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In this study, the effect of multi-walled carbon nanotube doping to MgB, compound on microhardness properties
of MgB, was investigated by using solid-state reaction method. The amount of multi-walled carbon nanotubes
was chosen as 0, 1, 2, 3 and 4% by weight of total MgB,. All samples were obtained by sintered at 650 'C
temperatures. The microhardness properties of the samples obtained were examined using the Vickers method.

At the same time, the samples obtained were analyzed according to Meyer’s Law, proportional sample resistance
(PSR) model, Hays-Kendall (HK) approach and elastic/plastic deformation (EPD) model. Samples were found to
exhibit indentation size effect (ISE) behavior. It was understood that the multi-walled carbon nanotubes doped to
the samples made MgB; softer by reducing the intergranular bonding of the MgB, structure. In addition, it was
found that the force applied to the samples caused both plastic and elastic deformation on the samples.

1. Introduction

Although the MgB, compound has been known since the early 1950s
[1] Akimitsu et al. discovered in 2001 that this compound is a super-
conductor [2]. After this discovery, studies on MgB, continue without
slowing down. MgB, is a widely used compound in superconductor
technology due to the advantages of MgB, such as its simple crystal
structure [3] high critical transition temperature in metals and alloys,
long coherence length and strong intergranular bonds, high critical
current density, low anisotropy, optimal intergranular boundaries for
high current transport, and low cost [4].

Carbon nanotubes discovered by Sumio lijima in 1991 have positive
properties such as structural, mechanical, electrical and thermal con-
ductivity [5]. Because of such properties, carbon nanotubes are highly
preferred in nano-technological studies. After the positive effects of
carbon and carbon nanotubes on MgB, were discovered, many re-
searchers made the doping of carbon or carbon nanotubes to the MgB,
superconductor with different methods and in different amounts [6-17].

The microhardness properties of the samples obtained in this study
were examined by the Vickers method. At the same time, the samples
were analyzed according to Meyer’s Law, proportional sample resis-
tance (PSR) model, Hays-Kendall (HK) approach and elastic/plastic
deformation (EPD) model.
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Many studies showed that the microhardness properties of the ma-
terials depend on the load applied to the material [18-24]. With the
Vickers method, some values such as surface tension of samples,
microhardness values independent of load, elastic modulus can be
reached in the analysis of samples.

Egs. (1)-(4) is used in Vickers analysis.
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Here, Hy is the Vickers hardness value, d; and d; are the diagonal length
of the indentation trace formed on the sample, E is the elastic modulus
and Y is the stress value.

In the literature, when interpreting the microhardness values of
materials, 2 different types of behavior are mentioned. The first of these
is a behavior called indentation size effect (ISE), which is expressed as
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the microhardness value decreases with the load applied to the material
surface. Both elastic deformation and plastic deformation are seen in
such materials. Another is the reverse indentation size effect (RISE). In
this case, it shows an increasing microhardness value against the load
applied to the material. In addition, these materials only exhibit plastic
deformation. Elastic deformation is not observed or it is very small
compared to plastic deformation.

It is very important to support the experimental tests performed to
characterize the mechanical properties with theoretical modeling. In
this context, the models in the literature and explained below (Meyer’s
law, PSR model, HK approach and EPD model) were applied to our
experimental data. The main purpose here is to calculate load-
dependent microhardness values as well as load-independent micro-
hardness values.

Theoretical models applied to experimental data are explained as
follows.

Meyer’s Law is the simplest and most fundamental law used to
explain the behavior of ISE. According to this law, there is a relationship
below between the indentation load (F) and the average of the diagonal
lengths (d) (Eq. (5)).

F =Ad" 5)

Here, the value of n is the Meyer exponent, which is a measure of ISE-
RISE behavior. If the Meyer exponent is less than 2 (n < 2) it confirms
that the displacement character is ISE, and if it is greater than 2 (n > 2)
the displacement character is RISE. The fact that n value is 2 (n = 2)
gives the case of hardness independent of the load and ISE behavior is
not observed in the material [25,26].

In addition, the Meyer index value also gives information about
whether the material is hard or soft. A case of 1 < n < 1.6 means that the
material is a hard material, and 1.6 < n means that the material is soft
[25].

PSR model: In the PSR model used to analyze the ISE behavior, it is
stated that the sample resistance is not constant and increases with the
depth of indentation. Eq. (6) expressing this model is given below.

F = Wpspd + Apsgd® (6)

In the equation, Wpsg and Apsy are constants for elastic deformation
and plastic deformation, respectively, and are determined from the slope
of the (F/d)-d graph and the point where it intersects the y-axis,
respectively. Apgr is used in real microhardness value calculations. In
this approach, the microhardness value independent of the load is
calculated by Eq. (7).

HPSR = 1854.4 x APSR (7)

Hays ve Kendall (HK) approach is a hardness model that states that
a minimum load value (W) must be present in order to create permanent
deformation in the sample. They argued that if the applied load cannot
exceed this resistance, permanent deformation will not occur and only
elastic deformation will occur. In other words, if a test load is below a
certain limit value, only elastic deformation can be created, and if it is
above this value, both plastic and elastic deformation can be created.
Egs. (8)-(9) is used for the HK approach.

Fopin = F — Wy (8)
F — Wyg = Aygd® 9

In this approach, the microhardness value independent of the load can
be found by Eq. (10).

Hyg = 1854.4 x Apg (10
Here, Apx is a constant independent of applied load, and W is the

minimum amount of load required to create a trace. W and Agg values
are calculated from F —d? graph and the slope obtained from this graph
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will give us the value of Agx x A positive Wyg value is interpreted as the
applied load is sufficient to create both plastic deformation and elastic
deformation on the sample [27].

On the basis of the EPD model, there is a relationship between the
size of the indentation and the applied load [28-29]. In most indentation
tests, the indentation size is measured after the indentation is removed
from the sample. Elastic recovery occurs around the remaining inden-
tation trace after the tip is removed. Thus, the indentation size shrinks to
a certain extent. Considering this, it is deemed appropriate to add a new
term to the measured indentation size to calculate the hardness value
independent of the load (Eq. (11)).

F=A(d, +d,)* an

Here d, is related to elastic deformation and d, is related to plastic
deformation. A is a constant of the sample. A and d, values are calculated
from the graph of F*/2 —d,. Also, the microhardness value independent
of the load is defined by Eq. (12).

Hpgpp = 18544 x A (12)
2. Methods
2.1. Experimental details

Magnesium (Mg) powder (>99% purity, Sigma-Aldrich), amorphous
nano Boron (B) powder (>95% purity, Sigma Aldrich) and multi-walled
carbon nanotube powders (>90% purity, Sigma Aldrich) were used.
MgB, samples without additives and with 1, 2, 3, 4% by weight multi-
walled carbon nanotubes doped were produced by solid-state reaction
method. The samples obtained were named with 5 different codes. The
name of 0 sample was given for the MgB, produced without any addi-
tives, while the samples doped with multi-walled carbon nanotubes in
the ratio of 1, 2, 3 and 4% were named as 1, 2, 3 and 4 samples,
respectively. The 0 sample was produced without any additives. Multi-
walled carbon nanotubes were added to 1 sample as 1% of the total
weight of the sample, 2 samples as 2% of the total weight of the sample,
3 samples as 3% of the total weight of the sample and 4% of the total
weight of the sample. Magnesium and boron powders were mixed with
Retsch PM 400 brand automatic mixer device for 3 h, and then multi-
walled carbon nanotube powders were added to the resulting MgB,
mixture and mixed manually in agate mortar for half an hour. Each
powder mixture was pressed under a pressure of 2 tons cm ™2 and sin-
tered at 650 'C for 1 h in an argon atmosphere. Microhardness mea-
surements of the obtained samples were made with Shimadzu HVM-2
model digital microhardness measuring device, X-ray diffraction (XRD)
analysis was performed with Rigaku Mini Flex 2 brand x-ray diffraction
meter device and scanning electron microscopy (SEM) analyses were
performed with Jeol-JSM 6060 LV brand scanning electron microscope.

3. Results and discussions
3.1. XRD analysis results

XRD measurements were made with Rigaku Mini Flex 2 X-ray
powder diffractometer using Cu-K, beam in the 20° < 260 < 80° range.

In Fig. 1, characteristic plane peaks of (001),(101),(002),(102),
(200)and (2 0 1) of MgB, were seen in all samples. It was observed that
the peak of the (1 0 1) plane is more severe than the peak of the other
planes. The width of the plane peak (1 0 1) of sample no. 2 is narrower
and more severe than the other samples. Narrow peak width and in-
crease in peak intensities in X-ray diffraction patterns indicate a
smoother crystographic transition, that is, a better crystallinity [30].
Therefore, the crystographic structure of the sample number 2 is
smoother than the other samples. In the samples obtained, some
expansion is observed in all plane peaks due to doping. This occurs when
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Fig. 1. XRD patterns of the samples obtained.

multi-walled carbon nanotube atoms, which are included in the struc-
ture as a result of multi-walled carbon nanotube doping, enter between
Mg and B atoms. In this case, it is thought that the bond between the Mg
and B atoms is subjected to some stress, so the lattice parameters are
damaged and the crystal structure is damaged. Crystal size calculation is
made with Scherrer Equation shown by Eq. (13) [31].

K-2

b= p.cosO a3

Here, D represents the particle size, A shows the wavelength of the X-ray,
p indicates half the width of the highest intensity peak and 6 represents
the angle of this peak. The multi-walled carbon nanotube additive had a
reducing effect on the particle size. In some studies with different ad-
ditives, it was observed that increasing the doping rate decreases par-
ticle size and intergranular pores [32,33]. Table 1 was created according
to the calculated particle size results. As can be understood from Table 1,
it was observed that the particle size of the doping (with sample 0)
slightly reduced compared to the sample without doping. In addition,
when we compared the samples with additives among themselves, it was
seen that there was a partial increase with additive.

For the hexagonal structure shown by Eq. (14), the lattice parameters
of the MgB, samples were found by using the lattice parameter calcu-
lation equation.

==z a4

1 4R+ hk+ i +12
a3

a e
In this equation d are the interplanar distance, h, k, [ are Miller indices, a
and c are the lattice parameters. Since a = b in the hexagonal structure,
the value a is also defined as the value b. Table 2 was created for the
lattice parameters found as a result of the calculations. When Table 2 is
examined, it is clearly seen that the lattice parameters a, b and c of all
samples are almost the same. This means that there is no change in the
crystal structure with the doping. This is the reason why we see the same
diffraction peaks at the same angles from the XRD graph. The lattice
parameters obtained as a result of the calculation also support our XRD
data.

Table 1
Granular sizes of the samples obtained.
Sample Sample Sample Sample Sample
0 1 2 3 4
Granular size 21.50 19.68 20.03 19.83 21.37

(nm)
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Table 2

Lattice parameters of the samples obtained.
Lattice Sample Sample Sample Sample Sample
Parameters 0 1 2 3 4
a=>b (nm) 0.284 0.280 0.281 0.283 0.284
¢ (nm) 0.426 0.421 0.422 0.425 0.426

3.2. SEM analysis results

Fig. 2:In a, b, ¢, d, e, there are SEM images at equal magnification of
the multi-walled carbon nanotube doped samples at 0, 1, 2, 3 and 4%
respectively. The filamentous structures in the images are multi-walled
carbon nanotubes. In all of the images, it is understood that multi-walled
carbon nanotubes maintain their traditional appearance and do not
undergo deformation. When Fig. 2 a is examined, it is seen that the
structure is generally found in large pieces due to pressing. It can be said
that this increases the intergranular connection. In Fig. 2 b, c, d, e, the
MgB, structures are separated from each other. The separation of MgBy
in small pieces increased with the increase in the rate of contribution.
This is a result of multi-walled carbon nanotubes preventing large
clusters. The fact that the structure is not in bulk directly affects the
microhardness properties. In Fig. 2 c, it is seen that multi-walled carbon
nanotubes do not accumulate on the surface; on the contrary, they
penetrate more into the structure. This situation has increased with the
increase in the rate of contribution.

3.3. Microhardness measurement results

3.3.1. Analysis results according to the Vickers method

In this study, microhardness values are measured using a Vickers
microhardness tester for its common usage and non-destructive
measuring conditions regarding to the sample surfaces. Force is
applied from 25 N to 300 N on the material’s surface, and diagonals of
the trace left by the indenter are read using the microscope and load/
trace area. Vickers hardness is calculated using the relation given in Eq.
(1). It can be seen from Fig. 3 that the microhardness values decrease
with increasing the doping level and applied load. This is known as ISE
behavior [34] and according to the results obtained, samples were found
to have ISE behavior. Microhardness values have reached the plateau
(saturation region) around about 2 N for the samples. Parameters such as
modulus of elasticity (E) and yield strength (Y) that are as important as
hardness to mechanical characterizations of materials are also calcu-
lated and values of these parameters are given in Table 3.

In a study in which Bulk MgB, sample was examined, it was deter-
mined that MgBy showed ISE behavior [35]. This result is consistent
with Table 3 and Fig. 3. Studies show that all samples examined in terms
of microhardness properties must reach a limit plateau value where the
microhardness values do not change too much against a certain external
load applied [36-37]. It is seen that the samples entered the plateau
region at values above 2 N of the applied load. When the samples are
compared with each other, it is seen that the multi-walled carbon
nanotube additive applied to the sample and the annealing process
applied to take place of the reaction creates a softness-increasing effect
on the sample and decreases the surface tension in the sample. This is the
result of the multi-walled carbon nanotubes entering between the Mg
and B atoms during the chemical reaction, causing the intergranular
connection between Mg and B to decrease. The observation of small
clusters in the doped samples in SEM images explains this situation.

3.3.2. Microhardness analysis result according to Meyer’s Law

The graph shown in Fig. 4 was drawn by calculating the InF and Ind
values stipulated by Meyer’s Law. For each sample, Meyer exponent (1),
InAqx and Hy values were found and Table 4 was created. It is seen in
Table 4 that the Meyer exponent value is greater than 1.6. Therefore, it is
concluded that the materials are soft [26].
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Fig. 2. SEM images of (a) Sample 0, (b) Sample 1, (c) Sample 2, (d) Sample 3, and (e) Sample 4.

1,00 Table 3
1 Microhardness values calculated for samples according to the Vickers method.
0,95 -
] —a— Sample F (N) Hv (GPa) Y E(Gpa)
0,00 - _e—1 0 0.24 0.97 0.32 79.90
] A—2 0.49 0.90 0.30 73.76
0.85 - 3 0.98 0.81 0.27 66.75
] 1.96 0.72 0.24 59.58
= 4 2.94 0.69 0.23 56,82
£ 0,80 - : - : g
g | 1 0.24 0.88 0.29 72.25
> 0,75 4 0.49 0.81 0.27 66.75
= | 0.98 0.68 0.22 56.27
0,70 - 1.96 0.60 0.20 49.39
] 2.94 0.59 0.19 48.41
i 2 0.24 0.93 0.30 76.18
0,65
] 0.49 0.84 0.28 69.30
i 0.98 0.74 0.24 60.79
0,60
1 1.96 0.67 0.22 55.44
2.94 0.66 0.22 54.77
0,55 T T T T T T
0,0 0,5 1,0 1,5 2,0 25 3,0 3 0.24 0.90 0.30 74.47
0.49 0.81 0.26 66.38
F(N)
0.98 0.71 0.23 58.25
Fig. 3. Graph of change of microhardness values of samples with applied load 1.96 0.63 0.21 51.64
according to Vickers method 2.94 0.62 020 51.19
: 4 0.24 0.82 0.27 67.27
0.49 0.72 0.24 59.44
The slope of the graph gives the value of n, and the point where it 0.98 0.67 0.22 55.06
intersects the vertical axis gives the value of Ag. If the Meyer exponent 1.96 0.59 0.19 49.08
2.94 0.58 0.19 47.75

value is less than 2 for the samples examined, it confirms that the load-




N. Kaya et al.

Cryogenics 116 (2021) 103295

1,5

1,0
0,5 -

Z 00 —=—0

g Do,

= e
20,5

—v—3

——4
-1,0
1,54

T T T T T T T T T
3,0 3,2 3.4 3,6 3,8 4,0 4,2 4,4 4,6
Ind (pm)

Fig. 4. InF- Ind graph of samples according to Meyer’s Law.

Table 4

Parameters obtained with experimental data according to Meyer’s Law.
Samples n InA,k (GPa) H, (GPa)
0 1.75 —6.78 0.97-0.69
1 1.70 —6.70 0.88-0.59
2 1.75 —6.83 0.92-0.66
3 1.72 —-6.77 0.90-0.62
4 1.75 —6.96 0.82-0.58

dependent displacement character is in the form of ISE behavior. These
data are summarized in Table 4.

3.3.3. Microhardness analysis result according to PSR model

The F/d-d graph shown in Fig. 5 was drawn by using the basic data
obtained as a result of the Vickers analysis and the data obtained were
summarized in Table 5.

A negative or positive Wpggvalue indicates the ISE or RISE behavior
of the samples obtained. Such that if Wpsg is negative, samples show
RISE behavior, and if Wpsr is positive, samples show ISE behavior. As
seen in Table 5, the Wpsg value was positive in all samples. So, all
samples are ISE behavior. As can be seen, the a values of the samples
showing ISE behavior are positive. This indicates that there is both
elastic deformation and plastic deformation in all samples. In addition,
the transition values of the samples to the plateau are far from the load-
independent hardness values calculated with the PSR model. This shows

0,035 |
0,030 |
-
£ 0,025
2
z
<
=z
= 0,020
m 0
o 1
0,015 A )
v 3
< 4
0,010 |
T T T T T T T T T
20 30 40 50 60 70 80 90 100

d (pm)

Fig. 5. F/d-d graph of the samples according to the PSR model.

Table 5
Parameters obtained with experimental data according to the PSR model.
Samples A (N B (N Wpsr (N Hpsr Hv (GPa)
pm ") pm~?) pm™") (GPa)
0 3.09 x 500 x 49 x 107* 59 x 1072 0.97-0.69
1074 10°°
1 2.61 x 539 x 53 x 107* 48 x 1072 0.88-0.59
107* 10°°
2 3.08 x 449 x 44 x 107* 55x 1072 0.92-0.66
107 10°°
3 2.81 x 491 x 49 x 107* 51 x 1072 0.90-0.62
1074 10°°
4 2.70 x 429 x 42 x107* 50 x 1072 0.82-0.58
107* 107°

that this model is insufficient in determining the real hardness values of
the samples obtained by this study.

3.3.4. Microhardness analysis result according to EPD model

Fig. 6 and Table 6 were created with the calculations predicted by the
EPD model.

In the EPD model, a negative or positive value gives information
about whether elastic or plastic deformation has occurred on the sample.
If the d, value is negative, it indicates that no elastic deformation occurs
on the sample with the load applied to the sample, but plastic defor-
mation occurs, while if the d.value is positive, it indicates that both
plastic and elastic deformation occurs.

Asseen in Table 6, the d, value found from the slope of the graph was
positive for all samples showing ISE behavior. In other words, not only
plastic deformation but also elastic deformation was not observed in the
applied loads. Hardness values calculated with the EPD model are also
quite far from the plateau region. As a result, it is clearly seen that the
EPD model is insufficient in determining the actual hardness values for
all samples obtained.

3.3.5. Microhardness analysis result according to HK approach

Fig. 7 and Table 7 were created according to the HK approach. While
microhardness measurement is made by applying an external force to a
sample, according to the HK approach, it is understood from the nega-
tive Wyg value that sufficient force has been reached for plastic defor-
mation but not suitable force is created for elastic deformation. If this
value is positive, it is concluded that both elastic and plastic deformation
occurs.

In Table 7, load-independent hardness value Wy and Apx values are
given. Here, the positive Wyx value of the samples displaying ISE
behavior can be interpreted as the applied load is sufficient to create

1,8
1,6
1,4
fan)
Z 1,2
o —a—0
=
o 1.0+ —e—1
+2
0,8 —v—3
——4
0,6
0,4 -

T
20 30 40 50 60 70 80 90 100
d, (um)

Fig. 6. FV/ 2—dp graph of samples according to EPD model.
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Table 6
Parameters obtained with experimental data according to the EPD model.
Samples de (um) Hgpp (GPa) H, (GPa)
0 11 x 102 16 x 10! 0.97-0.69
1 13 x 102 14 x 10! 0.88-0.59
2 11 x 102 16 x 10! 0.92-0.66
3 12 x 102 15 x 10! 0.90-0.62
4 11 x 102 14 x 10! 0.82-0.58
3,0
2,5 4
2,0
—_
z
& 1,5
> —a—(
—e— 1
1,0 —h—2
—v—3
—e— 4
0,5
0,0 T T T T T
0 2000 4000 6000 8000 10000
2 2
d*((um)”)
Fig. 7. F-d? graph of samples according to HK approach.
Table 7
Parameters obtained with experimental data according to the HK approach.
Samples Aiuk Wgk (N) Hyk (GPa) Hv (GPA)
0 36 x 10°° 12 x 1072 66 x 1072 0.97-0.69
1 30 x 107° 13 x 1072 55 x 1072 0.88-0.59
2 34 x 107° 10 x 1072 63 x 1072 0.92-0.66
3 32 x107° 11 x 1072 59 x 1072 0.90-0.62
4 30 x 107° 11 x 1072 55 x 1072 0.82-0.58

both plastic deformation and elastic deformation.

The hardness values calculated with the HK approach are very close
to the plateau region. For this reason, it is seen that HK approach is much
more adequate than other models in determining the real hardness
values. The hardness values in the plateau region were reached with the
HK approach among the models applied so far for the samples showing
ISE behavior. For this reason, we can say that HK approach is the most
successful model in theoretically characterizing the mechanical prop-
erties of materials.

4. Conclusions

In this study, the effect of microhardness properties of multi-walled
carbon nanotube doping to MgB,; compound was investigated by using
solid-state reaction method. It was observed that the inclusion of multi-
walled carbon nanotubes in the structure increased the softness and
penetration depth of the samples, and also reduced the surface tension of
the samples. Both plastic and elastic deformation occurred as a result of
external force applied to the samples. It was seen that all of the samples
had ISE behavior in terms of microhardness character. In addition, with
the multi-walled carbon nanotube doping, decreases in lattice parame-
ters and crystal sizes of all samples were observed compared to the
sample without additive. It was seen that the most successful model in
explaining the microhardness behavior of the samples was the HK
approach.
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