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Abstract

In the present work, the nano-Aluminum oxide (Al,O3), nano-Silicon Carbide (SiC), or a hybrid of them were
infused into epoxy resin with an ultrasonic system with various weight percentage ratios of the nanoparticles.
Small punch testing (SPT) and indirect tension testing were adopted to measure the tensile properties of the
present nanocomposites. Pin-on-ring wear testing was also performed to examine wear performance of
epoxy Al,03 and SiC nanocomposites. The Finite Element Analysis method is introduced to simulate the
indirect tension test and SPT to give a complete vision of the stress distribution in the nanocomposite
specimen during the loading, and to examine its mode of failure. Good agreement between the numerical
and experimental results was observed. The addition of nanoparticles from Al,O3 or SiC improves the wear
resistance of epoxy. Furthermore, epoxy with nano-Al,0O3 has a higher wear resistance than that with nano-
SiC. The tensile strength and modulus of elasticity of epoxy are reduced by adding the Al,O3 nanoparticle. The
synergistic effect is not observed in the present study.
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1 INTRODUCTION

Epoxy resins containing more than one compound belonging to the category of thermosetting resins have multiple
specifications including adhesion strength, chemical stability, and electrical insulation (Ma et al.,2018, 2019;Zhang et al.,
2018a; Huetal.,2 018; Guetal., 2019; Gongetal.,, 2019; Heetal, 2019; Zhangetal. 2019). Because of these
characteristics, these resins have been used widely as matrices in numerous applications (Zhang et al.,2018b). The
addition of nanoparticles such as nano-ceramic, nano-wires, carbon nanotubes, and graphene structures to epoxy resins
leads to an increase in desired mechanical properties (Kurahattietal.,, 2014; Megahed et al., 2018, 2019, 2021;
Agwa et al., 2020; Youssef et al., 2020). Because of crack pinning and plastic void growth, which arise from reinforcing
the epoxy with nano-ceramics, the addition of nanoparticles contributes to increasing composite toughness
(Jiang et al.,2014). As researchers have noted, a nanoparticle size that has a higher ratio of surface area to volume than
that of larger-sized particles makes nano-size distinctions in the physical network structure. These characteristics are
reflected as advantages in increased resistance of the composite, including nanoparticles for wearing rate, compared to
larger particles; this type of nanoparticle can yield a layer of strong film that blends with wear debris (Ash et al., 2002;
Schwartz and Bahadur, 2000).

A significant amount of research has confirmed the importance of the size and surface area of all nano- and micro-
fillers to enhance the properties of the epoxy composites (Baller et al., 2011; Suzuki et al., 2011a). There is an increase
in the strength of the composite when nano particles of aluminum oxide, Al;03, are added to it. Furthermore, the
effect of reactive SiC nanoparticles addition on sliding wear behavior of epoxy composites using a pin-on-ring
configuration was studied by Luo et al. (2007). The result of adding SiC nanoparticles is an enhancement to the
tribological performance of epoxy, namely, improving its wear properties. Dass et al. (2017) investigated the effect of
adding nanoparticles of (SiC, Al;03, and ZnO) on the mechanical and tribological properties of epoxy composites. They
concluded that the lowest specific wear rate was found with Al,O3 nanocomposite. Furthermore, they noted that
better mechanical and wear properties for the different composite materials were obtained with two weight% filler
content.

Various evaluation techniques were used to evaluate the tensile properties, flexural properties, and tribological
properties for such composites using conventional techniques (Rong et al., 2001). Nowadays, the Small Punch Test (SPT)
is used to evaluate the mechanical properties for various kinds of composites, especially metal matrix composites and
polymer matrix composites (Moreno, 2016). The SPT is a technique used to evaluate the mechanical behavior of
miniaturized thin disks. The use of SPT has emerged as a potentially useful technique for mechanical characterization
using small specimens (Xu and Van Hoa, 2008).Therefore, one of the main objectives of the present work is to ensure the
accuracy of the results obtained from SPT by comparing them with the results obtained from Diametral Tensile Testing
(DTT).

The main objective of the present work is improving the mechanical and tribological properties of commercial epoxy
by adding aluminum oxide (Al,Os) and/or silicon carbide (SiC) nanoparticles. This work studied the nanoparticle-
reinforced epoxy composites using different nano additives, and compared their behavior to the hybrid nanoadditives in
order to improve the mechanical behavior of the epoxy composites. Additionally, the effect of weight percentage, wt. %,
of the nanoparticles on the mechanical and tribological properties, is investigated. Finite Element Analysis (FEA) is
introduced to simulate the indirect tension test and SPT, to give a complete understanding of the stress distribution in
the specimen during loading, as well as its mode of failure. One of the main objectives of using FEA is to predict the
material-dependent empirical constant in SPT.

2 EXPERIMENTAL WORK

2.1 Materials

A composite material contains a commercial resin and a hardener with additive nanoparticles. To achieve complete
hardening of the epoxy, a 12% hardener was used. Before adding the hardener, however, additive nanoparticle types
with various percentages were thoroughly mixed in the solution. In the present study, aluminum oxide (Al,Os3)
nanoparticles and silicon carbide (SiC) were selected as nanoparticle additives. These were purchased from Hongwu
International Group, Ltd., of the People’s Republic of China. The size and shape of the nanoparticles chosen for use have
an average spherical diameter around 50nm. The physical and mechanical properties of the nanoparticles are listed in
Table 1.
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Table 1 Selected physical properties of the nanoparticles used in the study.

Material Al,03 SiC
Color White Black
Density (gm/cm?) 3.98 3.3
Tensile Strength (MPa) 416 588
Fracture Toughness (MPavm) 5 4.6
Hardness (MPa) 22050 27468

2.2 Preparation of Nanoparticles Composite Samples

The nanoparticles were mixed with the epoxy resin by using a sonicator apparatus (Model POWERSONIC 405 with
frequency = 40 KHz) as shown in Figure 1. The mixture was placed in the sonicator apparatus at a temperature of 40°C
for two hours to disperse the nanoparticles in the resin. Subsequently, a 12% hardener was added to the mixture; this
was added with gentle mechanical stirring to ensure uniform mixing and to avoid formation of bubbles. After that, the
mixture was poured into a foam mold. The mold geometry and weight percentage of the additives were changed
according to the test type, as discussed in the next section.

Mixing jars

Sonicator

Figure 1 Sonicator apparatus

2.3 Sample and Tests Characterization

Five specimens for each test are used to confirm the results. The wear test, indirect tensile test, and SPT are
performed at room temperature.

2.3.1 Wear Test

The wear resistance tests are divided into two stages. In the first stage, the samples were prepared by adding 1.5%
wt. of Al,03, SiC, or hybrid to the epoxy resin in order to determine the additive that can best improve the wear resistance
of the epoxy. The samples were labeled in this stage as S, S2, S3, and Sa, as shown in Table 2.

As shown in the results section, the aluminum oxide (Al,O3) improves the wear resistance of the epoxy resin better
than silicon carbide (SiC). Therefore, in the second stage of the wear testing, a different weight content percentage, wt.
%, of Al,05 (0.5, 1, 1.5, 2, and 3)% are used to determine the optimum wt. % ratio. The samples were coded in the second
stage as Ss, Ss, S2, S7, and S, as shown in Table 2. Furthermore, one sample was prepared without any additive particles,
to serve as a reference. All specimens have been evaluated in the environmental conditions. In the present wear tests,
each sample was fixed on a pin and then placed on new sandpaper for each test, at a fixed distance from the disk center.

Table 2 The mixing ratios of various epoxy composites containing

Specimen Alumina, Al,03, nanoparticles wt% Silicon Carbide, SiC, nanoparticles wt%
S1 0 0
S 1.5 0
S3 0 1.5
S4 1.5 1.5
Ss 0.5 0
Se 0
S; 2 0
Ss 0
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The wear resistance tests of the resin composites containing various nano-additives and neat resin composites were
conducted according to ASTM F732 standards (ASTM, 2017) using a custom-built tribometer (Figure 2). In this test, five
cylindrical specimens (24mm in height and 17.6mm in diameter) for each material were tested against a bare-wood
sandpaper disk with a grit size of 220. Then a typical load of 5N was applied to the specimens, after which the disk used
as the abrasive counter-face was rotated at a velocity of 20 rpm for five minutes. The wear results show an average of
five wear test specimens for each tested material reported with 95% confidence intervals. The relative velocity of the pin
and rotating disc is fixed for all tests, since it is proportional to the disc’s rotation speed multiplied by the distance of the
pin from the rotation axis, which is fixed on all tests. Finally, the average relative wear amount, weight loss, and wear
rate was calculated according to the method reported by (Czichos et al., 1987).

Figure 2 Custom-built tribometer used in this study

2.3.2 Indirect Tensile Test (Diametral Tensile Test)

The indirect tensile test is used in many applications (Cesero et al. 2017) to measure the diametral tensile strength,
DTS, of nanoparticles composite materials. A cylindrical-shaped specimen with a diameter of 16 mm and a height of 32
mm, is used as shown in Figure 3. The samples used in the present test have varying wt. % of Al,O3 (0, 0.5, 1.5, and 3)%,
denoted as S, S5, Sz, and Sg (Table 2); and are used to study the effects of nanoparticle wt. % on the DTS. The diametral
tensile strength tests were conducted using a 100kN Universal Testing Machine INSTRON-8801 with a crosshead speed
of 0.75 mm/min. The diametral tensile strength (oDS), DTS, was then computed using the following equation
(Anusavice et al., 2012; Canay et al., 1999):

2F

Opg = ——
bs mdt

(1)

Where F is represents the fracture load, d is the diameter of the specimen, and t is the thickness of the specimen.

Figure 3 Sample of diametral tensile test

2.3.3 Small Punch Test (SPT)

The small punch tests were carried out using an experimental device like the one shown in Figure 4. This device was
custom-designed and manufactured in our laboratory, and was mounted on a universal testing machine fitted with a
20kN load cell. The diameter of the SPT specimen is 20 mm with a thickness of 2 mm. The SPT in the present work is used
to describe the effect of the nanoparticle wt. % of Al,Os (0, 0.5, 1.5, and 3)% as S1, Ss, Sz, and Sg (Table 2) on the stiffness
of composite specimen. The load-displacement response from initiation until failure is traced for each specimen.
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Punch Fractured sample

‘/ Clamping screw
2hgH

Upper die

Lower die
Punch ball

Figure 4 Small punch test setup

3 Numerical Work

A 3D finite element code developed by using the ABAQUS program (ABAQUS,2016)is used to simulate an indirect
tension test and SPT. The present model is used to describe the stress distribution and the failure shape of the
nanocomposite specimen during the tests. The dimensions of the nanocomposite specimens undergoing indirect testing
and SPT are taken as the experimental geometry. The extended finite element method (XFEM) is used in the present
simulation of the failure of nanocomposite specimens in the indirect tension test and in the small punch test. The XFEM
has been used previously in many applications (Mubaraki et al.,2017;Abd-Elhady et al.,2020) to predict the failure shape
with high precision. To simplify the calculation of the XFEM model, nanocomposite specimens are simulated using linear
elastic properties extracted from the SPT and indirect tensile tests.

Typical finite elements meshing configurations using an indirect tension test and a small punch test are shown in
Figure 5. The C3D8R, an eight-node linear brick of the reduced integration element type is used to simulate the present
tests and nanocomposite specimens as shown in Figure 5. The load-displacement control is used in the present tests. In
the present simulation, the contact between the surfaces of each part is simulated using a penalty friction formulation.

. Punch
Specimen

Specimen

t

(@) (b)
Figure 5 Finite element model of (a) small punch specimen and (b) indirect tension test

4, Results and discussion

4.1 Wear resistance test results

The outcomes shown by Figure 6 indicate that nano-additive materials influence the wear behavior of the resin
epoxy composites. The wear rate dramatically decreased after introducing the nanoparticles to the resin composite. The
nano-additives help distribute the load in the boundary condition wear test, as the additives act like nanoscale ball
bearings. When Al,O3; nanoparticles were added to the composite, the specimen showed better wear resistance, as
compared to the addition of SiC nanoparticles.

In the present two-body abrasive wear test, the samples were in dry contact, and with the increase in abrading
distance, some of the worn asperities adhered to the contact area. The results showed that in the cases where SiC
nanoparticles were added, the debris removed from the surfaces contact reduces the wear resistance slightly when
compared with Al,0s. Here, the broken SiC particles can act as a third body abrasive, leading to enhanced roughening of the
counter surface and increasing the wear rate. Furthermore, in the samples containing hybrid nano- Al,Osand SiC, the
average wear amount was slightly higher than that of samples containing only AlOsnanoparticles. Hence, the high hardness
for silicon carbide could contribute to reducing wear resistance performance due to the three-body stuck between surface
asperities on the wear track; the materials on the wear track cause some damage to the wearing surface. This finding is in
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agreement with Mohan et al. (2010), who stated that with an increase in abrading distances, the wear debris consists of a
shear deformed polymer matrix containing broken SiC particles on the counter surface. The particles can either be lost from
the contact zone or remain there for a fixed time as a transfer layer. In such cases, their polymer component can provide a
barrier for the counter surface asperities and reduce the effective toughness. The particles, however, can act as a third body
abrasive leading to enhanced roughening of the counter surface. Hence the wear loss increases with an increase in abrading
distances. On the other hand, Vinod et al. (2018) concluded that in abrasive wear tests, the composite samples mainly
depend on the grit size of the abrasive paper, abrading distance, applied load, and speed.

On the other hand, this result might be due to the hardness of SiC, which may affect the surface asperity in the
contact area. In addition, the interfacial adhesion of aluminum oxide particles with epoxy in the local composite is greater
than that of SiC; this fact will contribute to an increase in load-bearing. Ahmedizat et al. (2020) showed that in the case
of the sliding wear test, abrasive wear on the sample’s surface was produced and resulted in three body wear on the
contact area. These results revealed that introducing nano-additives to the composites increased their ability to resist
abrasive wear (Ahmedizat et al., 2020). It is suggested that Al,Osnanoadditives were influenced the kinetic energy of the
resin composites. This in turn led to reinforcing the epoxy by absorbing kinetic energy, which is resulted in reducing the
plastic deformation (Vaisakh et al.,2016). It is shown that adding nanoparticles to the epoxy resin can affect the heat
generation at the contact surfaces, thus reducing the material loss; this could be the reason that Al,O3 additives showed
better tribological properties.

Wear (%)

7.000

6.000
S
5.000
E Neat
4.000
SiC

3.000

Wear (%)

EAI203

2.000 mMAI203 & SiC

1.000

0.000
Neat SiC Al203 Al203 & siC

Figure 6 The wear test results with various additive materials

Figure 7 shows the average weight loss, reported with 95% confidence intervals, according to the various weight
percentages of the Al,03 additives. The results show that average wear percentages with Al,Osnano-additives are similar
when the additives are added by 0.5 wt.% up to 1.5 wt.%. However, the error decreases when the additives increase. On
the other hand, wear percentages decreased to an average of 1.7% for 2 wt.% and 3 wt.%Al,03 nano-additives. This
change in the material’s behavior is due to the interfacial bonding strength, because of decreasing interfacing between
the particles and epoxy. Of note, mean loads cannot be effectively transferred in a composite. Also, when increasing the
guantity of particles of Al,03, agglomerations inside the composite are produced and stress concentrators result; these
cause a decrease in the bonding strength between the filler and the epoxy material.

Wear of different Al203 nano additives
percentages
3.500

3.000

8, S

2.500

2.000

Ss

Wear %

1.500
1.000

0.500

0.000 o
0.50% 1% 1.50% 2% 3%

Al, 0, Nano addtivies percentages

Figure 7 The wear test results with various Al,0; additive materials
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Figure 8 shows microscopic images of the worn surfaces of various Al,03 samples. It can be seen that the presence
of abrasive wear extends over the entire surface of the composites. In Figure 8(a), clear evidence of micropitting and
cracks contributes to the weight loss of the neat samples. When compared to the composite surface, after introducing
the nanoparticles, the pitting and cracks become less prominent.

. .'. . £ o -u}f 4 &; Wy . E. \ - LS \
Figure 8 (a) Neat samples (51), (b) 0.5 wt% Al,05(S5), (c) 1 wt% Al,Os (S6) and (d) 3 wt% Al,Os (S8).

The addition of 0.5 wt.% Al,03 nanoparticles show that the self-lubrication of aluminum oxide occurs on the epoxy
as an adhered layer on the surface. The protective layer improved the wear resistance behavior of the epoxy. However,
there are still cracks and micropitting areas on the surface, even when increasing the additive percentage of the surface
of the product.. The quantity of cracks and micropitting increased slightly when the nanoparticles percentages increased.
There is, however, some variance in the average wear results, which could be due to the nanoparticles’ agglomeration;
this affects the distribution and density of the adhesive layer on the surface, as shown in Figure 8.

4.2 Indirect tensile test (diametral tensile test) results

4.2.1 Experimental results

Figure 9 shows the average diametral tensile strength of specimens S;, S5, Sz, and Sg. The results show that the
composites with no nanoadditives have an average DTS of 81.90 +2. When introducing Al,Os nanoparticles to the epoxy
resin by 0.5%, the wt. % of the DTS was reduced to an average of 51.35 +2. Moreover, increasing the weight percentage
of Al,03 nanoparticles in the epoxy resin to 1.5% and 3% decreased the average value of the DTS to 45.48 +2 and 40.79 %2,
respectively. This result indicates that more additives in the composite will result in a lower DTS value. This result is
consistent with the results mentioned in (Cesero et al.,2017). The reduction of the tensile strength may be due to the
weakening of the adhesion between the epoxy and Al,Os nanoparticles. This result is in agreement with the results
obtained by Bazrgari et al. (2018), who stated that in the case of the high content ratio of Al,O3 nanoparticles, the
adhesion between the epoxy matrix and Al,O3 nanofillers became weakened.

90

3 DTS of Different Wt. % of Al203
80 [

7o§
60 [
so |
w f

30

Tensile Strenfth, MPa

20 [

0

ok

wt.0% [ Wt.0.5 % [ Wt.15% [ wt.3%
[mpTS 81.8925 | 513533333 | 45.475 \ 40.79

Figure 9 Average Diametral Tensile Strength (DTS) of various Al,Osnano additives concentration
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Figure 10 shows the fractured surface of the neat and reinforced epoxy samples. A sample with a high percentage
of the reinforcement of Al,O3 has more fracture debris than other samples. Also, increasing the nano additives
percentages raises the possibility of nanoparticle agglomeration when dispersed. It reduces the DTS value because voids
result when the additives shift inside the matrix. Naous et al. (2006) found that neat epoxy exhibits relatively smooth
fracture morphology. However, the fracture surfaces of the nanocomposites present a much rougher fracture surface
with massive plastic deformation both in the crack initiation region and in the crack propagation region. Verma et al.
(2020) studied the effect of particle size and morphology of nano-Al;03 on tensile and fracture properties of the epoxy
alumina composite. They found that the crack deflection and matrix spalling were major factors behind the incremental
increase in fracture toughness with spherical Al,O3 nanofillers. However, crack tilting, crack twisting, crack deflection,
and crack bridging were factors behind the incremental increase in fracture toughness, of composites filled with Al,Os.

(a) (b)

Figure 10 Fracture surfaces of different composite contents. (a) 1.5 Al,Os (S;) and (b) neat epoxy (S1)

4.2.2 Numerical results

The numerical analysis is used to generate a deeper understanding of the stress distribution through the indirect
specimen during the crack growth. Figure 11 illustrates the fracture shape of the indirect tensile test specimen, and
expresses damage both numerically and experimentally. There is agreement between the experimental and the
numerical results.

PHILSM

+1.277e+00
+1.063e+00
+8.495e-01

+4.226e—u;1

+2.091e-0.
+— -4.425e-03
-2.179e-01 /
-4.314e-01
-6.449e-01
-8.584e-01
-1.072e+00
-1.285e+00

X Step:|Load
Increment—3196:-Step-Finre—0.1263

Experimentally Numerically

Figure 11 A comparison between the experimental and numerical findings for the fracture specimen shape under the indirect
tensile test.

Figure 12 illustrates the distribution of the tensile stress at the vertical diameter during the crack growth. As shown
in Figure 12, it can be concluded that the maximum value of tensile stress is located at the center of the specimen; the
crack that begins at the center of the specimen then grows parallel to the load and perpendicular to tensile stress.
Consequently, the maximum tensile stress is located in the front of the advancing crack tip.
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Figure 12 Stress distribution along the cylinder diameter through the development of the crack.

4.3 Small punch test results

4.3.1 Experimental results

Figures 13(a) and 13(b) show the load versus displacement, as extracted from the experimental results of SPT, with
the maximum values respectively for epoxy reinforced with different wt. % of Al,O3 nanoparticles (Sz, Ss, Sz, and Ss). As
shown in Figure 13(a), the behavior of the load-displacement curve of epoxy without nanoparticles is different from that
of Al,03 nanoparticles. Furthermore, increasing Al,03 nanoparticles increases the brittleness of the epoxy so that the
force drops (pop-ins) (Vaisakh et al., 2016; ASTM, 2020) caused by crack initiation can be shown in Figure 13(a).
Moreover, all shapes of the load-displacement curves of specimens S3, Ss, S2, and S are different from the common load-
displacement curves of metallic ductile materials. The curve is distinguished by five zones (Chica et al.,2017;ASTM, 2020):
(elastic - transition between elastic and plastic - plastic hardening - damage initiation - crack growth until failure) until
damage takes place.

From Figure 13(b) it is seen that the maximum SPT force decreases with increasing the wt. % of nanoparticles. The
samples without additives show more resistance when compared to other reinforced samples. For the elastic stage of
the SPT curve, as shown in Figure 13(a), the reinforced samples have less stiffness compared to the unreinforced samples.
Furthermore, the modulus of elasticity, E, of the specimen can be estimated by using the value of the slope of the elastic
region of SPT load-displacement (Chica et al., 2017), and it follows that the empirical correlations between SPT
experimental results and E can be given as:

E =¢€ * Slope (2)
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where é is correlation factor computed by using the modulus of elasticity of the epoxy (3.7 GPa). Figure 14 depicts the
value of Young’s modulus of samples S;, Ss, Sz, and Sg, which is computed from Equation (2). From Figure 14 it can be
seen that the modulus of elasticity decreases by using nanoparticles of Al;0s.

350 350 - 0.4
: PR ey (b) ] £
300 (a) ——0wt% Zg 300 \ ,/' \\\\ 0.35 §

<
0 F sl o wt. 0.5% 't‘ 250 | 7&\ I5ee ] 03 §\
2 i( N -a-wt.1.5% ] e 3 g
< E ~ S K o2 §
S 200 | —% -wt. 3% - 200 s ~
S Q ’ . Jo2 X
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50 S r ] 005 ©
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Figure 13 (a) SPT Load-deflection curve; and (b) maximum values of load and deflection extracted from SPT, for nanoparticle
composite samples with varying wt. % of Al,Os.
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Figure 14 Young’'s modulus of various Al,0s;nano additives concentrations

Likewise, the empirical correlations equation between experimental SPT results and ultimate tensile strength can
be used for the estimation of the ultimate tensile strength (u):

Fm
Oy = 3UTS@ (3)

where Fp, is the maximum force during SPT; un, is the specimen deflection corresponding to maximum force Fp,; t is the
specimen thickness (2 mm); and durs is a material-dependent empirical constant. This is accomplished by using the
experimental data for the tensile strength values measured from the indirect tensile test, as shown in Figure 9. The
estimated value of dyrs can be obtained as shown in Figure 15. This estimated value increased with increasing the value
of Al,03% up to 1.5% and then decreased. Figure 16 shows the fracture sample for the unreinforced sample; the fractures
are completely brittle, which can be noticed from the fracture behavior.

4.3.2 Numerical results

The present section illustrates the simulation results of SPT by using the finite element method to depict the site of
crack initiation and distribution of the bending stress through the specimen. Figure 17 shows the numerical elastic
bending stress distribution of the SPT specimen through the specimen thickness. The site of crack imitation is located at
the bottom of the specimen at its tension side. Furthermore, the crack initiated from the bottom of the specimen and
then grew circularly, as shown in Figure 18.
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4 CONCLUSION

Based on the results of this study, the following conclusions can be drawn:
¢ The wear rate dramatically decreased after introducing the nanoparticles to the resin composite.

¢ The addition of Al,03 nanoparticles to the epoxy resin resulted higher resistance to wear than when SiC or hybrid
nanoparticles were added. This means that a synergistic property has not been achieved in improving the wear
resistance of epoxy-containing nanoparticles.

e The addition of 2% Al,03 nanoparticles to epoxy resin was found to be the optimum ratio in the present work.

e On the other hand, the tensile strength and modulus of elasticity of epoxy are reduced by adding the Al,Os;
nanoparticles.

¢ To generalize the SPT, the dyrs material-dependent empirical constant can be predicted by equating the tensile
strength measured from SPT and the indirect tension test.

e FEAis a good candidate to demystify and interpret experimental results.
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