil samples.
Compared to many other soil types, gravel soil plays an
essential role in the overall deformation behavior of railway
subgrade. During the construction process, gravel material
layer is compacted at the densest and stiffest possible state,
which can be achieved by using the optimum moisture
content defined by the Proctor compaction test. After years
of railway operation, the unbound gravel soil layer is ex-
posed in specific stress conditions and traffic loads. It is
customary to use a constant elastic modulus as the stiffness
index of soil in traditional engineering design, while ig-
noring the change of stiffness of soil during cyclic loading.
Actually, even under the static loading conditions, the
stiffness of gravel soil can be characterized by nonlinear
softening as the strain increases gradually, and the dynamic
behavior is more obvious under cyclic loading [17]. How-
ever, there is no information in the literature on the effect of
dynamic elastic modulus of reinforced subgrade. Further-
more, stress and deformation state of reinforced soil and
interaction mechanism between reinforced and soil under
cyclic loading need to be studied.

The main purpose of this study is to evaluate the effects
of influence factors on dynamic elastic modulus of rein-
forced subgrade. Experimental investigations of reinforced
soil under cyclic loading based on orthogonal array design
are conducted. A series of cyclic triaxial tests were carried
out by varying confining pressure, vibration frequency,
reinforced layers, and dynamic stress amplitudes. Effects of
these parameters on the dynamic elastic modulus of rein-
forced subgrade are studied. Besides, the influence factors of
dynamic elastic modulus and the changing rule with the
factor were also studied according to the extreme value
analysis. Finally, the results of the tests were analyzed and
could provide theoretical foundation and further application
for the reinforced soil.

2. Cyclic Triaxial Tests

2.1. Apparatus. These cyclic triaxial tests were carried out
at the laboratory of Institute of Earthquake Engineering
of Dalian University of Technology. This apparatus was
equipped with a pressure chamber having a diameter of
20 cm, height of 50 cm, together with vibration equipment
and measurement equipment was designed and fabricated.
Maximum axial pressure is 150kN, and maximum axial
tension is 100 kN. Maximum axial displacement is +50 mm.
The biggest confining pressure is 3 MPa. Some higher fre-
quency may be used because of the special test purpose, and
the excitation system is usually set in the axial of instrument
to provide different types of vibration loading. Three wave
types can be adopted in test, which are impact type, periodic
type, and arbitrary type, as shown in Figure 1.

Figure 2 shows the sketch of wave shape of cyclic loading.
The parameters are as follows: 0., is the maximum stress
of cyclic loading; 0., is the minimum stress of cyclic
loading; Ao is amplitude load, Ao = 0, — 0,in; T is cyclic of
vibration; and f is frequency and f = 1/T.
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FiGure 1: Schematic diagram of dynamic load waveform.
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FIGURE 2: Sketch of wave shape of cyclic loading.

The vibration frequency varied from 0.1 Hz to 10 Hz. The
instrument was equipped with displacement sensor and
force sensor. Experimental data can be collected and ana-
lyzed automatically. High-precision hydraulic servo medium
triaxial testing system is designed by anti-Semitic research
institute of Dalian University of Technology by using
computer and hydraulic servo technique. It was used in this
experiment. A detailed sketch and a photo of the apparatus
are shown in Figure 3.

2.2. Materials

2.2.1. Gravel Soil. The soil used in this study was gravel soil
and was obtained from the subgrade bed of the railway track
in the region of Dalian, north of China. The samples were
collected in a disturbed state, by manual excavation, in
sufficient quantity to complete all the tests. The coeflicient of
uniformity, Cu, is 17.5 and the coeflicient of gradation, Cc, is
1.03. Figure 4 plots the resultant particle size distribution
curve. This gravel soil sample has a good gradation and is the
most commonly used as filling in the actual projects, and the
essential physical parameters of soil are shown in Table 1.

2.2.2. Geogrid. In this study, the TGSG40-40 Bidirectional
plastic geogrid was used as reinforced material. Geogrid is
made of high-density polyethylene (HDPE) by thermoplastic
or molded, and it is manufactured by Shandong Feicheng
Lianyi Engineering Plastics limited company, China. The
outlook of the Bidirectional (Biaxial) plastic geogrid is net-
work structure like a square, and made of high-molecular
polymer as its raw material through extrusion, formed and
punched before longitudinally and laterally stretched. This
geogrid has high tensile strength in both longitudinal and
horizontal directions and provides an ideal interlocking
system. It can be widely used to all kinds of roads, railways,
and airports to enhance the bearing capacity of subgrade bed,
to enhance slope stability, and to extend the service life of
subgrade. Figure 5 shows the TGSG40-40 Bidirectional plastic
geogrid that has been used as reinforcement. In order to
reduce friction between geogrid and pressure chamber during
the experiment, the geogrid is cut as shown in Figure 5.
Physical property of geogrid is shown in Table 2.

2.3. Sample Preparation. The samples were prepared in
cylindrical molds with a height of 50 cm and a diameter of
20cm. The test started with vacuum extraction between
mold and rubber for sample package, and then soil speci-
mens were put by vibrating in the mold in five sequential
layers. After a final setting, every filling height is 10 cm and
was checked with a steel gauge. Taking into account the
apparatus, three reinforcement ways can be used in the test.
The first way, the soil sample is not reinforced. The second
way, a layer of geogrid was placed in the middle of the
sample. The third way, a layer of geogrid was placed in the
middle and lower part of the mold, and another layer of
geogrid was placed in the middle and top of the mold. The
specimens were prepared at a density equal to approximately
96% of the maximum density at the optimum moisture
content in each step. The geogrid is laid horizontally.
Geogrid placement diagram is shown in Figure 6.

2.4. Test Scheme. There are many technical parameters af-
fecting the test result. The orthogonal array design allows to
limit the amount of research needed to achieve the desired
test results, reducing the time required course for their
performance and at the same time reducing costs. It is an
effective way to design an experiment to find out the most
influential factor. The orthogonal array with two advantages
of uniformly dispersed, neat, and comparable making each
test is highly representative, so the fewer times of experi-
ments can fully reflect the impact of the different levels of
each factor on the index.

The effect degree of confining pressure, reinforced way,
dynamic stress amplitude, and frequency were analyzed,
respectively, through orthogonal design of experiments in
four factors and three levels. For better simulating dynamic
characteristic of geogrid reinforced soil, different dynamic
stress amplitudes were selected to simulate dynamic re-
sponses, which are caused by train with different speed or
axle weight. Calculation table of dynamic stress amplitude is
shown in Table 3.
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Three different confining pressures 60 kPa, 90 kPa, and
150 kPa are considered for simulating specific conditions in
the case of railway subgrade.

TaBLE 1: Essential physical parameters of soil.

Description/property Value
Natural water content 5%
Liquid limit 26%
Plastic limit 21%
Plasticity index 5
Cohesion 15.55 (kN/m?)
Angle of friction 19.5°
Optimum moisture content (OMC) 18%
Maximum dry density (MDD) 2.1 (kN/m®)
Maximum particle size 25mm

Considering the transient in the vibration of the sub-
grade during the long-term effect of the train loads, the
filling was not drained by instantaneous drainage, so that
the experiment was performed without drainage. The cyclic
loading of different trains is simulated with MTS servo
exciter. Unsaturated specimens were tested under undrained
triaxial compression using monotonic and cyclic loading
with frequencies in the range of 0.5~2Hz. Sine wave was
used in this study to simulate traffic loads with short
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F1Gure 5: Bidirectional plastic geogrid.

TaBLE 2: Physical property of geogrid.

Geometrical/physical characteristics Value
Raw material Polypropylene
Aperture size, (transverse length), Ay, 35 mm
Aperture size, (longitudinal length), A; 35mm
Tensile strength (MD/CD) >40 kN/m
Tensile strength at 2% elongation =14
Tensile strength at 5% elongation >28
Mass area ratio 500 + 50 g/m

vibration cycle and more vibration. The consolidation stress
ratio, Kg, is 1. There are three situations of reinforcement in
the test, that is, no geogrid, one layer of geogrid, and two
layers of geogrid. The orthogonal array of the tests is pro-
vided in Table 4.

3. Results and Discussion

3.1. Dynamic Properties of Railway Subgrade under Cyclic
Loading. With the increase of vibration frequency, the
fluctuation of dynamic stress increment increases. After
about ten thousand times of vibration, the dynamic stress
increment gradually tends to oscillate in a stable interval.
Because the test data are intensive and unstable in the early
cycles, some of the test data in midterm test were selected to
be enlarged, as shown in Figure 7. It shows the dynamic
stress’s time range curve under cycle loading of 9 tests (N
represents the number of load cycles). The dynamic stress
increment is basically stable in the whole vibration process
except a small fluctuation at some areas.

Figure 8 shows the relation curve of dynamic elastic
modulus and dynamic strain. It may be seen from Figure 8
that with the increase of dynamic strain amplitude, the
dynamic elastic modulus (E4) decreases gradually, that is,
strain softening occurs. When &4 < 0.25% at the initial stage
of the cycle, the curve is steep and the attenuation rate of E4
is faster; when the dynamic strain is greater than 0.25%, the
curve tends to be gentle, and the attenuation rate of E4 tends

to be 0. Overall, the curve (the image of a power function)
obtained by applying interpolation with respect to the dy-
namic elastic modulus is convergent.

3.2. Maximum Dynamic Elastic Modulus. Maximum dy-
namic elastic modulus (Ejy ,,,,) is usually used as the design
parameter in project. To quantify the dynamic behavior
under cycle loading of reinforced soil, maximum dynamic
elastic modulus can be defined based on curve. It can be
observed that the measured data are distributed by Hardin
hyperbola by analysis; that is, the dynamic constitutive re-
lation of reinforced soil conforms to hyperbolic model,
which is defined as follows:

Ej' =a+be, (1)

where E; is the dynamic elastic modulus, a and b are fitting
parameters, and &4 is the dynamic strain. From Formula (1),
&4 =0, 1/a represents the maximum dynamic elastic mod-
ulus of reinforced soil sample E ... The results are shown
in Table 5.

According to the maximum elastic modulus, the order
of influence factor is determined by means of range
analysis, and the results are shown in Table 6.

Using range analysis through orthogonal design of
experiments, the order of influence factor to dynamic
elastic modulus in the test is determined within three
factor levels. They are dynamic stress amplitude, fre-
quency, reinforced layer, and confining pressure. That is,
the influence of confining pressure to reinforced soil is the
greatest.

3.3. Analysis of Significant Influencing Factors. The order of
influence factor of reinforced soil can be determined though
range analysis, but there are no comparison between the
result caused by changing of factor and level and the result
caused by experimental error. There is no standard to
measure its significance. To solve this problem, variance
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TaBLE 3: Calculation table of dynamic stress amplitude.

Axle weight  Axle weight Speed /

) (N) (k/h) o4(kPa) 04 (kPa)
20 196 120 69.3 70
25 245 100 82.8 80
30 294 80 94.8 95

4 is a calculated value of dynamic stress amplitude by the formula o =
0.26 X P x (1+0.003 V). P is the axle weight and V' is the speed. To simplify
the test, we denote by o4 the value of dynamic stress amplitude taken in the
test.

TaBLE 4: The orthogonal array.

Group o, (kPa) o, (kPa) f (Hz) Number of reinforced layers

1 56 70 1 0
2 56 80 2 1
3 56 95 0.5 2
4 90 70 2 2
5 90 80 0.5 0
6 90 95 1 1
7 150 70 0.5 1
8 150 80 1 2
9 150 95 2 0

0. is confining pressure, f is frequency. In addition, it was difficult to
prepare exact soil samples in cyclic triaxial tests, and there is an error during
the operation of the instrument and acquisition process of the data.
Therefore, it is necessary to make variance analysis on the test results.

analysis can be taken in this study. The results of variance
analysis of orthogonal experiment are shown in Table 7.
Variance analysis of orthogonal experiments is shown that
the dynamic elastic modulus of reinforced soil is signifi-
cantly affected by dynamic stress amplitude. The effect of
reinforced layer on dynamic elastic modulus of reinforced
soil is significant. It has been identified that frequency and
confining pressure have an insignificant influence.

3.3.1. Effects of Dynamic Stress Amplitude. The dynamic
response of reinforced subgrade, which is caused by train
with different axle load and speed, can be simulated by
dynamic stress amplitude. When dynamic stress is small,
the strength and stiffness of soil samples are basically un-
changed and the dynamic stress amplitude and dynamic

strain are basically unchanged. Dynamic stress increases
with increasing the dynamic stress amplitude. At this mo-
ment, the structure of soil samples changes and the soil
particles tend to be close to each other and the dynamic
strain and pore pressure gradually increase. With the in-
crease of vibration frequency, soil samples are deformed, the
performance of strength and stiffness decreased, the bearing
capacity of soil samples are reduced, and the elastic modulus
of soil samples decreased gradually. It is noteworthy that the
dynamic stress amplitude has the greatest influence on the
dynamic elastic modulus of reinforced soil. The demon-
stration results are consistent with the fact that heavy-axle
load trains cause more dynamic stress than the light-axle
load trains in engineering.

3.3.2. Effects of Frequency. The dynamic effect caused by
different speed train passing the reinforced subgrade can be
stimulated by different vibration frequency. Accumulated
strain of soil is related to vibration frequency under the same
vibrations. With the increase of frequency, the dynamic
strain of soil increased. Relative to conventional railway, it
can be easily obtained from the dynamic strain in high-speed
railway and the developing rate of strain is faster. Within
a certain dynamic strain range, dynamic elastic modulus is
increasing with the increase of frequency.

3.3.3. Effects of Reinforced Layer. The experimental results
showed the dynamic elastic modulus gradually decrease
with the increase of reinforced layer. The dynamic elastic
modulus of plain soil is greater than that with only one
layer of reinforcement, which is greater than that with two
layers of reinforcement. Since this study is based on ex-
periments with reinforced layers less than two, more
study is needed to investigate the effect of dynamic elastic
modulus.

3.3.4. Effects of Confining Pressure. As mentioned pre-
viously, different embedded depth of TGSG geogrid can be
demonstrated by confining pressure to some extent. The
effect of confining pressure plays a minor role of the dy-
namic elastic modulus. The test results further show that the
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TaBLE 5: Maximus dynamic elastic modulus and test parameters
under different test conditions.

TaBLE 6: Results of orthogonal design of experiment.

Reinforced  Egp .«
Group a (MPa™) b (MPa™) E 4max (MPa) Group o (kPa) o4 (kPa)  f (Hz) layer (I\j[P;)
1 0.02333 0.76459 42.86 1 56 70 1 No 42.86
2 0.02411 2.05189 41.48 2 56 80 One 41.48
3 0.02873 0.08323 34.81 3 56 95 0.5 Two 34.81
4 0.02597 1.25684 38.51 4 90 70 2 Two 38.51
5 0.02318 1.30546 43.14 5 90 80 0.5 No 43.14
6 0.02465 0.86946 40.57 6 90 95 1 One 40.57
7 0.02461 1.34147 40.63 7 150 70 0.5 One 40.63
8 0.02228 1.32149 44.88 8 150 80 1 Two 44.88
9 0.02538 0.34307 39.40 9 150 95 2 No 39.40
Vil 119.15 122.00 128.31 125.40 —
Vi 122.22 129.50 119.39 122.68 —
adopted confining pressure with a small difference (between Vi3 124.91 11478 118.58 118.20 -
60 kPa and 90 kPa or between 90 kPa and 150 kPa) can affect i 39.72 40.67 42.77 41.80 —
the test precision, because the test apparatus can apply Vi 40.74 43.17 39.80 40.89 —
3 MPa confining pressure. It is observed that plastic de- Vi 41.64 38.26 39.53 39.40 —
formation of soil can be resisted by increasing confining  Range 1.92 4.91 3.24 2.40 -
Order 4 1 2 3 —

pressure; therefore, it improves the antideformation ability
of soil.

4. Conclusion

Undrained cyclic triaxial tests have been carried out using
orthogonal design of experiment. The influence factors of
the dynamic elastic modulus of reinforced subgrade were
studied in this paper. Impacts of confining pressure, dy-
namic stress amplitude, frequency, and reinforced layer on
dynamic elastic modulus are discussed. The order of dy-
namic elastic modulus of reinforced soil is influenced by

;1 is the sum of Egp,,,'s obtained from each group when o, = 56kPa, y , is
the sum of Ey,,’s obtained from each group when o, = 90kPa, y; is the
sum of Eg . ’s obtained from each group when o, = 150kPa, and
Vix = Yjul3, for x =1,2,3.

dynamic stress amplitude, frequency, reinforced layer, and
confining pressure within changing in factor level.

The dynamic stress amplitude has a marked influence on
the dynamic elastic modulus of reinforced soil. With the low
dynamic stress, dynamic stress amplitude and dynamic
strain are basically unchanged. With the increase of dynamic
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TaBLE 7: Results of variance analysis of orthogonal design of
experiment.

Sources of variation S. f i S. F.

i j i
Confining pressure 0.615 2 0.308 1.000
Dynamic stress amplitude  4.013 2 2.007 36.58"*
Frequency 2.159 2 1.080 2.906
Reinforced layer 0.979 2 0.490 12.679*
Error 0.002 3 0.001
Sum 7.768 11

a=0.99,0.95, and 0.90 quantiles of F distribution with degrees of freedom 2
and 3 are 30.8, 9.55, and 5.45, i.e., F( 49 (2,3) = 30.8, F( 45 (2,3) = 9.55, and
Fyg9(2,3) = 5.46. S; is the sum of squares in j rows; f; is the degree of
freedom; S ; is sum of average column variation; F f is test statistics; * presents
significant influence when & = 0.05;** presents significant influence particularly
when a = 0.01; for a given level of significance a, when F P> F,_,(2,3), under
test level a, the factor is inferred to be outstanding, otherwise it is regarded as
nonsignificant. « is less, and it demonstrated that the effect of this factor to test
results is significant.

stress, dynamic stress amplitude increases correspondingly
and the soil particles tend to be close to each other. The
bearing capacity of reinforced soil decreases and dynamic
elastic modulus decreases slightly with the increase of dy-
namic strain.

Frequency has an influence on the dynamic elastic
modulus. It is shown that the cumulative strain of reinforced
soil is related to the vibration frequency. The higher the
frequency is, the greater the strain caused by subgrade is. E4
increases as the vibration frequency goes up within a certain
dynamic strain range. Reinforced layer has influence on the
dynamic elastic modulus. With the increase of reinforced
layer, the dynamic elastic modulus is decreasing gradually.
The test results also exemplify the reinforced subgrade re-
strict lateral displacement of subgrade and reduce settlement
of subgrade under long-term cyclic loading.

It should be noted that the study of dynamic behavior of
reinforced soil is much needed in order to further address
reinforced soil application.
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Carbon fiber-reinforced silicon carbide (C¢/SiC) ceramic matrix composites have promising engineering applications in many
fields, and they are usually geometrically complex in shape and always need to join with other materials to form a certain
engineering part. Up to date, various joining technologies of C¢/SiC composites are reported, including the joining of C¢/SiC-
C¢/SiC and C¢/SiC-metal. In this paper, a systematic review of the joining of C¢/SiC composites is conducted, and the aim of this
paper is to provide some reference for researchers working on this field.

1. Introduction

With the rapid development of high-tech in aerospace and
other industry fields, the demands for new materials, which
can work in extreme harsh working environment of high
temperatures, are growing. The needs for better efficiency
and higher thrust-to-weight ratio promote the development
of advanced materials at high temperatures, such as su-
peralloys [1-3], ceramics [4-6], composites [7-10], and so
on. Among these advanced materials, ceramic matrix
composites (CMCs) are drawn great attentions for their
engineering applications under extreme conditions because
they can maintain low density, high strength, wear re-
sistance, oxidation resistance, thermal shock resistance,
corrosion resistance, and some other functions together [11].

Carbon fiber-reinforced silicon carbide (C¢/SiC) ceramic
matrix composites, one of the most famous CMCs, are
becoming the most promising candidates for high-
temperature structural applications (as illustrated in Fig-
ure 1), such as sharp leading edges, nose cones, aeronautic jet
engines, thermal protection systems for reusable atmosphere
reentry vehicles [12, 13], as well as optical components [14]
and nuclear fusion/fission reactors [15, 16], owing to their
relatively low density (~2 g/cm®), high thermal conductivity
(~67 W/(m-K)), high strength (300-800 MPa) [17-19], low

coefficient of thermal expansion (CTE, 3.0-3.1 x 107%K™),
especially good stability and excellent oxidation and creep
resistance at elevated temperatures [13, 21-23, 25]. In
particular, C¢/SiC composites have shown significant im-
provements in fracture toughness and thermal shock re-
sistance. These improvements in mechanical properties are
dependent on the specific properties of the carbon fiber and
the silicon carbide. According to the type of carbon fiber, it
can be divided into 1D C¢/SiC, 2D C¢/SiC, 2.5D C¢/SiC, and
3D C¢/SiC and applied in different fields.

For aerospace applications, as reported by NASA, the
X-37B and X-38 aircrafts employed a large number of C¢/SiC
composites in their nose cone [25], leading edge wing and
engine components [11, 26, 27, 29]. For nuclear applications,
C¢/SiC composites are used as the cladding materials in
pressurized water reactors and flow channel insert materials
in thermonuclear fusion reactors [29, 30, 32]. In most cases,
typically, C¢/SiC composite components are usually geo-
metrically complex in shape and always need to join with
other materials to form a certain engineering part. However,
unfortunately, due to their poor machinability and tough-
ness, C¢/SiC composites lack good processing performance
like metal material and thus cannot be processed into
complex-shaped components by forging, extrusion molding,
and other traditional methods. It is very difficult to produce
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FIGURE 1: Various engineering applications of C¢/SiC composites.

large-size C¢/SiC composite components with complex
shapes, resulting in they must be joined with themselves or
other materials by appropriate joining technologies
[32-34, 37]. There have been numerous reports on the
joining of C/SiC composites in the past two decades, in-
cluding self-joining of C¢/SiC composites [36, 37, 39], and
joining of C¢/SiC composite to dissimilar materials, such as
Ti [39, 40], Nb [41, 42, 45], Ni [44, 45, 48], TiAl alloys [47],
and so on.

Up to date, various joining technologies of C¢/SiC
composites are reported, including the joining of C¢/SiC-
C¢/SiC and C¢/SiC-metal. Table 1 lists commonly used
joining technologies, such as direct bonding of C/SiC-
C¢/SiC, indirect bonding of C¢/SiC-C¢/SiC, brazing of C¢/SiC-
metal, diffusion bonding of C¢/SiC-metal, online liquid in-
filtration of Cg/SiC-metal, ultrasonic-assisted joining of
C¢/SiC-metal, and electric-assisted joining of C¢/SiC-metal.
To the best knowledge of the authors, however, there has
been no systematic summary of the joining of CgSiC
composites. Therefore, we herein conduct a systematic re-
view of the joining of C¢/SiC composites, and the aim of this

paper is to provide some reference for researchers working
on this field.

2. Self-Joining of C/SiC Composites

In some conditions, in order to obtain large size and
complex-shaped C¢/SiC composite components, it is nec-
essary that C¢/SiC composites should be joined with C¢/SiC
composites themselves, named as “self-joining.” There have
been many reports about the self-joining of C¢/SiC com-
posites in the last decades, usually including direct bonding
and indirect bonding method.

2.1. Direct Bonding. Direct bonding method is a self-joining
of C¢/SiC composites by solid-phase diffusion without any
other materials (Figure 2(a)). As reported in previous papers,
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TasLE 1: Commonly used joining methods of C¢/SiC composites.

Joining materials Joining methods

Direct bonding

CISIC-CASIC Indirect bonding

Brazing
Diffusion bonding
Online liquid infiltration
Ultrasonic-assisted joining
Electric-assisted joining

C¢/SiC-metal

the main procedure of direct bonding usually includes three
procedures: (1) plastic deformation, (2) diffusion, and (3)
creep. Plastic deformation occurs on the interface because of
heat and pressure; diffusion includes surface diffusion, bulk
diffusion, grain boundary diffusion, and interfacial diffusion
to achieve C¢/SiC bonding. Creep refers to the permanent
movement or deformation of metal.

However, the bonding strength of the directly joined
C¢/SiC composite is usually very low because a strong
bonding of C¢/SiC composite is difficult to obtain without
any other transition phases and because the diffusion be-
tween C¢/SiC composites is not easy owing to the strong
covalent bond and the poor deformation ability of the SiC in
the composites. Rizzo et al. [48] reported that a CVD-SiC
coated C¢/SiC composite was directly joined to its coun-
terparts using spark plasma sintering (SPS) technology. The
results showed that the cracks in the CVD-SiC coating were
visible among the interface and propagated from the SiC
coating through the joint area (as is shown in Figure 3), due
to the CTE mismatch between SiC coating and Cg/SiC
substrate (as is shown in Table 2), and the apparent shear
strength was as low as 5.6 MPa.

Therefore, direct bonding method is merely used owing
to the low bonding strength. However, it is still very
promising for direct bonding method of C¢/SiC composites,
especially for extreme applications where it demands to
avoid a second material.

2.2. Indirect Bonding. It is well known that it is very difficult
to form diffusion between C¢/SiC composites owing to the
strong covalent bond and the poor deformation ability of the
SiC in C¢/SiC composites, thus resulting in a weak bonding
strength of direct bonding joint (Figure 2(b)). Therefore,
second-phase materials with plastic deformability, such as
Ag-Cu-Ti [30, 49], Ti-Zr-Be [50], Ni [31, 51, 52, 55], calcia-
alumina (CA) glass-ceramic [54], Ti;SiC, [16, 36, 55, 56] and
Siresin [57], and MoSi, [58], were widely reported to be used
for the joining of C¢/SiC composites. These kinds of joining
are known as indirect bonding method, always including
using metal filler or nonmetal filler.

2.2.1. Metal Fillers. This method means that C¢/SiC com-
posites are bonded with C¢SiC composites using metal
fillers, such as pure metal or alloys. Table 3 lists some typical

reports on the self-joining of C¢/SiC composites using metal
fillers.
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FIGURE 2: The diagram of (a) direct bonding and (b) indirect bonding.

FIGURE 3: Scanning electron microscopy of polished cross sections
of C¢/SiC specimens joined by SPS: direct bonding [48].

TaBLE 2: CTE of typical materials (room temperature).

Materials CTE (x107%K™")
C¢/SiC 3.0-3.1
Ti 8

Al 23.5
Cu 16.5
Ni 13
Ag 19.5
Nb 7.2
Mo 5.2
W 4.43
Zr 52
Co 6.8
Ta 6.7
C 1.5
TiAl 10.8
CrMo 12.5
SiC 4.8
Ti5SiC, 9.1
TiC 7.4

The low-temperature active filler is a relatively mature
technology and widely used in C¢/SiC composites; however,
the joint phase such as Ag, Cu, and other metals, usually with
low melting point, leads to poor high-temperature strength
and oxidation resistance. Therefore, C¢/SiC composites

joined by metal fillers can only be used in low-temperature
environment (<500°C).

Liu et al. [30] reported the C¢/SiC composites joined by
ternary Ag-35.25wt% Cu-1.75wt% Ti and demonstrated
that the mechanical strength decreased with the increase in
temperature owing to the softening of filler. The flexural
strength decreased to 46% and 26% at 300 and 500°C
compared with that at room temperature, respectively.
Stefano et al. [48] fabricated Cy¢/SiC-Ti-C¢/SiC sandwich by
SPS and used pure Ti foils as filler. They also found that a Ti-
Si-C-based phase (Ti;SiC,, as is shown in Figure 4) was the
main reaction product, usually induced to strength decrease.

High-temperature metal fillers, such as Ni and its alloys,
are reported and found to greatly improve the high-
temperature resistance of the joint [61, 62]. Cheng
[51, 52, 55] developed a novel joining process to join the
2D/3D C¢/SiC composites. Porous C¢/SiC composites were
fabricated through chemical vapor infiltration (CVI) pro-
cess, and Ni alloy was used to join the C¢/SiC composites
together. Figure 5 shows the diagram of this joining process.
Because the Ni alloy had a favorable wettability with C¢/SiC
composites, melted Ni alloy easily infiltrated into the pores
among C¢/SiC composites. Hence, the contact surface be-
tween Ni alloy and C¢/SiC composites matrix was greatly
increased, thereby improved the bonding strength. Besides,
Ni alloy had a higher melting point; hence, the joint was
expected to be used at high temperatures (>1000°C).

Table 4 lists some typical reports on the self-joining of
C¢/SiC composites with high-temperature fillers (Ni alloy).
As a nontraditional joining method, the self-joining process
using Ni alloy is usually carried out during composite
preparation procedure, and the damage is minimal. And
after the joining process, an afterward CVD process is
conducted, which not only densify the porous composites
but also provides antioxidation coating for the matrix and
the joint.

2.2.2. Nonmetal Fillers. Nonmetal fillers, such as MAX
ceramic [16, 36, 55, 56, 63], ceramic precursors [64], Si resin
[57], and MoSi, [58], are also reported to be used in the self-
joining of C¢/SiC composites (as listed in Table 5).

MAX phase ceramics are reported to exhibit not only
high-temperature performance, thermal shock resistance,
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TaBLE 3: Self-joining of C¢/SiC composites using metal filler (SS=shear strength).
CMCs Basic information Metal filler Process parameters Bend strength (MPa) Ref.
Cy/SiC CVD-SiC Ti 1700°C, 3 min, 60 MPa, vacuum 24.6 (SS) [48]
Cy/SiC 3D, 10.0vol.%, PIP Cu-Au-Pd-V 1170°C, 10 min, 1.5x 107> Pa 135 [59]
Ci/SiC 3D Pd-Co-V 1250°C, 20 min, 3.0-7.0x 10~ Pa — [60]
Cy/SiC 3D, PIP, 10.0vol.% Cu-Pd-V 1170°C, 10 min, 3.0-7.0 x 10> Pa 128 [61]
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FIGURE 4: (a) Backscattered electron images of polished cross sections and (b) micro-XRD on the fracture surfaces of C/SiC joined by SPS

with Ti foil [48].
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and wear resistance but also a good plastic deformation
capacity. Among various MAX phase ceramics, Ti;SiC,
presents a suitable wettability and CTE toward Cg/SiC
composites matrix (as is shown in Table 2) and is thus
believed to be a promising candidate for the self-joining of
C¢/SiC composites [16, 55, 56]. Dong et al. [55] used Ti;SiC,
as the nonmetal filler to join C¢/SiC composite together

through hot pressing. The shear strength of the joint was
reported as high as 110.4 MPa (56.7% of the C¢/SiC com-
posite matrix). Chemical reactions took place at the interface
between Ti;SiC, and C¢/SiC, and residual thermal stress was
investigated. The phase compositions of the fracture surfaces
for the C¢/SiC joints joined at various temperatures were also
analyzed by XRD (as is shown in Figure 6). In addition, the
fracture behavior of joining interface and brazing applica-
tion was explored in previous articles [9, 65, 66, 69]. In-
terfacial reactions can affect the formation of a joint from the
onset of bonding through the development of equilibrated
microstructure and to the optimization of the mechanical
properties. It has been demonstrated that an adequate
joining interface could lead to improvements of the com-
posite wettability by C¢/SiC [39].

Besides, ceramic precursors are also used as nonmetal
fillers for the self-joining of C¢/SiC composites. The ceramic
precursor is transformed into amorphous ceramic at a cer-
tain temperature, and the composition and structure of the
precursor are similar to those of the composite matrix. At the
same time, the pyrolysis products are directly bonded with
the composite matrix by chemical bonds. The thermody-
namic properties of the joining layer obtained by this
method are similar to those of the matrix [64]. And it has
good compatibility with the composite matrix. Therefore,
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TaBLE 4: Self-joining of C¢/SiC composites with high-temperature fillers.
CMCs Basic information Joining material Process parameters Bend strength (MPa) Ref.
C¢/SiC 3D, CVI Ni alloy 1300°C, 45 min, 20 MPa, vacuum 260.3 [52]
C¢/SiC 2D, CVI Ni alloy 1300°C, 45 min, 20 MPa, vacuum 60 [51]
C¢/SiC 2D, CVI Ni alloy 1300°C, 15 MPa, vacuum 58 [53]
TaBLE 5: Self-joining of C¢/SiC composites using inorganic filler (BS =bend strength).
CMCs Basic information Joining material Process parameters Shear strength (MPa) Ref.
C4SiC 2D, CVI, 2.05 g/cm’, 40 MPa Ti;SiC, 1600°C, 30 min, 20-40 MPa, Ar 110.4 (BS) [55]
Cy/SiC 3D, CVI PSZ 1300°C, N, 29.6 [64]
C¢/SiC 3D, PIP, 1.9 g/cm3 Si resin 1400°C, 5h, Ar 3.51 [57]
Cy/SiC 2D, CVI, 1.7-2.2 g/v:m3 MoSi,/Si 1450°C, 5 min, Ar — [58]
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FIGURE 6: (a) The backscattered electron images and (b) XRD patterns of the fracture surfaces of the C¢/SiC joints [55].

the joint exhibits good mechanical strength. Previous reports
showed that C¢/SiC composite was joined using Si-O-C
ceramic precursor as filler [57].

Si resin is transformed into Si-O-C ceramic at low tem-
perature; the Si-O-C ceramics infiltrating into the substrate
improve the filler contact with the substrate closely and in-
crease the connection area. Moreover, the Si-O-C ceramics
infiltrating into the pits can form tiny “pins,” thus increasing
the shear strength of the joints. Gianchandani et al. [58] re-
ported that a MoSi,/Si composite obtained in situ by reaction
of silicon and molybdenum at 1450°C in Ar flow is proposed as
pressure-less joining material for C¢/SiC composites.

To sum up, we can know that the application of non-
metal fillers method due to the phase consistency of joining
material and matrix was similar, which not only avoid the
CTE mismatch between the joining material and the matrix
(CTE of typical materials is shown in Table 2) but also inhibit
the adverse reactions of interface. It will be a very promising
method in the future.

3. Joining of C¢/SiC Composites to Metals

In order to obtain large size and complex-shaped compo-
nents, the joining of C¢/SiC composites to metals such as Ti

[40], Nb [42, 68, 69], Ni [70], and TiAl alloys [30, 46, 71] is
necessary. Due to the differences in physical, chemical and
mechanical properties between C¢/SiC composites and metals,
there are several problems for the joining of C¢/SiC com-
posites to metals: firstly, the chemical bonds of C¢SiC
composites are ionic bond and covalent bond and the valence
state is stable, whereas metals mostly are metal bond and
therefore it is difficult to wet the surface of C¢/SiC composites
by metal [40]. Secondly, the CTE mismatch between metals
and C¢/SiC composites is very large, which will produce re-
sidual stress at the joint interface; hence, cracks, pores, and
other defects exist after cooling [41, 72, 73]. Atlast, a variety of
chemical reactions occur in the interface, resulting in brittle
compounds with high hardness, which usually is the reason
for the brittle fracture of the joint during working [30].

At present, there are many technologies solving the above
problems during the joining process. Brazing and diffusion
bonding are the most commonly used methods. In addition,
online liquid infiltration joining, ultrasonic-assisted joining,
and electric-assisted field joining are also reported.

3.1. Brazing. Brazing is one of the earliest and most
commonly used methods for joining CMCs to metals
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FIGURE 7: The schematic diagram of (a) brazing method and (b) diffusion bonding method.

(Figure 7(a)). It is divided into two kinds as follows: (1)
metallizing the C¢/SiC composite surface and then brazing
with ordinary brazing filler metals, usually known as in-
direct brazing, and (2) wetting CMCs surface directly using
active metal, known as reactive brazing. Compared with
indirect brazing, the scopes of application of reactive
brazing are more extensive. Usually, metals and alloys with
lower melting points are selected as the brazing fillers, and
then the joint is heated to a certain temperature, which is
higher than the melting point of brazing filler, and then
brazing is conducted [74].

3.1.1. Low-Temperature Fillers. Low-temperature filler is
a kind of metal with low melting point, such as Ag and Cu,
which can form brazing filler at lower temperature to realize
the joining of metal. Due to the low joining temperature, the
damage is low.

Brazing method is simple and convenient; however, the
brazing filler is mainly active metal elements, so it is necessary
to protect the active metal elements from oxidation. Once the
active element is oxidized, it is difficult to react with C¢/SiC
composites and to form a reliable joint; consequently, the
joint strength is low. Therefore, brazing method is generally
carried out in vacuum conditions or inert protective gases
[39, 75]. Feng et al. [72, 76] investigated the microstructural
evolution and joint strength of between TiAl alloys and C¢/SiC
composite via vacuum brazing using Ag-Cu and Ag-Cu-Ti
fillers. The diffusion of Al and Ti from TiAl to the matrix had
an important effect on the structure and strength of joints.
When active element Ti diffused into C¢/SiC composite, the
formation of AlCu,Ti and Ag solid solution was detected with
the dissolved Ti and Al; moreover, TisSi3 phase and TiC also
formed adjacent to the composite (as is shown in Figure 8).
The maximum shear strength achieved 85MPa with the
thickness of TiC layer of 4-5 ym. The fracture of the joint went
through the TiC layer adjacent to its interface with the Ag
solid solution and TiC bond layer.

As is shown in Table 6, Ag-Cu, Ag-Cu-Ti, and others are
low-temperature fillers (900°C) and have low yield strength
and good deformation ability, which is helpful to alleviate
the residual stress of the joint, thus increasing the shear
strength of the joints.

3.1.2. High-Temperature Fillers. Ag-Cu-Ti alloys have good
plastic deformation behaviors (as is shown in Table 7); nev-
ertheless, they always have low melting points and can only be
used in low-temperature environments (<800°C). Once the
temperature increased, the strength of the joint drops sharply.
Therefore, it is necessary to develop suitable high-temperature
brazing filler for high-temperature conditions.

Huang et al. [46] joined C¢/SiC composite to TC, alloy
using (Ti-Zr-Cu-Ni) and W powder as brazing fillers. Ti and
Zr elements reacted with C, Cu, and Ni in the interlayer. As
elements diffused to each other, a reaction layer was formed
between the C//SiC composite and TC, alloy. The brazing
parameters had a significant effect on the interfacial reaction
between C¢/SiC composite and joining material, which af-
fected the shear strength of the joints. A continuous reaction
layer adjacent to C¢/SiC composite and a diffusion layer near
TC, alloy can be clearly observed (Figures 9 and 10). The
addition of appropriate W powder helped to relieve residual
stress and improved the strength of the joints. The shear
strength of the joint was 166 MPa and 96 MPa at room
temperature and 800°C, respectively. Therefore, the joint can
be used under high temperature.

However, the effect of W powder on the residual stress
was small and the residual stress was still high. Ti-Zr-Cu-Ni
alloy and pure Ti metals were used as joining materials [30];
the molten Ti-Zr-Cu-Ni reacted with solid Ti in the liquid-
solid reaction to form an in situ alloy. The effects of Ti
contents on the strength of joints were explored. With the
increase in the Ti content, more tearing ridges appeared in
the fracture surfaces, which indicated that the fracture
possessed more plasticity. When the Ti content reached up
to 40%, the shear strength of the joint reached up to
283 MPa, which was 79% higher than using Ti-Zr-Cu-Ni
alone. The main reason was that the metal Ti had better
plasticity, and the proper addition was beneficial for im-
proving the interfacial reaction between C¢/SiC composite
and Ti-6Al-4V alloy.

There are many research studies using brazing method
for joining C¢/SiC to metals as listed in Table 7. The low-
expansion material (W), the soft metal (Ni), and the high-
temperature metal (Mo) as the reinforcing phase are added
into the brazing filler, so that the CTE of the brazing filler is
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FIGURE 8: (a) Microstructures and (b) XRD patterns of the joint from C/SiC composites to TiAl brazed at 900°C for 10 min [72].

TaBLE 6: Brazing of C/SiC composites to metals with low-temperature fillers.

CMCs Basic information Metal Brazing material Process parameters Shear strength (MPa) Ref.
C¢SiC 3D, PIP, 1.86g/cm®  Ti Al alloys Ag-Cu 900°C, 10 min, 5x 107> Pa 85 [72]
C/SiC 3D, CVI TC, alloys Ag-Cu-Ti 900°C, 5min, 10™*Pa 102 [77]
Cy/SiC — Nb alloys Ag-Cu-Ti 930°C, 15min, 2 x 107> Pa — [68]
C¢/SiC 3D, 1.8g/cm’, 10-15%  Ti alloys C¢/Ag-Cu-Ti  900°C, 30 min, 2.2x 10> MPa, 6 x10 > Pa 84 [40]
TaBLE 7: Brazing of C¢/SiC composites to metals with high-temperature fillers.
CMCs  Basic information Metal Brazing material Process parameters Shear Ref.
strength (MPa)
. 3D, 2.0-2.1 g/cm?, ) ) 0 . . 3 3
C¢/SiC 10-15 vol.%, 400 MPa Ti alloys  Ag-Cu-Ti+15vol.%W  900°C, 5min, 2.2 x 10" MPa, 6 x10 ~Pa 180 [38]
. 3D, PIP, 1.7-1.8 g/cm’, Ti-Zr-Cu-Ni + 15 vol.% . . 3
C¢/SiC 10-15 vol.9%, 400 MPa TC, alloys W 930°C, 20 min, 6 x 10"~ Pa 166 [46]
C¢/SiC 3D 42CrMo Ag-Cu-Ti+ 5vol.% Mo 900°C, 10 min, vacuum 587 (BS) [78]
C¢/SiC 3D, PIP Nb Ti-Cu-Ni-Zr 930°C, 10 min, 5x 107> Pa 124 [69]
C4/SiC 3D Ti-6Al-4V Ti + (Ti-Cu-Ni-Zr) 940°C, 20 min, 5x 107> Pa 283 [47]
3
cysic D PIP 198gfem’, o Ti-Co-Nb 1280°C, 10 min, 1.0-3.0 x 10> Pa 242 [43]
21.5vol.%
.. 3D, PIP, 1.86 g/cm®, . ) . . . 3
C¢/SiC 117 vol.% Ti Al alloys TiH,-Ni-B 1180°C, 10 min, 5x10™ " Pa 105 [71]

reduced and the residual stress of the joint is facilitated.
However, there are still some shortcomings for brazing
process, such as the interface reaction is intense, to produce
brittle compounds, which requires the appropriate adjust-
ment of brazing filler and process parameters. More im-
portantly, avoiding bad excessive interface reaction and
accessing to excellent mechanical properties of joints are
essential.

3.2. Diffusion Bonding. In mid-1950s, the former Soviet
Union scientists proposed a diffusion bonding method

which was widely used to join ceramic to metals, including
the joint of C¢/SiC composites to metals (as shown in Fig-
ure 7(b)). C¢/SiC composites and metals are contacted with
each other under high temperatures, vacuum or inert at-
mospheres and pressures, and the plastic formation of
connected surfaces is close to each other. After a certain
period of soaking time, the intermolecular diffusion and
chemical reaction are realized. During the diffusion bonding
process, the interface is bonded by plastic deformation,
diffusion, and creep mechanism. The joining temperature is
high, the CTE and elastic modulus of the composites and
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FIGURE 10: XRD pattern of the joint: (a) interface between C¢/SiC composite and interlayer; (b) interlayer [46].

metals are mismatch, and it is easy to induce high residual
stress. Due to sharp structural transition near the interface
and the lack of a buffer layer to relax the stress, the residual
stress is high enough to lead to a lower joint strength.
Simply, diffusion bonding method is a solid-state
bonding process, which has been demonstrated as a via-
ble method to overcome the problems encountered in
welding. There are many reports on the diffusion bonding
C¢/SiC composites to metals. In order to join 3D/2D C¢/SiC
composite to Nb alloy, Xiong et al. [41, 42] used Ti-Cu foil as
the joining material to join C¢/SiC composite to Nb alloy
through a two-stage joining process: solid-phase diffusion
bonding and transient liquid-phase diffusion bonding. It was
found that the Ti-Cu liquid eutectic alloy was formed by the
reaction of Ti and Cu, not only infiltrated into open pores
and microcracks as a nail but also reacted with ceramic
coating. The remaining Cu was deformed by own plastic
deformation and released the residual stress. In addition, the
liquid layer formed by interlayer in the TLP-DB process had
good wettability to C¢/SiC composite and can infiltrate into

C¢/SiC composite matrix and encapsulated C¢ between the
interlayer and C¢/SiC interface region. These processes were
very beneficial for the mechanical strength of the joint. The
shear strength of the joint between 2D C¢/SiC composite and
Nb alloy was 14.1 MPa, and the shear strength of the joint
between 3D C¢/SiC composite and Nb alloy reached up to
34.1 MPa. To our best knowledge, there were mainly two
factors leading to a low shear strength of the joint between
2D C4/SiC composite and Nb alloy: the CTE mismatch
between 2D C¢/SiC composite and Nb alloy was larger
compared with 3D C¢/SiC composite and Nb, resulting in
a large residual stress, and the fiber direction among 2D
C¢/SiC composite was parallel to the joining interface,
whereas the fiber direction among 3D C¢/SiC composite was
perpendicular to the joining interface. When the fiber was
perpendicular to the joining interface, “nail effect” formed
between reaction layer and C; and shared more load than
other regions in fracture test (as is shown in Figure 11).
These results demonstrated that the direction of fiber was
directly related to the interface structure of the joint, which
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F1GURrE 11: SEM micrograph of the joint: (a) 3D C¢/SiC and (b) 2D C¢/SiC [41, 42].

in turn affected the shear strength of joint. In this kind of
research work, the influence of fiber must be considered;
however, this interesting topic has not yet been studied
systematically.

In addition, the reactions between joining material and
composite matrix have been recently recognized as critical
factors for determining the strength of the joint. C¢/SiC
composite and Ti-6Al-4V alloy were joined by Ban et al. [79]
with the mixed powder of Cu, Ti, and graphite under
vacuum environment. In situ synthetic TiC that reduced the
thermal stress significantly was synthesized by interdiffusing
of C element in the graphite particle and Ti element in the
liquid bonding layer (as is shown in Figure 12). The positive
effect of TiC on joint strength was also described in other
papers [56, 72, 80]. Table 8 summarizes the data of diffusion
bonded joining. The utility model has the advantages of high
strength, stable joint quality, and good corrosion resistance,
especially for the joining of C¢/SiC composites and metals for
high-temperature and corrosion-resistance application.

3.3. Online Liquid Infiltration Joining. Online liquid in-
filtration joining is a novel technology, which is applied to
the joining of fiber-reinforced ceramic matrix composites.
C¢/SiC composites are usually porous both for CVI and PIP
processing. An online liquid infiltration joining method that
is suitable for the composites was reported. The porosity of
C¢/SiC composites was controlled and then the compact
process was carried out after the joining has finished, which
reduced the damnification of joints as much as possible. The
wettability between the joining material and C¢/SiC com-
posite was improved; moreover, the joining material could
be melted and infiltrated into the C¢/SiC matrix, which
increased the joining area and reinforced the joint strength
[81, 82]. In addition, a root-like morphology was formed in
C/SiC composite substrate, which could greatly enhance the
reliability of joint [83].

The only paper that attempts to join C¢/SiC composite to
metal via online liquid infiltration joining was presented in
2004 [84]. The authors joined 2D/3D C¢/SiC composites to
Nb with Ni-based filler by the online liquid infiltration

joining method (as shown in Figure 13). The joint between
2D C¢/SiC composite and Nb was failure and separated
during the cooling. However, the favorable joint between 3D
C¢/SiC composite and Nb was obtained. Approaches such as
reactive brazed [68, 69] and diffusion bonding [41, 42] have
also been successfully used to join C¢/SiC composites to Nb
alloy. Unfortunately, the bonding processes above were
usually conducted after the preparation of the composite
matrix, which damaged the strength of the matrix. Online
liquid infiltration joining, which is completed in the prep-
aration process, is different from the above methods. Af-
terward, chemical vapor deposition (CVD) process not only
complete the preparation of materials but also can provide
antioxidation coating for the matrix and the joint, reflects
the joining, preparation, and processing integration [51, 85].

3.4. Ultrasonic-Assisted Joining. Ultrasonic-assisted joining
is employed to join aluminum alloy structural parts at first.
Afterward, ultrasonic is used for copper and alloy, grad-
ually widely used in CMCs and metals, as shown in
Figure 14 [86]. Since ultrasound exists as an energy form, it
produces some unique ultrasonic effects when it propagates
in the medium. The ultrasonic-assisted joining utilizes
ultrasonic vibrations to interact the contact area of the
CMC:s with the metal. The ultrasonic effect causes the liquid
joining material to spread on the surface of the matrix and
form a joint with the metal [87]. In 1990s, ultrasonic-
assisted joining technology facilitated the wetting of ma-
terials with poor wetting properties such as ceramics, glass,
and stainless steel [88-90, 94]. The liquid-connecting
materials spread and moisten, through the ultrasonic
wave effect that from the vibrations of ultrasonic, the
surface of the CMCs and metal to achieve good connection.
Moreover, it is worth mentioning that ultrasonic-assisted
joining technology can improve the wettability of con-
nection materials on the surface of matrixes such as ce-
ramics, glass, and stainless steel. Therefore, this technology
has been widely applied in many fields.

The joining of SiC and Ti-6Al-4V alloy via ultrasonic-
assisted joining was conducted by Chen et al. [91, 92]. SiC
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FIGURE 12: (a) Micrographs and (b) XRD pattern of the interface [79].

TasLE 8: Diffusion bonding of C¢/SiC composites to metals.

CMCs Basic information Metal Joining material Process parameter strenz?}f a(E\/IPa) Ref.
C4SiC 3D, CVI, 2.1 g/em® Nb alloy Ti-Cubifoil 800G 38 (;‘;i;‘/i;al’vg ;;xll%z,({}c,; 60 min, 341 [41]
C/SIC 2D, CVL 16vol%  Nb alloy Ti-Cu-Cu 850°C, f)f’o‘;l;‘/}’},ifga; ?gf’;%:o min, 141 [42]
Cisic 03_?;5 igl'ozl fég“;;i)a TC, alloy Cu-Ti-C 900-950°C, 5-30 min, 6.0 x 10~ Pa — (79]
CySiC 3D, 15vol.%, 500MPa  Ni alloy Zr/Ta 1050°C, 10 min, 40.8 MPa, 1072 Pa 110.89 (BS) [70]

| Nb cylinder
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FiGure 13: The diagram of specimens before being joined.

was employed by a joining material with an Al-12Si alloy at
low temperature (620°C), and the shear strength of the joint
was 84-94 MPa. In their study, the oxide layer of the matrix
was broken by the ultrasonic, and the joining material can
form a good interface between SiC and Ti-6Al-4V alloy.
However, cracks were observed in SiC material and the

Ultrasonic
horn

Heat system VAVAVAVAVANAVE

FIGURE 14: The diagram of capillary process that filler gets into
clearance by action of ultrasonic vibration.

propagation direction was parallel to joint. The main reason
was that the nonuniform shrinkage of material at the joint
and residual stress, which leads to crack formation in the SiC
substrate, was produced during the cooling process. They
obtained an integrated joint when using the novel joining
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material in their study. SiC and Ti-6Al-4V alloy were joined
with AlSnSiZnMg mixed metal, which reduced the joining
temperature and the residual stress of the joint, inhibiting
the occurrence of cracks and other defects. Unfortunately,
the shear strength of the joint was not improved (77.8 MPa).

On the other hand, ultrasonic-assisted joining tech-
nology can also be used to join oxide ceramics to metals.
Naka et al. [88] joined Al,O3 to Cu with Zn, Zn-5Al, and
Znjgo-x (Aly s+ Cug ), (x=0-30) as the joining materials. It
was shown that with the time and joining temperature in-
creased, the shear strength of the joint with Zn-6A1-4Cu
filler was improved and reached ~62MPa. In the above
literatures, some of them were reported that the ultrasound
was beneficial to improve the wettability of AlL,O; and
metals.

The mechanism of ultrasonic effect on the joining
process can be summarized as follows: (1) the macroscopic
bubbles between the filled metal and the ceramic were re-
moved by the ultrasonic cavitation; (2) the C¢/SiC substrate
surface was subjected to high-speed impact of atoms under
ultrasonic vibration; (3) the ultrasonic vibration and friction
between the joining material and metal.

3.5. Electric-Assisted Field Joining. Although diffusion
bonding is widely used to join CMCs and metals, generally, it
requires high temperatures, high pressure, vacuum or inert
atmosphere, and long joining time [93, 94, 98]. Electric-
assisted field joining is an effective way to solve these above
problems, as shown in Figure 15. Since the joining between
CMCs and metal was realized by chemical reaction, in-
terfacial structure formed by reaction determines the me-
chanical properties of the joint. Better joint can be obtained
using the electric-assisted field method.

The interface between CMCs and metal were polarized
under electrostatic field. On the one hand, it promotes
atomic migration and vacancy diffusion. On the other hand,
it accelerates the interface reaction, which reduces the
joining temperature, the pressure, and the residual stress.
Moreover, the interface reaction is easy to control, and
joining time is very short [96-98, 101].

Initially, the electric-assisted field joining is mainly
employed for joining ceramics to metals [100]. The interface
composition and mechanical properties of joints between
SiC and Ti were investigated by Wang et al. [98] in the
electric field. It was shown that the external electric field
reduced the joining temperature and time and improved the
shear strength. It is important that the external electric field
can improve the diffusion rate of interface atoms. Moreover,
it promoted the interface reaction and improved the joining
efficiency.

Owing to its simplicity and efficiency, electric-assisted
field joining became a useful method employed for joining
C¢/C composites [101] and C¢/SiC composites [48]. C/C
composites were firstly joined by combining electric field-
assisted sintering technology and using a Ti;SiC, tape film as
the interlayer [101]. In their work, the interdiffusion speed
between the interlayer and the metal was accelerated by an
electric field and the joining time was only 12 min. To our
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Figure 15: The diagram of the experimental equipment under
electric field.

knowledge, the Ti;SiC, exhibited pseudoplastic at 1300°C or
higher [102, 103]. Therefore, Ti;SiC, infiltrated into the
composite matrix and a “nail” that clamps the matrix was
observed, as shown in Figure 16, which improved shear
strength of the joint. In the joining process, two key factors
affected the strength of the joint: (1) the interdiffusion be-
tween the joining material and the matrix was promoted by
electric field and (2) Ti;SiC, showed good plastic de-
formation ability in the electric field.

Atoms spread to the interface under electric field. It is
necessary to pass through the potential through the gap, the
original position occupied by their own formed a new space.
The energy of the atoms across the barrier was provided by
the electric field. At the same time, the atoms across the
barrier potential energy are reduced by the electric field.
Combined with these two effects, the diffusion activation of
atoms can be greatly reduced, thereby increasing the dif-
fusion rate of solute atoms and obtaining a uniform
structure [104]. Therefore, the electric-assisted fields joining
method has drawn great attention and is expected to become
an important way for the joining of C¢/SiC composites in the
future.

4. Summary

With the rapid development of high-tech in aerospace and
other industry fields, carbon fiber-reinforced silicon carbide
(C¢/SiC) ceramic matrix composites, one of the most famous
CMCs, are becoming the most promising candidates for
high-temperature structural applications. In most cases,
typically, it is very difficult to produce large-size C¢/SiC
composite components with complex shapes, resulting in
that they must be joined with themselves or other materials
by appropriate joining technologies. At present, various
joining technologies of C¢/SiC composites are reported,
including the joining of C¢/SiC-C/SiC and Cg/SiC-metal,
such as direct bonding of C¢/SiC-C¢/SiC, indirect bonding of
C¢/SiC-C¢/SiC, brazing of C¢/SiC-metal, diffusion bonding of
C¢/SiC-metal, online liquid infiltration of Cg/SiC-metal,
ultrasonic-assisted joining of C¢/SiC-metal, and electric-
assisted joining of C¢/SiC-metal.
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FIGURE 16: (a) The schematic diagram of “nail” like and (b) BSE image [101].

To the best knowledge of the authors, however, there has
been no systematic summary of the joining of CgSiC
composites. In this paper, a systematic review of the joining
of C¢/SiC composites is conducted, and the aim of this paper

is to provide some reference for researchers working on this
field.
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The aim of this paper was to investigate bending responses of sandwich panels with aluminium honeycomb core and carbon fibre-
reinforced plastic (CFRP) skins used in electric vehicle body subjected to quasistatic bending. The typical load-displacement
curves, failure modes, and energy absorption are studied. The effects of fibre direction, stacking sequence, layer thickness, and
loading velocity on the crashworthiness characteristics are discussed. The finite element analysis (FEA) results are compared with
experimental measurements. It is observed that there are good agreements between the FEA and experimental results. Numerical
simulations and experiment predict that the honeycomb sandwich panels with +30° and +45° fibre direction, asymmetrical
stacking sequence (45°/-45°/45°/—45°), thicker panels (0.2 mm~0.4 mm), and smaller loading velocity (5 mm/min~30 mm/min)
have better crashworthiness performance. The FEA prediction is also helpful in understanding the initiation and propagation of

cracks within the honeycomb sandwich panels.

1. Introduction

Carbon fibre-reinforced plastic (CFRP) has been proven to be
an effective energy absorbing material; it has been widely used
in various industrial applications [1-8]. Moreover, the hon-
eycomb filling has been shown to be efficient in improving the
energy absorption characteristics of filling structures [9-16].
The honeycomb sandwich structures are widely used in
several engineering applications in the transport industry.
There have been extensive studies regarding the impact
and bending behaviour of aluminium honeycomb panels
with and without external skins. Liu et al. [2] explored the
crashworthiness of CFRP square tubes filled with alumin-
ium honeycomb subjected to quasistatic axial crushing.
By comparison, the peak load and absorbed energy of the
filled tubes increased by more than 10% as compared with
those of the bare CFRP tubes, ranging approximately from
12.41% to 27.22% and from 10.49% to 21.83%, respectively.

For three-point bending (TPB), energy absorption (EA) and
specific energy absorption (SEA) were found by Sun et al.
[17] to be largely influenced by the structural parameters in
the honeycomb core, but not much by the skin thickness.
They also compared the crashworthiness of empty circular
CFRP with CFRP/aluminium/steel tubes filled with alu-
minium foam or aluminium honeycomb under axial qua-
sistatic crushing. With the increase in R of CFRP tubes, both
the energy absorption and loading capacities increase, with
specific energy absorption (SEA) increasing from 48.60]/g
to 60.37]/g. The SEAs of CFRP tubes filled with honey-
comb were slightly lower than the empty counterparts but
far better than those of all metal specimens [18]. Hazizan
et al. [19] investigated the low-velocity impact response of
two glass fibre/epoxy aluminium honeycomb sandwich
structures. Crupi et al. [20] investigated the mechanical
behaviour under bending and impact loading of AHS panel
reinforced by GFRP outer skins and a comparison with the
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AHS panels (without GFRP skins) was done. The experi-
mental tests demonstrated that the amount of energy ab-
sorption of the honeycomb sandwiches was highly
improved, reinforcing them by means of GFRP outer skins.
Hussein et al. [21] studied the axial crushing behaviour of
aluminium honeycomb-filled square carbon fibre-reinforced
plastic (CFRP) tubes. The results showed that the energy
absorption (EA) of aluminium honeycomb-filled CFRP
tubes increased from 20% to 36% more than the energy
absorption of hollow CFRP tubes at different crushing ve-
locities. Liu and Wu [22] investigated the lateral planar
crushing and bending responses of CFRP square tubes filled
with aluminium honeycomb. The results of lateral three-
point bending tests showed that the peak load, EA, and SEA
of honeycomb-filled CFRP tubes increased by 17%, 32%, and
0.9%, respectively, compared with the CFRP hollow tubes.

Although the honeycomb sandwich panels have been
widely studied, there have been limited studies on the
honeycomb sandwich panels with CFRP skins. Furthermore,
it is a new attempt that the lightweight sandwich panels with
aluminium honeycomb core and CFRP skins are applied to
the body panel in our developed lightweight CFRP electric
vehicle, which would be subject to lateral bending load.
Therefore, their application requires a better understanding
of the bending response of such lightweight composites, and
most of the studies do not consider the material design of
CERP to improve bending performance.

2. Problem Definitions

2.1. The CAD Model of Sandwich Panels with Aluminium
Honeycomb Core and CFRP Skins. The CAD model of
sandwich panels with aluminium honeycomb core and CFRP
skins is shown in Figure 1. It is made of two parts, known as
upper and lower CFRP skins and middle aluminium hon-
eycomb core. The CFRP skins are bonded to aluminium
honeycomb core by DG-4 epoxy adhesive. The adhesive can
be cured at room temperature and withstand temperatures
from —60°C to +120°C. Moreover, the bonding process is
simple, convenient to use and fast curing. The length and
width of CFRP skins are 200 mm and 30 mm, respectively, and
the thickness of CFRP skin is determined by layer thickness.
The aluminium honeycomb core is made from the aluminium
alloy with the cell thickness of 0.07 mm and side length of
4mm. The height of aluminium honeycomb is 8.4 mm.

2.2. The Material Property of Sandwich Panels with Alu-
minium Honeycomb Core and CFRP Skins. Upper and lower
CFRP skins are full carbon fibre structures, and their ma-
terial is T700/FAW100. Table 1 lists the material properties
of CFRP T700/FAW100. Nine material constants in Table 1
will be used in the finite element analysis.

The middle aluminium honeycomb core has an isotropic
material property, and its material is 3003 aluminium alloy.
The material properties are shown in Table 2.

2.3. Lay-Up Schemes of Sandwich Panels with Aluminium
Honeycomb Core and CERP Skins. In order to analyze the
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Figure 1: CAD model of sandwich panels with aluminium hon-
eycomb core and CFRP skins.

effect of stacking sequence, fibre direction, and layer
thickness on the crashworthiness of sandwich panels, the
specimens in this study are divided into three groups (Group
A/Group B/Group C) as listed in Table 3. A total of eight
different lay-up schemes (A/B/C/D/E/F/G) are considered.
The fibre directions with 15 30°, 45°, 60°, and 75° are mainly
considered. The purpose of Group A is to compare and
analyze the effect of fibre direction on the crashworthiness of
sandwich panels. The purpose of Group B is to compare and
analyze the effect of stacking sequence on the crashwor-
thiness of sandwich panels. The purpose of Group C is to
compare and analyze the effect of layer thickness on the
crashworthiness of sandwich panels.

2.4. Testing Methods. Different from the bending mechanical
properties of conventional solid metal materials, the qua-
sistatic three-point bending test is based on the GB/T1449-
2005 Testing Standard “Test method for bending properties
of carbon fiber reinforced plastics.” As shown in Figure 2, the
sandwich panel with aluminium honeycomb core and CFRP
skins is placed parallel to the center position of the support
seat of the universal testing machine. The loading roller
moves downward at a constant rate of V until the specimen
is broken. The load-displacement data are recorded during
loading, and the experimental results of different cases are
compared and analyzed.

3. Methods of Analyses

3.1. Orthotropic Material Property. Under the Cartesian
coordinate 1-2-3, the constitutive equation of the ortho-
tropic material such as carbon fibre-reinforced plastic is [22]
as follows:

(0] [Cu C2 C3 0 0 0 e ]
02 Cyu Cpu Gy 0 0 0 €2
I33 | _ G C Gy 0 0 0 €33 . (1)
Ty 0 0 0 Cy 0 O Va3
T3 0 0 0 0 Cs55 O Y31
L7l LO 0 0 0 0 Cgllyp,d
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TaBLE 1: The material properties of CFRP T700/FAW100.

E, (GPa) E, (GPa) E; (GPa) V21 V32 V31 G, (GPa) Gy3 (GPa) Gi3 (GPa)

150 9 9 0.24 0.24 0.28 512 5.12 3.34

E;: longitudinal modulus, E,, E5: transverse modulus; v,,: 21-direction Poisson’s ratio, v4;: 31-direction Poisson’s ratio, vs,: 32-direction Poisson’s ratio; Gy,
G,3: 12-direction, 13-direction shear modulus, G,3: 23-direction shear modulus.

TaBLE 2: The material properties of the aluminium honeycomb
core.

E (GPa) % p (kg/m3) os (Pa)
70 0.33 2.70E+ 03 2.76E+ 07

E: elastic modulus, »: Poisson’s ratio; p: density, os: yield strength.

TaBLE 3: Lay-up schemes of sandwich panels.

Case
Group A

Stacking

A [45°/—45°/45°/-45°]
B [30°/—=30°/30°/-30°]
C [60°/—60°/60°/—60°]
D [75°/-75°175°/-75°]
E [60°/—15°/15°/-60°]

Group B
A [45°/-45°/45°1-45"]
F [45°/-45°/-45°/45"]
Group C
A [45°/-45°/45°/-45"]
G [45°/-45°/45°]
H [45°/-45"]

The abovementioned equation can be written in a simple
form:

{0} = [Cl{e}, (2)

where {d}, {e}, and [C] are the stress, strain, and stiffness
matrix, respectively. The compliance matrix [C] is the in-
verse of [C] as follows:

r 1 — — -
) L) 0 0 0
E, E, E;
1
Yo 1 TV 0 0 0
E, E, E
—v, - 1
;3’13 ;:’23 - 0 0 0
I 2 3
[S]=[C]" = )
1
0 0 0 — 0 O
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where E;, G;;, and v;; are Young’s modulus, shear modulus,

and Poisson’s ratio, respectively. The symmetrical matrix [S]
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FIGURE 2: Schematic of quasistatic three-point bending test.

in (3) has nine independent material constants for the
orthotropic material.

In the carbon/epoxy composite laminate, each ply has
the orthotropic material property. The fibre directions of
each ply can be different for practical applications. The
bicycle frame is a full carbon fibre structure, and its material
is T700/FAW100. Table 1 lists the material properties of
CFRP T700/FAW100. Nine material constants in Table 1
will be used in the finite element analysis.

3.2. Finite Element Analysis (FEA). In this study, finite el-
ement analysis (FEA) is performed using ABAQUS software
including model and mesh, load, boundary condition,
solving, and postprocessing. Figure 3 shows the finite ele-
ment model of sandwich panels with aluminium honeycomb
core and CFRP skins. It is supported by a rigid support seat
at the bottom. The rigid loading roller moving at a constant
velocity was built to represent the loading for three-point
bending. The sandwich panels necessitate a progressive
failure model for solid elements using a modified Chang-
Chang failure criterion, which is capable of predicting tensile
and compressive fibre failure, as well as tensile and com-
pressive matrix failure. The aluminium honeycomb is
modelled by solid elements with isotropic material property.
There are three types of contact defined between the loading
roller, CFRP skins, aluminium honeycomb core, and sup-
port seat, namely, automatic single surface, tied surface to
surface, and automatic nodes to surface (as illustrated in
Figure 3). The loading speed and boundary conditions were
prescribed consistently with the experimental setup.

3.3. Crashworthiness Criteria. To quantify the crashwor-
thiness, several different criteria are often used, namely,
initial peak force (F,,,), mean crushing force (MCF), crush
force efficiency (CFE), energy absorption (EA), and specific
energy absorption (SEA) [3].

The initial peak force (F,,,,) can be obtained directly
from the load-displacement curve which separates the
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FiGURE 3: Schematic of finite element model.

loading process into the initial elastic bending stage and
bending collapse stage.

The value of average crushing force (F,,) is defined
mathematically as
1 d
Foo == | F(8)dd, 4
=y |, FO @

where d is the collapse distance and F(J) is the in-
stantaneous crush force.

Crush force efficiency (CFE), defined as the ratio of the
mean crushing force (MCF) to the initial peak force (F,,),
is used to measure the uniformity of crushing force as

F
CFE = 2%, (5)

max

The higher the value of CFE, the better the crashwor-
thiness performance.

The energy absorption (EA) is obtained by integrating
the load-displacement curve during the loading process as

d
EA = J F(8)do. (6)
0

The higher the energy absorption (EA), the better the
crashworthiness. To account for the effect of mass (weight),
specific energy absorption (SEA), defined as

_E,_ [ F®)dd )
“m m ’

SEA

is frequently used as one of the most critical crashworthiness
criteria.

4. Experimental Procedures

4.1. Specimen Preparation. For electric vehicles, the most
effective way to increase the extension mileage is to reduce
weight. The traditional materials of vehicle body are high-
strength steel or aluminium alloys, which are heavy and do
not meet the growing extensive mileage requirements of
electric vehicles. The sandwich panels with aluminium
honeycomb core and carbon fibre-reinforced plastic (CFRP)
skins can be reasonably designed to make electric vehicle
body with the advantages of lightweight and better energy
absorption performance. As shown in Figure 4, the filled
structures are applied to the typical structural elements such
as the body panels in our developed lightweight CFRP
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FiGURE 4: Schematic of sandwich structures with aluminium
honeycomb core and CFRP skins in vehicle body.

B B B3 [D:] 010

EJEENFED

FIGURE 5: Specimens before quasistatic three-point bending test
with different lay-up schemes.

FIGURE 6: Specimens before quasistatic three-point bending test
with different loading speeds.

electric vehicle, which would be subject to lateral bending
load. This work aimed at investigating the lateral bending
capability of sandwich panels with aluminium honeycomb
core and CFRP skins. Figure 5 shows the specimens of
sandwich panels with eight different lay-up schemes. In
order to analyze the effect of stacking sequence, fibre di-
rection, and layer thickness on the crashworthiness of
sandwich panels, a total of eight different lay-up schemes
(A/B/C/D/E/F/G/H) are considered. To ensure the accuracy
of the experimental results, each case is repeated three times
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FIGURE 7: Specimens tested in the electronic universal testing machine.
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FIGURE 8: Damaged specimens after quasistatic bending.

under the same testing conditions. In addition, in order to
analyze the effect of loading velocity on the crashworthiness
of sandwich panels, the loading experiments are carried out
at different loading rates for Case E4, Case E5, and Case E6,
respectively, and the specimens of Case E4, Case E5, and
Case E6 are shown in Figure 6.

4.2. Quasistatic Three-Point Bending Test. The quasistatic
three-point bending tests are carried out to study the
bending behaviours of these different sandwich panels. All
the tests are performed at room temperature in the elec-
tronic universal testing machine DNS-100 with a loading
capacity of 100 kN. As shown in Figure 7, the speed of the
loading roller is from 5 mm/min to 30 mm/min. When the
specimens of three groups are tested, the loading velocity of
the loading roller is set as 5mm/min.

In order to analyze the effect of loading velocity on
the crashworthiness of sandwich panels, the quasistatic
loading test of the specimens of Case E4, Case E5, and Case
E6 is carried out, and the loading rates are 5mm/min,
15mm/min, and 30mm/min, respectively. The final
bending displacement is set as 25 mm to ensure complete
damage for each specimen. The bending load and its
corresponding displacement are recorded by a data ac-
quisition system, where the load-displacement curves can
be plotted by the system. The deformation behaviours of
the specimens are photographed during the quasistatic
bending process. The specimens after quasistatic bending
failure are shown in Figure 8.

5. Results and Discussion

5.1. Load-Displacement Curves. The load-displacement
curves of the sandwich panels with aluminium honeycomb
core and CFRP skins under the three-point bending test are
shown in Figure 9. The curves can be divided into two stages,
namely, the initial elastic bending stage and bending collapse
stage [23]. Taking the specimens of Case D (D1, D2, and D3)
as an example, in the initial elastic bending stage, the bending
load kept increasing until it reaches the first peak (the average
value is 435 KN). Following the first peak, extensive micro-
fracture was observed at the corner of the upper panel in
contact with the loading roller; the fracture spread quickly in
a direction perpendicular to the CFRP skin, causing several
drops in the bending load curve within the bending collapse
stage as shown in Figure 9; and the numerically predicted
peak load matched the experimental measurement with as
small error given except for the specimen of Case D1. It is seen
that the duration of the elastic deformation stage is very short
and the collapse stage is the main energy absorption stage
during the bending.

5.2. Failure Modes. The failure progress of the sandwich
panels with aluminium honeycomb core and CFRP skins
subjected to three-point bending is shown in Figure 10.
It shows a complex failure mode, including the plastic
hinges, buckling, indentation, core failure, and shear in-
teraction. It is evident that the microfracture initiated at the
corner of the top wall in contact with the loading roller



6
600 [Elasticlbending Bending collapse
| «— Peakload
2 400 |
T
2
S
S5}
200 |
0 1 1 1
0 5 10 15
Displacement (mm)
— D1 — D3
- D2 —— D-FEA

FiGure 9: Typical load-displacement curves of specimens in three-
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Ficure 10: The failure process of sandwich panels in three-point
bending tests.

because of the stress concentration. The cracks spread from
the top wall of the filled CFRP panels to the aluminium
honeycomb. In the bending process, the hexagonal cell
layers of aluminium honeycomb are squeezed each other on
the upper surface (compression surface) and the cell layers
stretched on the bottom surface (tensile surface), leading to
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TaBLE 4: Different fibre directions for FEA and experimental
results.

Finax Favg EA  SEA
Cose SN NN N N7
Al-specimen 22 316 1457 046 3.06 0.14
A2-specimen 20 260 1171 045 246 012
A3-specimen 20 301 130 043 273 014
A-average 20.7 2923 131 045 2.75 0.14
A-FEA 19.8 300 120 040 28 014
Bl-specimen 23 536.7 1924 036 481 0.21
B2-specimen 23 525.7 2576 049 644 0.28
B3-specimen 23 4804 231.6 048 579 025
B-average 23 514.3 2272 044 5.68 0.25
B-FEA 19.8 530 245 046 598 0.30
Cl-specimen 23 504 110 022 275 012

533.3 126 024 315 014
4814 1272 026 318 014
506.2 121 0.24 3.03 013
527.2 127 024 31 0.16
492.7 115 023 299 0.14
389.6 108.8 0.28 2.83 0.3
421.2 87.3 021 227 010
D-average 22 434.5 103.7 024 2.7 012
D-FEA 19.8 4307 977 023 254 013
El-specimen 22 341 1208 035 314 014

C2-specimen 23
C3-specimen 23
C-average 23
C-FEA 19.8
D1-specimen 22
D2-specimen 22
D3-specimen 22

E2-specimen 23 372.8 1088 0.29 2.83 0.2
E3-specimen 23 407.7 854 021 222 010
E-average 22,7  373.8 105 0.28 2.73 0.12
E-FEA 19.8 362 120 0.33 3 0.15

a fan shape. But the bending deformation was not enough to
induce the cells of the aluminium honeycomb debonding
from the adjacent adhesive layers. Therefore, the damage of
degumming between aluminium honeycomb cell layers was
not found in these three-point bending tests [23].

5.3. Effect of Fibre Direction on Crashworthiness. The FEA
and experimental results of about five kinds of cases (Case A,
Case B, Case C, Case D, and Case E) with different fibre
directions are listed in Table 4. It indicates that Case A with
+45° fibre direction has the lowest F,,, (the average value is
294.2N). On the contrary, Case C with +60° fibre direction
has the highest F ,  (the average value is 511.5N). The
average value of F,, of Case B with +30° fibre direction is
385.5N. In addition, the value of F,,,, of Case B is the highest
in these cases. The comparison of CFE of these five different
cases is shown in Table 4, and both the CFEs of Case A and
Case B are the highest in these cases, indicating that they
have the smoothest loading-displacement process. The CFE
of these cases are in a range from 0.21 to 0.49 as listed in
Table 4. The SEA and EA of these cases are also listed in
Table 4. It can be observed that both the SEA and EA of Case
B are much higher than those of the other cases, indicating
better crashworthiness performance. Except for Case B, both
the SEA and EA of Case A are close to those of other cases.

From the above study, the crashworthiness of sandwich
panels with aluminium honeycomb core and CFRP skins can
be affected by fibre direction. These FEA and experimental
results revealed that Case A with +45° fibre direction has the
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TasLE 5: The deviation values of the experimental results for dif-
ferent fibre directions.

Finax Fayg CFE EA SEA
Case error error error error error

(%) (%) (%) (%) (%)
Al-specimen 6.3 8.1 11.2 2.2 11.3
A2-specimen 3.4 11 10.6 0 10.5
A3-specimen 34 2.9 0.7 4.4 0.7
A-average 4.4 7.3 7.5 2.2 7.5
B1-specimen 44 15.3 18.2 15.3 16
B2-specimen 2.2 13.4 11.4 13.4 12
B3-specimen 6.6 1.9 9 1.9 0
B-average 4.4 10.2 12.9 10.2 9.3
Cl-specimen 0.4 9 8.3 9.2 7.6
C2-specimen 5.4 4.1 0 4 7.7
C3-specimen 4.9 51 8.3 49 7.7
C-average 3.6 6.1 5.5 6.0 7.7
D1-specimen 13.4 10.9 4.2 10.7 16.7
D2-specimen 10.3 49 16.7 4.8 8.3
D3-specimen 3 15.8 12.5 159 16.7
D-average 8.9 10.5 11.1 10.5 13.9
El-specimen 8.8 15 25 15 16.7
E2-specimen 0.3 3.6 35.7 3.6 0
E3-specimen 9 18.7 25 18.7 16.7
E-average 6.0 12.4 28.6 12.4 11.1
lowest F ., but not the highest EA and SEA. In addition,

Case B with +30° fibre direction has the highest EA and SEA,
but not the lowest F .. The lowest F,_ ., highest EA, and
highest SEA indicate better crashworthiness performance.
Summarizing the respective advantages of fibre direction of
+30° and +45°, both of these fibre directions should be
considered in the ply design. The deviation values of the
experimental results for different fibre directions are shown
in Table 5. It is found that the deviation values are less than
10%. Therefore, the results of the experimental results for
different fibre directions are reliable. It is noted that because
the values of CFE are very small, it will lead to a large
deviation in calculations.

5.4. Effect of Stacking Sequence on Crashworthiness. Case A
and Case F are considered to analyze the effect of stacking
sequence on crashworthiness performance. The comparison
of Frax and Fyyg of the two cases is shown in Figure 11. Tt
indicates that the F,,, of Case A is lower than that of Case F.
The F,yg of Case A is close to that of Case F. As shown in
Figure 12, the CFE of Case A is higher than that of Case F,
indicating that Case A has the smoother loading-
displacement process. The SEA and EA of these two cases
are shown in Figure 13. It can be observed that the SEA and
EA of Case A are higher than those of Case F, indicating
better crashworthiness performance.

It can be concluded that the crashworthiness of
sandwich panels with aluminium honeycomb core and
CFRP skins can be affected by the stacking sequence.
By comparing both Case A and Case F crashworthiness
criteria, the results reveal that Case A with an asymmet-
rical stacking sequence design has better crashworthiness
performance.
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Figure 11: Comparison of different stacking sequence for speci-
mens: Fray and Fuy,.

5.5. Effect of Layer Thickness on Crashworthiness. As shown
in Table 6, there are three kinds of cases (Case A, Case G, and
Case H) with different layer thicknesses. For Case A, the
layer thickness is 0.8 mm; for Case G, the layer thickness is
0.6 mm; and for Case H, the layer thickness is 0.4 mm. With
the increase in the layer thickness, both the F,,, and CFE
increase. Interestingly, the F,,.x is approximately the same.
With the increase in the layers thickness, both the EA and
SEA increase. Both the EA and SEA of Case A are the highest
of these three kinds of cases. Therefore, in general, with
increase in the layer thickness, the sandwich panels with
aluminium honeycomb core and CFRP skins would have
higher energy absorption capacities. The deviation values of
the experimental results for different layer thicknesses are
shown in Table 7. It was found that the deviation values are
less than 10%. Therefore, the experimental results for dif-
ferent fibre directions are reliable.

5.6. Effect of Loading Velocity on Crashworthiness. To in-
vestigate the effect of loading velocity on the crashworthiness
of sandwich panels with aluminium honeycomb core and
CFRP skins, the load-displacement curves of specimens
(Case E4, Case E5, and Case E6) with different velocities are
plotted in Figure 14. With the increase in the loading ve-
locity, the Fy,.x of specimens of Case E increases. When the
loading velocity is 30 mm/min, the F,,,, of the specimen of
Case E6 is the highest.

The comparison of CFE of three specimens (Case E4,
Case E5, and Case E6) with different loading velocities is
graphed in Figure 15, and the Fp,, and F,yg are also graphed
in Figure 15. The CFE of the specimen of Case E5 with
minimum loading velocity is the highest.
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FIGURE 13: Comparison of different stacking sequence for speci-
mens: EA and SEA.

The EA and SEA of three specimens (Case E4, Case E5,
and Case E6) are graphed in Figure 16. It can be observed
that the EA and SEA of the specimen of Case E5 with
minimum loading velocity are much higher than those of
other specimens.

It can be concluded the crashworthiness of sandwich
panels with aluminium honeycomb core and CFRP skins can
be affected by loading velocity. By comparing the crash-
worthiness criteria, the results reveal that the specimen of
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TaBLE 6: Different layer thicknesses for FEA and experimental

results.

Finax Favg EA  SEA
Case mE N N E g g
Al-specimen 22 316 1457 046 3.06 0.4
A2-specimen 20 260 1171 045 246 012
A3-specimen 20 301 130 043 273 014
A-average 207 2923 131 045 275 014
A-FEA 198 300 120 040 28 0.4
Gl-specimen 23 3296 887 027 133 0.06
G2-specimen 22 360.8 1006 028 151  0.07
G3-specimen 22 351 94 027 141  0.06
G-average 22.3 3471 944 027 141 0.06
G-FEA 155 328 90 027 138 0.9
H1-specimen 16 3166 693 022 1.04 0.07
H2-specimen 16 2822 84 030 126 0.8
H3-specimen 16 3019 807 027 121  0.08
H-average 16 300.2 78 026 117 0.08
H-FEA 113 300 77 026 11 010

TaBLE 7: The deviation values of the experimental results for layer

thicknesses.

Finax Fayg CFE EA SEA
Case €rror €rror €rror €rror error

(%) (%) (%) (%) (%)
Al-specimen 6.3 8.1 11.2 2.2 11.3
A2-specimen 3.4 11 10.6 0 10.5
A3-specimen 3.4 2.9 0.7 4.4 0.7
A-average 4.4 7.3 7.5 2.2 7.5
G1-specimen 5 6 0 5.7 0
G2-specimen 39 6.6 3.7 7.1 16.7
G3-specimen 11.2 0.4 0 0 0
G-average 6.7 4.3 1.2 4.3 5.6
H1-specimen 55 11 154 11 12.5
H2-specimen 6 7.7 154 7.7 0
H3-specimen 5.7 3.5 3.8 3.4 0
H-average 5.7 7.4 11.5 7.4 4.2
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FIGURE 14: Load-displacement curves of specimens with different
velocities on crashworthiness.
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Figure 16: Comparison of different loading velocities for specimens: EA and SEA.

Case E5 with minimum loading velocity has the best under the three-point bending test can be divided
crashworthiness performance. into the initial elastic bending stage and bending
collapse stage. The sandwich panels with aluminium
honeycomb core and CFRP skins absorbed most of

6. Conclusions
the energy during bending collapse stage.

This §tudy presentedanumerlgal and experlrpental stu.d).f on (2) The FEA prediction and experiment are used in
bending responses of sandwich panels with aluminium understanding the initiation and propacation of
honeycomb core and CFRP skins under quasistatic bending cracks wi thingthe sandwich panels “I:i thpali minium
load. The typical load-displacement curves, failure modes, ba .

. o S honeycomb core and CFRP skins. The microfracture
and energy absorption are explored. Within the limitation of L h fth i ith th
the study, the following conclusions can be drawn: Initiates at the corner ot the top wall in contact with the

’ ’ loading roller. The cracks spread from the top wall of
(1) The load-displacement curves of the sandwich panels the filled CFRP skins to the aluminium honeycomb. In

with aluminium honeycomb core and CFRP skins the bending process, the hexagonal cell layers of
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aluminium honeycomb are squeezed each other, leading
to a fan shape. But the bending deformation was not
enough to induce the cells of the aluminium honeycomb
debonding from the adjacent adhesive layers.

(3) The crashworthiness of sandwich panels with alu-
minium honeycomb core and CFRP skins can be
affected by fibre direction. Case A with +45° fibre
direction has the lowest F,,,,,, but not the highest EA
and SEA. In addition, Case B with +30° fibre di-
rection has the highest EA and SEA, but not the
lowest F,,,. Therefore, both of these fibre directions
should be considered in the ply design.

(4) The crashworthiness of sandwich panels with alu-
minium honeycomb core and CFRP skins can be
affected by the stacking sequence. By comparing
both Case A and Case F crashworthiness criteria, the
results reveal that Case A with symmetrical ply
design has a better crashworthiness performance.

(5) In general, with the increase in the layer thickness, the
sandwich panels with aluminium honeycomb core
and CFRP skins would have higher energy absorption
capacities. The crashworthiness of sandwich panels
can be affected by loading velocity. The experimental
results reveal that the specimen of Case E5 with
minimum loading velocity (5 mm/min) has the best
crashworthiness performance.

In summary, this study demonstrates the potential of
sandwich panels with aluminium honeycomb core and
CFRP skins to be an energy absorber used in electric vehicle
body; and the experimental results can also be used for
validating the numerical simulation for design optimization
of the sandwich panels with aluminium honeycomb core
and CFRP skins in the future.
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The size of electromagnetic shielding in plaster composites by the means of different volume fractions of carbon fibers was studied
in this paper. Conventional types of plaster, which are commonly used in industry, that is, cement, lime, gypsum, and lime cement
(Thermo UM), were the base materials of the created composites. The fundamental idea of improving the electromagnetic
shielding properties was verified based on a numerical simulation conducted by means of electromagnetic module in Comsol
Multiphysics. The carbon microfibers with the above-critical length of 8 mm were added as the reinforcing and simultaneously
shielding element into the plaster samples. From the viewpoint of the mechanical properties, fibers shorter than the critical length
do not provide sufficient reinforcement. The samples were created at three different volume fractions of the dispersion and one
without any reinforcement for the possibilities of their mutual comparison. The results of the carried measurement show that the
electromagnetic shielding in the plaster composite grows with the increase of fiber content within the tested ratio proportionately.
Also, the dependency of shielding ability on the inner material moisture has been studied. Any measureable influence of the
moisture content on to the total shielding effect has not been found. Only in the lime plaster reinforced with fibers, the increased
moisture could significantly decrease the shielding effect.

1. Introduction

Over the last few years, there has been mounting concern
about the possibility of adverse health effects resulting from
exposure to radiofrequency electromagnetic (EM) fields,
such as those emitted by wireless communication devices
[1]. This phenomenon is connected with extensive devel-
opment of electronic systems and telecommunications in-
cluding generation and transmission of electricity, domestic
appliances and industrial equipment, and telecommunica-
tions and broadcasting, whereas electrical and EM fields in
certain frequency bands have wholly beneficial effects, which
are applied in medicine, other nonionizing frequencies
sourced from extremely low frequencies, power lines or
certain high-frequency waves used in the fields of radar,
telecommunications, and mobile communications, and they

appear to have more or less potentially harmful, nonthermal,
biological effects on plants, insects, and animals as well as the
human body [2-4].

For the reasons given above, a demand for protection of
human beings against undesirable influence of EM signals
and troublesome charges (especially for professional use) has
been increasing. The best material for shielding or ab-
sorption of EM wave must have both high electric con-
ductivity (imparts higher reflection of EM wave especially at
lower frequencies) and high magnetic permeability (pro-
vides higher absorption of EM wave especially at lower
frequencies); therefore, shields based on the use of metals,
magnetic alloys, and carbon-based materials are the best
ones [5]. The materials used in the shielding of radio-
frequency fields are usually copper, aluminum, or silver
based (in the form of wires, metal plating, or conductive
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fillers) [6-10]. These shields work by reflecting the waves
because these metals have a high electric conductivity. To
shield a magnetic field, materials must have a high magnetic
permeability to be able to absorb the fields [5]. Carbon-based
materials such as carbon fibers, carbon particles, carbon
nanotubes, and so on fully fulfill this requirement [11-13].

One way to protect human beings is to use protective
clothing made of textile materials with increased electrical
conductivity [14, 15]. These fabrics are usually based on the
use of very thin metal fibers incorporated to the structure of
yarn from which woven or knitted fabric is made [10]. By
these fabrics, sufficient electrical conductivity connected
with certain level of electromagnetic shielding protection is
achieved, but on the other hand, this method of protection
brings some disadvantages. For example, by addition of
conductive components (metal fiber), thermophysiological
comfort properties of clothes are usually deteriorated [16]. In
addition, even the appearance (color) of these special fabrics
is also very often influenced [17].

It seems that more robust solution offers controlled
insulation of whole buildings. However, it is clear that just
the passive instruments, such as wall cladding by damping
panels and the use of electro conductive curtains or special
wallpapers solve only the consequences and not the causes of
electromagnetic radiation. Since in many cases the passive
instruments are the only possible solution, they are some-
times necessary and therefore must be addressed.

The most important material in the building industry is
cement. Dried cement composites do not contain any free
electrical charge carriers. Their specific electrical resistance
in the fully dried state is around 10° Qm, making it one of the
best insulators, which means they are fully transparent to
electromagnetic radiation of higher frequencies [18]. The
increased moisture content of cement composites results in
a reduction of specific electrical resistance. This is due to salt
ions contained in the pore solution. Significant reduction of
electrical resistivity accompanied with the increase of
electromagnetic shielding ability of cement composites
occurs after an addition of a sufficient amount of electrically
conductive additives to form conductive paths. The domi-
nant charge carrier in this case is the electron [18].

There are many references in the literature concerning
the addition of a varying amount of conductive filler as
areinforcing element to a cement matrix in order to produce
an electrically conductive, electromagnetic shielding mate-
rial with favorable mechanical properties such as tensile
strength, compressive strength, or impact strength. For
example, Wang et al. [19] prepared multiwalled carbon
nanotube (MWCNT)/cement composites and studied the
effect of sample thickness and the nanodispersion content on
the shielding effectiveness. It was found that at MWCNT
content 0.6 wt.%, the cement mortar sample with a thickness
of 25 mm remarkably absorbs electromagnetic waves close to
the absorbing peaks in the frequency range of 2-8 GHz.
Yawen et al. [20] described investigation of main properties
of high-structure carbon-black (CB) cement-based com-
posites (CBCCs). It was confirmed that these composites
exhibit good performance in the absorption of electro-
magnetic waves in the frequencies higher than 8 GHz. For
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CBCC containing 2.5 wt.%, the minimum reflectivity rea-
ches about 20dB, but compressive strength significantly
decreases with the increase of CB content. Unfortunately,
both mentioned papers analyze only reflection part of
electromagnetic shielding effectiveness, whereas it is ex-
pected from theory [5] that for carbon-based materials, main
portion of electromagnetic shielding effectiveness will be
created by absorption coefficient. Khushnood et al. [21]
focused their work on the usage of cost-effective material
(pyrolyzed agricultural wastes such as peanut and hazelnut
shells) for enhancing the electromagnetic shielding effec-
tiveness of cement composites. Numerically evaluated
electromagnetic shielding effectiveness showed that shield-
ing ability of composite is poor at low frequencies (about
0.2 GHz). The shielding ability is close to 10 dB at the highest
of evaluated frequency (10 GHz) using the highest portion of
conductive component that is 5wt.% of carbonized peanut
shells or 0.5wt.% of carbonized hazelnut shells.

As mentioned above, the use of fibrous materials as
reinforcing elements is favorable especially for its high
aspect ratio (length/diameter ratio). It was proven that
fibrous materials contribute to improvements in their
mechanical properties [22]. In the authors’ previous studies
[23], it was reported that usage of optimal volume ratio of
fibers (1% to 2% of reinforcement) shows significant im-
provement in the main mechanical properties of plaster
composites. With the higher volume of fibers, the im-
provement is not proportional, and the demanded effect is
just minimal.

The aim of the carried work was to find out whether the
addition of fibrous reinforcement could improve the elec-
tromagnetic shielding ability. To achieve the required effect,
some conductive components must be added to the plaster.
Carbon fiber shows very good electrical and thermal con-
ductivity, good strength properties, and improved envi-
ronmental resistance of the final plaster [24].

2. Materials and Preparation

In the previous works of the author [23, 25], all realistic
combinations of plasters and fibers have been tested with
respect to their mechanical properties (Figure 1). Some glass,
carbon, basalt fibers, and even polyvinyl butyral nanofibrous
dispersion have been used as the reinforcing element of
composites. The thickness of plasters has been chosen based
on the real values used in the construction industry. The
results show that the mechanical properties (flexural tensile
strength, compressive strength, and impact strength) of
plasters could be significantly improved by using the weight
ratio of fiber reinforcement of 1% to 2%. Higher content of
carbon reinforcement does not have any equivalent effect or
could even worsen the mechanical parameters [23]. The
content of the fibrous reinforcement in concrete materials is
usually 6%. However, a mixture of the plasters and fibers
with such high contents usually causes problems in their
bonding [23, 26]. For this reason, the content of the fibrous
reinforcement has been set to 1%, 2%, and 3%. The calcu-
lation (1) of the mixing ratio [27] is based on the percentage
of the components in the composite and their densities.
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P (%)

F1GURE 1: Comparison of the modulus of elasticity in the tension
E (GPa) of the Thermo UM Xtra plaster with different volume
fractions (P (%)) of the carbon reinforcement.

The mutual conversion between the mass and volume
fraction is in Table 1.

V. X p.
w, = zxpz,
X Vipi

where w; (%) is the mass fraction of the ith component, V;
(%) is the volume fraction of the ith component, and p;
(kg/m?) is the density of the ith component.

With the higher volume fraction, the mechanical
properties suddenly start falling down because the rein-
forcement is transformed into a bundle of stress concen-
trators and the rupture initiators. Based on these results, four
types of plasters, whose mechanical properties could be
improved or at least not worsened, have been chosen. For the
mutual comparison and consistency of the results, pure
plasters without any fiber dispersion were tested. Because of
the natural climatic loading of the plasters, the samples were
also tested at different humidities (0.8%, 2.2%, and “wet”—
not physically possible to measure). The individual plasters
were prepared according to the recommended manufac-
turer’s technical standards. The inner moisture content was
measured after acclimatization of the samples in the stan-
dardized ambient conditions, and the so called “wet” was
achieved by simultaneous spraying of the samples by water.
The carbon fibers with the declared mean diameter 1.76 ym
were selected to achieve the shielding effect. For plaster
composites with microfiber reinforcement, it was necessary
to compute the critical fiber length: the final length of carbon
fibers is 8 mm. The fiber distribution in the tested parts was
assessed by image analysis on randomly selected samples.
However, it is possible to say, that after approx. 20 min of
mixing, the distribution is equal. The main physical prop-
erties of the used materials are given in Table 2.

(1)

2.1. Plaster. The type and amount of the used binder in-
fluences the resulting plaster properties, so it is one of the

3
TaBLE 1: Volume fraction of the individual components.
. 1% 2% 3%
Volume fraction w; Mass fraction (%)
Thermo UM 3.98 7.74 11.28
Cement 0.75 1.51 2.27
Lime 1.79 3.55 5.29
Gypsum 1.96 3.87 5.75
TaBLE 2: Mechanical properties of the base used materials.
. Length  Diameter  Density E v
Material -
(mm) (ym) (kgm™) (GPa) ()
Carbon fiber 8 1.6 1800 241 027
Thermo UM — — 551 5.4 0.18
Gypsum — — 1100 14 0.27
Cement — — 3020 39 0.2
Lime — — 1250 8.8 0.21

main criteria based on which the plasters could be divided.
The first plaster selected for the study was the lime-cement.
This plaster belongs among extremely effective heat-
insulating plasters with the trade name Thermo UM (this
designation is used in this study). Another significant feature
of this material is low bulk density; compared to commonly
used plasters, it could be up to 4 times lighter. Due to its low
bulk density and low modulus of elasticity, the plaster
eliminates the volume or shape changes in the base wall
material, thus creating no cracks. Above all, the Thermo UM
plaster is characterized by a high value of the thermal
conductivity coefficient, and the chemical composition of
the plaster eliminates growth of microorganisms, algae, and
fungi on its surface [28].

Another type, the gypsum plaster, is generally cheaper
material characterized by good thermal and acoustic resistance.
Due to its thermal properties, the plaster is perceived as a hy-
groscopic material, which allows the regulation of the micro-
climate in the room [29, 30]. This plaster is vapor-permeable,
does not close the water in the construction, and at the same
time allows the natural drying of residual water from the blocks.
The gypsum plaster is suitable for antibacterial environments
because the smoothness of its surface prevents dust from
settling on. At high temperatures, gypsum is released by water
vapor, which is often used to increase fire resistance [31].

The cement plaster [32] exceeds especially with the high
strength, resistance to mechanical damage, and very good
adhesion to the basic substrate. This kind of plaster is
therefore commonly used for highly loaded areas and areas
where frost and weather-resistant is also required.

The lime plaster is characterized by very good water
vapor permeability and ability to absorb moisture from
surrounding bricks. It does not retain capillary water and it
also dries very well. These properties allow lime plasters to
regulate indoor climate. Lime plaster is very flexible, making
it suitable for uneven surfaces. Another advantage is its
ability to absorb all odors [33]. The microimages of the
individual types of plaster with the carbon dispersion are in
Figure 2.
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(d)

FIGURE 2: The studied plasters reinforced with carbon fibers: (a) cement, (b) gypsum (c) Thermo UM, and (d) lime.

2.2. Fiber Dispersion. The carbon “An old but still new ma-
terial” and its natural or synthetic compounds exceed
the number of all the compounds of all other elements to-
gether, which is about a million. This is possible even though
the carbon materials are composed of only one element. The
properties of these materials could not be predicted or esti-
mated based on the known composition, as is the case of, for
example, conventional metal alloys. The fibers are commer-
cially available on fiber coils of several hundred meters in
length, and each bundle consists of 1000 to 10000 filaments
with a diameter of 5-12ym. Standard carbon fibers have
a tensile strength between 3 and 4 GPa, and the modulus of
elasticity of 230-300 GPa [34, 35]. Carbon fibers have the
largest range of properties. High strength, modulus, and heat
resistance with low density are associated with carbon fibers.
Very good thermal and electrical conductivity were the im-
portant criterion for selecting this fiber for our study [36]. The
importance of carbon fibers is growing steadily despite the
fact that compared to glass fibers, their price is ten to hundred
times more expensive. However, due to their characteristics,
customers’ constant interest could be expected. In recent
years, the carbon fibers have become an integral part of
modern civil engineering. They are primarily used to increase
the load-bearing capacity of building components and to
perform building reconstructions. In such cases, not only the

simple carbon fiber is used, but carbon reinforcement in the
form of rods, lamellas, and carbon fabric is used as well.
The potential of using those fibres also in the civil en-
gineering could lay in utilization of some wasted carbon
fibres, remaining in a big amounts from manufacturing of
composite parts for vehicles and airplanes. Due to the fact
that once the fibers are cut or split, there is no possibility to
merge or dissolve them again, and they are usually just
energetically utilized by burning in the heating plants. To
add them into building materials is significantly a better idea.
The conductance (2) is a physical parameter that de-
scribes the material ability to lead an electrical current.

I S 1
G= TR (2)
where I (A) is the electric current flowing through the
conductor, U (V) is the voltage at the ends of the conductor,
o (SI) is the conductivity of the substance, S (m?) is the cross-
sectional area, I (m) is the length of the conductor, and R (Q2)
indicates the electrical resistance.

3. Modeling

The created model of the electromagnetic absorption has
been created in the Comsol Multiphysics. The model uses
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FIGURE 3: Scheme of the created FEM model and boundary conditions (a) and FEM model (b).

a 2D geometry of such a system (Figure 3). The aim of the
model is to characterize the absorption properties—more
specifically, the specific surface impedance with and without
the conductive reinforcement. The base models of the four
samples (Thermo UM, gypsum, cement, and lime) were
created using the module Acoustic-Electromagnetic In-
teraction and Radiation, with the frequency domain. Layers
are also assumed to be infinite in the lateral dimensions; the
only geometric information is then the sample. The sur-
rounding fluid is air. The incident angle is given as (3). The
task was solved with two directions of acting waves 0° and 45
as could be seen in Figure 4. As shown in Figure 5, the only
solid body in the created model was the desk with diameter
D =100 mm, thickness = 10 mm, and material properties of
the individual materials (density, conductivity, moisture,
and resistivity). The maximal frequency in the model is
1000 Hz.

k =k, (sin 6, cos 0), (3)

where 0 is the incidence angle and k,, is the wave number in
the free field.

The orthogonal impact of the wave to the partition is the
worst case in terms of shielding. Therefore, it is not necessary
to calculate any other impacting angles for comparison
of the numerically obtained results with the experiments.
In order to determine the shielding efficiency, it is necessary
to determine the value of the incident electromagnetic waves
H, transmitted through the insulated sample described by
the parameters y, G, and the sample thickness t. Where y is
the permeability of vacuum (H-m™'=N-A"?). Parameters
of the free continuum filled with air around the simulated
sample are the permeability constant py=47x10"H-m™'
and the vacuum permittivity e,=8854x10 "> F-m~". The
characteristic impedance of the free space on both sides of

the sample is Z, (4), and the characteristic impedance of the
sample is Zs je (5). Subsequently, the shielding efficiency can
be expressed by impedance according to the following:

Zy= 2, (4)

Zg = \/%, (5)
(ZoJst)2 R P Zy=Zs ’ Lot
Zy+ Zg
(6)

EVAVAS
where y denotes the number of wavelengths per unit length
(propagation constant) of the electromagnetic wave in space
y = \jou (G + jop) = a + jB, where a (dB-m™") is the at-
tenuation constant and f3 (rad-m™) is the phase constant. The
overall shielding efficiency can be broken down into several
components. The reflection of electromagnetic wave occurs
when the wave arrives from the free space to the sample surface
and then again when passing through the sample into the free
space. The total attenuation caused by reflection R (the electrical
resistance—already defined in (2)) defined according to (7)
could be subsequently described by 2 parameters R, and R,.
The characteristic reflection on the first (input) and on the
second partition interface, where a part of the unattenuated
wave and a part of the attenuated wave, is shown in Figure 5.

|ZO +Zg . Zy +Zs|
| 27 2Zy | @)

SE =20-log

>

R=R, +R, =20-log

When some shielding material is used, the greatest
number of the reflected waves belongs to the first interface.
This phenomenon could be easily observed on some metallic
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F1GURE 4: FEM model: examples of the incident waves in the two computed directions 6 = 0° (a), 0 = 45" (b).

VAN
w

FIGURE 5: Model scheme of propagation, reflection, and attenuation of an electromagnetic wave in a solid partition.

materials where the best possible conductivity is necessary to
obtain the highest shielding efficiency. When the electro-
magnetic wave passes through a metal wall of the enclosure,
portion of its energy is dissipated to heat. The size of the
absorbed portion of the energy depends on the wall material,
its thickness, and frequency of the waves. Therefore, in a case
of modeling of nonmetallic materials with just a minimal
primary conductivity, such are the tested materials: Thermo
UM, gypsum, cement and lime, it is necessary to use con-
ductive dispersion that could affect their permeability be-
cause the greatest absorption 9(dB) can be achieved by
a composite material with high permeability, whose thick-
ness exceeds the wavelength of the penetrating waves

9=20-loge”’, (8)

where ¢ is the material thickness and ¢ is the depth of the
impacting wave penetration, which is dependent on field
frequency, permeability, and material resistance & =
\(2p/wp), where p is the specific resistance (Q-mm*m™").

The dispersion used in the form of added fibers affects
the resulting permeability and the overall absorption
shielding. However, the problem could be to determine the
optimal amount of the fiber dispersion. The optimal added
fiber ratio could cause positive increase, whereas in the case
of nonoptimal amount, the reflected and pulsed waves
within the structure may have even a negative effect on the
overall shielding efficiency. The shielding efficiency caused
by multiple reflections 9, (dB) could be then expressed as

2
L Z0=2s\ e i
Zy+ Zg

When the shielding structure is designed from the
material where Z;>» Z¢; and when the wall thickness is
greater than the wave’s penetration depth ¢ >4, then the
value of 9); is approaching zero, and therefore, the effect of
multiple reflections of electromagnetic waves on the overall
shielding could be neglected. The reflected wave is easily

v =20 -log .
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converted to heat by the means of absorption attenuation.
However, if the wall thickness is less than the penetration
depth, of the ratio (t/8)<1, then 9y, achieves negative
values, and thereby, the overall shielding efficiency is re-
duced, as stated by Mardiguian or Chatterton et.al. [37, 38].

4. Experiment and Testing

Electromagnetic shielding effectiveness (SE) of composites
was measured according to ASTM D 4935-10 [39] for planar
materials using a plane-wave, far-field EM wave. SE of
samples was measured over the frequency range of 30 MHz
to 3 GHz. The most common wireless technologies such as
the broadcasting television and radio, cell phones, satellite
radio and TV, wireless computer networks, Bluetooth, GPS,
and so on use radio frequencies, which extend from about
10 kHz to 300 GHz and match wavelengths within the range
30km to 0.1 mm. Majority of practical applications is
working at frequencies below 30 GHz. Table 3 summarizes
the approximate frequency bands used by the most present
wireless technologies [2], which means that the measured
frequency range includes working frequencies of the most
common equipment for public communication and data
transfer.

The setup consisted of a sample holder with its input
and output connected to the network analyzer (Figure 6).
A shielding effectiveness test fixture (Electro-Metrics,
Inc., model EM-2107A) was used to hold the sample. The
design and dimension of the sample holder follows the
ASTM method mentioned above. Network analyzer Rohde
& Schwarz ZN3 was used to generate and receive the
electromagnetic signals. Sinusoidal signal was generated
over the mentioned frequency range with the use of 50 Q
output impedance to minimize reflections caused by mis-
matches. The standard mentioned above determines the
electromagnetic shielding effectiveness of the fabric using
the insertion-loss method. A reference measurement for
the empty cell was required for the shielding effectiveness
assessment.

Samples were air-conditioned before testing (T'=22°C +
3, RH =50% + 10%). In addition, effect of moisture content
was studied. Samples of dimensions 10 x 150 x 150 mm were
produced for this testing. Five samples were produced for
each conductive component content in order to the conduct
subsequent statistical analysis.

The total shielding of a solid material with no apertures is
equal to the sum of the absorption loss (A) plus the reflection
loss (R) plus a correction factor (B) to account for multiple
reflections in thin shields. Total electromagnetic shielding
effectiveness therefore can be written as (10) [5]:

SE=A+R+B (dB). (10)

The reflection is usually the primary mechanism of
electromagnetic interference shielding. The wave, which is
incident to the boundary with the second medium, is par-
tially reflected back and partially transmitted to second
medium. The same situation occurs at the interface between
the second and third material. Reflection loss for plane waves

TaBLE 3: Frequency range for different applications [40].

Application

AM broadcast
Broadcast TV

Frequency or frequency range

530 kHz~1.7 MHz
54~88, 174~261, 470~698 MHz

FM broadcast 88~108 MHz

Cell phones ~850, ~900, ~1800, ~1900 MHz
GPS ~1.5GHz

Satellite radio ~2.3 GHz

Wireless Comp. Network 2.4 & ~5.8 GHz
Satellite TV ~12GHz

FIGURE 6: The testing equipment.

is greater at low frequencies and for high conductivity
materials [5].

Secondary mechanism of EMI shielding is usually ab-
sorption. When an electromagnetic wave passes through
a medium, its amplitude decreases exponentially. This decay
occurs because currents induced in the shield produce
ohmic losses and heating of material. General expression for
absorption loss can be written as (11) [20]:

A =0.0848t+ fu,0, (dB), (11)

where ¢t is the thickness of the shield in meters. For sig-
nificant absorption of the radiation by the shield, the shield
should have electric and/or magnetic dipoles, which interact
with the electromagnetic fields in the radiation. The electric
dipoles may be provided by materials having a high value of
the dielectric constant. The magnetic dipoles may be pro-
vided by materials having a high value of the magnetic
permeability.

The absorption loss is a function of the product o, - y,,
whereas the reflection loss is a function of the ratio (o,/u,),
where o, is the electrical conductivity relative to copper and
U, is the relative magnetic permeability. Silver, copper, gold,
and aluminum are excellent for reflection due to their high
conductivity. Super-malloy and mu-metal are excellent for
absorption due to their high magnetic permeability. The
reflection loss decreases with increasing frequency, whereas
absorption loss increases with increasing frequency [5].

Other than reflection and absorption, a mechanism of
shielding is based on multiple reflections (B), which refer to
the reflections at various surfaces or interfaces in the shield.
This mechanism requires the presence of a large surface area



or interface area in the shield. An example of a shield with
a large surface area is a porous or foam material. The loss due
to multiple reflections can be neglected when the distance
between the reflecting surfaces or interfaces is large com-
pared to the skin depth.

Operation of the electromagnetic shield could be
characterized by the so called shielding attenuation coeffi-
cient (dimensionless) defined as a ratio between electro-
magnetic field power density in a specific place of shielded
space P, and incident electromagnetic wave power density
P; (W/m?)

Pt
SE = B ). (12)

Logarithmic size of this coefficient called electromag-
netic shielding effectiveness (SE) is used more frequently:
P, H
—£=20 log— (dB),
pt =20 log gt (dB) (13)

1

SE =10 log

where H,, E,, and P, are the electric field strength, magnetic
field strength, and electromagnetic field density values
measured in the presence of the textile material, whereas Hj,
E;, and P; are the same values measured without the textile
material.

For the analysis of the shielding effectiveness of test
samples, a formula expressing absorption loss Ay, (dB)
and reflection loss Ry,..; (dB) can be used expressed as

K
Asheet = 00848 X t K—f, (14)
C

K
Ryeet =C+10 log(—), (15)
Kef

where the constant C is listed in Table 4 for plane waves,
electric fields, and magnetic fields, respectively. K (S/cm) is
the volume conductivity, K (S/cm) is cooper conductivity,
f (MHz) is the frequency, and t (m) is thickness of the
shield [41].

During the experiment, the dependency of inner ma-
terial moisture has also been measured. The measured
moistures were 0.8% for the dried samples, 2.2% for the
normalized samples, and for the higher level of the inner
humidity, it was not possible to set the value because of the
physical limits of the measuring tools.

5. Result and Discussion

First of all, the theoretical model was prepared to study
electromagnetic shielding ability of plaster composites with
different thicknesses, containing different fiber reinforce-
ments, and applying different types of incident wave. Based
on findings gained from modeling, real composite samples
were produced, and effect of plaster type, effect of con-
ductive reinforcement content, and effect of moisture
content on total electromagnetic shielding effectiveness were
studied. A comparison of the FEM model and experimental
measurement revealed similar results of electromagnetic
shield by testing materials obtained from the measurements;
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TaBLE 4: Constants used in (7) and (8).

Type of field C

Electric field 322
Plane wave 168
Magnetic field 14.6

0 100 200 300 400 500 600 700 800 900 1000
f(MHz)

- - - Experiment—gypsum (pure)
--- Experiment—cement (pure)
e FEM model

FiGUure 7: A comparison of the FEM model and experimental
measurement.

however, Figure 7 shows a uniform course. The FEM model
also shows a study of the absorption coefficient where it is
evident that in the mixture of the selected plaster types
without fiber dispersion the absorption coeflicient of the
electromagnetic waves is low and remains almost un-
changed. Improvement can be achieved by adding con-
ductive carbon fibers with value of about <3% in our case. As
shown in Figures 8 and 9, it is possible to achieve an increase
in the effective plaster thickness by the fiber addition and the
final electromagnetic shielding could also be improved. As it
was already mentioned in the description of materials, the
plaster itself, due to brittleness and porosity, does not have
the corresponding elastic properties. However, when rein-
forcing the plaster with just small ratio of fibers (1-2%),
composite material with significantly improved elastic and
damping properties can be obtained. This phenomenon is
illustrated in Figure 9, where the FEM model compares the
structure of the pure and the reinforced plaster. Figure 9
shows the overall shielding efficiency, where the density of
intensity of the overall attenuation of the electromagnetic
shield R is defined by (7), whereas in case of a nonreinforced
sample, the shielding intensity decreases steeply beginning
by the first contact of waves and material boundary; the
increased absorption is evident in the entire thickness of the
reinforced sample; thus, less of undamped waves pass
through the reinforced sample.

The electromagnetic shielding ability was measured for
three sets of samples having 4 different types of plaster with
the various carbon fiber weight ratios (from 0 to 3 wt.%).
Figure 10 shows the variation in SE for composites with



Advances in Materials Science and Engineering

0.6
Efficiency by
plaster + fibers
0 0.5 with amount 3.5
=
i o
2 04 e T :
3] T
2 -
S -
£o3
& S
I USSR SRS S
T 02
&
b=
b
& Maximal for plaster
without fibers
0
300 400 500 600 700 800 900 1000
Frequency (MHz)

--— Plaster + carbon
-~ Plaster + basalt
-—-— Plaster + glass

Figure 8: FEM model: study of absorption coefficient for plaster.
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F1Gure 9: FEM model: comparison of intensity of electromagnetic shielding for the same thickness of sample—the plaster without the fibers

(left) and in the plaster with the fibers (right).

incident frequency in the range of 30-3000 MHz. It can be
concluded that electromagnetic shielding effectiveness (SE)
in (dB) is dependent not only on carbon fiber content but
also on the type of plaster. Assumption based on theory
saying that addition of conductive component guarantees
improved shielding ability of material validated by modeling
was also confirmed by experimental evaluation of real

samples. It is visible that pure plasters regardless of its type
show poor electromagnetic shielding effectiveness higher
than —10 dB for frequency range 500-3000 MHz, whereas by
addition of carbon fiber, SE can be decreased up to —60 dB
for higher frequencies. When studying frequency-dependent
behavior, Thermo UM, cement, and lime plaster embody
similar behavior with the increase of SE in lower frequencies
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F1GURE 10: Frequency-dependent electromagnetic shielding ability of samples with different carbon fiber contents and different plaster

types: (a) Thermo UM, (b) cement, (c) gypsum, and (d) lime.

(f<500 MHz) followed by decrease of SE in a higher fre-
quency range. Gypsum plaster behaves differently having
almost constant SE on the whole measured frequency range.
In Figure 11, the dependence of SE on carbon fiber weight
content for all plaster materials for frequency 1.5 GHz is
shown. This frequency was found interesting because many
devices use this frequency to operate. It is visible that SE
increases with increasing carbon fiber content. Dependence
of SE on fiber content can be described using a power
function. The solid lines in this graph correspond to the
regression models (straight line) with parameters obtained
by the minimizing sum of squared errors. High coeflicients
of determination displayed in the figure indicate the good
quality of fit. From this figure, effect of plaster type on SE

can also be studied. All pure plasters have very poor
shielding ability (SE>-10dB), whereas gypsum plaster
provides the highest SE (SE=60dB at 3wt.% of carbon
fiber) compared to other plasters when conductive fibers
are added to the composite structure. On the contrast,
Thermo UM plaster has the poorest shielding ability ac-
companied by the highest SE values (SE =43 dB at 3 wt.% of
carbon fiber). This phenomenon is in agreement with
electric properties of plasters, namely, its electric con-
ductivity. Thermo UM plaster is thermally insulating
plaster having low thermal conductivity and also very low
electric conductivity. Gypsum plaster is known for its
hygroscopic behavior, which means that this material can
attract and hold water molecules from the surrounding
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FIGURE 11: The dependence of SE on carbon fiber content P for all plaster types for frequency 1.5 GHz.

environment, which can cause higher electric conductivity
accompanied by greater electromagnetic shielding ability.
It is known from theory that shielding effectiveness of
material is directly proportional to its electric conductivity,
see (14) and (15).

Effect of moisture content on electromagnetic shielding
ability of carbon fiber-reinforced plaster-based composites
was also studied. It has been found that analyzed moisture
content has very low impact on output variable. That is why,
only the frequency-dependent SE of samples with 0 and 2%
of reinforcement for all plaster types are shown in Figure 12.
It is known from theory that increased moisture content
increases electric conductivity and also positively influences
electromagnetic shielding ability because liquid water has
a broad absorption spectrum in the microwave region
(300 MHz-300 GHz). It is visible from figures that this effect
was not uniquely confirmed. Especially for pure samples, the
effect of moisture content is neglectable. Difference in
shielding effectiveness of samples with 2% of carbon fiber
with different moisture contents was also not statistically
significant. The observed phenomenon is presumably caused
by very low level of moisture in the structure of composites.
To notice the increase of electromagnetic shielding ability,
the water content in the sample should be much higher as
shown in [10].

6. Conclusion

Based on the measured data, it is possible to declare that with
increasing content of fibers, the shielding ability of the
plaster composites grows significantly. For samples con-
taining 1% of fiber reinforcement, the highest value of the
elastic module was measured, and at the same time, it was
confirmed that the carbon content had a statistically sig-
nificant effect on the module. Despite this fact, the content of
fibrous reinforcement of more than 3% is less suitable be-
cause of arising negative impact to the basic mechanical

properties and their sudden degradation, as could be read in
the author’s previous articles, for example [23, 25]. Also,
when we consider the value of improved shielding properties
achieved with 1-2% of carbon content, it is not effective to try
to use more dispersion because the obtained benefits will
only be small. In the future work, it would be advisable to
consider the possibility of optimizing shielding capabilities
using not only the conductive fibers (1-2%) but also con-
ductive particles. This method could lead to the maintenance
of optimal mechanical properties to increase the electro-
magnetic shielding. This could be beneficial especially when
using the mentioned wasted composite fibers and particles.
From the global manufacturing processes of composite
materials, there are a lot of waste carbon fibers, which are not
possible to be used again. However, their usage as the plaster
filling could be a way to use them. Another possibility could
be the use of conductive grids.

The content 1-2% of carbon dispersion, which
according to Table 5 means shielding group: good-very
good, is the most suitable. From the measured results, it is
obvious that the sample’s inner moisture does not have
a major impact on the shielding effect. The only noticeable
differences in shielding occurred in lime plaster. The
reason could be the ability of the plaster to accept moisture
from the surrounding environment and its good vapor
permeability.

The numerical simulation has been one of the funda-
mental parts of the work. The main problem is to define the
constitute equations or parameters in the material model
because it is really difficult to obtain some of the required
constants, and often it was necessary to rely just on the
literature. However, the main dependency on the variable
dispersion content has been verified. It could be stated that it
is possible to predict the trends in shielding properties based
on the simulation with sufficient accuracy.

Therefore, it is advisable to measure, calculate, or esti-
mate the frequency of unwanted signals and based on that
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FIGURE 12: Frequency-dependent electromagnetic shielding ability of samples with different moisture content: (a) Thermo UM, (b) cement,

(c) gypsum, and (d) lime.

TasLE 5: Classes for professional use [42].

Grade 5, excellent

4, very good

3, good 2, moderate 1, fair

Electromagnetic effectiveness range ~ SE>60dB

60 dB > SE >50dB

50dB>SE>40dB 40dB>SE>30dB 30dB>SE>20dB

choose the shielding material and thickness of the enclosure,
before designing the main shielding element. It is possible to
state that at lower frequencies, the reflection of the waves
prevails, whereas the absorption effect increases at higher
frequencies. Therefore, the conductive nonmagnetic materials
are suitable for reflection, and the thickness of the shielding
layer is not a critical parameter. This finding corresponds with

the probably most common example of electromagnetic
shielding in microwave ovens, where just a thin transparent
conductive film on the door provides sufficient protection.

The future of our work should be based on the numerical
modeling with the use of numerical optimization in order to
set the optimal length and content of fibers and thickness of
the base materials.
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Noise attenuation is a key contemporary issue associated with the protection of human health. In this study, the possibilities of
affecting acoustic properties of plaster composites by the addition of short-fibre reinforcement are described. The improvement of
attenuation abilities was first verified using a simple numerical model with a pure plaster followed by using a reinforced plaster.
The model results revealed a mutual correlation between the fibre ratio and dissipated acoustic energy. Hence, typical plasters used
in the building industry (e.g., plaster, lime cement, and cement) are used as the base materials of the tested composites. The
reinforcing dispersion in the form of short fibres (basalt and glass) with a defined length was selected after evidence from
previously reported studies and after the comparison of some other fibres with respect to the trade-off between the rendered
mechanical properties and cost. Transfer functions of the tested samples were measured using an impedance tube with two
microphones, followed by the calculation of the total acoustic absorption. On the other hand, cement and plaster materials
exhibited a low damping ability, and the absorption could be considerably increased by the addition of fibres, especially in the area
around 1kHz. In contrast, the UM plaster exhibited good damping properties even without the dispersion, and the addition of
improper fibres such as glass ones possibly worsened the properties. The acoustic attenuation of the plaster composites can be
improved by the appropriate combination of the base material and fibre dispersion. However, it is not possible to generalise this
improvement for all possible combinations.

1. Introduction

Currently, the enormous technological development could
be observed in a lot of everyday life sectors such as transport
and other industries. In addition, this phenomenon exerts
some negative effects, one of them being the increasing noise
levels. The increase in industrialisation and transport
technologies has led to a rapidly increasing number of
people being affected by residing in an extremely noisy
environment. Several detailed physiological and hygienic
studies have revealed that noise is one of the most wide-
spread harmful factors not only in workplaces, but also in
everyday life [1]. Long-term, frequent exposure to noise
affect not only the mental state (e.g., tiredness or concen-
tration ability), but also the overall health of the human

beings, as well as cause some irreversible harm. Hence, it is
crucial to protect human beings by decreasing noise levels
[1, 2]. Issues associated with noise in such environments are
constantly increasing; therefore, common people, em-
ployers, and employees require their homes and working
places to be protected [3]. Requirements related to this issue
are reflected in the directives and regulations, and the Eu-
ropean Union also recognises environmental noise as one of
the most important environmental issues. Because of this
fact, laws regulating noise levels are valid in several countries
[4]. Noise reduction should be conceptually solved with
regard to the interactive approach, especially with respect to
the noise source and its surroundings. Despite the fact that
passive measures, such as wall cladding panels with porous
materials and resonators, address only the consequences but


mailto:petr.kulhavy@tul.cz
http://orcid.org/0000-0001-8550-4483
http://orcid.org/0000-0003-0197-6219
http://orcid.org/0000-0002-7643-8450
http://orcid.org/0000-0003-4261-8346
https://doi.org/10.1155/2018/7356721

not the main causes of noise, these factors are often the only
possible and viable solution. The ability of building materials
to absorb sound waves typically depends on their stiffness,
density, and porosity [5-7]. The function of the absorption
coefficient exists in order to quantify the ability of materials
to absorb sound waves at a specific frequency. When sound
reaches a specific part, it dissipates, passes through, or re-
flects depending on the physical properties and micro-
structure of materials [8]. Therefore, parts such as walls and
roofs of buildings, which constitute the main parts of
aresidential or industrial object require materials with a high
absorption coefficient such as wool glass, foam, mineral
wools, or their composites [9]. Currently, various products
such as chopped fibres, grids, steel truss, rovings, and veils
can improve the mechanical and acoustic properties of the
main building materials. Pedrefio-Rojas et al. have added
some recycled wood to the gypsum matrix [10]. Their ex-
periments revealed that by increasing the percentage of the
added wood waste, the mass of the new material decreases
while simultaneously improving its thermal and sound
absorption properties. Their group has revealed that the best
results (with respect to the acoustic and mechanical prop-
erties) are achieved by the addition of up to 10%-20% of
wood shavings or sawdust composites.

Generally, the mechanical and physical properties of
typically used construction materials (fired and silicate
bricks, bricks, concrete, aerated concrete, steel-reinforced
concrete, glass wool, and polystyrene) have been extensively
investigated. However, the materials used in this sector are
often produced from nonrenewable natural resources, and
the production of these materials adversely affects the en-
vironment [11, 12]. Hence, in recent years, increased efforts
to use materials, including some typical natural materials
such as flax, hemp, wood, straw, reeds, and others that can
reduce the negative impact on the environment have been
observed. Typically, flax and hemp fibres are used to insulate
buildings. Wood and wood sawdust can be used on walls and
as a filler for building materials, respectively. Another well-
known conventional method is to use reed bundles as
roofing and straw in combination with clay for wall filling
and reinforcement [13]. Randazzo et al. [14] have tested
some commercially available clay plasters typically used in
Europe for exploring the manner in which mineralogical and
textural properties can affect their physical parameters; that
is moisture absorption, thermal conductivity, and noise
attenuation. Results obtained from the tests revealed that the
addition of natural fibres slightly increases the open po-
rosity; hence, because of its relatively higher pore volume,
the obtained final sound absorption is possibly higher.

Porosity considerably affected the material’s ability to
absorb sound waves. The principle is mainly caused by
different resistivities of individual materials (such as solid
and air) and phenomena occurring at their mutual in-
terfaces. Generally, several routes of energy dissipation si-
multaneously occur, that is, reflection at the boundaries,
deflection caused by different speeds of sound propagation
in individual materials, and friction of air on the walls in
micropores. Pore size can be categorised at different scales
(i.e., micropores, interparticle pores, and mesopores). Cannabis
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Figure 1: Comparison of Young’s modulus of the Thermo UM

lime-cement plaster with various types of reinforcement.

and lime-based composites exhibit one of the highest porosities
(70%-80%) [15]. Gle et al. [16] have extensively examined the
acoustic benefits observed with the use of cannabis com-
posites. This study revealed that the level of sound absorption
in hemp-reinforced concrete can be controlled and signifi-
cantly increased using suitable components with specified
manufacturing processes.

As has been previously mentioned, fibrous materials are
typically added to building materials as a reinforcing ele-
ment to modify their mechanical properties, such as tensile
strength, compressive strength, or impact strength. Previous
studies [17] have reported significant improvement in the
main mechanical properties of plaster composites by the
addition of an appropriate volume ratio of fibres (1%-2% of
reinforcement). Glass and basalt fibres were used as the
reinforcing elements. Similar issues have been reported by
Blankenhorn and Soroushian [18, 19] with focus on cellulose-
cement composites. Neithalath et al. [20] have investigated the
effects of natural fibre reinforcement to the morphological
changes in acoustic and mechanical properties. The results
obtained from their study clearly revealed the increasing
dependence of the acoustic absorption coefficient on the fibre
volume. In other independent studies reported by Kalinova
and Mohrova [21, 22], the use of nanofiber structures as
sound-absorbing elements and nanomembranes as resonators
has been described.

Experimental studies have reported improvement in the
acoustic, thermal, and mechanical properties of plasters by the
addition of short-fibre cellulose [20, 23] or polypropylene [24]
as reinforcement. However, according to [24], the im-
provement of the aforementioned properties by fiber count
is questionable.

This study focuses on the sound attenuation character-
istics in plaster composites. Three typical plasters (viz.,
gypsum, lime cement, and cement, resp.) were reinforced with
glass and basalt fibres, and impedance tube measurements
were carried out.

2. Materials and Methods

Typical plaster and cement plaster were completed with lime-
cement plaster that exhibits enhanced thermoinsulating
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TaBLE 1: Mechanical properties of the base materials.
Material Length (mm) Diameter (um) Density (kg m™) E (GPa) u (=)
Basalt fibre 7.7 13 2650 110 0.26
Glass fibre 12 14 2600 76 0.22
Thermo UM — — 551 5.4 0.18
Gypsum — — 1100 14 0.27
Cement — — 3020 39 0.2

properties (Thermo UM); these plaster materials are typically
suitable for the central European climate, which can be
possibly prepared even under laboratory conditions, without
the requirement of any specific machinery. Furthermore,
plasters such as gravel, perlite, mineral, or stucco plaster are
also available in the market. Flass, carbon, basalt fibres, and
even some nanofibrous dispersions were used as reinforcing
elements for composites. In previously reported papers by the
authors of this study [17], all possible combinations of typical
plasters and fibre reinforcements have been investigated with
respect to their mechanical properties (Figure 1). The results
revealed that when using a suitable mass ratio (1%-2% of fibre
reinforcement), the mechanical properties (flexural or tensile
strength, compressive strength, and impact strength) of the
plaster composites possibly improved significantly [17]. Based
on those results, three plasters and two fibre reinforcement
materials, the mechanical properties of which can be im-
proved, or at least not worsened, were selected for their
acoustic attenuation. Although the carbon fibres should be
considered on the basis of the obtained mechanical properties,
the fibres were not included for additional tests because the
cost of the dispersion was greater than that of the base plaster
material. Table 1 summarises the fundamental mechanical
properties of the base materials.

Similar to that carried out during the initial verification
of the model, the pure plaster without any fibre dispersion
was investigated. The second set of samples contained
7.7 mm-long basalt fibres with a diameter of 13 ym. The final
sets were created from alkalised glass fibre with a length of
12mm and a diameter of 14 ym. The fibre length was se-
lected on the basis of the determined critical length of the
individual types of fibre dispersion [25].

2.1. Basic Theory for the Study of Acoustic Quantities. The
mechanical oscillation of liquid, solid, or gas particles spread
as waves called sound, which is always connected to energy
transfer. Pressure oscillations in the surroundings, typically
gaseous environment, can produce acoustic field or just
generally the sound. These pressure changes are caused by
the oscillation of the cover surfaces of individual parts or
entire systems. When considering noise in a structure,
subjective noise perception must be considered, particularly
in an urban environment [26]. Sound field is described by
changes in steady-state variables, such as pressure, speed,
temperature, and density, which describes the state of the
environment in which sound spreads. The actual sound
velocity ¢, which depends on the modulus of elasticity E and
the density of the material p, is determined by the spreading
velocity of the longitudinal waves in an unbounded space

according to (1). Energy dissipation occurs because of the
absorption of sound by the material; therefore, the velocity
potential ¢, where the velocity is equal to the negative ve-
locity gradient (2), could be introduced. The speed potential
permits the definition of sound pressure p according to (3).
The specific mechanical impedance Z (4) can be used to
quantify the sound transfer between the two materials as the
ratio of the passing and impacting energy. To understand the
basics of sound propagation and attenuation, it is possible to
use the basic assumptions that can be well characterised by
asimplified 1D structure as mentioned in references [26, 27].
Considering a 1D structure in which some planar or lon-
gitudinal wave spreads, this phenomenon is associated with
structural deformation. Then, the ratio between the passing
energy and the incident energy can be expressed as the ratio
between the through and incident wave intensities,
according to (5). Based on this assumption, transfer at-
tenuation (6) can be defined using the transfer coeflicient
(5). An example involves the steel-aluminium combination
when it is possible to obtain a transmission attenuation
coefficient of only 1.6 dB. On the other hand, for steel PVC,
the attenuation could reach up to 14 dB [26]. By simplifying
the problem according to (5) and (6) where some factors of the
acoustic system were neglected, it is possible to obtain the
corresponding mathematical expression that can be used to
optimise the intensity of the passing waves.

c= E, (1)
P
c=-V¢, (2)
_ o0 _1(2Y’ 3)
P=Pl3r 2\5x) |
Z=p-c (4)
- AZ,Z,;
“(zz) ®)
D =101 L (6)
= ogg,

where Z; and Z; represent i and j-materials, respectively.
The final attenuation is attributed to the combination of
different damping properties of individual materials.
Therefore, for modelling and describing the attenuation, it is
crucial to introduce the complex dynamic modulus E (7),
where the inner damping coefficient # of materials can be
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TaBLE 2: Typical physical properties of typical materials [26, 27].
Material Density (kg m™) E (Pa) c(ms™) Z (N-ssm™) Absorption (-)
Air 1.21 - 344 4.14x10° —
Rubber 900 4.4x10* 70 6.3x10* 0.02-1
Concrete 2300 1.0 x10" 3100 7.1x10° 0.007
Aerated concrete 900 2.9%10° 1800 1.6 x10° 0.005-0.012
Bricks 2000 1.6x10" 2800 5.6x10° 0.009-0.1
Wood 650 1.0 x10" 3900 2.5%10° 0.015
Aluminium 2700 6.2x10" 4800 1.3x107 7.1x107"°
Steel 7850 2.6x10" 5750 4.5x107 L1x10™*

. 2.2. Plaster. Plasters are mainly categorised according to the
09 . binder used. The binder ensures adhesion to the masonry as
\;4 0.8 LR well as plaster strength and durability (the ability to with-
g 07 ST stand environmental impacts). The plaster is formed after
oy g:g /,{’/ ) hardening of the mortar mixture.

2 04 g The first of the plasters selected herein was lime cement
'§ g'z e with enhanced thermal insulation properties, that is, Thermo
3 01 LT UM. Another significant feature of this material is low bulk
0 l==2” density compared to typically used plasters: This plaster is 4

0 1000 2000 3000 4000 2000 times lighter. Because of its low bulk density and low
Frequency (Hz) modulus of elasticity, the plaster eliminates volume or shape

—_ T9D175 T9D200 changes in the base wall material, thereby not creating any
T18D175 T27D200 cracks. Thermo UM plaster is characterised by a high

FIGURE 2: Results from the absorption coeflicient of basalt layers
from the study by Moretti et al. [30].

defined by relation (8). Table 2 summarises the internal
damping coefficients of several selected materials. Extremely
dense materials that reflect 100% sound exhibit a sound
absorption coefficient equal to 0 [28].

E=E(1+in), (7)
_L.{E}
" kB Y

The sound absorption of plasters at a frequency of
1000 Hz is 0.02-0.05 [29]. The absorption coeflicient of the
fibrous layers is affected by the thickness and density of these
layers. Moretti et al. [30] have tested basalt layers of different
thicknesses and densities. From the results obtained (Figure 2),
fibrous layers exhibit an extremely good absorption coefficient,
especially at high frequencies. Figure 2 shows sound
absorption properties for some chosen fibres with a layer
thickness T'of 9, 18, and 27 mm and densities D of 175 and
200 kg-m >, which is taken from the study by Moretti et al.
[30]. In particular, at low frequencies, sound absorption
depends on the fibre thickness.

Wang and Torng have also carried out a similar study
[31] in which the absorption characteristics of porous ma-
terials reinforced with glass and basalt fibres were in-
vestigated. The 50 mm-thick glass fibre layer with a bulk
density of 100kg-m ™ exhibits an absorption coefficient of
0.82. The basalt layer with the same thickness and bulk
density exhibits an absorption coefficient of 0.9. Their results
revealed that both fibres exhibit similar sound absorption.

thermal conductivity coefficient and the plaster’s chemical
composition eliminates microbial, algal, and fungal growth
on its surface [32].

Another plaster, referred to as gypsum plaster, is a typ-
ically cheaper material. It exhibits good thermal insulation
and acoustic attenuation. Owing to its thermal properties,
the plaster is thought to be a hygroscopic material, which
permits the regulation of the room microclimate [33, 34].
Vapour can permeate into the plaster and does not close the
water in the construction while simultaneously permitting
the natural drying of residual water from the blocks.
Gypsum plaster is suitable for antibacterial environment
because its smooth surface prevents dust from settling on it.
At high temperatures, water vapour is released by gypsum,
which is typically used to increase fire resistance [35].

The last plaster, which is referred to as cement plaster, is
designed for highly loaded areas; it exhibits increased
strength, water resistance, and adhesion to the base sub-
strate, as well as frost and weather resistance.

2.3. Fibre Types and Proportion. In this study, short glass and
basalt fibres were used as dispersion elements. Such fibres
are typically used in the building industry particularly be-
cause of the cost-effectiveness as well as acoustic and thermal
insulation properties.

Basalt is typically formed by decompression melting in
the Earth’s upper mantle. This rock is made up of different
species such as pyroxene, magnetite, olivine, and plagioclase
[36]. The basic technological condition for selecting optimal
kind of basalt for producing fibres is the so-called acidity
factor M. (9). Militky [37] has reported that the acidity factor
ranges from 1.1 to 3. The most appropriate technological
condition for producing fibres is at M =1.65.
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The selection of basalt rocks for producing fibres is af-
fected not only by the chemical and mineralogical com-
position, but also by the rock texture [38]. The resulting
quality of fibres is affected by the level of technological
equipment and the entire technological production process.
Moretti et al. [30] have developed a mineral fibre acoustic
absorption panel for a highly efficient power system in
buildings. The results of their application revealed extremely
good acoustic and thermal properties for these panels. The
additional advantage is chemical stability, low thickness, and
considerable mechanical strength.

Compared to glass, basalt fibres are more stable in
a strongly alkaline environment, but in a strongly acidic
environment, the fibres exhibit lower stability [39]. The glass
fibre base comprises tetrahedrons (SiO,)*” and contains
different oxides. The individual types of glass fibres can be
distributed according to their oxide content. For producing
fibres, not only glass stones, but also different processed glass
metaproducts such as glass beads, rods, frits, or waste glass
shards were used. The base glass composition significantly
affects the properties of the resulting fibres [40].

One of the most frequently declared fibre parameters is
their linear mass density ¢ (10):

1
t [tex] =?=¥=Sp, (10)
where m is the mass (g),  is the length (km), s is equivalent to
the fibre diameter (um), and p is the fibre density (kg/m>).
The d value can also be calculated according to (11) for
noncircular cross sections. Then, d is called the equivalent

fibre diameter.
e o
i1 TIp

2.4. Porosity. With respect to the sound attenuation and
thermal insulation purposes, the porosity of the resulting
part of the fibre-filled materials is crucial compared to the
basic physical properties. The porosity y (12) represents the
proportion of the fibre structure that is filled with air. As has
been already mentioned, the sound absorption mechanism
depends on the amount and mutual bonding of the pores
inside the material. Good sound-absorbing materials con-
tain interconnected pores, which enable further sound
propagation and permit air flow under acoustic oscillation.
Hence, the first principle of acoustic energy dissipation
caused by friction is used. To express pore volume, an
analogy based on the determination of porosity in thick
nonwoven formations has been used. This idea could be valid
on the basis of the assumption [41] that the fibre surface is
approximately equal to the pore surface. This method is
probably not the most suitable one, and direct measurement

based on some screening methods can be used to possibly set
statistically more precise results, but only to estimate porosity,
sufficiently precise results should be obtained:

V.-V-V,
V >

C

y= (12)
where V_ is the total volume of the body, V, is the pore
volume, and V is the fibre volume.

As the same volume of air may be found in a few large
pores or in a number of small pores, the median pore size & is
determined:

§=-*t (13)

where A, is the pore area.
V, (or simply the air volume) in fibre formation can be
calculated as follows:

V,=V.-V. (14)

An important prerequisite according to reference [41] is
that where the fibre ends, the air around it begins. Thus, the
fibre surface is also the pore surface. Based on this as-
sumption, the pore surface A, can be obtained from

Ay=A=Lxp, (15)

where A is the fibre surface, L is the total length of all fibres in
the fibrous structure, and p is the cross-sectional circum-
ference of the fibre.

The shape of the interfacial pores is complicated; hence,
the interfibrous pores are considered to be shaped as
capillaries. The pores can be imagined as air fibres, and then
their surface can be calculated as follows:

A, = Lpndp(l + qp), (16)

where L, is the length of the pore capillaries in the fibrous

form, d, is the equivalent pore diameter, and q,, is the pore
shape factor, which is defined as
p
=L 1
= (17)

Because the geometric characteristics & (13) depend on
the pore shape, it is possible to use the simple assumption
that the shape of the pores is still the same. Therefore, for the
pore shape factor, it is possible to set g, = constant and fibre
shape factor g =constant and hence

1+qp:k
l+q

(18)

Subsequently, pore volume (19) can then be expressed as
follows:
nd?
__’p
V, = L. (19)
Figure 3 shows the ratio of pores in the studied samples
determined by the aforementioned method.
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FIGURE 3: Porosity of materials with the specified fibre volume ratio.

2.5. Sample Preparation and Testing. Typically, 6% of the
fibre reinforcement is used in concrete materials. However,
blending the plaster and fibres with such a high content can
cause some problems in their bonding. The fibre re-
inforcement content in this experiment was 1% (Figure 3
and Table 3) because the optimal improvement of me-
chanical properties as has been reported in a previous study
in which the glass and basalt filaments were used as the
reinforcing elements was observed at weight ratios of 1%,
2%, and 3% [17]. The calculation of the mixing ratio (20) is
based on the percentage of the components in the composite
and their densities:

w, = Vi- Pi’
> Vipi

where w; (%) is the mass fraction of the ith component, V;
(%) is the volume fraction of the ith component, and p;
(kg:m™?) is the density of the ith component.

Experimental samples (Figure 4) were created in circular
releasable moulds with a diameter 99.8 mm (required for an
impedance tube inner diameter of 100 mm at the tolerance
field K7) and a thickness of 10 mm.

Figure 5 shows the microscopic pictures of all com-
binations of plaster and fibre. The legend of Table 4
provides an overview of the photograph and material
combination.

(20)

2.6. Experimental Measurement and Modelling. Basically, the
improvement of the acoustic absorption was first verified by
the addition of fibres using a simple numerical model
simulating the passage of sound waves through the plaster as
well as fibre-reinforced plaster. Even if the first simplified
model of inner porosity and all necessary mechanical
properties were not precise, the simulation revealed that the
principle should work in theory. This is a model of acoustic
absorption using a porous acoustic open cell sample. In
porous materials, sound propagates in a network of small
interconnected pores. Because of small pore dimensions,
losses occur particularly because of thermal conduction and
viscous friction. This model aims to characterise the ab-
sorption properties, more specifically, the specific surface
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TaBLE 3: Volume fraction of the individual components.

Mass fraction
(%) of glass fibres

Volume

fraction, V; 1% Basalt fibres

Thermo UM 4.38 5.05
Gypsum 2.15 2.49
Cement 0.83 0.96

impedance and absorption coefficient in terms of sound
incidence angle and frequency. The model uses a 2D ge-
ometry of such a system. The models were created in
COMSOL. Base models of the samples (plaster Thermo UM,
gypsum, and cement) were created using the Pressure
Acoustics user interface with a rigid Biot equivalent fluid
model [42, 43]. The surrounding fluid is air, and the in-
cident pressure p;,, is expressed as shown in the following
equation:

_ milkx),
pinp =e l x7

k =k, (sin 6, cos 0),

(21)

where 6 and k, are the incidence angle and wavenumber in
the free field (air domain), respectively. The pressure p
solved in this model is the total field, and the scattered field
Pscar is expressed as po, = p— pi,- Notably, this ex-
pression for the scattered field is only valid in the air
domain as the incident field is not known apriori for
porous materials. Two parameters that characterise the
absorption properties of the porous absorber are the
specific surface impedance Z and the absorption co-
efficient o (Table 1). The absorption coefficient, which
represents the ratio of the absorbed and incident energy, is
defined as follows:

a=1-|RP
22
R = Pscat, ( )
pinp

where R is the pressure reflection coeflicient that expresses
the ratio of the scattered to the incident pressure.
Subsequently, geometric dimensions (sample diameter
D=100mm and sample thickness=10mm) and material
properties of the sample were determined and maintained
constant (porosity, speed of sound, dynamic viscosity,
thermal conductivity, and density). The modelled frequen-
cies range from 100 Hz to 1.2kHz at a minimal wavelength
of 0.0344m, and the absolute pressure is 1 bar. Figure 6
shows the layout of the modelled domain. An approach
similar to the boundary conditions has been used according
to the study reported by Cox and Antonio [44]. For in-
vestigating the acoustic absorption, it is crucial to prepare
samples with a precise cylindrical profile such that they can
accurately fit into the clamping part of the impedance tube.
As mentioned previously, three plasters (i.e., gypsum, cement
and lime, resp.) and two fibres (i.e., glass and basalt, resp.)
have been tested. Based on the basic characteristics of the
individual materials, the best results for acoustic absorption
can be assumed to be achieved using basalt-fibre-reinforced
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FIGURE 4: Tested samples: (a) gypsum, (b) cement with glass fibre, and (c) lime cement.

Figure 5: Continued.
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lime cement according to the study by Wang and Torng [31].
The reason for this assumption was that hollow silicate beads
were present inside the mixture of lime-cement plaster, which
basically serve as pores that render high thermal and acoustic
properties. Figure 7 schematically shows the experimental
apparatus, where the test was carried on a Briiel & Kjaer
impedance tube 4206, with two microphones and amplifiers.
This device permits the measurement of a for perpendicularly
impacting waves. The impedance tube comprises a loud-
speaker and two measuring microphones that are connected
to the evaluation unit. Lengths of X; =0.15m, X, =0.1 m, and
Xv=10 mm reflect the actual thickness of tested sample.

As the measurement signal, pink noise was used. The so-
called pink noise is a signal with a frequency spectrum such
that the power spectral density (PSD, energy, or power per
frequency interval) is proportionally inverse to the signal
frequency [45]. In the pink noise, each octave (halving/doubling
in frequency) carries an equal amount of noise energy. Noise
records with various statistical characteristics, for example,
uniform and Gaussian distributions, can be generated.
However, generally, this noise exhibits a “white” spectrum,
implying that the noise retains its statistical characteristic at all
frequencies. With respect to power at a constant bandwidth,
pink noise falls off at 3 dB per octave. The pink or typically so-
called 1/f noise is one of typical ambient noises in nature and
transport or even could describe a flowing river and beating
heart [46]. Gilden et al. have reported an unusual study where
they described connection with human cognition [47]. That is,
when a person attempts to remember, for example, a temporal
interval, some errors are inevitably associated with the esti-
mate. The sequences of errors in spatial and temporal rep-
lications were found to fluctuate as 1/f noises. As reported by
McClain [45], researchers often create 1/f noise as a mistake
instead of their required results. The generation of 1/f noise
involves amplitude scaling in the frequency domain by 1/+/f
and not just by 1/fitself. Generally, the magnitude of acoustic

variables depends on the frequency f. In actual cases in which
frequency spectra would be measured with a step df=1Hz,
their processing would be extremely complicated. In these
cases, frequency bands with the percentually constant width
are introduced. This condition is satisfied by octave or third-
octave frequency bands.

Typically, ten octaves are characterised by f,/f, =2,
where indexes 2 and 1 represent the higher and lower
frequencies, respectively. Each octave is marked by the
middle frequency f:

fmz\jfl'fz- (23)

The third-octave band is created by the octaves to their
logarithmical thirds. Therefore, 30 bands are obtained.

The frequencies f, and f, border the one octave band
and f, and f; indicate the frequencies of the inner thirds of
the octave. Then, it is possible to claim that the log of inner
frequencies ratio is equal to

log& + log& + logé = log& =log2. (24)

fi fao S5 fi

Based on (25), the ratio between any adjacent fre-
quencies is constant.

Jo s Ja 2. (25)
fi f2 fs
Finally, the dependence between two consecutive lying
middle frequencies of the third-octave bands is

fmi : \3/5 = fmi+1' (26)

In our case, the third-octave bands were used to describe
the acoustic absorption level.

During measurements, the actual distance between the
microphones and sample must be considered relative to the
speed of sound in the ambient medium, which was done on
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TaBLE 4: The created combinations of matrix (plaster), dispersion
(fibres), and number of their picture below.

Gypsum Cement Thermo UM
Pure Figure 5(a) Figure 5(b) Figure 5(c)
Glass Figure 5(d) Figure 5(e) Figure 5(f)
Basalt Figure 5(g) Figure 5(h) Figure 5(i)

the basis of k. The final k factor is a complex number with the
real part k' (27) and the imaginary part k" (28):

)
Cc

(27)

>

1/2

k' =0.194 x (28)

60.635'

Then, H is equal to the multiplication of complex
numbers K and distance x;. Based on those results and from
the data measured on the two microphones at sampling
ratios of 48 kHz and 4097 complex samples, the final value of
the absorption coefficient can be obtained. During opera-
tion, it is crucial to find the real and imaginary parts of
reflection, transfer function Hy,, phase shift ¢;,, and their
exponential shape e/#'? and set the absorption coefficient r;.
Finally, the absorption coefficient # is computed as (29) or in
the same manner only using a different formula (8):

n= 1—(real riz +im rz). (29)

i

3. Results and Discussion

The fundamental material properties of samples significantly
affect sound absorption. In particular, one of the most
important parameters is porosity. According to the FEM
simulation, the best absorption should be observed for
Thermo UM (Figure 8). Figures 8-10 show the model results
obtained from the sound absorption shown at a frequency of
1000 Hz. However, the model can be used at any frequency
within the defined range. Based on the model results obtained
in Figures 8-10, it is also possible to determine the effective
thickness in which samples should be used. As can be observed
for the cement sample (Figure 9), only ~2/3 of the thickness
effectively shield, thereby decreasing absorption. Hence, the
structure of the material does not use the entire sample
thickness with a constant acoustic attenuation efficiency. With
the possible improvement in the effective absorption thickness
of the samples and internal material attenuation, the fibres
were added into FEM. In the model simulation of the gypsum
sample, the effect of glass and basalt fibres was examined.
Clearly, fibres significantly affect the total absorption
(Figure 10). Basalt fibres, not glass fibres, are extremely suitable
for increasing the sound absorption at a high thickness.
However, this statement cannot be generalised because it
depends on the combination of the plaster and fibres used.
With other plasters, better results can be achieved with glass
fibres and worse results were observed with the basalt fibres
(Figure 11). Probably, compared simply to the fundamental
physical properties, the extent to which the added fibre

reinforcement can increase the inner porosity of the material
used is key. Hence, in this case, it is not possible to strictly rely
only on model simulation, but it is necessary to conduct
experiments with actual reinforced materials.

At the start of measurements, the repeatability of the
main process and sample behaviour were verified. For the
same samples, repeatable results were obtained, without any
significant deviation from several sets of samples. However,
the testing process was extremely sensitive to the actual
sample shape (Figure 9). In case of a gap between the
specimen and inner tube wall, measurement results were
overestimated on account of the undiluted waves as well as
the occurrence of vibrations from the imperfectly touching
parts. Figure 12 shows the comparison of two ideal samples
(dashed) and one nonideally circular sample number 3
(straight grey line). A comparison of the FEM model revealed
similar results obtained from the measurements; however,
Figure 13 shows a more uniform course. Figures 14-16 show
the dependence of the acoustic absorption of each tested plaster
material on the type of fibres used. The best acoustic absorption
was achieved by the basalt-fibre-reinforced cement plaster. For
better clarity, the results are also shown in the third-octave
band in Figure 17.

In addition, the cement plaster with no fibre re-
inforcement exhibited the worst acoustic absorption. On the
other hand, a lime-cement plaster with thermal insulating
properties exhibited good acoustic absorption, even without
fibre reinforcement, which was related to the nature of the
inner mixture.

Dry plaster mixture contained hollow silicate beads,
which positively affected the acoustic properties of the
mixture and led to increased attenuation (Figure 14).
However, by the addition of a fibrous dispersion into this
mixture, the acoustic properties were degraded. On the other
hand, the most significant increase in acoustic absorption
occurred by the addition of fibres into the cement plaster,
which was predicted after image analysis because in the basic
material, the inner sample structure was clearly homoge-
neous with minimum pores. Therefore, it is not possible to
state that the addition of a fibrous dispersion into plaster
materials will generally improve their acoustic damping or
favour a particular reinforcement that would be universal for
all plasters. Randazzo et al. [14] have tested clay plasters, and
their results revealed that the addition of natural fibres leads
to increased open pores and subsequently improved acoustic
absorption. With these results, it is possible to agree, but not
generalise. Similar results were also reported by Neithalath
et al. [20], who examined the effect of cellulose fibres on the
acoustic absorption of cement composites. He found that the
acoustic absorption coefficient increases with the volume of
fibres in the composite. This viewpoint can be slightly
misleading because with a high fibre content, the mechanical
properties are degraded, and the effectiveness of the in-
creased attenuation is not proportional. Bentchikou et al.
[23], who examined the mechanical properties of the re-
sultant cement composite by the addition of cellulosic fibres
to cement, were aware of this issue. Their results, similar to
those discussed herein, revealed that the addition of a high
amount of fibres generally leads to the decrease in the
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FiGURE 6: FEM model scheme and the mesh domain.
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FIGURE 7: Experimental measurement (scheme and real device).

compressive and tensile strength. Hence, 1% of fibre re-
inforcement is examined to improve the acoustic properties
and prevent the degradation of mechanical properties in the
tested materials.

4. Conclusion

Modern science does not emphasise only on the improve-
ment of technologies, materials and their properties, but also
focuses on the environment as well as the protection and
comfort of human health. Hence, the effect of natural fibre
reinforcement on the acoustic absorption of plaster com-
posites is investigated herein. After the initial study, typical
plasters were selected for experimental and numerical
studies to determine the possibilities observed by the effects
of the addition of fibre reinforcement on their acoustics
properties. Lime cement, cement, and gypsum plasters were

selected not only for their physical properties but also for
their typical use in the construction industry under geo-
graphical conditions. Plaster materials are disadvantageous
because of their low tensile strength, which decreases the
plaster life and causes visible defects and cracks. After
previous studies reported by Samkovd et al. [17] on the
amount of materials and fibres, glass and basalt fibres were
added to the plasters as 1% by weight ratio of the fibrous
reinforcement to improve the mechanical properties. The
acoustic attenuation of plaster composites was not consid-
erably affected by the mechanical properties of the fibres, but
it was affected by final structure of the plaster mixture,
especially the amount, size, and pore structure. Both fibres
are typically used in the industry in different applications
and forms, which is attributed to their good mechanical and
physical properties, cost-effectiveness, and medical benign
nature. Another important conclusion was the dependence
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FiGure 10: FEM model with the gypsum sample.
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Figure 11: Comparison of the FEM model for gypsum with basalt fibre (upper) and gypsum with glass fibres (lower).
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plaster.

of the effective attenuation on the material thickness in
different plasters. That is, it is not true to generalise that the
wider the plaster layer, the higher the acoustic attenuation
will be proportionately (i.e., twice the layer thickness does
not exhibit two times better absorption). Nevertheless, when
the effective thickness is known, it is possible to combine the
suitable fibre dispersion so as to achieve even better results
with a significantly thin material layer, which could
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considerably lead to material and cost savings. As part of our
future work, we intend to improve the existing numerical
models, especially material models for reinforced plasters,
and to extend their applications to electromagnetic
shielding.
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This study proposes a three-layer brake pad design, on which a six-DOF dynamic model of brake disc-brake pad is established, and
the factors affecting the system instability are analyzed. The analysis shows that the change of mass and stiffness of the brake pad
will affect the stability of the system. From the linear complex eigenvalue analysis, the unstable vibration modes of the brake
system are predicted, and the effectiveness of the complex mode analysis model is verified by the brake system bench test. Brake
pads with different structural shapes are designed, and their influence on the stability of the brake system is analyzed. The results
show that the design of the three-layer structure and the slotting design of the brake pad can effectively reduce the occurrence of
the brake squeal, especially that of the high-frequency squeal noise.

1. Introduction

Since the early 1920s, automotive disc-brake squeal noise has
been a widespread concern of academics and automobile
manufacturers all over the world because brake squeal is an
important cause of customer dissatisfaction and warranty
problems. In the past three decades, the proportion of disc
brake used in sedan has increased year by year. It can be
assumed that disc brakes will gradually replace drum brakes
in sedan. However, the problem of brake noise of disc brakes
still exists, and many brake noise phenomena have not been
explained rationally so far [1-3]. Automobile braking pro-
cess will produce vibration, and unstable vibration will not
only lead to noise that both affects the comfort of driving and
causes acoustic pollution to the surrounding environment
but it will also cause fatigue wear on the automobile brake
system [4].

Lars have slotted and surfaced the surface of the brake
disc and proved by experiment that improved brake disc
can reduce the occurrence of the brake squeal [5]. Oberst
and Lai used chaos theory to study the mechanism of

braking noise, which is of great guiding significance [6].
Kung et al. calculated the free modal of the components in
the brake and obtained the components and related mo-
dalities with the largest contribution rate of unstable mode
by the complex eigenvalue analysis [7]. In addition to using
the complex eigenvalue analysis to study the brake noise,
the transient dynamic analysis is first used by Nagy et al.
The four mode frequencies extracted from the results of
transient dynamic analysis coincide with the experimental
noise [8]. The disadvantages of transient dynamics are that
it takes too much computation time and takes up a lot of
disk space, and it is also hard for the data to be used directly
for design changes. Besides, because of the high frequency
of brake squeal, the explicit integral time step is very small,
whereas the implicit integral can have a large time step, but
it will attenuate the high-frequency mode. Complex ei-
genvalue analysis and transient dynamic analysis are used
by AbuBakar and Ouyang [9] to study the brake squeal,
under the same model and boundary condition. The results
of the above two analyses are identical with the different
contact mechanism and integral method. In the analysis of
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the brake system noise, the use of complex eigenvalue
analysis, combined with a reasonable combination of tran-
sient dynamic analysis, may be a way to analyze the noise
generation mechanism.

In the friction-slip experiment of the flat plate, Chen [3]
found that the instantaneous squeal may not be caused by
the modal coupling, and the transient excitation between
the disc and block may be the key mechanism of the squeal.
However, this kind of alternating load excitation is a
transient process difficult to capture through experiments.
The transient dynamic analysis may more clearly show the
process and reveal the reasons of this phenomenon. For the
dynamic model of the brake disc and brake pad, a four-
DOF self-excited frictional oscillator model was proposed
by Zhang et al. [10] to explore the difference between the
linear analysis and nonlinear analysis on the brake system
noise, and corresponding improvement measures are
given.

In this context, based on the modal coupling theory, a six-
degree-of-freedom motion model of the brake disc and brake
pad is established. Combined with finite element complex
modal analysis and bench test, it is of great guiding signifi-
cance to improving the NVH performance by improving the
material properties of the brake pad and optimizing the
backplate structure of the brake pad to inhibit the brake squeal
noise and to exploring the inhibition mechanism of noise,
which provides a theoretical basis for reducing the noise of
brake squeal.

2. Six-DOF Kinematics Model of Brake Disc-
Brake Pad

The brake coupling model built by Festjens et al. [11]
shows that the structure and damping of backplate of the
brake pad have an important influence on the brake
noise. Similarly, the damping size of the friction lining
material will also have a significant influence on brake
noise. Through the research studied by Ruhai et al. [12], it is
known that adding a certain proportion of viscoelastic
material to the friction lining could reduce the resonance
tendency between the brake pad and the brake disc, thereby
inhibiting the brake squeal to some extent. Based on the
important influence of the friction lining, it is divided into
two parts, namely, lining substrate and friction lining
mixture. Since the material composition of lining substrate
has stronger damping characteristics than the friction lining
mixture, it should be treated differently during the modeling
and simulating process.

A six-DOF kinematics model of brake disc-brake pad is
depicted in Figure 1. Due to the small damping of the system,
the effect of damping is neglected in the kinematics analysis.
The brake pad is composed of the brake pad backplate m,,
lining substrate m,, and friction lining mixture . m, has
a z-direction degree of freedom z;; m, has a z-direction
degree of freedom z,; and m has a z-direction degree of
freedom z; and an x-direction degree of freedom x;; The

Advances in Materials Science and Engineering

lP

ks [
my z
ks —-
my v

FiGUre 1: Six-DOF kinematics model of brake disc-brake pad.

brake disc my has two degrees of freedom, respectively,
x-direction of x4 and z-direction of z4. y, P, and N are
friction coeflicient, force of piston acting on the brake pad,
and positive force acting on the brake disc, respectively.

The kinematic equation can be obtained from the ki-
nematic model of Figure 1:

(M1} + [K]{u} = {F}. (1)

In this formula, u = (z,,2,, 25, X3,24,X4) and (-) is
the differentiation with respect to time. The mass
matrix  [M] = diag (my, m,, m;, m;, my,my), motivation
{F} = (P,O,N,yN,—N,—yN)T, and [K] is the stiffness
matrix:

rk, -k, 0 0 0 07
~k, k +k, =k, 0 0 0
K] - 0 -k, k, 000 .
0 0 0 k00
0 0 0 0%k O
L0 0 0 0 0 k.

In the initial stage, the system is in a stable steady state,
the brake disc rotates at a constant speed, and the system
does not produce vibration, so the steady-state equation can
be obtained. Assuming that the brake disc and brake pad are
not separated during the process of vibration, the constraint
condition is z4 = z;, and then we know

N = mz, — (ky + ky)z, + kyz,. (3)

Taking (3) into the steady-state equation, we obtain
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FiGUre 2: Finite element model of brake.
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Equation (4) is the kinematic equation of the brake disc-
brake pad system. It can be found that the mass matrix and
the stiffness matrix of the kinematic equation of system are
both asymmetric due to the existence of friction, so the ei-
genvalues of the system may be complex numbers. The ei-
genvalues of the system can be obtained by complex modal
analysis, where the imaginary part of eigenvalue represents
the modal frequency and the real part represents the tendency
of instability. At the same time, it can be found that the change
of friction coefficient and the change of mass and stiffness of
the brake pad will lead to the change of system mass matrix
and the stiffness matrix, so as to change the system eigenvalue
and affect the stability of the system. Based on the above, this
study will change the system’s mass matrix and stiffness

matrix by changing the geometric characteristics of the brake
pad backplate, thus affecting the stability tendency of the
system, to find out which structural feature of the backplate
can reduce the brake system squeal.

3. Numerical Model
3.1. Model of Complex Modal Analysis of Brake

3.1.1. Finite Element Model. Using CATIA to model the
braking system, the HyperMesh is used to establish the
mesh models, as shown in Figure 2. Among them, the brake
caliper adopts the tetrahedral mesh (C3D4) due to the ir-
regular structure, the remaining parts mainly adopt hex-
ahedral unit (C3D8), supplemented with pentahedron
unit (C3D6) and terahedral unit (C3D4), and the total
number of model units is 327,568. Besides, the contact
relationship between the components has been labelled
in Figure 2.

3.1.2. Defining Material Properties. Define the material
properties of each component, including Density, Young’s
modulus, and Poisson’s ratio, as shown in Table 1.

3.1.3. Setting of Analysis. The finite element model, which
has defined the material properties and assembled, is in-
troduced into the ANSYS for complex eigenvalue analysis.
Some nonlinear perturbation modal analysis is used to
extract the unstable modes of the brake system.
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TaBLE 1: Material properties of brake components.
Component Density (kg~m’3) Young’s modulus (MPa) Poisson’s ratio
Disc 7,190 122,000 0.230
Caliper 7,000 143,000 0.270
Backplate 7,800 197,000 0.300
Lining 2,615 8,600 0.330
Piston 7,220 180,000 0.300
Anchor 7,000 101,400 0.256
Guide pins 7,800 182,000 0.300

Microphone @  ——x

50 cm

Brake
system

FIGURE 3: (a, b) Location of microphone and picture of real product and (c) disc brake assembled on test bench.

3.1.4. Settings of Boundary Conditions. The brake disc cap
portion is bolted to the hub, but the brake disc can rotate
along the z-axis, thus restraining the five degrees of freedom
of the disc cap portion except for the z-direction of rotation.
The anchor is bolted to the frame to restrain the six degrees
of freedom of the cage bolt hole.

3.1.5. Setting of Load. In order to quantitatively study the
relationship between friction coefficient, braking pressure, and
brake noise, a brake system test was carried out under 9 op-
erating conditions: by speed: 60 rpm, 120 rpm, and 180 rpm,
and by hydraulic pressure: 1.5 MPa, 2.0 MPa, and 2.5 MPa.

3.2. Bench Test Verification of Brake Complex Modal Analysis
Model. The test standard of brake noise is the NVH test

standard of the Society of Automotive Engineers, namely,
SAE J2521 test standard [13]; the microphone is placed at
10cm in the horizontal direction of the brake system, and
the vertical distance is 50 cm (Figures 3(a)and 3(b)).

In the whole experimental process, 18 stages of braking
conditions of the noise test were measured and the total
braking process was 1,430 times. Since the initial temper-
ature of this test starts from zero, there is no need to de-
termine the noise in the cold state. The test data were
processed to obtain part of the results of bench test shown in
Figure 4 (the braking pressure is 2.0 MPa, and the rotational
speed is 120 rpm), which is representative. Table 2 shows the
noise occurrence rate at different frequency bands. The row
data in the table indicate the occurrence rate of noise under
each frequency band at the same sound pressure level, and
the column data indicate the occurrence rate of noise under
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FIGURE 4: Noise frequency distribution and sound pressure level.
TaBLE 2: Noise occurrence rate at different frequency bands.
Lo 0 S (%) 12 (%) 15 (%) Ja (%) f5 (%)
Brake application: 1,430 Number  Rate (%) Near 7.5kHz  Near 12.7kHz  Near 41kHz  Near 1.0kHz  Near 2.2kHz
Total noisy brake 325 22.73 10.98 8.18 217 1.12 0.28
70-80 dBA 141 9.86 3.71 2.73 2.03 0.28 0.28
80-90 dBA 129 9.02 5.03 3.85 0.14 0.00 0.00
90-100 dBA 46 3.22 1.89 1.33 0.00 0.00 0.00
100-110 dBA 9 0.63 0.35 0.28 0.00 0.00 0.00
110-120 dBA 0 0.00 0.00 0.00 0.00 0.00 0.00
>120 dBA 0 0.00 0.00 0.00 0.00 0.00 0.00
TaBLE 3: Comparison between the results of complex eigenvalue analysis and the bench test of brake squeal.
Simulation conditions The central frequency of squeal (Hz)
n =120 rpm Test results — — 7,561.6 — 12,737.1 —
P =1.5 MPa Simulation results 5,954.7 6,404.4 7,598.4 10,360.1 12,804.0 13,969.2
u=0.8 Error (%) — — 0.49 — 0.53 —
n =120 rpm Test results — 7,561.6 — 12,737.1 — —
P =2.0 MPa Simulation results 6,301.6 7,571.9 10,892.0 12,752.6 — —
u=0.7 Error (%) — 0.14 — 0.12 — —
n =120 rpm Test results 7,561.6 / 12,737.1 — — —
P =2.5 MPa Simulation results 7,562.7 11,035.2 12,832.5 — — —
u=0.6 Error (%) 0.01 — 0.75 — — —
each sound pressure level at the same frequency. It can be fnrll;sf;r; lining
found from Figure 4 and Table 2 that there are five different
frequencies of squeals in the braking process, and the fre- Lining
quencies of squeals are mainly distributed around 4.1 kHz, substrate

7.5kHz, and 12.7 kHz.

The test results at the braking pressure of 1.5MPa,
2.0 MPa, and 2.5 MPa and fiction coeflicient of 0.8, 0.7, and
0.6 were, respectively, extracted, and the test results were
compared with the unstable modal frequency of brake
system obtained by simulating to verify the validity and
accuracy of the model, as shown in Table 3. The results show
that all the brake squeal frequencies in the test can be pre-
dicted by simulation, and the error is controlled within 0.1%.

Backplate

Figure 5: Composition of brake pad.

However, the phenomenon of overprediction appeared in
the simulation; this is mainly due to the fact that the model
of complex eigenvalue analysis does not take into account
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TABLE 4: Material properties of each component of brake pad.

Component Density (kg-m_3 ) Young’s modulus (MPa) Poisson’s ratio

Backplate 7,800 197,000 0.30

Lining substrate 2,800 5,350 0.35

Friction lining mixture 2,200 10,707 0.32

TAaBLE 5: Experimental verification on simulation vibration mode of the brake pad.

Order Simulation vibration mode

Laser vibrometer

factors such as the thermomechanical coupling, the frictional
characteristics, and the time-varying characteristics of ma-
terial properties in the actual braking process, which is
mentioned in many literatures, so the model could predict the
brake squeal accurately.

4. Verification of Brake Pad

The brake pad is mainly composed of three parts, namely,
backplate, lining substrate, and friction lining mixture, as

shown in Figure 5. Because of the simple structure and regular
shape of the brake pad, the hexahedral mesh is selected to
mesh. The material properties of each component are shown
in Table 4.

From the results of real modal analysis of the brake pad,
the typical vibration modes of natural frequencies within
10 kHz are extracted, as shown in Table 5, which are mainly
manifested as bending and torsional vibration modes. The
accuracy of the natural frequency of the brake pad was
verified by the FRF resonance tester. As shown in Table 6,
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TaBLE 6: Experimental verification on simulation modal frequency
of the brake pad.

Simulation modal

F.R.F
frequency Error (%)
Order Frequency (Hz) Order Frequency (Hz)
1 3169 2 3151 0.57
2 4137 3 4130 0.17
3 5689 4 5610 1.41
4 7342 5 7268 1.02
5 9380 6 9395 0.16

FIGURE 6: Sample 1 (single horizontal slot).

FiGure 7: Sample 2 (double horizontal slots).

the natural frequency error of the simulation and experi-
ment was found to be within 2%. At the same time, the laser
vibrometer is used to verify the vibration mode. As shown
in Table 5, the typical modes measured by the laser vibr-
ometer are exactly the same as those of the simulation
vibration mode, so the results of the real modal analysis are
accurate and the model of the brake pad is effective.

5. Slotting Designs on Brake Pad Backplate

According to the theory of structural dynamic design, changes
in the mass of the system or the shape of the structure will lead
to the change of system stiffness and damping, which will affect
the natural frequency of the system [14]. According to the
difficulty of backplate processing and the manufacturing
process of the brake pad, five types of slotting methods are
designed in this study, as shown in Figures 6-10. The effects of
the five types of slotting designs on the natural frequencies
and vibration modes of the brake pad are analyzed to de-
termine whether the brake squeal noise will be further af-
fected. The effective total area of the backplate is 4615 mm?.
The design dimension of horizontal slot is 80 x 4 mm, and
single horizontal slot, double horizontal slots, and three
horizontal slots are designed on the backplate. The ratio
of the slotted area to the total area of the backplate is 6.9%,
13.9%, and 20.8%, respectively. The design dimension of

FiGure 8: Sample 3 (three horizontal slots).

FIGURE 9: Sample 4 (four longitudinal slots).

FIGURE 10: Sample 5 (six longitudinal slots).

longitudinal slot is 40 x 4 mm, and four longitudinal slots and
six longitudinal slots are designed on the backplate. The ratio
of the slotted area to the total area of the backplate is 13.9%
and 20.8%, respectively. The depth of slotting designs is both
I mm. In addition, the large size of the slotting on the
backplate will cause the stiffness of the brake pad to drop
sharply and affect the manufacturing process of the brake pad,
so the ratio of the slotting area of the backplate should not be
larger than 25% [15].

The free mode characteristics of the above five slotted
backplates are calculated in the frequency range of 10~16 kHz.
Then, the six-order critical modal frequencies were extracted
and compared with the free modal frequencies of the unslotted
backplate, as shown in Table 7. The bench test of the brake
system has shown that the frequency of the brake squeal is
mainly distributed around 4.1 kHz, 7.5kHz, and 12.7kHz. As
can be found in Table 7, Sample 3, Sample 4, and Sample 5 are
significantly improved for the critical frequency of 4.1 kHz and
7.5 kHz, but only Sample 3 has the best improvement effect on
the critical frequency of 12.7 kHz, and Sample 4 and Sample 5
have barely any improvement on the critical frequency of
12.7 kHz. Therefore, Sample 3 was selected for further study.

The model of Sample 3 was made into a test piece
(Figure 11), and the bench test was performed. The test results
are shown in Figure 12. The test time for these tests shown in
Figure 12 is close to that for those tests shown in Figure 4.
Table 8 shows the main four test operations and test times of
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TaBLE 7: Comparison of critical modal frequencies between slotted backplate and unslotted backplate.
Modal frequency (Hz)
Order
Unslotted Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
1 3,276.5 3,257.5 3,240.8 3,214 3,208.6 3,180.3
2 4,101.7 4,064.9 4,046.2 4,010.2 4,031.2 3,997.4
3 6,660.2 6,623.6 6,589.3 6,546.7 6,580.5 6,578
4 7,379.4 7,133.6 7,045.9 6,923.6 7,039.7 6,960.4
5 12,048 12,011 12,000 11,914 11,872 11,825
6 12,891 13,060 12,585 12,121 12,776 12,711
TaBLE 8: Bench test of Sample 3.
Test operation ~ Snub brake Bedding Deceleration  Cold
Test times 40 55 45 20
TaBLE 9: Critical frequency change rate between unslotted back-
plate and Sample 3.
FIGURE 11: Test piece of Sample 3. Order Modal frequency (Hz) Change rate (Hz)
Unslotted Sample 3
1 4,101.7 4,010.2 -91.5
7,379.4 6,923.6 —455.8
120 3 12,891 12,121 -770.0
115
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75 4 Ly e FiGUure 13: Unstable vibration mode at the braking pressure of
70 ¥ et 2.0 MPa (at 12,752.6 Hz).
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FIGURE 12: Noise frequency distribution and sound pressure level
of the test piece.

Sample 3 which could obtain the test results shown in Figures 4
and 12. During the bench test, the braking pressure is 2 MPa
and the initial rotational speed is 120 rpm.

From the test results, the brake pad with three horizontal
slots on the backplate could effectively reduce the occurrence
of brake squeal noise, especially that of the high-frequency
squeal noise, and greatly reduce the noise points above 80 dB
sound pressure level.

6. Results and Discussion

The change rate of the critical frequency between the
unslotted brake pad and Sample 3 could be calculated from

Table 7. The frequency changes of the Sample 3 are —91.5 Hz,
—455.8 Hz, and 770 Hz, respectively, as shown in Table 9.
From Figure 12, it could be found that the original squeal
frequency near 7.5 kHz disappears and the new squeal noise
is generated near 6.8 kHz. Similarly, the original noise fre-
quency around 4.1 kHz disappears and the new noise is
generated near 3.9kHz. Besides, high-frequency squeal of
noise points near 12.7 kHz disappears completely.

The vibration mode of unstable modal frequency at
12,752.6 Hz is extracted from the results of complex modal
analysis, as shown in Figure 13. The mode coupling between
the brake pad and the brake disc resulting in resonance and
the energy generated by the resonance which cannot be
dissipated in time are the root causes of concentration near
the high frequency 12.7 kHz. The design of three horizontal
slots on the brake pad backplate makes the critical frequency
change 770 Hz, which leads to the decoupling of the brake
pads and the brake disc. Besides, the lining substrate of the
brake pad contributes to the dissipation of energy generated
by resonance. Similarly, the decoupling between the brake
pads and the brake disc is also achieved at frequencies of
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4.1kHz and 7.5kHz, but the changed brake pad modal fre-
quencies are coupled with the other modal frequencies of the
brake disc, which will easily trigger resonance and result in
new noise points. At the same time, it is found that the noise
distribution of the improved brake system also has a great
improvement for the sound pressure level (i.e., the noise
points exceeding 80dB rarely occur). This shows that the
improvement of the structure makes the noise frequencies of
system near 4.1 kHz and 7.5 kHz move toward the direction of
lower frequency and reduce the sound pressure level, thus
achieving the effect of restraining the brake squeal noise.

7. Conclusions

(1) In this study, the design of three-layer structure of the
brake pad is presented and the six-DOF kinematics
model of the brake disc-brake pad is analyzed. Through
the analysis of the above model, it is found that the
mass and stiffness of the brake pad have an important
influence on the stability of the brake system.

(2) The unstable vibration modes of the brake system are
obtained from the linear complex eigenvalue anal-
ysis, and the accuracy of predictions of the complex
modal analysis model is verified by the bench test of
the brake system, but there is overprediction. The test
results show that the noise points of the brake system
are mainly distributed near the frequency of 4.1 kHz,
7.5kHz, and 12.7 kHz.

(3) The proposed slotting design on the backplate of the
brake pad by this study could greatly reduce the oc-
currence of brake squeal noise, especially that of the
high frequency at 12.7 kHz, which provides a reliable
theoretical guidance for the design of the brake system.

(4) Due to the limitation of experimental conditions, the
single test object and the experimental conditions
may not be comprehensive enough, so this study still
has some limitations. In addition, further research is
needed on how to determine the slot size and slot
position accurately according to the simulation
analysis and the test structure.
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Carbon fiber-reinforced plastics- (CFRP-) steel single lap joints with regard to tensile loading with two levels of adhesives and four
levels of overlap lengths were experimentally analyzed and numerically simulated. Both joint strength and failure mechanism were
found to be highly dependent on adhesive type and overlap length. Joints with 7779 structural adhesive were more ductile and
produced about 2-3 kN higher failure load than MA830 structural adhesive. Failure load with the two adhesives increased about
147 N and 176 N, respectively, with increasing 1 mm of the overlap length. Cohesion failure was observed in both types of adhesive
joints. As the overlap length increased, interface failure appeared solely on the edge of the overlap in 7779 adhesive joints. Finite
element analysis (FEA) results revealed that peel and shear stress distributions were nonuniform, which were less severe as overlap
length increased. Severe stress concentration was observed on the overlap edge, and shear failure of the adhesive was the main

reason for the adhesive failure.

1. Introduction

With the aim to save energy and reduce emission, weight
saving is of significant importance in the transportation in-
dustry. Composite, which exhibits high stiffness-to-weight and
strength-to-weight ratios than traditional metal counterparts,
has gained widespread usage for lightweight structures. In
practical application, it is almost impossible to manufacture
a structure as a whole body. Many structures are manufac-
tured as single parts, and then connected through joints. The
commonly used methods for joining composite parts are
either through mechanical fastening or bonding. Mechanical
fasteners including bolts, rivets, and pins have been commonly
used for several decades [1-3]. The ease of disassembling
components and allowing for reliable inspection has been
a great benefit. However, the key problem is that high stress
concentrations can develop around the fastener holes, and the
joint can be brought to failure at far lower stress levels than
expected [4]. Due to its larger bond area to distribute loads and
eliminate stress concentration as well as keeping structure
integrity, adhesive bonding is more attractive as compared to
mechanical fastening joining methods [5].

Extensive researches have been conducted to investigate
the bonded joints through analytical, experimental, and
numerical methods. Previous researches focused on different
affecting factors on the joint strength and damage mechanism
[6-10]. The failure load is found to increase with overlap
length and adhesive thickness. Material properties and ge-
ometry size have been investigated to significantly affect the
joint strength and failure modes. On account of the effect of
factors mentioned above, researchers latterly focused on
improving the strength of the joints. The joint strength in-
creased by modifying the shape of the joint [11, 12] and adding
chamfer [13] and fillets [14]. The quality of the bonded joints
depends highly on the manufacturing process. Some re-
searchers thus presented surface treatment [15, 16] on the
overlap region and curing conditions such as pressure and
temperature. For the purpose of optimizing and designing
a high-quality joint, stress distributions over the adhesive
layer were obtained through numerical methods [17-19].
These simulation works can also predict the joint strength
compared to experimental results. Later the finite element
method coupled with the cohesive zone model was performed
for failure evolution analysis [20, 21]. This can be used to
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model the failure initiation and further propagation. Al-
though the mechanical behaviors of the adhesive joints have
been investigated as mentioned above, the understanding the
strength and failure mechanism of the joints is still local and
rough due to the complexity of the mechanical behaviors,
especially for joints with composite substrates [22]. Therefore,
it is necessary to conduct a detailed research for the CFRP-to-
steel adhesive joints.

The present study mainly focused on the mechanical
properties and failure behavior of CFRP-to-steel adhesively
bonded single lap joints. Different joints were fabricated and
tested according to eight different variances, including two
kinds of adhesives and four overlap lengths. Mechanical
properties were firstly shown and compared with each other.
Both the experimental and numerical results about joint
strength were then displayed for further detailed analysis.
Finite element analysis was then conducted to compare with
the experimental results. A detailed stress distribution
analysis for various overlap length values was then exhibited,
followed by a stress distribution comparison at three typical
moments during the tensile process. Failure propagation
analysis was carried out for a detailed understanding of the
joints’ damage evolution. Finally, photographs of the failure
joints were exhibited for failure mode analysis.

2. Experiments

2.1. Materials. Two different structural adhesives were used
in this study. Type 1 is 7779 adhesive which belongs to two-
component polyurethane structural adhesive produced by
Ashland. Type 2 (MA830) is a kind of two-liquid acrylic
structural adhesive provided by Plexus. Both structural ad-
hesives were prepared and tested to compare the mechanical
properties with each other. In this study, the uniaxial tensile
test was conducted based on the ISO standard 527-2, which is
the determination of tensile properties of plastics. T-peel test
was employed with regard to the ISO standard 11339, which is
mainly applied for flexible-to-flexible bonded assemblies. And
the thick-adherend testing method based on the ISO standard
11003-2 is employed to determine the shear behavior for both
structural adhesives. The mechanical properties are finally
summarized in Table 1.

The adherends selected for this study were carbon fiber-
reinforced plastic (CFRP) laminates and DCO04 steel com-
monly used for automobiles. The CFRP laminates were
prepared using the vacuum-assisted resin infusion molding
process. Carbon fiber (CC-P400-12) was employed as the
reinforcement, and weft and warp were balanced plain
woven. Each ply has a thickness of 0.44 mm, and 4 plies were
used with 0°/90° ply orientation. The epoxy (MA-8931A/B)
was selected as the matrix. When the carbon fiber was soaked
with resin under the impact of atmospheric pressure, the
whole specimen was moved to a heating oven for curing at
120°C for 6 minutes. The whole specimen was then released
from the mould after being cured and cut into the required
size. The mechanical properties of the CFRP are listed in
Table 2. Another selected adherend is DCO04 steel, which is
a kind of deep drawing steel with low yield strength and
high ductility. It is widely used in the complex parts of
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TaBLE 1: Mechanical properties of the two adhesives.

Mechanical properties 7779 MAS830
Young’s modulus, E (MPa) 1169 665
Tensile strength, ¢ (MPa) 29.43 25.06
Shear modulus, G (MPa) 389 251
Shear strength, 7 (MPa) 20.40 18.49
Facture energy release rate in tension,

Gy (N/mm) 2.75 0.56
Facture energy release rate in shear,

Gy (N/mm) 2.03 123

TaBLE 2: Mechanical properties of the CFRP adherend.

Mechanical properties Value Mechanical properties Value
E1 (MPa) 26580 g, (MPa) 883
E2 (MPa) 26580 o, (MPa) 883
E3 (MPa) 3880 0; (MPa) 87
G12 (MPa) 8482 V12 0.35
G13 (MPa) 3678 V13 0.3
G23 (MPa) 3678 V23 0.3

automobile. The mechanical properties of the DC04 steel are
listed in Table 3.

2.2. Single Lap Joints. The geometry size of the single lap
joint for tensile testing according to ISO 4587 is presented in
Figure 1. The various overlap length with regard to the ex-
periment requirement between the CFRP laminate and DC04
substrate is denoted as L. L represents the whole length of the
specimen. The compensating plate was prepared with the
same thickness corresponding to specific adherend.

According to literature review [14], the abrasive paper of
grit size up to 1000 was used to polish the substrates, and
acetone was applied to eliminate impurity of the substrate
surfaces. Compensating plates were firstly bonded to the
corresponding adherends, and lines in both adherends were
drawn to dominate the overlap length. Adhesive was then
evenly distributed on the overlap region of the DC04 sub-
strates. Four small steel wires were employed to control the
adhesive thickness in this process. The two substrates were
boned together using a clip, and the whole specimen was
finally put into an oven to cure for 2.5h under the tem-
perature of 80°C.

A full-factorial experimental design was employed with
two levels of adhesive and four levels of overlap length giving
total number of 8 tests. The detailed experiment with cor-
responding factors and levels is listed in Table 4. A quasistatic
loading with the velocity of 2 mm/min was applied in tensile
testing. For improving experimental accuracy, three replicates
were conducted for each trial, and the normalized peak loads
and failure displacements were recorded.

3. Finite Element Analysis

A numerical model was implemented and developed using the
commercial software ABAQUS. The objective of finite ele-
ment analysis (FEA) is to develop a model that could accu-
rately predict the experimental results and present a detailed
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TaBLE 3: Mechanical properties of the DC04 adherend.

Adherend material ~ Young modulus (GPa)

Tensile strength (MPa)

Yield strength (MPa)  Elongation ratio ~ Poisson’s ratio

DCo04 203 316

170 78% 0.31

tcprp = 1.8 mm

tcop = 1.0 mm

tpcos = 2.0 mm

L, 50 | 37.5 |

FIGURE 1: Schematic and dimensions of the single lap joints.

TaBLE 4: Full-factorial experimental design with corresponding
factors and levels.

Specimen Adhesive type Ly (mm) L (mm)
1 7779 12.5 187.5
2 7779 20 195
3 7779 30 205
4 7779 40 215
5 MAS830 12.5 187.5
6 MAS830 20 195
7 MAS830 30 205
8 MAS830 40 215

stress distribution and failure evolution analysis of the joints.
The single lap joint tests were numerically built in a three-
dimensional model with the geometry and boundary condi-
tions exhibited in Figure 2(a). The end with CFRP substrate
was fixed thoroughly to clamp, while another end with DC04
substrate could only move in the loading direction. The
loading was terminated when the displacement reached the set
value with regard to experimental loading cases.

The element type selected to mesh the adhesive was
COH2D4, while the CFRP and DC04 adherends were
meshed with C3H20. The mesh was refined to have more
concentration of elements in both the adherends near the
adhesive for further stress analysis. The properties for the
adherends were mainly based on the results obtained in
experiments (Tables 2 and 3).

To reproduce the behaviors of the adhesive, the bilinear
traction separate law was used to simulate the elastic be-
havior up to a peak and subsequent degradation of material
properties up to failure. During tensile testing, the damage
occurs under mixed-mode loading (Model I, Model II, and
Model III). Figure 2(b) shows the bilinear traction separate
law under a single loading mode. The curve associates stress
with displacements connecting homologous nodes of the
cohesive elements. The initial linear elastic corresponds to
the first section until the stress reaching the maximum, after
the adhesive stiffness is degraded. The cohesive failure

mainly contains two stages, including damage initiation and
crack propagation. In the first stage, a quadratic nominal
stress criterion is used to decide the damage initiation, as
expressed below:

o) 2 2

ool ol - 8

o1 i il

where ; and 0¥ (i = I, II, I1I) are the cohesion and interfacial
strength under loading of Model I, Model II, and Model III,
respectively. When the sum of the equation on the left is less
than 1, there is no initial damage. Otherwise, initial damage
will develop in the cohesive layer. B-K fracture criterion is

applied to dominate the crack evolution in the second stage,
as given below:

Gerear |
Gic + (G~ GIC)( (S;;a ) =G, (2)

where G|, Gy, and Gy represent fracture energy in three
directions, respectively (Ggpear = Gy + G Gt = Gy + Ghear)-
G, (i = L1L III) is the critical strain energy release rate under
the respective models, and G, is the total of the three. # is
a constant that is related to the properties of the materials.
When the left of the equation reaches the value of G, the initial
crack begins to propagate and finally leads to adhesive failure.

In order to perform further failure evolution analysis,
a parameter defined as scalar stiffness degradation (SDEG) is
used to represent the degradation degree of the adhesive. This
parameter can be any value between 0 and 1. When adhesive is
in the initial elastic part of mixed-mode loading, the adhesive
elements have no damage to any degree and SDEG is set equal
to 0. While, the adhesive elements failure completely, SDEG is
set equal to 1, and the element is deleted.

4. Results and Discussion

4.1. Mechanical Properties. The load-displacement curves for
tensile testing are presented in Figure 3, including both



CFRP (C3D20)
Cohesive (COH3DS8)
DC04 (C3D20) ocr-===="7

Clamp (C3D20)

Advances in Materials Science and Engineering

S+ AS B

(b)

FIGURE 2: (a) The numerical model and (b) bilinear traction separate law for the finite element analysis.
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FIGURE 3: Tensile mechanical properties for joints using (a) 7779 structural adhesive and (b) MA830 structural adhesive.

adhesives with various overlap lengths. For joints using 7779
adhesive, the tensile process could be divided into three
stages as shown in Figure 3(a). The slopes of the curves are
kept constant in the first stage. When the load reached
2.5KkN, it entered the second stage, and the slope of the
curves appeared a slight decrease. This mainly resulted
from the strong toughness of the 7779 adhesive. As the
adhesive was in force and began to soften, the stiffness of
the joint decreased. When the load was between 6.5 and
7.5kN in the third stage, the slope declined obviously,
which was mainly due to that DC04 substrates achieved the
yield strength, and plastic deformation occurs. As the
loading continued, the joint finally failed when the load
exceeded the strength. Since the failure load is the maxi-
mum force when the joint suffers failure, it is found that the
failure load of the joint increased with the overlap length.
For the joints using MA830 adhesive, the failure load also
increased as overlap length increased, while the trend of the
curves was different from those of using 7779 adhesive.
When the overlap length was 12.5 and 20 mm, the slope of
the curves was constant until complete failure of the joint.

The maximum load was less than 6 kN, and thus there was
no plastic deformation for the DC04 adherend. However,
for the lap length of 30 and 40 mm, the maximum load was
higher than 7kN, and the slope of the curves appeared an
obvious decrease. All the four curves showed no decrease
when the load reaching 2.5 kN. This was mainly due to the
fact that MA830 adhesive was more brittle, and there was
no plastic deformation for MA830 adhesive.

4.2. Failure Load. For detailed analysis of the joint, Figure 4
summarizes the failure load and the normalized value.
The error bars are also added. The deviation should be caused
by deviation of experimental procedure and the dispersion of
properties for the materials, especially the adhesive and the
CFRP. Numerical results were found to agree well with the
experimental results within 5% relative error. It was found
that joints bonded with 7779 adhesive damaged at a higher
load (2-3kN) than that of the joints using MA830 adhesive
with the same overlap length. This was mainly due to that
the 7779 structural adhesive was much more ductile and
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FIGURE 4: Experiment and simulation results: (a) failure load and (b) normalized failure load (failure load divided by overlap length).
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FIGURE 5: (a) Peel stress and (b) shear stress distributions with various overlap lengths.

flexible and could tolerate higher load than MA830 struc-
tural adhesive. For the failure load in Figure 4(a), both ad-
hesives increased almost linearly with overlap length. As
overlap length increased by 1 mm, the failure load of the 7779
structural adhesive joints increased by an average of about
147N and that of the MA830 structural adhesive joint in-
creased by an average of about 176 N. Moreover, normalized
failure load, which is the failure load divided by the length
of the overlap, is defined and plotted in Figure 4(b). The
normalized failure load decreased dramatically with the in-
crease of the overlap length which indicated that increasing
the overlap length could strengthen the joint with only a limit
degree.

4.3. Stress Distribution. The peel (S;3) and shear (S;;) stress
distributions are compared at the adhesive layer in the middle
width for various overlap lengths. All the stresses mentioned
above were obtained under 6 kN load. Stress distributions in
the adhesive layer of three typical moments during the whole
tensile testing procedure were exhibited and compared with
each other. Joints with MA830 adhesive were not considered
in this section for the similar results.

The peel and shear stress distributions in the adhesive
layer for different overlap lengths are presented in Figure 5.
For the peel stress shown in Figure 5(a), the stress peaks
located on the edge of the overlap region. And stress values
on the left edge were slightly higher. This is mainly due to the
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FIGURE 6: Peel and shear stress distributions at three different moments of the joint using 7779 adhesive with 30 mm overlap length.
(a) t=6s; (b) t=49s; (c) t=110s.

two types of adherends with different stiffness. Thus, dif-  As the overlap length increased, peel stress peaks decreased
ferent degrees of adherend flexure appeared at the overlap ~ on both edges, and stress distributions were relatively much
edges. On the left overlap edge, the higher degree of flexure ~ more uniform. For the shear stress exhibited in Figure 5(b),
of the DC04 adherend produced higher peak peel stresses.  the maximum stress values on the left were 2-6 MPa higher
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FIGURE 7: Failure process of the joints using 7779 adhesive with 30 mm overlap length: (a) beginning of degeneration; (b) degeneration
proceeded; (c) cohesive failure appears and element deletion; (d) completely failure of adhesive layer.

than that on the right, which was mainly due to the fact that
the two types of adherends had different tensile modulus.
Furthermore, stress peaks of several types of joints located
near the edge of the overlap rather than on the edge. As the
overlap length increased, the position that peak stress
appeared was close to both edges. This was mainly due to
that under the 6 kN tensile loading, adhesive on both edges
appeared degradation of varying degrees. This degeneration
was slightly more severe on the left region. With increasing
the overlap length, relatively more uniform peel distribu-
tions could be found. All the former analysis indicated that
the increase of the lap length could reduce the stress con-
centration, thus leading to the failure load enhancement.
However, both types of stress were distributed near the edges
of the overlap region. The stresses in most of the middle
regions were relatively small. The distribution characteristics
indicated that increasing the overlap length can strengthen
the joint with only a limit degree.

In order to investigate the stress distribution alongside the
tensile loading process, different moments representing var-
ious stages were selected to analyze the stress state. The stress
distributions are shown in Figure 6 with regard to three
different moments, including t=6s, t=49s, and t=110s,
referring to no plastic deformation of the DC04 substrate,
large plastic deformation of the DCO04 substrate, and
approaching to the failure load, respectively. For the moment
of t =65, the tensile displacement was about 0.2 mm and in the
stage of initial loading. The maximum peel stress of the ad-
hesive was 14.92 MPa, and the maximum shear stress was
about 13.95MPa. While, the two stresses were far from
their limits. For the moment of t=49s, the displacement
approached to be 1.64 mm, which mainly resulted from the
deformation of the CFRP since the CFRP produced larger
deformation than that of the DC04 adherend. The effect of
asymmetric rigidity of the adherends could be seen in stress

distribution for its inhomogeneous distributions of both shear
and peel stresses. On the right side of the adhesive layer, the
shear stress dropped dramatically; however, the decline trend
on the left was much slower. This was mainly due to that DC04
adherend produced a plastic deformation at this moment so
that the tensile force was not transmitted to the adhesive on
the right. The maximum peel stress reached 19.16 MPa, which
was far from the stress limit (29.43 MPa). However, the
highest shear stress was about 20.27 MPa and approached
shear stress limits (20.4 MPa). When time is t= 110 s, some of
the cohesive elements became invalid and were deleted, which
meant that complete failure appeared in the adhesive layer.
The whole joint assumed to be almost the maximum load at
this moment. The peel stress was 12.55MPa, still far from
reaching the limit stress. The maximum shear stress was
20.32 MPa and was very close to the stress limit, which implied
that the cause of the joint failure was that the shear stress
reached the shear limit of the adhesive.

4.4. Failure Propagation. Joint using 7779 structural adhe-
sive with 30 mm overlap length was selected for the failure
propagation analysis. As described in Section 3, SDEG is
a parameter that represents the degradation degree of the
adhesive. Figure 7(a) shows that the adhesive on the left was
first degenerated. This was related to the relatively higher
peel and shear stresses which was analyzed in Section 4.2. As
the tensile loading continued, adhesive on the right shown in
the Figure 7(b) also began to degenerate and the de-
generation was much more severe than that on the left.
Furthermore, SDEG of adhesive on the right firstly reached
the value of 1, and the failure elements were deleted as
could be seen in Figure 7(c). This phenomenon was mainly
due to that two different materials were used as the
adherends. Adhesive was fixed to the two substrates with
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F1GURE 8: Failure models of 7779 adhesive joints with overlap lengths of (a) 12.5 mm, (b) 20 mm, (¢) 30 mm, and (d) 40 mm. Failure models
of MA830 adhesive joints with overlap lengths of (e) 12.5 mm, (f) 20 mm, (g) 30 mm, and (h) 40 mm.

various stiffness. For a specific loading, CFRP produced
a larger deformation than the DC04 adherend. Thus, ad-
hesive on the right edge deformed much more severe, and
failure appeared in this region at the early stage. In Figure 7
(d), all the adhesive elements were in failure and deleted, and
the DCO04 adherends produced permanent plastic de-
formations in the joint area. The asymmetry degeneration of
the adhesive layer could be easily seen from the failure
process and this asymmetry distribution mainly resulted
from the two different adherends.

4.5. Failure Modes. The failure modes of the two adhesives
with various overlap lengths are shown in Figure 8. For the
7779 structural adhesive, there were two main failure modes
including cohesion failure and interface failure. When the
overlap length was 12.5mm, it merely presented cohesion
failure as shown in Figure 8(a). As the overlap length in-
creased, the bending moment caused by load eccentricity
became more severe. The peel stress on the edge of the
overlap produced higher values and reached the peel stress
limit of the adhesive. Thus, interface failure occurred and
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FiGUure 9: The morphology of the facture surfaces confirms the (a) interface failure and (b) cohesion failure (observed through a digital

microscope KEYENCE VHX-5000).

became one of the failure modes as seen in Figure 8. Fur-
thermore, the failure of bonding interface only occurred on
the bonding surface between adhesive layer and DC04
substrate. This indicated that the 7779 adhesive had a better
connection with CFRP adherends than DC04 adherends. As
for joints of MA830 structural adhesive as shown in Figure 8,
there was only cohesion failure for all different overlap
lengths. This is mainly owing to the fact that joints of MA830
adhesive fail at a relative low load. Thus, peel stresses on the
edge of the overlap were far from the stress limit of the
adhesive, and there was no interface failure.

The detailed observations of the morphology for the
facture surfaces were conducted through a digital micro-
scope (KEYENCE VHX-5000). The morphologies of the
facture surfaces are presented in Figure 9. As shown in
Figure 9(a), for the 7779 adhesive in the joint, the adhesive is
completely peeled off from the CFRP, and the CFRP is
obviously visible in this specimen. Thus, this observation
firmly confirms the interface failure model. On the contrary,
as shown in Figure 9(b), residual MA830 adhesive can be
clearly found on the CFRP, demonstrating the cohesion
failure occurred within the adhesive.

5. Conclusions

The present work investigated the influences of the adhesive
type and overlap length on the mechanical behavior and
failure modes of bonded single lap joints via experimental and
numerical studies. Main conclusions can be drawn as follows:

(1) The joint strength was found to be highly dependent
on adhesive type and overlap length. Joints using
7779 structural adhesive provided 2-3 kN failure load
higher than that using MA830 structural adhesive.
And failure load with two adhesives increased about
147~176 N with increasing 1mm of the overlap
length.

(2) A finite element analysis model was established, and
numerical results were within 5% relative error on
predicting the failure load and joint strength com-
pared with the experimental results. There was severe
stress concentration on the edge of the joint. And the
stress distributions in the overlap area were

nonuniform. The peel stress was responsible for the
interface failure, and the cohesion failure is mainly
caused by large shear stress. The shear stress reaching
the limit stress of the adhesive was the main reason
for the failure of the adhesive layer.

(3) An asymmetry degeneration of the adhesive layer
could be easily seen from the failure process analysis,
which was mainly due to the asymmetric rigidity of
the adherends.

(4) The type of the adhesive and level of overlap length
affected the failure modes significantly. The failure
modes of the joints of 7779 structural adhesive
presented cohesion failure and interface failure.
While, MA830 adhesively bonded joints merely
showed interface failure irrespective of the overlap
length.
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Foamed concrete shows excellent physical characteristics such as low self weight, relatively high strength and superb thermal and
acoustic insulation properties. It allows for minimal consumption of aggregate, and by replacement of a part of cement by fly ash,
it contributes to the waste utilization principles. For many years, the application of foamed concrete has been limited to backfill of
retaining walls, insulation of foundations and roof tiles sound insulation. However, during the last few years, foamed concrete has
become a promising material for structural purposes. A series of tests was carried out to examine mechanical properties of foamed
concrete mixes without fly ash and with fly ash content. In addition, the influence of 25 cycles of freezing and thawing on the
compressive strength was investigated. The apparent density of hardened foamed concrete is strongly correlated with the foam
content in the mix. An increase of the density of foamed concrete results in a decrease of flexural strength. For the same densities,
the compressive strength obtained for mixes containing fly ash is approximately 20% lower in comparison to the specimens
without fly ash. Specimens subjected to 25 freeze-thaw cycles show approximately 15% lower compressive strengths compared

to the untreated specimens.

1. Introduction

Foamed concrete is known as light-weight or cellular
concrete. It is commonly defined as a cementitious material
with a minimum of 20% (by volume) mechanically entrained
foam in the mortar mix where air-pores are entrapped in the
matrix by means of a suitable foaming agent [1]. It shows
excellent physical characteristics such as low self weight,
relatively high strength, and superb thermal and acoustic
insulation properties. It allows for minimal consumption of
aggregate, and by replacement of a part of cement by fly ash,
it contributes to the waste utilization principles [2]. By
a proper selection and dosage of components and the
foaming agent, a wide range of densities (300-1600 kg/m”)
can be achieved for various structural purposes, insulation,
or filling applications [2].

Foamed concrete has been known for almost a century
and was patented in 1923 [3]. The first comprehensive study
of foamed concrete was carried out in the 1950s and 1960s by

Valore [3, 4]. Following this research, more detailed eval-
uation regarding the composition, properties, and applica-
tions of cellular concrete was reported by Rudnai [5], as well
as by Short and Kinniburgh [6] in 1963. New mixtures were
developed in the late 1970s and early 1980s, which led to the
increased commercial use of foamed concrete in building
constructions [7, 8].

For many years, the application of foamed concrete has
been limited to backfill of retaining walls, insulation of
foundations, and sound insulation [8]. However, in the last
few years, foamed concrete has become a promising material
also for structural purposes [7, 9], for example, stabilization
of weak soils [10, 11], a base layer of sandwich solutions for
foundation slabs [12], industrial floors [13], and highway as
well as subway engineering applications [14, 15].

With the increasing environmental challenges, it is
paramount that sustainable materials are researched for
a wider range of applications to offer feasible alternatives
alongside conventional materials.
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TaBLE 1: Mix proportions.

Mix symbol = Foaming agent content (1/100 kgC)  Cement (kg)  Fly ash (kg) = Water (kg)  Foaming agent (kg)  w.g/c (-)
FC1 2.00 25.00 0.00 10.50 0.50 0.44
FC2 4.00 25.00 0.00 10.00 1.00 0.44
FC3 6.00 25.00 0.00 9.50 1.50 0.44
FC4 8.00 25.00 0.00 9.00 2.00 0.44
FC5 10.00 25.00 0.00 8.50 2.50 0.44
FCA1 2.00 25.00 1.25 10.50 0.50 0.44
FCA2 4.00 25.00 1.25 10.00 1.00 0.44
FCA3 6.00 25.00 1.25 9.50 1.50 0.44
FCA4 8.00 25.00 1.25 9.00 2.00 0.44
FCA5 10.00 25.00 1.25 8.50 2.50 0.44

TaBLE 2: Cement chemical composition (%).

SiO, ALO; Fe,0; CaO MgO SO; Na,O K,O0 Cl
19.5 49 2.9 63.3 1.3 2.8 0.1 09 0.05

TasLE 3: Physical properties of cement.

. . . Compressive
Specific surface Specific gravity strength (MPa)
2 3
area (m“/k /cm
( g (& ) After days
2 28
3840 3.06 28.0 58.0

Foamed concrete, being an alternative to ordinary concrete,
fulfills the criteria of the principles of sustainability in building
constructions [16-18]. The general principles, based on the
concept of sustainable development as it applies to the life cycle
of buildings and other construction works, are identified in ISO
15392:2008. First, foamed concrete consumes relatively low
amount of raw material in relation to the amount of hardened
state. Second, during its production, recycled materials such as
fly ash can be used. In this way, foamed concrete contributes to
the disposal of waste products of thermal power plants. Third,
foamed concrete can be recycled and used as replacement of
sand in insulation materials. Moreover, the manufacturing of
foamed concrete is nontoxic, and the product does not emit
toxic gases when it is exposed to fire. At last, it is cost-effective
not only during the construction stage but also throughout life-
time operation and maintenance of the structure.

Besides contribution to the disposal of the waste
products of thermal power plants, the addition of fly ash
improves the workability of the fresh foamed concrete mix
and has positive effect on drying shrinkage [2, 19]. On one
hand, the only drawback of this mineral additive is lower
early strength of mortar in comparison to the mix without fly
ash [20]. On the other, it has been proven that the long-term
strength is improved [19, 21].

Despite its favourable and promising strength and
physical properties, foamed concrete is still utilized in limited
scale, particularly for structural applications. This is mainly
due to the insufficient knowledge regarding its mechanical
properties and small number of research on its fracture be-
haviour [22-28].

TaBLE 4: Fly ash chemical composition (%).

SIOZ A1203 F6203 CaO MgO SO3
76.5 1.42 5.80 3.61 1.63  0.263

Nazo Kzo
0.038  0.096

The main objective of this work is to investigate the me-
chanical characteristics of foamed concrete with varying density
(400-1400 kg/m®). A series of tests was performed to examine
compressive strength, elastic modulus, flexural strength, and
material degradation characteristics after freeze-thaw cycles.

2. Experimental Program

2.1.  Specimens  Preparation and  Concrete  Mix
Composition. The materials used in this study were Portland
cement, fly ash, water, and foaming agent. The compositions
of the mix are presented in Table 1. The industrial Portland
cement was CEM I 42.5 R [29], according to PN-EN 197-1:
2011. Its chemical composition and physical properties,
measured as per PN-EN 196-6:2011 and PN-EN 196-6:2011-4,
are given in Tables 2 and 3. Tap water was used in all ex-
periments. Compressive strength of cement was determined
according to PN-EN 196-1:2016-07 (Table 3).

To improve the workability and reduce shrinkage, fly ash
was used in some mixes. The ash used met the requirements of
PN-EN 450-1:2012. Its chemical composition is given in Table 4.

A commercial foaming agent was used to produce foam.
The liquid agent was pressurized with air at approximately 5
bars in order to make the stable foam with a density of
approximately 50 kg/m’. Cement pastes with 2 + 10 litres of
liquid foaming agent for 100kg of cement were prepared.

Two different types of concrete mixes (one without fly ash
and the other with fly ash) were used. In total, 10 mixes were
produced, five specimens for one concrete mix (Table 1).
A constant we/c = 0.44 ratio was used for all mixes (wg
includes water and liquid foaming agent; ¢ is the cement
content). It was based on the results of Jones and McCarthy [7]
and Xianjun et al. [30]. The target densities of hardened foamed
concrete to be produced in this study were from 400 to
1400 kg/m’.

The entire manufacturing process of foamed concrete
must carefully consider the densities of the mix, the foaming
production rate, and other factors in order to prepare high-
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FIGURE 1: Apparent density of foamed concrete specimens FC and FCA as a function of foaming agent content.

quality foamed concrete. The key factors to produce stable
foamed concrete were pressurizing of foaming agent at
stable pressure and constant rotational speed of mixing the
components.

All specimens, after casting in steel moulds, were covered
and stored in a curing room at 20+ 1°C and 95% humidity
for 24 hours. Subsequently, the samples were removed from
the moulds and stored in ambient conditions (at 20+ 1°C
and 60 + 10% humidity) for 28 or 42 days before testing.

2.2. Tests. Foamed concrete is a relatively new material, and
currently there are no standardized test methods to measure
its physical and mechanical properties. Therefore, procedures
for preparation of specimens and testing methods, usually
used for ordinary concrete, were adapted in this research.
The compressive strength, modulus of elasticity, and flexural
strength were determined according to the recommendations:
PN-EN 12390-3:2011 + AC:2012, Instruction of Research
Building Institute No. 194/98, PN-EN 12390-13:2014, and PN-
EN 12390-5:2011, respectively. The density was measured as
per PN-EN 12390-7:2011.

Compressive strength was measured with 150 x 150 x 150 mm
standard cubes as stated in PN-EN 12390-3:2011 + AC:2012.
The loading rate was assumed according to PN-EN 772-1:
2015+ A1:2015 as for cellular concrete masonry units.

Elasticity modulus was determined according to the
Instruction of Research Building Institute No. 194/98 and
PN-EN 12390-13:2014-02 with cylindrical specimens with
the dimensions of 150 x 300 mm. The loading rate was 0.1 +
0.05 MPa/s, according to PN-EN 679:2008 as for cellular
concrete masonry units. Two electrical resistance strain
gauges with 100 mm measurement length were bonded on
two opposite sides of the specimens at mid-height. The
stress-strain characteristic was recorded for the evaluation of
modulus of elasticity.

F1GURE 2: Typical failure pattern observed during compression tests
with cube specimens.

Flexural strength was tested in three-point bending setup with
beams 100 x 100 x 500 mm, according to PN-EN 12390-5:2011.
The nominal distance between the supports was 300 mm. The
rollers allowed for free horizontal movement. The specimens
were loaded at constant displacement rate of 0.1 mm/min as
an optimum value determined experimentally.

Degradation characteristics under freeze-thaw cycles were
evaluated with 150 x 150 x 150 mm standard cubes. The
compressive strength was determined with the procedure as
described before. The test campaign consisted of 25 cycles of
freezing and thawing. Each cycle included cooling of the
specimens to the temperature of —18°C within 2 h. The samples
were then kept frozen for 8 h at =18 + 2°C and thawed in water
at the temperature of +19°C + 1°C for 4 h. Reference specimens
were kept immerse in water as references.

3. Results and Discussion

3.1. Apparent Density. The dosage of foaming agent highly
influences the density of mix and hardened foamed concrete.
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FiGure 3: Compressive strengths of foamed concrete FC and FCA as a function of density of foamed concrete.

Figure 1 shows the relationship between the dosage of
foaming agent and the apparent density of hardened foamed
concrete for the specimens without fly ash (FC) and the other
with fly ash (FCA). The apparent density of hardened foamed
concrete is strongly correlated with the foam content and the
composition of cement paste and air voids in fresh mix. The
increase of foam content is accompanied by the increase of
volume of fresh concrete, which results in a decrease of
density of hardened foamed concrete. It can be observed that
there are exponential relationships for FC and FCA speci-
mens. Moreover, results obtained in FC show density level of
approximately 20% higher than FCA. This can be explained
by the fact that the process of hardening is slowed down in the
specimens containing fly ash. The physical reaction between
fly ash and air-pores results in larger number of air-pores
entrapped in the mix. It was also found that the mixes with the
foaming agent content above 10 litres per 100 kg of cement
resulted in unstable mix. The results were approximated with
polynomial functions as shown in Figure 1.

3.2. Compressive Strength. Cube foamed concrete speci-
mens tested in compression present the mechanism of
failure similar to ordinary concrete. A typical conical
postbreakage failure pattern was observed for all specimens
(Figure 2).

The compressive strengths of foamed concrete without
ash (FC) and foamed concrete with addition of fly ash (FCA)
as a function of apparent density are presented in Figure 3. It
can be noticed that there are exponential relationships for
both FC and FCA; however, there seems to be a difference
between the strengths obtained from FC and FCA samples.
The specimens without ash seem to show higher strengths
than the mixtures containing ash. This is due to the fact that
the process of hardening is slowed down due to the presence

FIGURE 4: Typical failure pattern observed during compression tests
with cylindrical specimens.

of fly ash [20]. In addition, this difference increases along
with the density. The values of compressive strengths ob-
tained correspond to the results of the works of others
[31-34]. The results were approximated with polynomial
functions as shown in Figure 3.

3.3. Modulus of Elasticity. Cylindrical foamed concrete
specimens tested in compression present the mechanism of
failure similar to ordinary concrete. A typical conical post-
breakage failure pattern was observed for all specimens
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(Figure 4). Stress-strain relationships of cylindrical specimens
are presented in Figure 5. The plots show the relations in the
range of 0.2 MPa until failure, according to PN-EN 12390-13:
2014-02.

Figure 6 shows the relationships between the modulus of
elasticity of foamed concrete and its density. It can be ob-
served that there are exponential relationships for FC and
FCA. The specimens without fly ash seem to have higher
modulus of elasticity than the mixtures containing fly ash

[35]. The values of modulus of elasticity obtained correspond
to the results of the works of Aldridge [8].

3.4. Flexural Strength. Figure 7 presents the relationship
between the density of foamed concrete and the flexural
strength. The tests were carried out on specimens without fly
ash. Figure 7 includes also the results of experiments carried
out by authors and reported in [23-28]. The decrease of
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flexural tensile strength with the decrease of the density of
the foamed concrete can be noted. The values of flexural
strengths correspond to the results of works of Mydin and
Wang [31] and Soleimanzadeh and Mydin [36].

3.5. Degradation Characteristics under Freeze-Thaw
Cycles. Figure 8 shows the results of compressive strength
of foamed concrete after 25 freeze-thaw cycles as a func-
tion of density. As a reference, results from untreated
samples are shown in Figure 8. The freeze-thaw treatment

of the specimens has only minor influence on the com-
pressive strength of foamed concrete. The strengths ob-
tained for the specimens subjected to freeze-thaw cycles
showed approximately 15% lower values. The results were
approximated with polynomial functions as shown in
Figure 8.

4. Conclusions

Foamed concrete can achieve much lower densities (400 to
1400 kg/m®) in comparison to conventional concrete. A
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series of tests was carried out to examine the mechanical
parameters of foamed concrete: compressive strength,
flexural strength, and modulus of elasticity. Furthermore,
the influence of 25 cycles of freezing and thawing on the
compressive strength was examined.

The main conclusions that can be drawn from this study
are the following:

(i) The dosage of foaming agent influences the density
of mix and hardened foamed concrete. The density
of foamed concrete is strongly correlated with the
foam content in the mix.

(ii) The compressive strength, modulus of elasticity, and
flexural strength decreased with the decrease of the
density of the foamed concrete; the polynomial func-
tions were suggested to describe these relationships.

(iii) The compressive strength and modulus of elasticity
of foamed concrete were slightly decreased by the
addition of 5% of fly ash.

(iv) The compressive strength of foamed concrete
subjected to freeze-thaw tests shows the values only
approximately 15% lower comparing to untreated
specimens.
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